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NOTE TO THE READER

The term ‘carcinogenic risk’ in the IARC Monographs series is taken to mean the
probability that exposure to an agent will lead to cancer in humans.
Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only
that the published data have been examined. Equally, the fact that an agent has not yet
been evaluated in a monograph does not mean that it is not carcinogenic.
The evaluations of carcinogenic risk are made by international working groups of
independent scientists and are qualitative in nature. No recommendation is given for
regulation or legislation.
Anyone who is aware of published data that may alter the evaluation of the carcinogenic risk of an agent to humans is encouraged to make this information available to the
Unit of Carcinogen Identification and Evaluation, International Agency for Research on
Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France, in order that the agent
may be considered for re-evaluation by a future Working Group.
Although every effort is made to prepare the monographs as accurately as possible,
mistakes may occur. Readers are requested to communicate any errors to the Unit of
Carcinogen Identification and Evaluation, so that corrections can be reported in future
volumes.
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PREAMBLE

IARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS
PREAMBLE
1.

BACKGROUND
In 1969, the International Agency for Research on Cancer (IARC) initiated a programme to evaluate the carcinogenic risk of chemicals to humans and to produce monographs on individual chemicals. The Monographs programme has since been expanded
to include consideration of exposures to complex mixtures of chemicals (which occur,
for example, in some occupations and as a result of human habits) and of exposures to
other agents, such as radiation and viruses. With Supplement 6 (IARC, 1987a), the title
of the series was modified from IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Humans to IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, in order to reflect the widened scope of the programme.
The criteria established in 1971 to evaluate carcinogenic risk to humans were
adopted by the working groups whose deliberations resulted in the first 16 volumes of
the IARC Monographs series. Those criteria were subsequently updated by further adhoc working groups (IARC, 1977, 1978, 1979, 1982, 1983, 1987b, 1988, 1991a; Vainio
et al., 1992).
2.

OBJECTIVE AND SCOPE
The objective of the programme is to prepare, with the help of international working
groups of experts, and to publish in the form of monographs, critical reviews and evaluations of evidence on the carcinogenicity of a wide range of human exposures. The
Monographs may also indicate where additional research efforts are needed.
The Monographs represent the first step in carcinogenic risk assessment, which
involves examination of all relevant information in order to assess the strength of the available evidence that certain exposures could alter the incidence of cancer in humans. The
second step is quantitative risk estimation. Detailed, quantitative evaluations of epidemiological data may be made in the Monographs, but without extrapolation beyond the range
of the data available. Quantitative extrapolation from experimental data to the human
situation is not undertaken.
The term ‘carcinogen’ is used in these monographs to denote an exposure that is
capable of increasing the incidence of malignant neoplasms; the induction of benign neoplasms may in some circumstances (see p. 19) contribute to the judgement that the exposure is carcinogenic. The terms ‘neoplasm’ and ‘tumour’ are used interchangeably.
–9–
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Some epidemiological and experimental studies indicate that different agents may act
at different stages in the carcinogenic process, and several mechanisms may be involved.
The aim of the Monographs has been, from their inception, to evaluate evidence of carcinogenicity at any stage in the carcinogenesis process, independently of the underlying
mechanisms. Information on mechanisms may, however, be used in making the overall
evaluation (IARC, 1991a; Vainio et al., 1992; see also pp. 25–27).
The Monographs may assist national and international authorities in making risk
assessments and in formulating decisions concerning any necessary preventive measures.
The evaluations of IARC working groups are scientific, qualitative judgements about the
evidence for or against carcinogenicity provided by the available data. These evaluations
represent only one part of the body of information on which regulatory measures may be
based. Other components of regulatory decisions vary from one situation to another and
from country to country, responding to different socioeconomic and national priorities.
Therefore, no recommendation is given with regard to regulation or legislation,
which are the responsibility of individual governments and/or other international
organizations.
The IARC Monographs are recognized as an authoritative source of information on
the carcinogenicity of a wide range of human exposures. A survey of users in 1988 indicated that the Monographs are consulted by various agencies in 57 countries. About 3000
copies of each volume are printed, for distribution to governments, regulatory bodies and
interested scientists. The Monographs are also available from IARCPress in Lyon and via
the Distribution and Sales Service of the World Health Organization in Geneva.
3.

SELECTION OF TOPICS FOR MONOGRAPHS
Topics are selected on the basis of two main criteria: (a) there is evidence of human
exposure, and (b) there is some evidence or suspicion of carcinogenicity. The term
‘agent’ is used to include individual chemical compounds, groups of related chemical
compounds, physical agents (such as radiation) and biological factors (such as viruses).
Exposures to mixtures of agents may occur in occupational exposures and as a result of
personal and cultural habits (like smoking and dietary practices). Chemical analogues
and compounds with biological or physical characteristics similar to those of suspected
carcinogens may also be considered, even in the absence of data on a possible carcinogenic effect in humans or experimental animals.
The scientific literature is surveyed for published data relevant to an assessment of
carcinogenicity. The IARC information bulletins on agents being tested for carcinogenicity (IARC, 1973–1996) and directories of on-going research in cancer epidemiology (IARC, 1976–1996) often indicate exposures that may be scheduled for future
meetings. Ad-hoc working groups convened by IARC in 1984, 1989, 1991, 1993 and
1998 gave recommendations as to which agents should be evaluated in the IARC Monographs series (IARC, 1984, 1989, 1991b, 1993, 1998a,b).
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As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revised monographs are published.
4.

DATA FOR MONOGRAPHS
The Monographs do not necessarily cite all the literature concerning the subject of
an evaluation. Only those data considered by the Working Group to be relevant to making
the evaluation are included.
With regard to biological and epidemiological data, only reports that have been
published or accepted for publication in the openly available scientific literature are
reviewed by the working groups. In certain instances, government agency reports that
have undergone peer review and are widely available are considered. Exceptions may
be made on an ad-hoc basis to include unpublished reports that are in their final form
and publicly available, if their inclusion is considered pertinent to making a final
evaluation (see pp. 25–27). In the sections on chemical and physical properties, on
analysis, on production and use and on occurrence, unpublished sources of information
may be used.
5.

THE WORKING GROUP
Reviews and evaluations are formulated by a working group of experts. The tasks of
the group are: (i) to ascertain that all appropriate data have been collected; (ii) to select
the data relevant for the evaluation on the basis of scientific merit; (iii) to prepare
accurate summaries of the data to enable the reader to follow the reasoning of the
Working Group; (iv) to evaluate the results of epidemiological and experimental studies
on cancer; (v) to evaluate data relevant to the understanding of mechanism of action; and
(vi) to make an overall evaluation of the carcinogenicity of the exposure to humans.
Working Group participants who contributed to the considerations and evaluations
within a particular volume are listed, with their addresses, at the beginning of each publication. Each participant who is a member of a working group serves as an individual
scientist and not as a representative of any organization, government or industry. In
addition, nominees of national and international agencies and industrial associations may
be invited as observers.
6.

WORKING PROCEDURES
Approximately one year in advance of a meeting of a working group, the topics of
the monographs are announced and participants are selected by IARC staff in consultation with other experts. Subsequently, relevant biological and epidemiological data are
collected by the Carcinogen Identification and Evaluation Unit of IARC from recognized
sources of information on carcinogenesis, including data storage and retrieval systems
such as MEDLINE and TOXLINE.
For chemicals and some complex mixtures, the major collection of data and the preparation of first drafts of the sections on chemical and physical properties, on analysis,
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on production and use and on occurrence are carried out under a separate contract funded
by the United States National Cancer Institute. Representatives from industrial associations may assist in the preparation of sections on production and use. Information on
production and trade is obtained from governmental and trade publications and, in some
cases, by direct contact with industries. Separate production data on some agents may not
be available because their publication could disclose confidential information. Information on uses may be obtained from published sources but is often complemented by
direct contact with manufacturers. Efforts are made to supplement this information with
data from other national and international sources.
Six months before the meeting, the material obtained is sent to meeting participants,
or is used by IARC staff, to prepare sections for the first drafts of monographs. The first
drafts are compiled by IARC staff and sent before the meeting to all participants of the
Working Group for review.
The Working Group meets in Lyon for seven to eight days to discuss and finalize the
texts of the monographs and to formulate the evaluations. After the meeting, the master
copy of each monograph is verified by consulting the original literature, edited and prepared for publication. The aim is to publish monographs within six months of the
Working Group meeting.
The available studies are summarized by the Working Group, with particular regard
to the qualitative aspects discussed below. In general, numerical findings are indicated as
they appear in the original report; units are converted when necessary for easier comparison. The Working Group may conduct additional analyses of the published data and use
them in their assessment of the evidence; the results of such supplementary analyses are
given in square brackets. When an important aspect of a study, directly impinging on its
interpretation, should be brought to the attention of the reader, a comment is given in
square brackets.
7.

EXPOSURE DATA
Sections that indicate the extent of past and present human exposure, the sources of
exposure, the people most likely to be exposed and the factors that contribute to the
exposure are included at the beginning of each monograph.
Most monographs on individual chemicals, groups of chemicals or complex mixtures
include sections on chemical and physical data, on analysis, on production and use and
on occurrence. In monographs on, for example, physical agents, occupational exposures
and cultural habits, other sections may be included, such as: historical perspectives, description of an industry or habit, chemistry of the complex mixture or taxonomy. Monographs on biological agents have sections on structure and biology, methods of detection,
epidemiology of infection and clinical disease other than cancer.
For chemical exposures, the Chemical Abstracts Services Registry Number, the latest
Chemical Abstracts Primary Name and the IUPAC Systematic Name are recorded; other
synonyms are given, but the list is not necessarily comprehensive. For biological agents,

PREAMBLE

13

taxonomy and structure are described, and the degree of variability is given, when
applicable.
Information on chemical and physical properties and, in particular, data relevant to
identification, occurrence and biological activity are included. For biological agents,
mode of replication, life cycle, target cells, persistence and latency and host response are
given. A description of technical products of chemicals includes trade names, relevant
specifications and available information on composition and impurities. Some of the
trade names given may be those of mixtures in which the agent being evaluated is only
one of the ingredients.
The purpose of the section on analysis or detection is to give the reader an overview
of current methods, with emphasis on those widely used for regulatory purposes.
Methods for monitoring human exposure are also given, when available. No critical evaluation or recommendation of any of the methods is meant or implied. The IARC
published a series of volumes, Environmental Carcinogens: Methods of Analysis and
Exposure Measurement (IARC, 1978–93), that describe validated methods for analysing
a wide variety of chemicals and mixtures. For biological agents, methods of detection
and exposure assessment are described, including their sensitivity, specificity and
reproducibility.
The dates of first synthesis and of first commercial production of a chemical or
mixture are provided; for agents which do not occur naturally, this information may
allow a reasonable estimate to be made of the date before which no human exposure to
the agent could have occurred. The dates of first reported occurrence of an exposure are
also provided. In addition, methods of synthesis used in past and present commercial
production and different methods of production which may give rise to different impurities are described.
Data on production, international trade and uses are obtained for representative
regions, which usually include Europe, Japan and the United States of America. It should
not, however, be inferred that those areas or nations are necessarily the sole or major
sources or users of the agent. Some identified uses may not be current or major applications, and the coverage is not necessarily comprehensive. In the case of drugs, mention
of their therapeutic uses does not necessarily represent current practice, nor does it imply
judgement as to their therapeutic efficacy.
Information on the occurrence of an agent or mixture in the environment is obtained
from data derived from the monitoring and surveillance of levels in occupational environments, air, water, soil, foods and animal and human tissues. When available, data on
the generation, persistence and bioaccumulation of the agent are also included. In the
case of mixtures, industries, occupations or processes, information is given about all
agents present. For processes, industries and occupations, a historical description is also
given, noting variations in chemical composition, physical properties and levels of occupational exposure with time and place. For biological agents, the epidemiology of
infection is described.
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Statements concerning regulations and guidelines (e.g., pesticide registrations,
maximal levels permitted in foods, occupational exposure limits) are included for some
countries as indications of potential exposures, but they may not reflect the most recent
situation, since such limits are continuously reviewed and modified. The absence of
information on regulatory status for a country should not be taken to imply that that
country does not have regulations with regard to the exposure. For biological agents,
legislation and control, including vaccines and therapy, are described.
8.

STUDIES OF CANCER IN HUMANS
(a) Types of studies considered
Three types of epidemiological studies of cancer contribute to the assessment of
carcinogenicity in humans—cohort studies, case–control studies and correlation (or
ecological) studies. Rarely, results from randomized trials may be available. Case series
and case reports of cancer in humans may also be reviewed.
Cohort and case–control studies relate the exposures under study to the occurrence
of cancer in individuals and provide an estimate of relative risk (ratio of incidence or
mortality in those exposed to incidence or mortality in those not exposed) as the main
measure of association.
In correlation studies, the units of investigation are usually whole populations (e.g.
in particular geographical areas or at particular times), and cancer frequency is related to
a summary measure of the exposure of the population to the agent, mixture or exposure
circumstance under study. Because individual exposure is not documented, however, a
causal relationship is less easy to infer from correlation studies than from cohort and
case–control studies. Case reports generally arise from a suspicion, based on clinical
experience, that the concurrence of two events—that is, a particular exposure and
occurrence of a cancer—has happened rather more frequently than would be expected by
chance. Case reports usually lack complete ascertainment of cases in any population,
definition or enumeration of the population at risk and estimation of the expected number
of cases in the absence of exposure. The uncertainties surrounding interpretation of case
reports and correlation studies make them inadequate, except in rare instances, to form
the sole basis for inferring a causal relationship. When taken together with case–control
and cohort studies, however, relevant case reports or correlation studies may add
materially to the judgement that a causal relationship is present.
Epidemiological studies of benign neoplasms, presumed preneoplastic lesions and
other end-points thought to be relevant to cancer are also reviewed by working groups.
They may, in some instances, strengthen inferences drawn from studies of cancer itself.
(b) Quality of studies considered
The Monographs are not intended to summarize all published studies. Those that are
judged to be inadequate or irrelevant to the evaluation are generally omitted. They may
be mentioned briefly, particularly when the information is considered to be a useful
supplement to that in other reports or when they provide the only data available. Their
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inclusion does not imply acceptance of the adequacy of the study design or of the
analysis and interpretation of the results, and limitations are clearly outlined in square
brackets at the end of the study description.
It is necessary to take into account the possible roles of bias, confounding and chance
in the interpretation of epidemiological studies. By ‘bias’ is meant the operation of
factors in study design or execution that lead erroneously to a stronger or weaker association than in fact exists between disease and an agent, mixture or exposure circumstance. By ‘confounding’ is meant a situation in which the relationship with disease is
made to appear stronger or weaker than it truly is as a result of an association between
the apparent causal factor and another factor that is associated with either an increase or
decrease in the incidence of the disease. In evaluating the extent to which these factors
have been minimized in an individual study, working groups consider a number of
aspects of design and analysis as described in the report of the study. Most of these considerations apply equally to case–control, cohort and correlation studies. Lack of clarity of
any of these aspects in the reporting of a study can decrease its credibility and the weight
given to it in the final evaluation of the exposure.
Firstly, the study population, disease (or diseases) and exposure should have been
well defined by the authors. Cases of disease in the study population should have been
identified in a way that was independent of the exposure of interest, and exposure should
have been assessed in a way that was not related to disease status.
Secondly, the authors should have taken account in the study design and analysis of
other variables that can influence the risk of disease and may have been related to the
exposure of interest. Potential confounding by such variables should have been dealt with
either in the design of the study, such as by matching, or in the analysis, by statistical
adjustment. In cohort studies, comparisons with local rates of disease may be more
appropriate than those with national rates. Internal comparisons of disease frequency
among individuals at different levels of exposure should also have been made in the
study.
Thirdly, the authors should have reported the basic data on which the conclusions are
founded, even if sophisticated statistical analyses were employed. At the very least, they
should have given the numbers of exposed and unexposed cases and controls in a
case–control study and the numbers of cases observed and expected in a cohort study.
Further tabulations by time since exposure began and other temporal factors are also
important. In a cohort study, data on all cancer sites and all causes of death should have
been given, to reveal the possibility of reporting bias. In a case–control study, the effects
of investigated factors other than the exposure of interest should have been reported.
Finally, the statistical methods used to obtain estimates of relative risk, absolute rates
of cancer, confidence intervals and significance tests, and to adjust for confounding
should have been clearly stated by the authors. The methods used should preferably have
been the generally accepted techniques that have been refined since the mid-1970s.
These methods have been reviewed for case–control studies (Breslow & Day, 1980) and
for cohort studies (Breslow & Day, 1987).
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(c)
Inferences about mechanism of action
Detailed analyses of both relative and absolute risks in relation to temporal variables,
such as age at first exposure, time since first exposure, duration of exposure, cumulative
exposure and time since exposure ceased, are reviewed and summarized when available.
The analysis of temporal relationships can be useful in formulating models of carcinogenesis. In particular, such analyses may suggest whether a carcinogen acts early or late
in the process of carcinogenesis, although at best they allow only indirect inferences
about the mechanism of action. Special attention is given to measurements of biological
markers of carcinogen exposure or action, such as DNA or protein adducts, as well as
markers of early steps in the carcinogenic process, such as proto-oncogene mutation,
when these are incorporated into epidemiological studies focused on cancer incidence or
mortality. Such measurements may allow inferences to be made about putative mechanisms of action (IARC, 1991a; Vainio et al., 1992).
(d) Criteria for causality
After the individual epidemiological studies of cancer have been summarized and the
quality assessed, a judgement is made concerning the strength of evidence that the agent,
mixture or exposure circumstance in question is carcinogenic for humans. In making its
judgement, the Working Group considers several criteria for causality. A strong association (a large relative risk) is more likely to indicate causality than a weak association,
although it is recognized that relative risks of small magnitude do not imply lack of
causality and may be important if the disease is common. Associations that are replicated
in several studies of the same design or using different epidemiological approaches or
under different circumstances of exposure are more likely to represent a causal relationship than isolated observations from single studies. If there are inconsistent results
among investigations, possible reasons are sought (such as differences in amount of
exposure), and results of studies judged to be of high quality are given more weight than
those of studies judged to be methodologically less sound. When suspicion of carcinogenicity arises largely from a single study, these data are not combined with those from
later studies in any subsequent reassessment of the strength of the evidence.
If the risk of the disease in question increases with the amount of exposure, this is
considered to be a strong indication of causality, although absence of a graded response
is not necessarily evidence against a causal relationship. Demonstration of a decline in
risk after cessation of or reduction in exposure in individuals or in whole populations also
supports a causal interpretation of the findings.
Although a carcinogen may act upon more than one target, the specificity of an association (an increased occurrence of cancer at one anatomical site or of one morphological
type) adds plausibility to a causal relationship, particularly when excess cancer occurrence is limited to one morphological type within the same organ.
Although rarely available, results from randomized trials showing different rates
among exposed and unexposed individuals provide particularly strong evidence for
causality.
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When several epidemiological studies show little or no indication of an association
between an exposure and cancer, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of all that the
studies giving rise to it meet, to a sufficient degree, the standards of design and analysis
described above. Specifically, the possibility that bias, confounding or misclassification
of exposure or outcome could explain the observed results should be considered and
excluded with reasonable certainty. In addition, all studies that are judged to be methodologically sound should be consistent with a relative risk of unity for any observed level
of exposure and, when considered together, should provide a pooled estimate of relative
risk which is at or near unity and has a narrow confidence interval, due to sufficient population size. Moreover, no individual study nor the pooled results of all the studies should
show any consistent tendency for the relative risk of cancer to increase with increasing
level of exposure. It is important to note that evidence of lack of carcinogenicity obtained
in this way from several epidemiological studies can apply only to the type(s) of cancer
studied and to dose levels and intervals between first exposure and observation of disease
that are the same as or less than those observed in all the studies. Experience with human
cancer indicates that, in some cases, the period from first exposure to the development of
clinical cancer is seldom less than 20 years; latent periods substantially shorter than 30
years cannot provide evidence for lack of carcinogenicity.
9.

STUDIES OF CANCER IN EXPERIMENTAL ANIMALS
All known human carcinogens that have been studied adequately in experimental
animals have produced positive results in one or more animal species (Wilbourn et al.,
1986; Tomatis et al., 1989). For several agents (aflatoxins, 4-aminobiphenyl, azathioprine, betel quid with tobacco, bischloromethyl ether and chloromethyl methyl ether
(technical grade), chlorambucil, chlornaphazine, ciclosporin, coal-tar pitches, coal-tars,
combined oral contraceptives, cyclophosphamide, diethylstilboestrol, melphalan, 8methoxypsoralen plus ultraviolet A radiation, mustard gas, myleran, 2-naphthylamine,
nonsteroidal oestrogens, oestrogen replacement therapy/steroidal oestrogens, solar
radiation, thiotepa and vinyl chloride), carcinogenicity in experimental animals was established or highly suspected before epidemiological studies confirmed their carcinogenicity in humans (Vainio et al., 1995). Although this association cannot establish that
all agents and mixtures that cause cancer in experimental animals also cause cancer in
humans, nevertheless, in the absence of adequate data on humans, it is biologically
plausible and prudent to regard agents and mixtures for which there is sufficient
evidence (see p. 24) of carcinogenicity in experimental animals as if they presented
a carcinogenic risk to humans. The possibility that a given agent may cause cancer
through a species-specific mechanism which does not operate in humans (see p. 27)
should also be taken into consideration.
The nature and extent of impurities or contaminants present in the chemical or
mixture being evaluated are given when available. Animal strain, sex, numbers per
group, age at start of treatment and survival are reported.
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Other types of studies summarized include: experiments in which the agent or
mixture was administered in conjunction with known carcinogens or factors that modify
carcinogenic effects; studies in which the end-point was not cancer but a defined
precancerous lesion; and experiments on the carcinogenicity of known metabolites and
derivatives.
For experimental studies of mixtures, consideration is given to the possibility of
changes in the physicochemical properties of the test substance during collection,
storage, extraction, concentration and delivery. Chemical and toxicological interactions
of the components of mixtures may result in nonlinear dose–response relationships.
An assessment is made as to the relevance to human exposure of samples tested in
experimental animals, which may involve consideration of: (i) physical and chemical
characteristics, (ii) constituent substances that indicate the presence of a class of
substances, (iii) the results of tests for genetic and related effects, including studies on
DNA adduct formation, proto-oncogene mutation and expression and suppressor gene
inactivation. The relevance of results obtained, for example, with animal viruses
analogous to the virus being evaluated in the monograph must also be considered. They
may provide biological and mechanistic information relevant to the understanding of the
process of carcinogenesis in humans and may strengthen the plausibility of a conclusion
that the biological agent under evaluation is carcinogenic in humans.
(a) Qualitative aspects
An assessment of carcinogenicity involves several considerations of qualitative
importance, including (i) the experimental conditions under which the test was performed, including route and schedule of exposure, species, strain, sex, age, duration of
follow-up; (ii) the consistency of the results, for example, across species and target
organ(s); (iii) the spectrum of neoplastic response, from preneoplastic lesions and benign
tumours to malignant neoplasms; and (iv) the possible role of modifying factors.
As mentioned earlier (p. 11), the Monographs are not intended to summarize all
published studies. Those studies in experimental animals that are inadequate (e.g., too
short a duration, too few animals, poor survival; see below) or are judged irrelevant to
the evaluation are generally omitted. Guidelines for conducting adequate long-term
carcinogenicity experiments have been outlined (e.g. Montesano et al., 1986).
Considerations of importance to the Working Group in the interpretation and evaluation of a particular study include: (i) how clearly the agent was defined and, in the
case of mixtures, how adequately the sample characterization was reported; (ii)
whether the dose was adequately monitored, particularly in inhalation experiments;
(iii) whether the doses and duration of treatment were appropriate and whether the
survival of treated animals was similar to that of controls; (iv) whether there were
adequate numbers of animals per group; (v) whether animals of each sex were used;
(vi) whether animals were allocated randomly to groups; (vii) whether the duration of
observation was adequate; and (viii) whether the data were adequately reported. If
available, recent data on the incidence of specific tumours in historical controls, as
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well as in concurrent controls, should be taken into account in the evaluation of tumour
response.
When benign tumours occur together with and originate from the same cell type in
an organ or tissue as malignant tumours in a particular study and appear to represent a
stage in the progression to malignancy, it may be valid to combine them in assessing
tumour incidence (Huff et al., 1989). The occurrence of lesions presumed to be preneoplastic may in certain instances aid in assessing the biological plausibility of any neoplastic response observed. If an agent or mixture induces only benign neoplasms that
appear to be end-points that do not readily progress to malignancy, it should nevertheless
be suspected of being a carcinogen and requires further investigation.
(b) Quantitative aspects
The probability that tumours will occur may depend on the species, sex, strain and
age of the animal, the dose of the carcinogen and the route and length of exposure.
Evidence of an increased incidence of neoplasms with increased level of exposure
strengthens the inference of a causal association between the exposure and the development of neoplasms.
The form of the dose–response relationship can vary widely, depending on the
particular agent under study and the target organ. Both DNA damage and increased cell
division are important aspects of carcinogenesis, and cell proliferation is a strong determinant of dose–response relationships for some carcinogens (Cohen & Ellwein, 1990).
Since many chemicals require metabolic activation before being converted into their
reactive intermediates, both metabolic and pharmacokinetic aspects are important in
determining the dose–response pattern. Saturation of steps such as absorption, activation,
inactivation and elimination may produce nonlinearity in the dose–response relationship,
as could saturation of processes such as DNA repair (Hoel et al., 1983; Gart et al., 1986).
(c)
Statistical analysis of long-term experiments in animals
Factors considered by the Working Group include the adequacy of the information
given for each treatment group: (i) the number of animals studied and the number
examined histologically, (ii) the number of animals with a given tumour type and
(iii) length of survival. The statistical methods used should be clearly stated and should
be the generally accepted techniques refined for this purpose (Peto et al., 1980; Gart
et al., 1986). When there is no difference in survival between control and treatment
groups, the Working Group usually compares the proportions of animals developing each
tumour type in each of the groups. Otherwise, consideration is given as to whether or not
appropriate adjustments have been made for differences in survival. These adjustments
can include: comparisons of the proportions of tumour-bearing animals among the
effective number of animals (alive at the time the first tumour is discovered), in the case
where most differences in survival occur before tumours appear; life-table methods,
when tumours are visible or when they may be considered ‘fatal’ because mortality
rapidly follows tumour development; and the Mantel-Haenszel test or logistic regression,
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when occult tumours do not affect the animals’ risk of dying but are ‘incidental’ findings
at autopsy.
In practice, classifying tumours as fatal or incidental may be difficult. Several
survival-adjusted methods have been developed that do not require this distinction (Gart
et al., 1986), although they have not been fully evaluated.
10.

OTHER DATA RELEVANT TO AN EVALUATION OF
CARCINOGENICITY AND ITS MECHANISMS
In coming to an overall evaluation of carcinogenicity in humans (see pp. 25–27), the
Working Group also considers related data. The nature of the information selected for the
summary depends on the agent being considered.
For chemicals and complex mixtures of chemicals such as those in some occupational situations or involving cultural habits (e.g. tobacco smoking), the other data considered to be relevant are divided into those on absorption, distribution, metabolism and
excretion; toxic effects; reproductive and developmental effects; and genetic and related
effects.
Concise information is given on absorption, distribution (including placental
transfer) and excretion in both humans and experimental animals. Kinetic factors that
may affect the dose–response relationship, such as saturation of uptake, protein binding,
metabolic activation, detoxification and DNA repair processes, are mentioned. Studies
that indicate the metabolic fate of the agent in humans and in experimental animals are
summarized briefly, and comparisons of data on humans and on animals are made when
possible. Comparative information on the relationship between exposure and the dose
that reaches the target site may be of particular importance for extrapolation between
species. Data are given on acute and chronic toxic effects (other than cancer), such as
organ toxicity, increased cell proliferation, immunotoxicity and endocrine effects. The
presence and toxicological significance of cellular receptors is described. Effects on
reproduction, teratogenicity, fetotoxicity and embryotoxicity are also summarized
briefly.
Tests of genetic and related effects are described in view of the relevance of gene
mutation and chromosomal damage to carcinogenesis (Vainio et al., 1992; McGregor
et al., 1999). The adequacy of the reporting of sample characterization is considered and,
where necessary, commented upon; with regard to complex mixtures, such comments are
similar to those described for animal carcinogenicity tests on p. 18. The available data
are interpreted critically by phylogenetic group according to the end-points detected,
which may include DNA damage, gene mutation, sister chromatid exchange, micronucleus formation, chromosomal aberrations, aneuploidy and cell transformation. The
concentrations employed are given, and mention is made of whether use of an exogenous
metabolic system in vitro affected the test result. These data are given as listings of test
systems, data and references. The Genetic and Related Effects data presented in the
Monographs are also available in the form of Graphic Activity Profiles (GAP) prepared
in collaboration with the United States Environmental Protection Agency (EPA) (see also
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Waters et al., 1987) using software for personal computers that are Microsoft Windows®
compatible. The EPA/IARC GAP software and database may be downloaded free of
charge from www.epa.gov/gapdb.
Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and
cultured mammalian cells suggest that genetic and related effects could occur in
mammals. Results from such tests may also give information about the types of genetic
effect produced and about the involvement of metabolic activation. Some end-points
described are clearly genetic in nature (e.g., gene mutations and chromosomal aberrations), while others are to a greater or lesser degree associated with genetic effects (e.g.
unscheduled DNA synthesis). In-vitro tests for tumour-promoting activity and for cell
transformation may be sensitive to changes that are not necessarily the result of genetic
alterations but that may have specific relevance to the process of carcinogenesis. A
critical appraisal of these tests has been published (Montesano et al., 1986).
Genetic or other activity manifest in experimental mammals and humans is regarded
as being of greater relevance than that in other organisms. The demonstration that an
agent or mixture can induce gene and chromosomal mutations in whole mammals indicates that it may have carcinogenic activity, although this activity may not be detectably
expressed in any or all species. Relative potency in tests for mutagenicity and related
effects is not a reliable indicator of carcinogenic potency. Negative results in tests for
mutagenicity in selected tissues from animals treated in vivo provide less weight, partly
because they do not exclude the possibility of an effect in tissues other than those
examined. Moreover, negative results in short-term tests with genetic end-points cannot
be considered to provide evidence to rule out carcinogenicity of agents or mixtures that
act through other mechanisms (e.g. receptor-mediated effects, cellular toxicity with regenerative proliferation, peroxisome proliferation) (Vainio et al., 1992). Factors that may
lead to misleading results in short-term tests have been discussed in detail elsewhere
(Montesano et al., 1986).
When available, data relevant to mechanisms of carcinogenesis that do not involve
structural changes at the level of the gene are also described.
The adequacy of epidemiological studies of reproductive outcome and genetic and
related effects in humans is evaluated by the same criteria as are applied to epidemiological studies of cancer.
Structure–activity relationships that may be relevant to an evaluation of the carcinogenicity of an agent are also described.
For biological agents—viruses, bacteria and parasites—other data relevant to
carcinogenicity include descriptions of the pathology of infection, molecular biology
(integration and expression of viruses, and any genetic alterations seen in human
tumours) and other observations, which might include cellular and tissue responses to
infection, immune response and the presence of tumour markers.
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11.

SUMMARY OF DATA REPORTED
In this section, the relevant epidemiological and experimental data are summarized.
Only reports, other than in abstract form, that meet the criteria outlined on p. 11 are
considered for evaluating carcinogenicity. Inadequate studies are generally not summarized:
such studies are usually identified by a square-bracketed comment in the preceding text.
(a) Exposure
Human exposure to chemicals and complex mixtures is summarized on the basis of
elements such as production, use, occurrence in the environment and determinations in
human tissues and body fluids. Quantitative data are given when available. Exposure to
biological agents is described in terms of transmission and prevalence of infection.
(b) Carcinogenicity in humans
Results of epidemiological studies that are considered to be pertinent to an
assessment of human carcinogenicity are summarized. When relevant, case reports and
correlation studies are also summarized.
(c)
Carcinogenicity in experimental animals
Data relevant to an evaluation of carcinogenicity in animals are summarized. For
each animal species and route of administration, it is stated whether an increased
incidence of neoplasms or preneoplastic lesions was observed, and the tumour sites are
indicated. If the agent or mixture produced tumours after prenatal exposure or in singledose experiments, this is also indicated. Negative findings are also summarized. Dose–
response and other quantitative data may be given when available.
(d) Other data relevant to an evaluation of carcinogenicity and its mechanisms
Data on biological effects in humans that are of particular relevance are summarized.
These may include toxicological, kinetic and metabolic considerations and evidence of
DNA binding, persistence of DNA lesions or genetic damage in exposed humans. Toxicological information, such as that on cytotoxicity and regeneration, receptor binding
and hormonal and immunological effects, and data on kinetics and metabolism in
experimental animals are given when considered relevant to the possible mechanism of
the carcinogenic action of the agent. The results of tests for genetic and related effects
are summarized for whole mammals, cultured mammalian cells and nonmammalian
systems.
When available, comparisons of such data for humans and for animals, and particularly animals that have developed cancer, are described.
Structure–activity relationships are mentioned when relevant.
For the agent, mixture or exposure circumstance being evaluated, the available data on
end-points or other phenomena relevant to mechanisms of carcinogenesis from studies in
humans, experimental animals and tissue and cell test systems are summarized within one
or more of the following descriptive dimensions:
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(i) Evidence of genotoxicity (structural changes at the level of the gene): for
example, structure–activity considerations, adduct formation, mutagenicity (effect on
specific genes), chromosomal mutation/aneuploidy
(ii) Evidence of effects on the expression of relevant genes (functional changes at
the intracellular level): for example, alterations to the structure or quantity of the product
of a proto-oncogene or tumour-suppressor gene, alterations to metabolic activation/inactivation/DNA repair
(iii) Evidence of relevant effects on cell behaviour (morphological or behavioural
changes at the cellular or tissue level): for example, induction of mitogenesis, compensatory cell proliferation, preneoplasia and hyperplasia, survival of premalignant or malignant cells (immortalization, immunosuppression), effects on metastatic potential
(iv) Evidence from dose and time relationships of carcinogenic effects and interactions between agents: for example, early/late stage, as inferred from epidemiological
studies; initiation/promotion/progression/malignant conversion, as defined in animal
carcinogenicity experiments; toxicokinetics
These dimensions are not mutually exclusive, and an agent may fall within more than
one of them. Thus, for example, the action of an agent on the expression of relevant genes
could be summarized under both the first and second dimensions, even if it were known
with reasonable certainty that those effects resulted from genotoxicity.
12.

EVALUATION
Evaluations of the strength of the evidence for carcinogenicity arising from human
and experimental animal data are made, using standard terms.
It is recognized that the criteria for these evaluations, described below, cannot
encompass all of the factors that may be relevant to an evaluation of carcinogenicity. In
considering all of the relevant scientific data, the Working Group may assign the agent,
mixture or exposure circumstance to a higher or lower category than a strict interpretation of these criteria would indicate.
(a)

Degrees of evidence for carcinogenicity in humans and in experimental
animals and supporting evidence
These categories refer only to the strength of the evidence that an exposure is carcinogenic and not to the extent of its carcinogenic activity (potency) nor to the mechanisms
involved. A classification may change as new information becomes available.
An evaluation of degree of evidence, whether for a single agent or a mixture, is limited
to the materials tested, as defined physically, chemically or biologically. When the agents
evaluated are considered by the Working Group to be sufficiently closely related, they
may be grouped together for the purpose of a single evaluation of degree of evidence.
(i)
Carcinogenicity in humans
The applicability of an evaluation of the carcinogenicity of a mixture, process, occupation or industry on the basis of evidence from epidemiological studies depends on the
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variability over time and place of the mixtures, processes, occupations and industries.
The Working Group seeks to identify the specific exposure, process or activity which is
considered most likely to be responsible for any excess risk. The evaluation is focused as
narrowly as the available data on exposure and other aspects permit.
The evidence relevant to carcinogenicity from studies in humans is classified into
one of the following categories:
Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between exposure to the agent, mixture or exposure
circumstance and human cancer. That is, a positive relationship has been observed
between the exposure and cancer in studies in which chance, bias and confounding could
be ruled out with reasonable confidence.
Limited evidence of carcinogenicity: A positive association has been observed
between exposure to the agent, mixture or exposure circumstance and cancer for which
a causal interpretation is considered by the Working Group to be credible, but chance,
bias or confounding could not be ruled out with reasonable confidence.
Inadequate evidence of carcinogenicity: The available studies are of insufficient
quality, consistency or statistical power to permit a conclusion regarding the presence or
absence of a causal association between exposure and cancer, or no data on cancer in
humans are available.
Evidence suggesting lack of carcinogenicity: There are several adequate studies
covering the full range of levels of exposure that human beings are known to encounter,
which are mutually consistent in not showing a positive association between exposure to
the agent, mixture or exposure circumstance and any studied cancer at any observed level
of exposure. A conclusion of ‘evidence suggesting lack of carcinogenicity’ is inevitably
limited to the cancer sites, conditions and levels of exposure and length of observation
covered by the available studies. In addition, the possibility of a very small risk at the
levels of exposure studied can never be excluded.
In some instances, the above categories may be used to classify the degree of evidence related to carcinogenicity in specific organs or tissues.
(ii) Carcinogenicity in experimental animals
The evidence relevant to carcinogenicity in experimental animals is classified into
one of the following categories:
Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between the agent or mixture and an increased incidence of malignant neoplasms or of an appropriate combination of benign and malignant
neoplasms in (a) two or more species of animals or (b) in two or more independent
studies in one species carried out at different times or in different laboratories or under
different protocols.
Exceptionally, a single study in one species might be considered to provide sufficient
evidence of carcinogenicity when malignant neoplasms occur to an unusual degree with
regard to incidence, site, type of tumour or age at onset.
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Limited evidence of carcinogenicity: The data suggest a carcinogenic effect but are
limited for making a definitive evaluation because, e.g. (a) the evidence of carcinogenicity is restricted to a single experiment; or (b) there are unresolved questions
regarding the adequacy of the design, conduct or interpretation of the study; or (c) the
agent or mixture increases the incidence only of benign neoplasms or lesions of uncertain
neoplastic potential, or of certain neoplasms which may occur spontaneously in high
incidences in certain strains.
Inadequate evidence of carcinogenicity: The studies cannot be interpreted as showing
either the presence or absence of a carcinogenic effect because of major qualitative or
quantitative limitations, or no data on cancer in experimental animals are available.
Evidence suggesting lack of carcinogenicity: Adequate studies involving at least two
species are available which show that, within the limits of the tests used, the agent or
mixture is not carcinogenic. A conclusion of evidence suggesting lack of carcinogenicity
is inevitably limited to the species, tumour sites and levels of exposure studied.
(b) Other data relevant to the evaluation of carcinogenicity and its mechanisms
Other evidence judged to be relevant to an evaluation of carcinogenicity and of
sufficient importance to affect the overall evaluation is then described. This may include
data on preneoplastic lesions, tumour pathology, genetic and related effects, structure–
activity relationships, metabolism and pharmacokinetics, physicochemical parameters
and analogous biological agents.
Data relevant to mechanisms of the carcinogenic action are also evaluated. The
strength of the evidence that any carcinogenic effect observed is due to a particular
mechanism is assessed, using terms such as weak, moderate or strong. Then, the Working
Group assesses if that particular mechanism is likely to be operative in humans. The
strongest indications that a particular mechanism operates in humans come from data on
humans or biological specimens obtained from exposed humans. The data may be considered to be especially relevant if they show that the agent in question has caused changes
in exposed humans that are on the causal pathway to carcinogenesis. Such data may,
however, never become available, because it is at least conceivable that certain compounds may be kept from human use solely on the basis of evidence of their toxicity
and/or carcinogenicity in experimental systems.
For complex exposures, including occupational and industrial exposures, the
chemical composition and the potential contribution of carcinogens known to be present
are considered by the Working Group in its overall evaluation of human carcinogenicity.
The Working Group also determines the extent to which the materials tested in experimental systems are related to those to which humans are exposed.
(c)
Overall evaluation
Finally, the body of evidence is considered as a whole, in order to reach an overall
evaluation of the carcinogenicity to humans of an agent, mixture or circumstance of
exposure.
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An evaluation may be made for a group of chemical compounds that have been evaluated by the Working Group. In addition, when supporting data indicate that other,
related compounds for which there is no direct evidence of capacity to induce cancer in
humans or in animals may also be carcinogenic, a statement describing the rationale for
this conclusion is added to the evaluation narrative; an additional evaluation may be
made for this broader group of compounds if the strength of the evidence warrants it.
The agent, mixture or exposure circumstance is described according to the wording
of one of the following categories, and the designated group is given. The categorization
of an agent, mixture or exposure circumstance is a matter of scientific judgement, reflecting the strength of the evidence derived from studies in humans and in experimental
animals and from other relevant data.
Group 1 —The agent (mixture) is carcinogenic to humans.
The exposure circumstance entails exposures that are carcinogenic to humans.
This category is used when there is sufficient evidence of carcinogenicity in humans.
Exceptionally, an agent (mixture) may be placed in this category when evidence of carcinogenicity in humans is less than sufficient but there is sufficient evidence of carcinogenicity in experimental animals and strong evidence in exposed humans that the agent
(mixture) acts through a relevant mechanism of carcinogenicity.
Group 2
This category includes agents, mixtures and exposure circumstances for which, at
one extreme, the degree of evidence of carcinogenicity in humans is almost sufficient, as
well as those for which, at the other extreme, there are no human data but for which there
is evidence of carcinogenicity in experimental animals. Agents, mixtures and exposure
circumstances are assigned to either group 2A (probably carcinogenic to humans) or
group 2B (possibly carcinogenic to humans) on the basis of epidemiological and experimental evidence of carcinogenicity and other relevant data.
Group 2A—The agent (mixture) is probably carcinogenic to humans.
The exposure circumstance entails exposures that are probably carcinogenic to
humans.
This category is used when there is limited evidence of carcinogenicity in humans
and sufficient evidence of carcinogenicity in experimental animals. In some cases, an
agent (mixture) may be classified in this category when there is inadequate evidence of
carcinogenicity in humans, sufficient evidence of carcinogenicity in experimental
animals and strong evidence that the carcinogenesis is mediated by a mechanism that
also operates in humans. Exceptionally, an agent, mixture or exposure circumstance may
be classified in this category solely on the basis of limited evidence of carcinogenicity in
humans.
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Group 2B—The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to
humans.
This category is used for agents, mixtures and exposure circumstances for which
there is limited evidence of carcinogenicity in humans and less than sufficient evidence
of carcinogenicity in experimental animals. It may also be used when there is inadequate
evidence of carcinogenicity in humans but there is sufficient evidence of carcinogenicity
in experimental animals. In some instances, an agent, mixture or exposure circumstance
for which there is inadequate evidence of carcinogenicity in humans but limited evidence
of carcinogenicity in experimental animals together with supporting evidence from other
relevant data may be placed in this group.
Group 3—The agent (mixture or exposure circumstance) is not classifiable as to its
carcinogenicity to humans.
This category is used most commonly for agents, mixtures and exposure circumstances for which the evidence of carcinogenicity is inadequate in humans and inadequate
or limited in experimental animals.
Exceptionally, agents (mixtures) for which the evidence of carcinogenicity is inadequate in humans but sufficient in experimental animals may be placed in this category
when there is strong evidence that the mechanism of carcinogenicity in experimental
animals does not operate in humans.
Agents, mixtures and exposure circumstances that do not fall into any other group are
also placed in this category.
Group 4—The agent (mixture) is probably not carcinogenic to humans.
This category is used for agents or mixtures for which there is evidence suggesting
lack of carcinogenicity in humans and in experimental animals. In some instances, agents
or mixtures for which there is inadequate evidence of carcinogenicity in humans but
evidence suggesting lack of carcinogenicity in experimental animals, consistently and
strongly supported by a broad range of other relevant data, may be classified in this
group.
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OVERALL INTRODUCTION
Ionizing radiation consists of particles and photons that have sufficient energy to
ionize atoms in the human body, thus inducing chemical changes that may be biologically important for the functioning of cells. The greatest exposure to ionizing radiation
is from natural sources.
Humans have always been exposed to ionizing radiation, since natural sources
existed on earth even before life emerged. Natural γ-radiation is of two origins, extraterrestrial and terrestrial. Extraterrestrial radiation originates in outer space as primary
cosmic rays and reaches the atmosphere, with which the incoming energy and particles
interact, giving rise to the secondary cosmic rays to which living beings on the earth’s
surface are exposed. Terrestrial radiation is emitted from primordial radioactive atoms
that have been present in the earth since its formation. These radioactive atoms (called
radionuclides) are present in varying amounts in all soils and rocks, in the atmosphere
and in the hydrosphere. Radionuclides are characterized by the numbers of protons and
neutrons in their nuclei, as AX, where X is the name of the element, uniquely defined
by the number of protons, Z, in its nucleus, and A is the total number of protons and
neutrons in the nucleus. For example, 137Cs is a radionuclide of the element caesium
(symbol Cs, Z = 55) with A = 137.
Until the end of the nineteenth century, human beings were exposed only to natural
radiation. The discovery of X-rays by Wilhelm Röntgen in 1895 and of radioactivity by
Henri Becquerel in 1896 led to the development of many applications of ionizing
radiation and to the introduction of man-made radiation. The new sources of ionizing
radiation consist of further kinds of radionuclides and machines that produce ionizing
radiation. The most important applications of ionizing radiation which result in human
exposures are in the diagnosis of diseases and the treatment of patients, in the production
of nuclear weapons and in the production of electricity by means of nuclear reactors.
Members of the public can be exposed to man-made sources of radiation as a result
of environmental releases of radionuclides from facilities where ionizing radiation is
used and when they are subjected to medical diagnosis or treatment involving ionizing
radiation. In addition, occupational exposure occurs in such facilities. An important
natural source of exposure that has been enhanced by human activity is the radioactive
indoor pollutant radon and its short-lived daughters. α-Emitting radon is an element of
the uranium and thorium decay chains and was considered in depth in the Monographs
series (IARC, 1988). Radon will be considered again at a later meeting of the IARC
Monographs in 2000.
–35–
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Exposure to ionizing radiation can be external or it can be internal when produced
by incorporated radionuclides, usually by inhalation or ingestion. Internal exposure
can also occur after absorption through intact or damaged skin and after injections for
medical reasons.
The various forms of radiation are emitted with different energies and penetrating
power (see Figure 1). For example, the radiation produced by radioactivity includes:
• alpha (α)-particles, consisting of helium nuclei, which can be halted by a sheet
of paper and can thus hardly penetrate the dead outer layers of the skin; αradiation is therefore primarily an internal hazard;
• beta (β)-particles, consisting of electrons, which can penetrate up to 2 cm of
living tissue;
• gamma (γ)-radiation, consisting of photons, which can traverse the human
body and
• neutron radiation, which is indirectly ionizing by interaction with hydrogen
atoms and larger nuclei, producing proton radiation and high linear energy
transfer (LET) recoil atoms.
Cosmic rays are high-energy particles which easily penetrate and traverse the
human body. X-rays used in diagnostic procedures must penetrate the human body to
be useful, although much of the energy is absorbed by the body tissues.
Exposure resulting from various sources of radiation is summarized approximately
every five years by the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), and this introduction is based mainly on the two most recent
reports (UNSCEAR, 1988, 1993). UNSCEAR also reviews studies of health effects
resulting from ionizing radiation.
Figure 1. (a) Depth of penetration of α- and β-particles in tissue,
for selected energy values; (b) depth of penetration of X- and
γ-rays in tissue at which 50% of the radiation energy is lost

OVERALL INTRODUCTION

37

The International Commission on Radiological Protection (ICRP) is an advisory
body which offers recommendations to regulatory and advisory agencies at international, national and regional levels on the fundamental principles on which appropriate radiological protection can be based (ICRP, 1999). The recommendations are
usually followed at the national level.
In principle, two kinds of effects of radiation on tissues are observed. So-called
‘deterministic effects’ occur when a sufficiently large number of cells has been
damaged, stem cells have lost their proliferative capacity, or tissue structure or function
is adversely affected. At doses above this threshold, the probability of occurrence and
the severity of effects increase steeply. Since organisms may compensate for the loss
of cells, the harm may be temporary.
The second type of effect, called the ‘stochastic effect’, occurs when cells are not
killed but are modified in some way. In certain cases, they produce modified daughter
cells. If the cells have malignant potential and cannot be eliminated by the affected
organism, they may eventually lead to cancer. The dose of radiation applied to an individual or group affects the probability of cancer but not its aggressivity. High doses
and large groups of exposed individuals are generally required to study these effects
accurately, as the probabilistic nature of the carcinogenic effect makes it hard to detect
in groups exposed to low doses. For this reason, most of the information on the health
effects of radiation has come from observations of populations exposed to high doses
at high dose rates. Nevertheless, the lower doses to which significant portions of the
population are exposed in some situations and those to which everyone is exposed
during a lifetime are of greater interest.
The main goals of the ICRP are to prevent the occurrence of deterministic effects,
by keeping doses below the relevant thresholds, and to ensure that all reasonable steps
are taken to reduce the induction of stochastic effects.

1.

Nomenclature

For an assessment of the carcinogenicity of ionizing radiation, four quantities
must be defined: activity, energy, exposure and dose. Various units have been used for
each of these quantities: SI units of measure are used now, but in several important
older studies traditional units were used. Table 1 gives the SI units and older units with
the conversion factors.
1.1

Activity

Hazardous substances are usually measured in units of mass, but radionuclides are
measured in activity. Mass and activity are related by the decay constant of the
radionuclide. The activity of a radionuclide is defined as the number of nuclear
transformations occurring per unit time. The standard unit is the becquerel (Bq); 1 Bq
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equals 1 nuclear transformation per second. The older unit of activity is the curie (Ci),
which corresponds to 3.7 × 1010 nuclear transformations per second.

Table 1. SI and older units used in radiation dosimetry, with conversion
factors
Quantity

SI unit

Older unit

Conversion factor
(traditional/SI)

Conversion factor
(SI/traditional)

Activity

becquerel (Bq);
1 Bq = 1 nuclear
transformation s–1

curie (Ci)

1 Ci = 3.7 1010 Bq

1 Bq = 2.7 10–11 Ci

Absorbed dose

gray (Gy)
1 Gy = 1 J kg–1

rad

1 rad = 0.01 Gy

1 Gy = 100 rad

Equivalent dose
or effective dose

sievert (Sv)
1 Sv = 1 J kg–1

rem

1 rem = 0.01 Sv

1 Sv = 100 rem

Exposure

coulomb per
kilogram
of air (C kg–1)

roentgen
(R)

1 R = 2.58 10–4 C kg–1

1 C kg–1 = 3876 R

1.2

Energy

The energy of a particle emitted during the nuclear transformation of a radionuclide
is expressed in electron-volts (eV). One electron-volt is the energy of an electron
submitted to a potential difference of 1 V, and 1 eV is equal to 1.6 × 10–19 J. The energy
of X-rays and γ-rays ranges between 10 and 1011 eV (Figure 2).
Figure 2. Bands of the electromagnetic spectrum in which X- and γ-rays fall
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Exposure

The roentgen (R) is the unit of exposure to γ- or X-radiation and is defined as the
quantity of γ- or X-radiation that will produce a charge of 2.58 × 10–4 C kg–1 of dry air.
An exposure of 1 R is approximately equivalent to 10 milligray (mGy) of absorbed dose
for γ- and X-rays in soft tissue. The roentgen is defined only for γ- and X-radiation with
an energy of 10 keV to 3 MeV (Kathren & Petersen, 1989).
Another measure of radiation exposure is the ‘kinetic energy released in matter’
(kerma), which is the sum of the initial kinetic energies of all charged particles released
in a specific volume or mass by the interaction of an uncharged particle such as a
γ-ray, X-ray or neutron. The SI unit for kerma is the gray, as for absorbed dose, but the
kerma differs in many circumstances from the absorbed dose in that it accounts for the
initial energy released in a material but not directly for the energy absorbed per unit
mass, as defined by absorbed dose. The kerma is sometimes used in epidemiological
studies of the survivors of the atomic bombings in Japan (Kathren & Petersen, 1989).
1.4

Dose

The radiation dose (or dose) is related to the damage inflicted on the body and can
be expressed as the absorbed dose, the equivalent dose, the effective dose or the
collective dose. The dose rate is the dose per unit of time. It is a determinant of the
deterministic effect and may affect the probability of occurrence of a stochastic effect.
The absorbed dose is the primary physical quantity of radiation dosimetry. It is
defined as the radiation energy absorbed per unit mass of an organ or tissue and is used
in studies of the damage to a particular organ or tissue. The unit is J kg–1, and the
special name is the gray, which is equal to 1 J kg–1.
The equivalent dose (H) to an organ or tissue is the primary dosimetric quantity of
radiation protection, which is concerned with inferring the biological effects associated with irradiation of tissues with rays of various characteristics (α-particles,
electrons and photons). The equivalent dose is obtained by weighting the absorbed
dose in an organ or tissue by a radiation weighting factor which reflects the biological
effectiveness of the charged particles that produce the ionization within the tissue.
The radiation weighting factors (wR) currently recommended by the ICRP (1991;
Table 2) were selected to encompass appropriate values for the relative biological
effectiveness (RBE) of the radiation but to be independent of the tissue or the
biological end-point under consideration. The equivalent dose in tissue, HT, is given
as: HT = ΣR wR DT,R where wR is the radiation weighting factor for radiation R, DT,R is
the absorbed dose in tissue T associated with radiation R, and the sum extends over all
radiations that impart ionizing energy in tissue T. The SI unit for HT is J kg–1; the
special name for the unit of equivalent dose is the sievert (Sv): 1 Sv = 1 J kg–1.
The effective dose (E) is a single dosimetric quantity for the overall biological
insult associated with irradiation, which takes into account variations in equivalent
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Table 2. Radiation weighting factors
Type and energy range

Photons, all energies
Electrons and muonsa, all energiesb
Neutrons, energy:
< 10 keV
10–100 keV
0.1–2 MeV
2–20 MeV
> 20 MeV
Protons, other than recoil protons, energy
> 2 MeV
α-particles, fission fragments, heavy nuclei

Radiation weighting
factor
1
1
5
10
20
10
5
5
20

From ICRP (1991); all values relate to the radiation incident on the body
or, for internal sources, emitted from the source.
a
One of the elementary particles, a member of a category of light-weight
particles called leptons which also include electrons and neutrinos
b
Excluding Auger electrons (280–2100 eV) emitted from nuclei bound to
DNA, which are ejected after excitation by an incident electron beam

dose among radiosensitive organs and tissues. The effective dose, E, is given as:
E = ΣT wT HT, where wT is a tissue weighting factor that reflects the contribution of the
tissue to the total detriment to health when the body is uniformly irradiated, and HT
is the equivalent dose in tissue T. The tissue weighting factors currently recommended
by the ICRP (1991; Table 3) are based on the overall health detriment associated with
radiation, which includes the number of fatal health effects, the non-fatal effects and
the magnitude of the loss of life expectancy. For regulatory purposes, the ICRP defines
the ‘committed effective dose’, which is the time integral of the effective dose rate
with an integration time of 50 years for an adult and from the time of intake to age 70
years for children.
It is important to note that ‘equivalent dose’ and ‘effective dose’, which are derived
from the estimation of ‘exposure’ or ‘absorbed dose’, are dosimetric quantities that are
used for regulatory purposes. Their numerical values may change as regulatory authorities change the values for the radiation-weighting and tissue-weighting factors. ‘Exposure’ and ‘absorbed dose’, however, are physical quantities that are not subject to modification by regulatory authorities.
In order to compare the effects of several sources of radiation, data on individual
doses must be supplemented by information on the number of people exposed. The
simplest means of reflecting both the dose and the number of people is the collective
dose, which is the product of the mean dose of an exposed group and the number of
individuals in the group. This quantity is most useful when the individual doses are of
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Table 3. Tissue weighting factors
Tissue or organ

Tissue weighting factor

Gonads
Bone marrow (active)
Colon
Lung
Stomach
Bladder
Breast
Liver
Oesophagus
Thyroid
Skin
Bone surface
Remaindera

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05

From ICRP (1991). The values were derived on the basis of data for a reference
population of equal numbers of males and females and a wide range of ages. In
the definition of effective dose, these factors apply to workers, to the whole
population and to males and females.
a
For the purposes of calculation, the ‘remainder’ is composed of the following
additional tissues and organs: adrenal glands, brain, upper large intestine, small
intestine, kidney, muscle, pancreas, spleen, thymus and uterus. The list includes
organs that are likely to be irradiated selectively and some organs which are
known to be susceptible to cancer induction. If other tissues and organs are
subsequently identified as being at significant risk for induced cancer, they will
either be given a specific weighting factor or included in the ‘remainder’. In the
exceptional case in which one of the ‘remainder’ tissues or organs receives an
equivalent dose in excess of the highest dose received by any of the 12 organs
for which a weighting factor is specified, a weighting factor of 0.025 should be
applied to that tissue or organ and a weighting factor of 0.025 to the average
dose for the rest of the ‘remainder’, as defined above.

much the same magnitude and are delivered within periods that do not greatly exceed
a few years. If the distribution of individual doses covers many orders of magnitude
and the time distribution covers centuries, the concept of collective dose is not useful
because it aggregates too much diverse information (ICRP, 1999).
It is worth noting that ‘dose’ is an integral quantity, corresponding to the deposition
of energy over time, and the time over which a dose is calculated must be specified. This
is not a problem for doses of external irradiation since the dose is, as a first approximation, proportional to the exposure and independent of the age of the person in
question. In the case of internal irradiation from long-lived radionuclides with biological
half-times of residence in the body of several years, however, the calculation of dose
must take into account variation in metabolic parameters as a function of age. Most
tabulations, such as those of the ICRP (1989, 1993, 1995a,b, 1996), provide estimates
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of ‘committed absorbed doses’ and of ‘committed effective doses’ per unit intake by
inhalation or ingestion of the radionuclides usually encountered in occupational or environmental settings. Estimates of dose coefficients for periods shorter than a lifetime are
not readily available nor easily derived from committed dose coefficients. For a large
majority of the radionuclides usually considered, the dose corresponding to a single
intake is delivered in a matter of weeks or months, so that the annual dose coefficient of
those radionuclides is numerically equal to the committed dose coefficient.
For occupational exposure, the ICRP (1991) recommends a limit on the effective
dose of 20 mSv per year averaged over five years, with the further provision that the
effective dose should not exceed 50 mSv in any single year. For exposure of the
general public, the ICRP (1991) recommends a limit on the effective dose of 1 mSv
per year. A higher annual value could be allowed in special circumstances, provided
that the average over five years does not exceed 1 mSv per year. These limits do not
include the effective doses from natural background radiation or those received during
medical diagnosis or treatment.
Special techniques have been developed to reconstruct doses years or decades after
the event in which they were generated, for example those resulting from the release of
radionuclides near the Techa River, Russian Federation, in the 1940s and 1950s, the
atmospheric nuclear weapons tests conducted at the Nevada (USA) test site in the 1950s
and the accident at Chernobyl, Ukraine, in 1986 (see the monograph on ‘X-radiation and
γ-radiation’). The techniques used for such retrospective dose assessments are described
in section 2.4.

2.

Dosimetric Methods and Models

As none of the quantities of radiation such as the absorbed dose, the equivalent dose
or the effective dose can be measured directly in practice, they must be estimated on the
basis of other measured or assessed quantities. A distinction will be made between the
occupational setting, where workers’ doses of radiation are monitored systematically in
order to meet regulatory requirements; the environmental setting, in which the doses
received by members of the public are generally much lower and thus need not be
measured accurately but are usually derived from measurements of radiation or of
radionuclides in the environment or from mathematical models; and the medical setting,
where the doses received by patients are determined from measurements in phantoms1
or by calculations based on models of the human body. A further distinction is made
between the doses resulting from external and internal irradiation.
1 A phantom is an object made of substances with densities similar to tissue, which simulates tissues in
absorbing and scattering radiation and permits determination of the dose of radiation delivered to the
surface of and within the simulated tissues through measurements with ionization chambers placed within
the phantom material.
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Occupational setting

Monitoring practices in the workplace vary from country to country, from industry
to industry and sometimes even from site to site within a given industry. Some of the
differences stem from historical, technical, cost or convenience considerations. In
general, more workers are monitored than is strictly necessary to meet regulatory
requirements, and only a fraction of those monitored are found to have received
measurable doses.
2.1.1

Doses from external irradiation

The choice of dosimeter used in particular circumstances is influenced by the
objectives of the monitoring programme and by the nature of the radiation likely to be
encountered. In most instances, workers are monitored for exposure to external radiation
from β-, X- and γ-rays and are less frequently monitored for exposure to neutrons.
(a)

External β- and γ-rays

Film, thermoluminescence and other personal dosimeters are used to monitor
individual exposure to external β- and γ-rays. Film dosimeters are the oldest and still
among the most widely used personal dosimetry systems. Modern films consist of a
thin plastic base that supports a 30–50-μm gelatin layer throughout which are distributed silver bromide crystals about 1 μm in diameter; these constitute the sensitive part
of the photographic emulsion. The dose to the film is measured as light transmission:
the darker the film, the higher the dose. Because the sensitive portion of the film is
composed of elements with relatively high Z values, namely silver and bromine, the
response of the film is much more strongly dependent on the radiation energy than the
response of soft tissues. Filters are used to flatten the response and to allow estimation
of the dose irrespective of photon energy. A typical film badge has several filters and
an open window that allows β-particles to reach the film. In the field, film dosimeters
provide satisfactory accuracy and precision if properly calibrated, and the response of
the film can be interpreted in terms of dose to the wearer at the point of measurement.
In well-characterized radiation fields, an accuracy of 10–20% has been reported routinely at doses > 1 mGy, although an uncertainty of 50–200% is not unusual at doses
below a few milligrays, particularly for mixed β-rays and low-energy photons (Kathren,
1987).
Thermoluminescence dosimetry is well suited to personal monitoring of exposure to
β-particles and photons and has replaced film dosimetry in many situations. The dose is
read after heating the thermoluminescent material at a uniform rate in a light-tight
chamber and allowing the emitted light to fall directly on the photosensitive cathode of
a photomultiplier tube. Each thermoluminescent compound has a characteristic emission
as a function of temperature, known as a ‘glow curve’ (Kathren, 1987). The chemicals
most commonly used for photon dosimetry are lithium fluoride, beryllium oxide and
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lithium borate. Thermoluminescent detectors containing these chemicals can be used to
measure doses ranging from 0.1 mGy to 1000 Gy, and their response, like that of soft
tissues, is not strongly dependent on the radiation energy, as they are made up of low-Z
elements. Other compounds, like calcium fluoride and calcium sulfate, are more
sensitive but give an energy-dependent response. The uncertainty in doses measured by
means of lithium fluoride is less than 20% in the normal dose range, but the dosimetry
of β-rays and of mixed β-ray and photon fields is considerably more difficult than that
of pure photons (Deus & Watanabe, 1975; Kathren, 1987).
Optically stimulated luminescence is another method of monitoring personal exposure to β- and γ-rays. The method is similar to thermoluminescence dosimetry, except
that light of a specific wavelength is used to induce luminescence, instead of heat.
Other types of personal dosimeter include electronic dosimeters, with active and
passive gas-filled detectors, and glass dosimeters, which measure luminescence emitted
by radiophotoluminescent materials when stimulated by ultraviolet light after irradiation (Deus & Watanabe, 1975; Kathren, 1987).
(b)

Neutrons

Personal dosimeters for use in nuclear reactors and commercial neutron sources are
now well developed. When the contribution of neutrons to the effective dose is much
smaller than that of photons, the neutron dose is sometimes determined by reference to
the photon dose and an assumed ratio of the two components. Alternatively, measurements in the workplace and an assumed number of working hours are used.
Incident thermal and epithermal neutrons, with a low energy distribution, can be
monitored relatively simply by detectors with high intrinsic sensitivity to such neutrons
(for example, thermoluminescence detectors) or detectors sensitive to other types of
radiation (photons and charged particles) and a converter. Neutron interactions in the
converter produce secondary radiation that is detectable by the dosimeter. The
commonest example of the latter technique is use of a film badge with a cadmium filter.
Personal doses from fast neutrons are assessed by means of nuclear emulsion
detectors, bubble detectors or track-etch detectors. Nuclear emulsion dosimeters can
measure neutrons at thermal energies and at energies above 700 keV. They have the
disadvantages of being relatively insensitive to neutrons of intermediate energy and
being sensitive to photons; they also suffer from fading. Bubble detectors respond to
fast neutrons with energies from 100 keV upwards and have the advantages of direct
reading, insensitivity to photons and being re-usable, but they have the disadvantages
of being sensitive to temperature and shock. Track-etch detectors based on polyallyl
diglycol carbonate respond to fast neutrons with energies from about 100 keV
upwards.
Atmospheric neutrons pose a separate problem in dosimetry because of their broad
energy spectrum, which extends to very high energies. The difficulty in measuring highenergy neutrons is that they are detected only after nuclear interaction, by detection of
the charged interaction products; however, a neutron interaction can result in a multitude
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of possible products rather than a unique outcome. Sophisticated techniques are required
to evaluate the spectral characteristics of the neutron environment; instruments of this
type include liquid proton recoil scintillators, tissue equivalent proportional counters and
tritium proportional counters. The scintillators produce a light pulse proportional to the
proton recoil energy, while the proportional counters record an electrical current proportional to the energy released.
Another type of neutron detector is based on limitation of penetration through a
hydrogenous material (usually polyethylene). Detectors of this kind with varying
amounts of shielding, called ‘Bonner sphere spectrometers’, are sensitive to different
neutron energies, and the range extends to very high-energy neutrons (Nakamura
et al., 1984).
2.1.2

Doses from internal irradiation

Occupations in which exposure to internal radiation is significant include uranium
mining and milling (inhalation of radon decay products (IARC, 1988) and of ore
dust); underground work in general and other forms of mining in particular (inhalation
of radon decay products); the luminizing industry (tritium); the radiopharmaceutical
industry (e.g. iodine, tritium and thallium); the operation of heavy-water reactors
(tritium); fuel fabrication (uranium); fuel reprocessing (various actinides) and nuclear
weapons production (tritium, uranium and plutonium) (UNSCEAR, 1993).
Three approaches are used to derive internal doses: (i) quantification of exposure
to the time-integrated air concentrations of radioactive materials by means of air
sampling techniques; (ii) determination of internal contamination by direct counting
of γ- and X-ray emitters in the whole body, thorax, skeleton and thyroid in vivo and
(iii) measurement of activity in vitro, usually in samples of urine or faeces. The choice
of approach is determined by the radiation emitted by the radionuclide, its biokinetics,
its retention in the body taking into account both biological clearance and radioactive
decay, the required frequency of measurements, and the sensitivity, availability and
convenience of the appropriate measurement facilities. The most accurate method in
the case of radionuclides that emit penetrating photons (e.g. 137Cs and 60Co) is usually
a measurement in vivo. Although such methods can provide information about longterm accumulation of internal contamination, they may not be sufficient for assessing
the committed dose due to a single year’s intake. An assessment may also require air
monitoring. In many situations, therefore, a combination of methods is used. Air
monitoring (individual or area) is the only available routine method for assessing
doses of radon.
2.2

Environmental setting

In the environmental setting, doses are usually derived from measurements of
ambient radiation and radionuclides which are then inserted in mathematical models.
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The models can be complex, to account for numerous factors, such as duration of
exposure, intake of certain foods and biokinetics.
2.2.1

Environmental measurements

Most environmental measurements can be categorized into determination of
ambient radiation or of radionuclides.
(a)

Ambient radiation

Radiation in the environment is measured by a variety of instruments. Ambient γand X-radiation at a specific location can be measured with large-volume ionization
chambers, which have a sensitivity in the microsievert range (Figure 3). Thermoluminescence dosimeters can also be used, but the dosimeter reading is a measure of
the environmental radiation in a particular area since these dosimeters are designed for
individual monitoring. Neutron radiation can be measured with similar thermoluminescent material enriched in 6Li, in conjunction with various filters for neutron
energy.
Figure 3. Structure and function of an ionization chamber
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Radionuclides

Radionuclides in the environment are measured either in situ or in samples of air,
soil, sediment and water.
(i)
In-situ measurements
Radionuclides in the air that emit α- or β-particles are typically measured on a
filter on which matter has been collected or in a flow-through ionization chamber. αand β-emitting radionuclides cannot be measured accurately in soil or sediment
because of the strong attenuation of the particles in such samples, but γ- and X-rays
can be measured in soil, sediment and water because these emissions undergo relatively little attenuation in these media. Radionuclides that emit γ- and X-rays are
measured with a high-purity germanium detector or a scintillation detector. The
detector is typically positioned 1 m above the surface and the emission spectrum is
collected. The radionuclides are identified and the activity is quantified on the basis
of the observed emission spectrum.
(ii) Sampling measurements
Radioactive particles in air can be collected on a filter and those immersed in soil,
sediment or water in a standardized container. The analysis is usually conducted in two
phases. The first phase is chemical reduction of the medium and the deposited radionuclides, which is done by dissolving the filter for air samples and by ashing soil,
sediment and water samples to remove the water, leaving only the solid matter. The
second phase is direct measurement of the prepared sample. Radionuclides that emit
primarily α-particles are usually measured with a gas proportional detector or a solidstate detector. Radionuclides that emit only β-particles, such as 3H, 14C and 90Sr/90Y, are
usually measured with either a gas proportional counter or a liquid scintillation counter.
2.2.2

Environmental modelling
(a)

Doses from external irradiation

External irradiation usually arises from immersion in contaminated air or water
containing γ-emitting radionuclides or from proximity to γ-emitting radionuclides
deposited on the ground. The dose that a person receives depends on the environmental
distribution of the radionuclide concentration. Because photons can travel hundreds of
metres in air and tens of centimetres in water or soil, large volumes must be considered.
In addition, the morphology of the person influences his or her absorption of photons.
Doses from external irradiation are therefore derived from knowledge of the spatial and
temporal distributions of the γ-emitting radionuclides around the person and the morphology of that person. Although simplifying assumptions and tabulated results are
generally used in reconstructing doses, it has become increasingly possible to represent
the irradiation conditions mathematically and to compute distributions of dose from
knowledge of the interaction. Mathematical anthropometric phantoms, in which the
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locations of the organs in the human body are defined by geometrical coordinates, are
used in that procedure. The distribution of dose within the body is usually calculated by
means of Monte Carlo simulations, a type of mathematical modelling that has proved
to be extremely flexible and powerful, as it can deal effectively with complex irradiation conditions. The calculations and the values of the associated interaction parameters have an inherent degree of uncertainty, however, and the anatomical parameters
vary considerably.
The simplifying assumptions and tabulated results that are generally used to
reconstruct doses after immersion in a radioactive cloud or from radionuclides deposited on the ground are summarized below.
(i)
Immersion dose
External exposure due to immersion in contaminated air or water or to radiation
from an overhead plume usually makes only a small contribution to the total dose
received by members of the public. It is therefore usually warranted to use simplifying
assumptions to estimate immersion doses.
The external dose from cloud immersion is generally calculated on the assumption
that: (1) the person considered is outdoors at all times during the passage of the radioactive cloud; (2) the radioactive cloud is ‘semi-infinite’ with uniform radionuclide
concentrations (this is called the ‘semi-infinite’ assumption because only the halfspace above the ground is considered); and (3) results calculated for reference adults
apply to individuals of all ages. Tables giving values of dose per unit air concentration
for many radionuclides are available in the literature, notably in the United States
Federal Radiation Guide No. 12 (Eckerman & Ryman, 1993).
Persons who are indoors receive much lower doses than those who are outdoors
because of the shielding effect of buildings. The indoor:outdoor dose ratio, called the
‘shielding factor’, varies according to the γ-energy spectrum of the radionuclide
considered, the distribution of activity in the radioactive cloud and the characteristics
of the building. According to Le Grand et al. (1990), the shielding factor can range from
0.5 on the first floor of a semi-detached house to less than 0.001 in the basement of a
multistorey building. Within a building, the effective shielding factor varies by 30%
depending on where the measurement is made, as shown by Fujitaka and Abe (1984a).
These authors also showed that the dose rate does not depend on the details of the
building interior (Fujitaka & Abe, 1984b); the location of other buildings can affect
exposure on the lower floors, but all such parameters have only a 30% effect on
exposure. The most important parameters are floor thickness and building size
(Fujitaka & Abe, 1986). A radioactive cloud is never really semi-infinite, with uniform
concentrations of radionuclides. Typically, the doses received outdoors in an urban area
are about half those received in a flat, open area because of the presence of building
materials between the individual considered and some part of the radioactive cloud.
For a given air kerma, the organ and effective doses received by individuals of
various sizes (or ages) vary to some extent. Within the energy range of interest in most
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dose reconstructions (0.2–2 MeV), the effective doses per air kerma are estimated to
be higher for infants than for children, which are in turn higher than those for adults.
The differences are not, however, very large: the infant:adult dose ratios vary for most
energies within a factor of 2 (Saito et al., 1990).
(ii) Ground deposition dose
The ground deposition dose can be relatively important. It is usually calculated on
the basis of simplifying assumptions that are less crude than those used to calculate
the immersion doses. In the absence of information on the lifestyle of a person, it is
typically assumed that: (1) the contaminated area can be represented by an infinite
plane source at the air–ground interface; (2) the fractions of time that the person spent
indoors and outdoors correspond to population averages; (3) average indoor shielding
factors can be applied to the person; and (4) the morphology of the person corresponds
to that of ICRP ‘reference man’ (ICRP, 1975), the organ masses and body size of
which were determined on the basis of an extensive literature review.
The assumption of an infinite plane source is conservative, as radionuclides
migrate into the soil and are removed from surfaces by erosion and cleaning. These
effects are dependent on the chemical properties and radioactive half-lives of the
radionuclides. The most extensive data are available for 137Cs.
The fractions of time spent indoors and outdoors are usually taken to be 80% and
20%, respectively (UNSCEAR, 1993). Being indoors provides a degree of protection
from shielding that depends on factors such as the thickness and composition of walls.
The indoor shielding factor is usually taken to be 0.2 (UNSCEAR, 1993). Shielding
effects were reviewed by Burson and Profio (1977), who concluded that the shielding
factors were highest for wood-frame houses without a cellar (average, 0.4; representative range, 0.2–0.5) and lowest for the cellars of multistorey stone structures
(average, 0.005; representative range, 0.001–0.015).
The organ and effective doses received by individuals of various sizes from
radiation of a given activity superficially deposited on the ground over an infinite area
vary to some extent. Calculations made by Jacob et al. (1990) and by Saito et al. (1990),
using four anthropomorphic phantoms representing an adult male, an adult female, a
child and an infant, showed that the effective doses received by an infant are usually
about 20% higher than those received by an adult.
(b)

Doses from internal irradiation

Doses may be incurred from internal irradiation by inhalation of radionuclidecontaminated air or by ingestion of radionuclides in water and food. Doses from
internal irradiation are usually derived from knowledge of the radionuclide concentrations relevant to the pathway under consideration, data on human intake of the
radionuclides (breathing rates or food consumption rates) and biokinetic modelling of
the radionuclides taken in.
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In some cases in which large doses were delivered, for example during radiation
accidents, measurements were made to establish the radionuclide content of excreta,
the thyroid or the whole body. Even in such cases, however, data on lifestyle and
dietary habits are necessary to determine the magnitude of the exposure to radionuclides from internal irradiation. When the doses are very low, radionuclides cannot
be detected, and the doses are determined from models based on the source of exposure (for example, the amounts of radioactive materials released into the environment). Most biokinetic models of human intake of radionuclides are based on
information in recent ICRP publications (ICRP, 1989, 1993, 1994, 1995a,b, 1996), in
which the absorbed doses in various organs and tissues, as well as the effective doses,
are calculated for unit intakes of radionuclides and for typical infants, children and
adults on the basis of reviews of biokinetics in man and animals.
Calculation of the doses received by inhalation requires not only knowledge of the
outdoor and indoor air concentrations and the physical and chemical characteristics of
the aerosol inhaled but also information on the breathing characteristics of the person
involved, a model of the respiratory tract that allows determination of the amount of
airborne particles deposited in the airways, and models simulating the uptake of
radionuclides by blood and their subsequent absorption and retention in the organs and
tissues of the body. The models used to estimate the deposition and retention of airborne contaminants in the respiratory tract have been revised (ICRP, 1994; National
Council on Radiation Protection and Measurements, 1997). Committed dose coefficients for inhalation are generally extracted from ICRP publications. Annual dose
coefficients, when numerically different from the committed dose coefficients, can be
calculated from the models developed by the ICRP (1995b, 1996).
The procedure for calculating doses from ingested radionuclides is similar to that
for calculating the doses from inhalation. Calculation of the doses received by
ingestion requires not only knowledge of the radionuclide concentrations in various
foodstuffs but also information on the amounts of food consumed by the person in
question and models of the behaviour of radionuclides in the gastrointestinal tract and
the subsequent absorption and retention of radionuclides in the various organs and
tissues of the body. The dietary information is usually obtained from national food
surveys, food surveys applicable to the population considered or personal interviews.
The dosimetric models are generally extracted from ICRP publications.
2.3

Medical setting

The doses received by patients during external irradiation (diagnostic radiography
or radiotherapy) or internal irradiation (nuclear diagnosis and therapy) are usually
determined from measurements in phantoms or by Monte Carlo calculations with
computer models of the human body (Drexler et al., 1990; Hart et al., 1996). Detailed
tables of average doses from various kinds of examinations were compiled by
UNSCEAR (1993).
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External irradiation results in a dose to the part of the body within the primary
radiation beam and a dose in adjacent tissues. The dose from the primary beam for
diagnostic X-rays (‘soft’ X-rays) and computed tomography is measured with
thermoluminescence dosimeters or ionization chambers in a phantom. The dose from
the secondary or scattered radiation is determined with computer software shown by
Monte Carlo calculations to model the absorbed dose in adjacent tissue. Modelling is
important since the absorbed dose from the soft X-rays in surrounding tissue changes
radically with density (i.e. bone versus soft tissue). The absorbed dose to the breast
from mammography is estimated in a standard phantom that simulates breast tissue,
in combination with a photographic film. The darkening of the film reflects the
absorbed dose.
In radiotherapy, the dose in the primary beam from an accelerator or 60Co unit is
determined in a water phantom, with an ionization chamber to measure the energy of
the radiation and the dose rate directly. The phantom may be less precise than in other
applications since in this case the primary beam consists of high-energy photons which
can penetrate the body easily and deliver a fairly uniform absorbed dose throughout the
region of interest. The dose outside the primary beam is determined by use of computer
software.
In brachytherapy, sealed radioactive sources are inserted into a body cavity, placed
on the surface of a tumour or on the skin, or implanted throughout a tumour. A
phantom is used in conjunction with a thermoluminescence dosimeter or an ionization
chamber to determine the dose at specific points. For a complete evaluation of the
distribution, software is used which takes into consideration absorption in the applicator, scattering and absorption in surrounding tissues.
The doses from internal irradiation in therapeutic uses of nuclear medicine are due
mainly to β-rays (which will be considered in a future IARC monograph), but when
nuclear medicine is used in diagnosis, it is mostly γ-rays from the various radioisotopes that are detected. The absorbed doses of radiation from radiopharmaceuticals
have been assessed from the literature, and the complicated calculation of the doses to
various organs has been addressed primarily by the ICRP (1987) and the Medical
International Radiation Dose committees (Loevinger et al., 1988).
2.4

Retrospective dose assessment

Doses may be assessed retrospectively when they were not estimated at the time
of exposure but are needed for epidemiological or other reasons. The methods that can
be used to assess individual doses retrospectively are analysis of teeth by electron
paramagnetic resonance, analysis of chromosomal aberrations in peripheral blood
lymphocytes by biological techniques such as fluorescence in-situ hybridization, and
measurement of γ-radiation emitted from the body by radionuclides such as 90Sr and
239Pu.
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Doses to unspecified representative individuals in a group (group doses) can also
be measured, and the doses to specified individuals can then be derived. The methods
used to assess group doses include analysis of ceramic materials such as bricks by
thermoluminescence, to determine the total dose from external irradiation in a given
location; analysis of the ratio of 239Pu and 240Pu concentrations in soil to determine
the contribution of fall-out from a specific test site; and measurement of 129I in soil to
derive the 131I fall-out at that location.

3.

Transmission and Absorption in Biological Tissues

Ionizing radiation such as photon and neutron radiation interacts with matter in a
way that is qualitatively different from that of most other mutagens or carcinogens.
Specifically, the energy imparted and the consequent chemical changes are not
distributed in uniform, random patterns. Instead, the radiation track is structured, with
energy depositions occurring in clusters along the trajectories of charged particles.
Depending on the absorbed dose and on the type and energy of the radiation, the
resulting non-homogeneity of the microdistribution can be substantial. Measurements in
randomly selected microscopic volumes yield concentrations of energy or of subsequent
radiation products that deviate considerably from their average values, and these
variations depend in intricate ways on the size of the reference volume, the magnitude
of the dose and the type of ionizing radiation (ICRU, 1983; Goodhead, 1988).
The amount of radiation that produces an effect is specified as the energy deposited per unit mass in the irradiated system, the absorbed dose. Although defined at a
point, the absorbed dose can be considered to be a macroscopic quantity because its
value is unaffected by microscopic fluctuations in energy deposition. These fluctuations are important, however, if only because they are the reason why equal doses
of different types of radiation have effects of different magnitude. While the absorbed
dose determines the average number of energy deposition events, each cell reacts to
the actual energy deposited in it, the actual spatial distribution of the energy within the
cell and its relationship to critical cellular structures or molecules. The average
response of a system of cells should therefore depend on the energy distribution on a
scale that is at least as small as the dimensions of the cell, although events on a larger
multicell or tissue dimension can also influence the response. The characterization of
microscopic energy depositions and radiation track structure is the field of microdosimetry (Goodhead, 1987).
3.1

Track structure of radiation with low and high linear energy transfer

All ionizing radiation deposits energy primarily through ionization or excitation of
the atoms and molecules in the material through which it travels. Generally speaking,
most of the energy deposition is produced by secondary or higher-order electrons that
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are set in motion by the primary radiation, be it a photon, a neutron or a charged
particle. It is likely that the biologically significant energy deposition events involve
ionization, where an electron is actually removed from an atom or molecule, and
particularly local clusters of ionizations (Hutchinson, 1985; Goodhead, 1994; Prise,
1994). Such ionizations can occur directly in a critical molecule, such as DNA, or in
nearby molecules such as water (Nikjoo et al., 1997). In either case, or in combination, they can result in single or multiple damage to critical molecules, such as
strand breaks and base damage in DNA (Ward, 1994).
Because the probabilities of all the relevant interactions between the different
types of radiation and the atoms and molecules of the medium can be estimated (with
various degrees of accuracy), it is possible to simulate on a computer the passage of a
particle (and its secondaries) as it travels through a medium (Brenner & Zaider, 1984).
Figure 4 is a schematic illustration of radiation tracks in a cell irradiated with γ-rays
(low-LET) or slow α-particles (high-LET). The energy deposition of the γ-rays is
spread throughout the cell, although there is considerable non-uniformity at the
submicrometer scale. The energy of α-particles is deposited along a much smaller
number of narrow tracks, while large parts of the cell do not receive any energy at all.
It is important to realize that radiation energy deposition is a stochastic process, and
no two radiation tracks are the same.
3.2

Quantitative characterization of energy deposition at cellular and
subcellular sites

A fundamental quantity of the radiation deposited in tissue is the specific energy,
z, defined as the energy imparted to finite volumes per unit mass (ICRU, 1983); it is
measured in the same units as absorbed dose, and was introduced in order to quantify
the stochastic nature of energy deposition in cellular and subcellular objects (Rossi,
1967). The variation of specific energy across identical targets is characterized by the
distribution function f(z;D)dz, representing the probability of deposition of a specific
energy between z and z+dz. This distribution depends, among other things, on the
dimensions of the volume under consideration and the dose D (i.e. the average value
of z). The statistical fluctuations of z about its mean value are larger for smaller
volumes, smaller doses and higher LET.
The unit of LET is keV μm–1. This is far from a perfect descriptor, because energy
is not deposited uniformly along the path of the particle. An alternative approach is
based on lineal energy, y, the energy deposited in an event divided by the mean chord
length of the volume in which it occurs, and z, the energy deposited by one or more
events, divided by the mass of the volume in which it occurs (ICRU, 1983). This
approach became possible with the introduction of proportional counters filled with
tissue-equivalent gas for the measurement of the spectra of y and z (see Rossi, 1979).
Despite its deficiencies, LET has remained the term of choice among radiotherapists
and radiologists.
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Figure 4. Schematic representation of a cell nucleus irradiated with two electron tracks from radiation with low
linear energy transfer (LET; γ-rays; panel A) or two
high-LET α-particle tracks (panel B)

Adapted from Goodhead (1988)

Energy can be deposited in the volume of interest by the passage of one or more
tracks of radiation. Because of the relevance of single tracks to the low-dose situation,
it is useful to consider the corresponding spectrum of energy depositions, which is the
single-event spectrum, f1(z), due to single tracks only. The frequency average of f1(z),
i.e. zF = ∫ z f1(z) dz, is then simply the average specific energy deposition produced by
a single track of that radiation through or in the sensitive site. Thus, for a given dose,
D, the mean number of radiation tracks through or in a given target volume, is
n = D/zF.
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Typical values of zF are shown in Figure 5. Note that zF increases with both LET
and decreasing target site size. Thus, a given dose of high-LET radiation, such as
neutrons or α-particles, will result from a much lower average number of tracks than
would be the case for the same dose of low-LET radiation, such as γ-rays (see
Figure 4). The significance of the average number of tracks is in the objective deposition of a ‘low dose’ of a given type of radiation and the argument for the dose-dependence of independent cellular effects at low doses on the basis of microdosimetric
considerations.
The average number of events (n), however, and the average specific energy (zF)
do not tell the entire story. A group of identical cells exposed to the same dose of
radiation will be subject to a range of specific energy depositions, characterized by the
distributions f(z;D) or f1(z), because of a variety of effects such as geometric path,
energy loss fluctuation (straggling), track length distribution and energy dissipation by
δ-rays (Kellerer & Chmelevsky, 1975). Such distribution can often be broad. Furthermore, even for identical specific energy, the biological consequences depend on the
spatial distribution of the energy deposition within each cell.
Figure 5. Frequency-averaged specific energy per
event, z F, in unit density spheres of diameter d for
γ-rays and neutrons of different energies

Adapted from ICRP (1983)
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‘Low dose’

On the basis of these considerations, a measure of what constitutes ‘low dose’ can
be established by estimating the dose at which the average number of events (tracks)
in a given cell is 1. Below this dose, effects due to the interactions between different
tracks will be rare, and the number of cells subject to one single-track insult will
simply decrease in proportion to the dose. As shown by Poisson statistics, even when
the average number of tracks in a given target is 1, 26% of the targets will be hit more
than once. A slightly more conservative definition of ‘low dose’, used by Goodhead
(1988), corresponds to a mean number of 0.2 tracks per cell (or per cell nucleus). In
this case, less than 2% of the cells will be subject to traversals by more than one
radiation track, and less than 10% of all the hit cells will have been hit by more than
one radiation track. This and other operational definitions of ‘low dose’ have been
considered by UNSCEAR (1993).
Appropriately sized targets for consideration may include those of typical human
cell nuclei (100–1000 μm3) or whole cells (Altman & Katz, 1976). Table 4 shows representative estimates of ‘low dose’ derived from the measured specific energy spectra for
spherical target volumes of 240 μm3 (average nucleus) and for a larger target
(5500 μm3). The latter is meant to simulate a small cluster of cells, each of which is
potentially able to communicate the effect of the radiation to other cells in the cluster,
thus comprising a larger effective target. Results are given for γ-rays (here, 1.25 MeV
from 60Co), for X-rays (here, 25 kVp, typical of those used in mammography), for intermediate energy neutrons (0.44 MeV, typical of those from a reactor) and for α-particles
with an energy of 100 keV μm–1 (typical of those from radon progeny incident on target
lung cells).

Table 4. Definition of low dose: the dose (in mGy) below
which the average number of events in the target is less than 1
Radiation

γ-rays (1.25 MeV)
X-rays (25 kVp)
Neutrons (0.44 MeV)
α-particles (100 keV μm–1)

Target volume
240 μm3 (d=7.7 μm)
(nucleus)

5500 μm3 (d=22 μm)
(cluster of cells)

0.9
4.5
50
300

0.1
0.5
4
30

To derive a more conservative definition of low dose, corresponding to < 0.2
tracks per target, the doses should be divided by 5 (Goodhead, 1988).
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Clusters of energy deposition events and correlations with biological
lesions

The detailed spatial and temporal properties of the initial physical features of
radiation energy deposition influence the final biological consequences, despite the
physical, chemical and biological processes that eliminate the vast majority of the
initial damage (Goodhead & Brenner, 1983; Brenner & Ward, 1992; Goodhead,
1994). Ionizing radiation produces many different possible clusters of spatially
adjacent damage, and analysis of track structures from different types of radiation has
shown that clustered DNA damage of complexity greater than double-strand breaks
can occur at biologically relevant frequencies with all types of ionizing radiation, at
any dose (Brenner & Ward, 1992; Goodhead, 1994). In other words, such clustered
damage can be produced by a single track of ionizing radiation, with a probability that
increases with ionization density but is not zero even for sparsely ionizing radiation
such as X- and γ-rays.
3.5

Biological effects of low doses

A general conclusion that follows from the stochastics of ionizing radiation energy
deposition in small sites is that the average effect of small absorbed doses (average
number of tracks in the cell, < 1) on independent cells is always proportional to dose
(Goodhead, 1988). Such a linear relation between observed cellular effect and dose
must be expected regardless of the dependence of cellular effect on specific energy; it
is due to the fact that, even at very low doses, finite amounts of energy are deposited
in a cell when the cell is traversed by a charged particle. As the energy deposited
during such single events does not depend on the dose, the effect in those cells that are
traversed by a charged particle does not change with decreasing dose. The only change
that occurs with decreasing dose is the decrease in the proportion of cells which are
subject to a single energy deposition. This can be treated quantitatively (Kellerer &
Rossi, 1975; Goodhead, 1988), and microdosimetry can supply information about the
range of doses to which the statement applies for different radiation qualities. A
schematic illustration of these concepts is given in Figure 6.
A possible objection to this conclusion is that a single track might have no effect
at the appropriate target, although an effect might be produced after more than one hit.
This hypothesis is inconsistent with both microdosimetric and biological evidence,
however. First, the spectrum of specific energy produced in single events is distributed
widely, both for sparsely and densely ionizing radiation. Consequently, there is a finite
probability, although it may be small, that the same amount of energy deposited during
two events could be deposited during one event. Second, there is much experimental
evidence to suggest that DNA damage and chromosomal and other cellular damage
can be induced by individual radiation tracks. The evidence is based largely on the
observation of a linear component to the dose–response relationship at doses for
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Figure 6. Schematic dose–response curves for radiation of low and high
linear energy transfer

Adapted from Goodhead (1988)
The mean number of tracks was evaluated for 8-μm diameter spherical nuclei. Region I corresponds to ‘definite’ single-track action on individual cells, corresponding to ∼0.2 tracks per cell
nucleus. Region II corresponds to intermediate doses, at which single-track action on individual
cells will still dominate. Region III corresponds to regions in which multi-track action will
dominate. Note the difference in number of tracks per cell nucleus at equal absorbed doses of γrays and neutrons.

which track overlap in DNA and other cellular components is highly improbable
(ICRP, 1991) and on theoretical simulations of the clustered ionizations within a track
and the ensuing clustered DNA damage (Goodhead, 1994; Nikjoo et al., 1997).
Experiments with the new generation of single-particle microbeams have confirmed
that, at least for high-LET radiation, traversals of cell nuclei by single tracks do
produce observable biological effects (Hei et al., 1997). These arguments imply that
single tracks of ionizing radiation can induce damage to individual cells, however low
the macroscopic dose. Of course, the probability of a cellular effect resulting from a
single track of low-LET radiation is extremely small.
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Occurrence and Exposure

Military uses

Military uses of ionizing radiation include the production of materials for nuclear
weapons and the testing and use of nuclear weapons.
4.1.1

Detonation of atomic bombs over Hiroshima and Nagasaki

The initial nuclear radiation from an exploding nuclear device consists mainly of
neutrons and primary γ-rays, and secondary γ-rays are produced by neutron interactions in the environment. These components must be considered in establishing the
relationship between tissue kerma and distance, which determines the decrease in
initial nuclear radiation with distance from the hypocentre.
After the atomic bombings in 1945 in Hiroshima and Nagasaki, Japan, a commission (the Atomic Bomb Casualty Commission, currently known as the Radiation
Effects Research Foundation) was established to investigate the long-term health
effects among the survivors in the two cities.
The first estimates of the doses received by the survivors were based on distance
from the hypocentre. In the late 1950s, a dosimetric system was developed on the
basis of responses to a detailed questionnaire on the location and position of the
survivors at the time of the bombings. These tentative doses were later replaced by a
more extensive, refined set of tentative doses (T65D), which was used for risk
assessment throughout the 1970s. In the late 1970s, scientists from the USA noted
differences between the T65 dose and newer theoretical estimates, and a joint Japan–
USA study was initiated to reassess various factors related to the atomic bomb
explosions that determined the actual doses of ionizing radiation. As a result, Dosimetry System 1986 (DS86) was established (Roesch, 1987) which permits calculation
of the exposures of various organs (referred to as organ doses) from estimates of
individual exposures to γ-rays and neutrons. These shielded kerma doses were
determined by analysis of information on each survivor’s location and shielding at the
time of the bombings. Most of the exposure was to γ-rays, but there was a small
neutron component. The magnitude of this component is unknown, but it would have
contributed no more than a few per cent. The neutron dose in Hiroshima is considered
to have been larger than that in Nagasaki, which is believed to have been negligible.
Data on the survivors of the atomic bombings are the main source of information
on the risks for cancer associated with exposure to low-LET γ-radiation. As neutrons
are considered to have a greater biological effect per unit dose than γ-rays, a weighted
total dose (in Sv) based on a radiation weighting factor (wR) for neutrons was used in
many recent studies. A typical value for the weighting factor is 10, although there is
still no agreement.
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DS86 estimates of dose are available for a majority of the participants in the socalled Life Span Study (see section 2.2.1), which consists of about 120 000 persons
who were in one of the two cities at the time of the bombings. The latest version of the
DS86 system (version 3) was used to estimate the doses received by a subcohort of
86 572 persons. Recent analyses of the data from this study have been limited to
members of the cohort for whom such estimates were available (Thompson et al., 1994;
Pierce et al., 1996). The weighted dose to the colon, considered to be a typical dose for
deep organs, was < 0.1 Sv for most of the cohort. The distribution of doses to the colon
for this cohort is summarized by city in Table 5. DS86 provides estimates of γ-ray and
neutron doses to 15 organs. The doses account for shielding of the organs by the body
and the survivors’ orientation, position and shielding at the time of the bombings. The
analyses for specific cancer sites are based on these organ doses. The collective dose to
the colon for the 86 572 survivors was about 24 000 person–Sv (Burkart, 1996).
4.1.2

Nuclear weapons testing

Nuclear weapons are of two types: fission devices (so-called ‘atomic bombs’), in
which the energy released is due to fission of uranium or plutonium nuclei, and fusion
devices (so-called ‘hydrogen bombs’ or ‘thermonuclear bombs’), in which the atomic
bomb serves as a trigger to cause fusion of tritium and deuterium nuclei, thus producing
a more powerful explosion.
Fission produces a wide spectrum of radionuclides (fission products); fusion in
principle creates only tritium, but a fusion explosion leads to reactions of neutrons
with surrounding materials, producing 14C and other neutron activation products.
Furthermore, since a thermonuclear bomb needs a fission device as a trigger, fission
products are also found after a thermonuclear explosion.
An atmospheric nuclear explosion creates a fireball and a very large cloud that
contains all the radioactive materials that have been formed. The top of the cloud rises
high into the atmosphere and often reaches the stratosphere. If the cloud enters into
contact with the ground, large radioactive particles settle rapidly in the vicinity of the
test site (local fall-out). Smaller particles descend gradually to the earth’s surface in
the latitude band where the explosion took place (tropospheric fall-out) over days or
weeks, during which time the radioactive cloud may have circled the globe. Finally,
the radioactive particles that are contained in the portion of the cloud that reaches the
stratosphere remain there for much longer, and may take several years to descend to
the surface of the earth (stratospheric or global fall-out). During that time, the radionuclides with short half-lives will have decayed.
The series of large tests of nuclear weapons in the atmosphere conducted between
1945 and 1980 involved unrestrained releases of radioactive materials into the environment and caused the largest collective dose thus far from man-made environmental
sources of radiation. Only a small fraction of that collective dose came from the bombs

City

Total

DS86 weighted colon dose (Sv)a
< 0.005

0.005–0.02

0.02–0.05

0.05–0.1

0.1–0.2

0.2– 0.5 0.5–1.0 1.0–2.0

≥ 2.0

Hiroshima
Nagasaki

58 459
28 113

21 370
15 089

11 300
5 621

6 847
2 543

5 617
921

4 504
963

5 078
1 230

2 177
1 025

1 070
538

496
183

Total

86 572

36 459

16 921

9 390

6 538

5 467

6 308

3 202

1 608

679
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Table 5. Numbers of survivors of the atomic bombings in Japan, by weighted dose to the colon and
city, in the Life Span Study

From Pierce et al. (1996)
a
Categories defined with a weighting factor of 10 for neutrons
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detonated over Hiroshima and Nagasaki in 1945, and most was due to the tests
conducted in 1961 and 1962.
Atmospheric nuclear explosions were carried out at several locations by China,
France, the United Kingdom, the USA and the former USSR. The first such test was
conducted in the USA in 1945; subsequent periods of intensive testing were 1952–54,
1957–58 and 1961–62. Much less frequent testing in the atmosphere occurred after a
limited nuclear test ban treaty was signed in August 1963. It is estimated that 520
atmospheric nuclear explosions occurred at a number of locations, mainly in the
Northern Hemisphere, between 1945 and 1980. The total explosive yield amounts to
545 megatonnes (Mt) of TNT equivalent, consisting of 217 Mt from fission and 328
Mt from fusion (UNSCEAR, 1993).
Nuclear weapons have also been tested underground, most recently in 1998, but
the resulting doses to humans are insignificant in comparison with those from
atmospheric weapons tests, as the radioactive materials produced during underground
testing usually remain under the earth’s surface.
(a)

Doses from local fall-out

Local fall-out affects areas within a few hundred kilometres surrounding the test
site, where the highest individual doses are found. The doses resulting from the atmospheric explosions conducted in Nevada (USA), mainly between 1952 and 1957, have
been relatively well investigated. The highest effective doses from external irradiation
are estimated to have been in the range 60–90 mSv, with an average of 2.8 mSv to the
population of 180 000 living < 300 km from the site (Anspaugh et al., 1990). The
internal doses to most organs and tissues were found to be much smaller than the
external doses, with the exception of the thyroid, in which 131I from ingestion of milk
contributed relatively higher doses. The doses absorbed in the thyroid of 3545 locally
exposed individuals were estimated to range from 0 to 4600 mGy, with an average of
about 100 mGy (Till et al., 1995). In comparison, the estimated mean dose to the
thyroid for the entire population of the 48 contiguous states of the USA (approximately
160 million people) was about 20 mGy (National Cancer Institute, 1997).
The nuclear explosions carried out by the USA at locations in the Pacific Ocean
were usually conducted under conditions that limited local fall-out. An exception was
the ‘Bravo shot’ in 1954 at Bikini atoll in the Marshall Islands. Unexpected wind
conditions resulted in heavy fall-out eastwards on inhabited atolls rather than over
open seas to the north, resulting in the exposure of 82 persons (and four in utero) on
Rongelap and Ailinginae atolls, 23 fishermen aboard a fishing vessel, 28 servicemen
on Rongerik atoll and 159 residents (and eight in utero) of Utrik atoll. These persons
were evacuated within a few days of their exposure. The average external doses were
estimated to be 1.9 Sv on Rongelap, 1.1 Sv on Ailinginae, 1.7–6 Sv for the fishermen,
0.8 Sv on Rongerik and 0.1 Sv on Utrik. The doses to the skin of the most heavily
exposed fishermen were several grays. The average doses to the thyroid for the atoll
residents, due mainly to ingestion of contaminated food, were estimated to be 12 Gy
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to adults, 22 Gy to children and 52 Gy to infants (UNSCEAR, 1993). The doses to the
thyroid for the fishermen were due mainly to inhalation and were estimated to range
from 0.8 to 4.5 Gy (Conard et al., 1980).
The heaviest near-field exposure from nuclear weapons testing occurred around a
test site near Semipalatinsk in north-eastern Kazakhstan. Five of the nuclear
explosions conducted at the test site, in 1949, 1951, 1953, 1956 and 1962, account for
most of the exposure of the populations to local fall-out. Relatively high effective
doses, 2–4 Sv, were estimated at several locations. The absorbed doses to the thyroid
after the tests of 1949 were estimated to be 1.3 Gy for adults and 6.5–13 Gy for
children in three nearby villages (Gusev et al., 1997). A provisional estimate of the
combined collective dose of two cohorts presently under study near the test site and
in the region of the Altai Range at the borders of Kazakhstan, Mongolia and China is
50 000 person–Sv (Burkart, 1996).
(b)

Doses from tropospheric and global fall-out

The doses from tropospheric and global fall-out were studied extensively
(UNSCEAR, 1993) on the basis of data from environmental measurement networks
complemented with mathematical models. One way of expressing the doses from this
source is as the integral over time of the average collective effective dose rate of the
world population: the ‘collective effective dose commitment’. In this calculation, the
variation of the world’s population with time is taken into account. The effective dose
commitment to the year 2200 from atmospheric testing is about 1.4 mSv; over ‘all
time’—until the radioactivity has decreased to negligible values—it is 3.7 mSv. The
two figures are of the same order of magnitude as the effective dose from one year of
exposure to natural sources. The estimated collective effective dose commitments of
the world’s population for individual radionuclides from atmospheric nuclear testing
are presented in Table 6. The total collective effective dose commitment from
weapons testing is about 30 million person–Sv, of which about 7 million person–Sv
will have been delivered by the year 2200; the rest, due to long-lived 14C, will be
delivered over the next 10 000 years or so. The next most important radionuclides, in
terms of collective effective dose commitments, are 137Cs and 90Sr, both of which have
radioactive half-lives of about 30 years. Most of the doses from 137Cs and 90Sr have
already been delivered, 137Cs through both external and internal irradiation and 90Sr
through internal irradiation. The collective effective dose commitment from 131I is
much lower than those from 14C, 137Cs and 90Sr because most of the 131I released
decayed in the stratosphere before contaminating the biosphere and because the
thyroid has a low weighting factor in calculations of effective dose.
4.1.3

Production of materials for nuclear weapons

The production of nuclear weapons involves use of enriched uranium or plutonium
for fission devices and tritium and deuterium for fusion devices. The fuel cycle for
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Table 6. Collective effective dose commitments of the world population from
atmospheric nuclear testing
Radionuclide

14

C
Cs
90
Sr
95
Zr
106
Ru
3
H
54
Mn
144
Ce
131
I
95
Nb
125
Sb
239
Pu
241
Am
140
Ba
103
Ru
240
Pu
55
Fe
241
Pu
89
Sr
91
Y
141
Ce
238
Pu
137

Half-life

5730 years
30.1 years
28.6 years
64.0 days
372 days
12.3 years
312 days
285 days
8.02 days
35.2 days
2.73 years
24 100 years
432 years
12.8 days
39.3 days
6560 years
2.74 years
14.4 years
50.6 days
58.5 days
32.5 days
87.7 years

Total (rounded)

Activity
produced
(× 1018 Bq)

0.220
0.910
0.600
143
11.8
240
5.20
29.6
651
–
0.524
0.00652
–
732
238
0.00435
2.00
0.142
91.4
116
254
–

Collective effective dose commitment
(1000 person–Sv)
External

Ingestion

Inhalation

Total

1 210

25 800
677
406

2.6
1.1
29
6.1
82
13
0.4
122
6.3
2.6
0.2
56
44
0.66
1.8
38
0.06
17
6.0
8.9
1.4
2.4

25 800
1 890
435
278
222
189
181
165
164
132
88
58
53
51
41
39
26
17
11
8.9
4.7
2.3

440

30 000

272
140
176
181
44
4.4
129
88

49
39

154

1.8
8.7
0.81
1.3
26
0.01
4.5

3.3
0.003
2 160

27 200

From UNSCEAR (1993)

military purposes is similar to that for generation of nuclear electric energy: uranium
mining and milling, enrichment, fuel fabrication, reactor operation and fuel reprocessing. Environmental releases of radioactive materials from military facilities were
greatest during the earliest years of the nuclear arsenals, in the 1940s and 1950s,
although the scale of such activities is not disclosed and must be assessed indirectly.
According to UNSCEAR (1993), the global collective effective dose committed by these
operations is at most 0.1 million person–Sv, which is small when compared with the
collective effective dose of 30 million person–Sv committed by the test programmes
(Table 6).
As in the case of nuclear weapons testing, substantial doses have been received
locally. The doses to the thyroid near a plutonium production plant at Hanford,
Washington, USA, as a result of atmospheric releases of 131I between 1944 and 1956
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were ≤ 2 Gy (UNSCEAR, 1993). The release into the Techa River of radioactive wastes
from the processing of irradiated fuel at the Mayak facility, a military plant in Ozersk,
in the Ural Mountains in the Russian Federation, resulted in widescale environmental
contamination (Trapeznikov et al., 1993; Bougrov et al., 1998). These activities peaked
shortly after the onset of operations in 1948 and in the early 1950s. Between 1949 and
1956, the activity in liquid releases into the Techa river amounted to 1017 Bq, consisting
mainly of 89/90Sr (20.4%), 137Cs (12.2%), 95Zr/95Nb (13.6%), 103/106Ru (25.9%) and rare
earth elements (26.9%) (UNSCEAR, 1993). The cumulative dose from external radiation fields in river sediments and contaminated flood plains was up to 4 Gy, as determined by environmental thermoluminescence dosimetry on bricks from a mill in the
nearest village downstream from the Mayak plant (Bougrov et al., 1998). Internal
exposure from drinking-water and irrigation with contaminated water added to the
external exposure, resulting in effective doses > 1 Gy. The total exposure of the population was about 15 000 person–Sv. Exposure of workers in nuclear weapons production facilities is discussed in section 4.3.
The two most important nuclear accidents in military installations took place in
Kyshtym, a village near the Mayak facility, and in Windscale in the United Kingdom
in 1957.
(a)

The Kyshtym accident

In September 1957, a large concrete vessel containing highly radioactive waste
(1018 Bq) in a chemically reactive mixture of acetate and nitrate exploded due to
failure of both the cooling and the surveillance equipment. About 1017 Bq of
radioactive material, mainly 144Ce (66%), 95Zr/95Nb (24.9%), 106Ru (3.7%) and 90Sr
(5.4%), were dispersed over 300 km. The collective dose over 30 years was estimated
to be about 2500 person–Sv; it was shared about equally between people who were
evacuated from the area of high contamination (about 10 000) and those who
remained in the less contaminated areas (about 260 000). The highest individual doses
were those of people who were evacuated within a few days of the accident. The
average effective dose for this group of 1150 people was about 0.5 Sv. The cumulative
exposure of the population living along the Techa River was even higher, as highly
radioactive waste was released into the Techa–Iset–Tobol river system (UNSCEAR,
1993; Burkart, 1996).
(b)

The Windscale accident

The accident at the Windscale I reactor (United Kingdom) in October 1957
attracted little public attention, because it occurred during a decade when there was
high fall-out from weapons testing and the impact of the accident on the environment
was comparatively small. The reactor was a graphite-moderated nuclear reactor of
approximately 30 MW power, cooled by forced draught air, which was used to produce
plutonium for military purposes. The accident occurred when the safe operating
temperature in the core was exceeded during a controlled heating process on 8 October
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1957. The fuel elements were damaged, and the uranium started to burn. This was not
detected until 11 October when the operators removed a fuel channel plug and saw that
150 fuel elements were burning. When an attempt to extinguish the fire by injecting
carbon dioxide failed, the core was flooded with water. The release of fission products
started on 10 October and lasted 18 h, during which period about 1.5 × 1016 Bq of
radioactive material left the stack and were distributed in the environment. The material
included 1.4 × 1016 Bq of 133Xe and 0.7 × 1015 Bq of 131I. Other nuclides such as 137Cs
and 89Sr/90Sr were retained in the fuel elements or filters, but about 0.04 × 1015 Bq of
137Cs was released. The radioactive cloud spread over the southern part of Great Britain
and other parts of Europe (Stewart & Crooks, 1958; UNSCEAR, 1993).
The British Medical Research Council decided to conduct extensive
measurements of 131I in milk in an area of 500 km2 around the reactor and to allow a
maximum level of radioactivity in milk of 3700 Bq/L. The aim of this action was to
limit individual doses to the thyroid to < 200 mSv. The countermeasure was justified
because up to 300 000 Bq/L were actually measured (Spiers, 1959). The highest doses
were to the thyroids of children living near the site, which were up to 100 mGy (Burch,
1959). The total collective effective dose from the release is estimated to have been
2000 person–Sv, while that received from external irradiation in northern Europe was
300 person–Sv (Crick & Linsley, 1984). The route of exposure that contributed the
most to the collective dose was inhalation. 131I was the predominant radionuclide
(UNSCEAR, 1993).
4.2

Medical uses

The amount of radiation received from medical uses is second only to that from
natural background radiation and is the largest source of man-made radiation. In terms
of collective worldwide effective dose, medical diagnostic sources account for about
2–5 million person–Sv annually, whereas natural background accounts for 14 million
person–Sv. All other sources are relatively small in comparison (UNSCEAR, 1993).
Medical use of ionizing radiation began within months of the discovery of X-rays
by Röntgen in 1895. By 1900, X-rays were being used for a wide variety of medical
applications in both diagnosis and therapy. Similarly, radioactive sources—particularly radium—have been in use for medical purposes since 1898. During the
twentieth century, the medical use of radiation spread to most parts of the world, and
is becoming more frequent. A number of new techniques, such as computed tomography and interventional radiation, result in particularly high doses.
The medical use of neutrons is limited, as no therapeutic benefit has been noted
when compared with conventional radiotherapy; however, neutrons are used to a
limited extent in external beam therapy and boron neutron capture therapy.
Exposure to radiation during medical use involves exposure not only of patients
but also of technical staff and physicians and some of the general public, such as that
from radiation emitted by patients treated by nuclear medicine. In this section, the
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discussion is limited to the exposure of patients; occupational exposure is discussed in
section 4.3.
Medical radiation differs from most other such exposures in that the radiation is
purposefully administered in a controlled fashion to individuals who are expected to
receive a direct benefit. Furthermore, the age, sex and health status of medically
exposed populations differ from those of the general population: the age distribution
tends to be centred in older age groups (which would reduce the potential carcinogenic
risk) and in younger age groups (who may have a higher risk for cancer than the
general population). The approximate distribution by age and sex of recipients of
medical radiation in developed countries is shown in Table 7.

Table 7. Approximate percentage distribution of medical procedures by age
and sex in developed countries
Procedure
Diagnostic radiology, except
dental X-rays
Diagnostic nuclear medicine
Teletherapy
Brachytherapy

Age 0–15

Age 16–40

Age > 40

Male

Female

8

29

64

47

53

3
15
0

26
20
28

71
65
72

47
47
36

53
53
64

From UNSCEAR (1993)

The exposure of the world’s population to medical radiation has been estimated by
UNSCEAR in its periodic reports (UNSCEAR, 1988, 1993). While exposure from
natural background radiation varies somewhat between countries, the variation in
medical exposure is much greater, as both exposure and the incidence of procedures
can vary by as much as a factor of 100. As might be expected, the more developed a
country, the greater the use of medical radiation, and the number of medical radiation
procedures correlates quite well with the level of health care. Global practice is
usually assessed from surveys in many countries, which may be divided into four
levels of health care on the basis of the number of physicians per 1000 population:
level I, one physician per 1000 population; level II, one physician per 1000–3000;
level III, one physician per 3000–10 000; and level IV, fewer than one physician per
10 000 persons. In 1993, countries with level I health care had about 26% of the
world’s population, those with level II had 53%, those with level III had 11% and
those with level IV had 10%. The approximate numbers of medical radiation
procedures performed in countries in each of these categories are shown in Table 8.
The global or national average dose from medical radiation can be quite misleading, as a minority of persons are ill but receive most X-ray exposure, while the
majority of healthy persons receive little or no medical radiation exposure. The fact
that ill persons receive the most medical exposure has a number of implications: as
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Table 8. Approximate annual frequency of various radiation procedures
for medical purposes per 1000 population
Health care level
Estimated population in millions

I
1350 (26%)

II
2630 (53%)

III
850 (11%)

IV
460 (10%)

Diagnostic radiology
Dental radiology
Diagnostic nuclear medicine
Teletherapy
Brachytherapy
Nuclear medicine therapy

890
350
16
1.2
0.24
0.1

120
2.5
0.5
0.2
0.06
0.02

67
1.7
0.3
0.1
0.02
0.02

9
–
–
–
–
–

From UNSCEAR (1993)

they are ill, their potential lifespan is likely to be shorter than that of the general
population, and the incidence of cancer as a result of the exposure is likely to be lower
in this group than that which would be predicted for the general population.
A wide range of doses is applied to patients, spanning a range of at least five orders
of magnitude. Doses from chest X-rays are < 1 mGy, whereas the absorbed doses from
series of fluoroscopies in the past or from interventional radiology can be 100–
1000 mGy, and those from radiation therapy are even higher (in the range of 50 Gy)
to ensure cell killing (UNSCEAR, 1993).
4.2.1

Diagnostic radiology

Diagnostic radiology typically involves the use of a standard X-ray beam to make
an image on film, for example a chest radiograph. The absorbed dose from such a
procedure can vary by up to a factor of 10 depending on the X-ray equipment and the
film or intensifying screen used. In highly developed countries, the use of rare-earth
screens and fast film has significantly reduced the dose. Most plain film examinations
of the chest and extremities involve relatively low doses (effective doses of about
0.05–0.2 mSv), whereas the abdomen and lower back are examined at higher doses
(effective doses of about 1–3 mSv) in order to penetrate more, critical tissues. The
approximate doses to the skin and the effective doses from a number of diagnostic
radiology procedures in developed countries are shown in Table 9 (UNSCEAR, 1993).
The direction of the beam in relation to the patient is important in determining the
distribution of the dose, as only about 1–5% of the entrance dose actually leaves the
other side of the patients’s body to make the image; the rest of the radiation is either
absorbed in the patient or scattered. For example, the dose to the breast during a chest
X-ray examination is 50-fold higher if the X-ray beam passes from anterior to
posterior than if it passes from posterior to anterior; conversely, a posterior–anterior
projection exposes relatively more active bone marrow.
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Table 9. Approximate mean effective doses from diagnostic
radiological procedures in highly developed countries
Procedure

Average effective
dose (mSv) per
examination

Average number
of examinations
per 1000 population
per year

Chest radiograph
Lumbar spine radiograph
Abdominal radiograph
Urography
Gastrointestinal tract radiograph
Mammography
Radiograph of extremity
Computed tomography, head
Computed tomography, body
Angiography
Dental X-ray

0.14
1.7
1.1
3.1
5.6
1.0
0.06
0.8
5.7
6.8
0.07

197
61
36
26
72
14
137
44
44
7.1
350

Overall

1.05

988

From UNSCEAR (1993). Doses may vary from these values by as much as an
order of magnitude depending on the technique, equipment, film type and
processing.

Use of fluoroscopy allows physicians to see images in real time. It is typically used
in combination with barium meals, barium enemas, during orthopaedic operations and
for interventional procedures such as angiography, biopsy and drainage-tube placement.
Higher doses are used than in plain-film examinations, the typical dose rate to the skin
in the primary beam being about 30–50 mGy min–1 and the effective dose from most
procedures about 1–10 mSv. The regulatory maximum in some countries is as high as
180 mGy min–1. Long interventional procedures (such as coronary angioplasty with
widening of obstructed blood vessels) often result in absorbed doses to the skin of 0.5–
5 Gy and effective doses of about 10–50 mSv. Particularly difficult or long procedures
can result in skin doses that are high enough to cause deterministic effects such as
epilation and necrosis.
Use of imaging procedures that do not involve ionizing radiation (ultrasound and
magnetic resonance imaging) has increased over the past two decades in the hope that
they would reduce the overall use of ionizing radiation. While this has occurred for
selected applications such as obstetrical imaging, the overall number of procedures in
which ionizing radiation is used has continued to increase. In level I countries, the
total frequency of diagnostic radiology examinations per 1000 population increased
approximately 10% over the last two decades. The growth in the number of examinations in less-developed countries is even more pronounced (UNSCEAR, 1993).
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Computed tomography scanning has become widely available in many developed
countries. In contrast to most plain-film radiography, it provides excellent visualization
of soft tissue as well as good spatial resolution. The scans require, however, a significantly higher dose of radiation (an effective dose of about 2.5–15 mSv) than plain filmbased diagnoses. The rapid growth of use of computed tomography has meant that in
many countries both the total and the average absorbed dose from medical diagnosis is
increasing. In the USA, even though computed tomography accounts for less than 10%
of procedures, it accounts for over 30% of the absorbed dose (UNSCEAR, 1993).
4.2.2

Diagnostic nuclear medicine

Nuclear medicine involves the deliberate introduction of radioactive materials into
the body. These radionuclides can be presented in various chemical or radiopharmaceutical forms so that they reach different organs of the body. In contrast to diagnostic
radiology, which is used predominantly to evaluate anatomy, diagnostic nuclear
medicine procedures are usually used to evaluate the perfusion or function of various
organs. Images are obtained from the γ-rays, or less commonly from positrons, emitted
from the radionuclide inside the body. Radionuclides such as 125I, 131I and 201Tl are
used in diagnostic procedures.
In developed countries, about 25% of such procedures are used to scan bone, 20%
each to scan the cardiovascular system and the thyroid and 10% to scan the liver and
spleen and lung. As can be seen from Table 7, about 70% of diagnostic nuclear
medicine scans are performed on patients over 40 years of age (UNSCEAR, 1993).
The distribution of doses from diagnostic nuclear medicine is not uniform, as the
majority of the dose is to the target organ that is being imaged and to the organs
involved in excretion. For example, with bone-seeking agents, about 50% of the
radiotracer reaches the bone, while the other 50% is cleared by urinary excretion.
Examples of the effective doses received by various organs are shown in Table 10.
4.2.3

Radiation therapy

In radiation therapy, high doses of radiation are used to kill neoplastic cells in an
area of the body that is often referred to as the ‘target volume’. The cell killing reduces
the chance that cells in the target volume will subsequently become malignant as a
result of the exposure to radiation, but attenuated and scattered radiation from the
primary beam goes outside the target volume. Thus, the doses to normal tissues near
the target volume can be quite high, and individuals who survive the tumour for which
they were being treated may have a measurable increase in the risk for cancer as a
result of the radiation therapy. Many patients who receive radiation therapy are not
treated with curative intent but rather for palliative purposes, and, because of their
limited survival, have essentially no risk for a secondary, radiation-induced
malignancy. No firm data exist on the percentage of patients treated for cure and for
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Table 10. Typical administered activities and effective doses
during common diagnostic nuclear medicine procedures
Scan

Radiopharmaceutical

Administered
activity (MBq)

Effective dose
(mSv)

Brain
Thyroid
Heart
Lung perfusion

99m

500
100
100
100

6.5
1.3
23
1.5

100

2.4

550

4.4

Tc-HMPAO
Tc-Pertechnetate
201
Tl-chloride
99m
Tc-microaggregated
albumin
Liver and gall-bladder 99mTc-HIDA
Bone

99m

99m

Tc-phosphate

From ICRP (1987). HMPAO, hexamethyl propyleneamine oxime; HIDA, N-substituted-2,6-dimethyl phenyl carbamoylethyl iminodiacetic acid (hepatic iminodiacetic
acid)

palliation, but it is probable that at least 50% of treatments are palliative, particularly
in patients with cancers of the lung, brain, pancreas, stomach, liver and ovary and with
sarcomas. The cancers for which long-term treatment is likely to be more successful
include leukaemia, lymphoma and cancers of the thyroid, cervix uteri and breast.
Radiation therapy has been used occasionally to treat benign lesions, such as
presumed thymic enlargement in children and ankylosing spondylitis in adults, but
that use has decreased significantly.
Radiation therapy usually involves high-energy X-rays (4–50 MeV) and 60Co γrays. For superficial lesions, electron beams are used (UNSCEAR, 1993). Radiation
therapy is typically divided into teletherapy, brachytherapy and nuclear therapy.
Teletherapy is performed with an external beam of radiation. The beam may consist
of poorly penetrating electrons for superficial lesions, but more energetic beams from
cobalt sources or particle accelerators may be used. Brachytherapy is the placement in
a tumour of a sealed radioactive source, which may be 192Ir wire, encapsulated 125I or
another radionuclide. Relatively short-lived sources may be left inside patients, while
longer-lived radionuclides must be removed. Nuclear medicine therapy involves oral
or intravenous administration of radionuclides in solutions which then travel to a
target organ, where decay may occur (UNSCEAR, 1993).
Teletherapy is used for a wide variety of tumours. As seen in Table 7, about twothirds of all teletherapy patients are over the age of 40; only 15% are children, and
most of these have leukaemia or lymphoma. The target doses for most teletherapy
regimens are 20–60 Gy, usually delivered in daily fractions of 2–4 Gy over five
weeks. Treatment for leukaemia usually involves total bone-marrow irradiation, and
the total doses are about 10–20 Gy delivered in one to four fractions (UNSCEAR,
1993).

72

IARC MONOGRAPHS VOLUME 75

Radioactive implants in brachytherapy are used predominantly for the treatment of
tumours of the head and neck, breast, cervix uteri and prostate. The typical doses to
the target volume are 20–50 Gy. Often, patients receive teletherapy in addition to local
brachytherapy.
The doses of radiation used in therapeutic nuclear medicine are much larger than
those used in diagnosis. Radiopharmaceuticals are administered to accumulate in
specific tissues, to deliver high absorbed doses and to kill cells. Most therapeutic radiopharmaceuticals emit β-particles, which travel only a few millimetres in tissue. The
commonest procedure is use of radioactive 131I for treatment of hyperthyroidism and
thyroid cancer. As in diagnosis, thyroid therapy is given predominantly to women
(male:female ratio, 1:3). The activities of 131I given orally for hyperthyroidism are
200–1000 MBq, and those for thyroid cancer are 3500–6800 MBq (UNSCEAR, 1993).
Other therapeutic uses of unsealed radionuclides include administration of boneseeking agents (such as 89SrCl) for palliative treatment of osseous metastases, at a
typical intravenously administered activity of 150 MBq.
Less common procedures include the use of labelled monoclonal antibodies for the
treatment of metastases at other sites. Occasionally, patients are treated with intravenous 32P for polycythaemia vera or synovitis (UNSCEAR, 1993).
4.3

Occupational exposure

Many categories of workers use radioactive materials or are exposed at work to
man-made or natural sources of radiation. Many of these workers are individually
monitored. The main sources of exposure for most workers involved with radiation
sources or radioactive materials are external to the body. Occupational exposures
during 1985–89 were compiled and analysed by UNSCEAR (1993). The annual
average effective doses to individually monitored workers vary according to their
occupation, and range from 0.1 to 6 mSv, with an estimated annual collective effective
dose of 4300 person–Sv.
4.3.1

Natural sources (excluding uranium mining)

Approximately 5 million workers are estimated to be exposed to natural sources
of radiation at levels in excess of the average background. About 75% are coal miners,
about 13% are underground miners in non-coal mines and about 5% are aircrew
(UNSCEAR, 1993). Workers in occupations involving exposure to natural sources are
not usually individually monitored. The numbers of monitored workers and the
average annual effective doses in various occupational categories during 1985–89 are
summarized in Table 11.
The typical annual effective doses of workers are 1–2 mSv in coal mines and
1–10 mSv in other mines. In the mineral extraction industry, the main exposure is to
radon, although there is some exposure to γ-radiation. The annual collective effective
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Table 11. Worldwide occupational exposures to radiation, 1985–89
Occupational category

Annual average
number of
monitored workers
(thousands)

Natural sources (excluding uranium mining)
Coal mining
3 900
Other mining
700
Air crew
250
Other
300
Total
5 200
Medical profession
2 200
Commercial fuel cycle
Uranium mining
260
Uranium milling
18
Fuel enrichment
5
Fuel fabrication
28
Reactor operation
430
Fuel reprocessing
12
Research
130
Total
880
560
Industrial sources
380
Military activities
Total

9 200

Annual average
collective
effective dose
(person–Sv)

Annual average
effective dose
to monitored
workers (mSv)

3 400
4 100
800
< 300
8 600
1 000

0.9
6
3
<1
1.7
0.5

1 100
120
0.4
22
1 100
36
100
2 500
510
250

4.4
6.3
0.08
0.78
2.5
3.0
0.82
2.9
0.9
0.7

13 000

1.4

From UNSCEAR (1993)

dose of these workers is estimated to be 8600 person–Sv (UNSCEAR, 1993). Detailed
information on exposure to radon is given in volume 43 of the IARC Monographs
(IARC, 1988), which is to be updated in 2000.
Aircraft pilots and cabin crews are exposed to both γ-radiation and neutrons. The
North Atlantic flight corridor is one of the busiest in the world and also involves heavy
exposure, whereas many European flights are within a geomagnetically protected
region, and somewhat lower exposures are expected. Flights over Canada result in the
heaviest exposure. If an annual effective dose to aircrews of 3 mSv is assumed, the
worldwide total collective effective dose in 1985–89 was about 800 person–Sv
(UNSCEAR, 1993). There is some uncertainty about the neutron energy spectrum to
which aircrews are exposed, but the effective dose equivalent for a transatlantic flight
has been estimated to be up to 0.1 mSv (Schalch & Scharmann, 1993; see also the
monograph on neutrons).
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4.3.2

Man-made sources

About 4 million monitored workers worldwide were potentially exposed to manmade radiation in 1985–89, about 55% to medical sources of radiation, about 22% in
the commercial nuclear fuel cycle, 14% in industrial uses of radiation and 10% in military activities. Table 12 shows the time trend between 1975 and 1989 in occupational
exposures from man-made sources and indicates that the total average annual dose
decreased from 1.9 mSv in 1975–79 to 1.1 mSv in 1985–89.

Table 12. Trends in worldwide occupational exposure to man-made sources
of radiation
Source

Annual average number of
monitored workers (thousands)

Annual average effective dose to
monitored workers (mSv)

1975–79

1980–84

1985–89

1975–79

1980–84

1985–89

Medical uses
Commercial nuclear
fuel cycle
Industrial uses
Military activities

1280
560

1890
800

2220
880

0.78
4.1

0.60
3.7

0.47
2.9

530
310

690
350

560
380

1.6
1.3

1.4
0.71

0.9
0.66

Total

2680

3730

4040

1.9

1.4

1.1

From UNSCEAR (1993)

(a)

Medical profession

Workers in the medical industry are exposed to a wide range of radiations and
radionuclides. Workers in the medical industry who were monitored for exposure to
radiation had an average annual effective dose of 0.5 mSv and an average annual
collective dose of approximately 1000 person–Sv between 1985 and 1989 (UNSCEAR,
1993). Their exposures, like those of patients, can be categorized into irradiation from
diagnostic and therapeutic procedures.
When X-irradiation was first used, in the early twentieth century, radiologists
were exposed to high doses of X-rays, but these doses are now usually low because
of improved shielding and a greater distance of the worker from the radiation source.
X-ray technicians exposed to radiation in the USA in 1983 had an average effective
dose of 0.96 mSv (National Council on Radiation Protection and Measurements,
1989).
Exposure to γ- and β-rays may occur during teletherapy and brachytherapy, although
technicians are less exposed than patients because of shielding of the sources and the
limited duration of exposure. Some therapeutic procedures such as boron neutron
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capture therapy involve exposure to neutrons, but the occupational dose equivalents are
typically low, 1–4 mSv over four months (Finch & Bonnett, 1992).
(b)

Commercial fuel cycle

Workers in commercial nuclear power plants are typically exposed to γ-radiation.
The main routes of exposures are from fission products and activation products. The
activation product of greatest concern is 60Co, which emits energetic γ-rays of 1.17
and 1.33 MeV per nuclear transformation. The average annual effective dose of
monitored workers in the commercial fuel cycle between 1985 and 1989 was 2.9 mSv,
and the annual average collective dose was 2500 person–Sv (UNSCEAR, 1993). A
small proportion of workers in the nuclear industry are also exposed to neutrons; less
than 3% of the total annual effective dose of nuclear industry workers during the
period 1946–88 in the United Kingdom was from neutrons (Carpenter et al., 1994). In
the USA, the average equivalent doses at selected nuclear power plants in 1984 were
4.9 mSv of γ-radiation and 5.6 mSv of neutrons, and the total collective doses were
4.69 person–Sv for γ-radiation and 0.038 person–Sv for neutrons, since few workers
were exposed to neutrons. Thus, the collective dose of neutrons comprises
approximately 1% of the total collective dose in the commercial fuel cycle (National
Council on Radiation Protection and Measurements, 1989).
High doses may be received in remedial situations. The external doses of the
workers involved in clean-up operations after the accident at the Chernobyl nuclear
power plant in the Ukraine (see section 4.4.2) and registered in Belarus, the Russian
Federation and the Ukraine were for the most part in excess of 50 mSv (Table 13).
(c)

Industrial sources

Radioactive materials have numerous applications in industrial processes. One of
the main uses is radiography of welded joints with large sources of γ-radiation. The
average annual effective dose of workers exposed in this way in the USA in 1985 was

Table 13. Distribution of external doses of clean-up workers after the
accident at the Chernobyl nuclear power plant, Ukraine
Country of
origin of
workers

Year of
arrival

Belarus
Russian
Federation

1986–87
1986
1987
1988–90
1986–87
1988–90

Ukraine

Reference

Okeanov et al. (1996)
Ivanov et al. (1997)

Buzunov et al. (1996)

External dose (mGy)
0–49

50–99

100–249

≥ 250

15%
18%
24%
87%
11%
81%

30%
10%
52%
10%
30%
17%

48%
67%
24%
3%
48%
2%

7%
5%
< 1%
< 1%
11%
< 1%
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2.8 mSv (National Council on Radiation Protection and Measurements, 1989). Industrial
irradiators are used to sterilize products or to irradiate foods in order to destroy harmful
bacteria. The annual average effective dose from industrial uses of radiation between
1985 and 1989 was 0.9 mSv, and the annual average collective effective dose was
510 person–Sv (UNSCEAR, 1993).
Oil-field workers are exposed to low doses of neutron radiation during ‘well
logging’, in which γ-ray or neutron sources are used to assess the geological structures
in a bore hole. The typical annual dose equivalents from exposure to neutrons are
1–2 mSv (Fujimoto et al., 1985).
(d)

Military activities

Workers involved in the production of nuclear weapons are exposed to a wide range
of radiation types and radionuclides. Those involved in fuel fabrication are primarily
exposed to uranium, which is chemically toxic, and have some exposure to γ- and βradiation. The primary exposure of workers in reactor operations is to γ-radiation and
neutrons from the fission process and to γ- and β-radiation from fission products and
neutron activation products. During fuel reprocessing and separation of weapon
material, workers are exposed first to γ-radiation from the fission products and then
during fuel reprocessing to α-radiation from plutonium, uranium and americium. During
the later stages of weapons production, they are also exposed to neutrons from α-particle
reactions with light materials, although such exposure is low. In 1979, of the 24 787
workers in the USA who were monitored for exposure to neutrons, only 326 (1.4%) had
received neutron dose equivalents greater than 5 mSv. Almost 80% of these workers
were involved in military activities (National Council on Radiation Protection and
Measurements, 1989).
In the early days of operation of the first plutonium production facility in the
former USSR, the Mayak facility in Ozersk in the Ural Mountains, reactor operators
(about 1800 persons) and workers involved in the separation of plutonium from
irradiated fuel (about 3300 persons) received annual effective doses in the range of
1 Sv. The percentage of women in the radiochemistry processing plant was about 38%
(Akleyev & Lyubchansky, 1994; Koshurnikova et al., 1994). External γ-irradiation
was the major route of exposure for workers operating and repairing reactors or
transporting radioactive materials, leading to an average dose of 940 mSv in 1949, the
first full year of operation. Table 14 gives estimates based on film badge dosimetry for
the first 15 years of operation. The doses from external exposure in the radiochemistry
processing plant reached a maximum of 1130 mSv. The doses to the lung due to
inhalation of 239Pu aerosol were considerable.
Several epidemiological studies of workers in military activities involving exposure
to radiation have reported collective dose equivalents. A study of 28 347 male workers
employed between 1943 and 1985 at the X-10 and Y-12 plants in Oak Ridge, Tennessee
(USA), and monitored for exposure to external radiation, showed a collective dose of
376 Sv (Frome et al., 1997). A combined international study of 95 673 monitored
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Table 14. External γ-radiation doses from the production of
plutonium at the Mayak facility in Ozersk, Russian Federation,
during the first 15 years of operation
Period of
employment

1948–53
1954–58
1959–63

Average annual dose (mGy)

Per cent exposed to > 1 Gy

Reactor

Processing plant

Reactor

Processing plant

326
64
25

704
172
105

6.5
0.15
0

22.5
0.1
0

From Koshurnikova et al. (1994)

nuclear workers from the Sellafield nuclear fuel processing plant, the Atomic Energy
Authority and the Atomic Weapons Establishment in the United Kingdom; the Hanford
and Rocky Flats facilities and Oak Ridge National Laboratory in the USA; and Atomic
Energy of Canada (a non-military facility) found a total collective dose of 3843.2 Sv
(Cardis et al., 1995). Table 15 shows the sizes of the respective cohorts, their collective
doses and their average cumulative effective doses.

Table 15. Collective doses received by monitored workers in nuclear
facilities involving exposure to radiation
Facility

No. of
workers

Cumulative
Collective
dose (Sv)

Average
dose (mSv)

Sellafield, United Kingdom
Atomic Energy Authority and Atomic
Weapons Establishment, United Kingdom
Atomic Energy of Canada
Hanford, Washington, USA
Rocky Flats, Colorado, USA
Oak Ridge National Laboratory, Tennessee,
USA

9 494
29 000

1 310
960

138
33

11 355
32 595
6 638
6 591

310
880
240
140

28
27
36
21

Total

95 673

3 840

40

Adapted from Cardis et al. (1995)

78

IARC MONOGRAPHS VOLUME 75

4.4

Environmental exposure

4.4.1

Natural sources

Natural radiation comprises external sources of extraterrestrial origin, i.e. cosmic
radiation, and sources of terrestrial origin. The worldwide average annual effective dose
from natural sources is estimated to be 2.4 mSv, of which about 1.1 mSv is due to basic
background radiation (cosmic rays, terrestrial radiation and ingested radionuclides
excluding radon) and 1.3 mSv is due to exposure to radon. Estimates of the average
annual effective doses from the various sources of natural radiation are given in
Table 16. The annual collective effective dose to the world population of 5.3 thousand
million people is about 13 million person–Sv.

Table 16. Annual effective doses to adults from natural sources
of radiation
Source of exposure

Cosmic rays
Terrestrial γ-rays
Radionuclides in the body (except radon)
Radon and its decay products
Total (rounded)

Annual effective dose (mSv)
Typical

Elevateda

0.39
0.46
0.23
1.3
2.4

2.0
4.3
0.6
10
–

From UNSCEAR (1993)
a
The elevated values are representative of large regions; higher values may be
observed locally.

(a)

Cosmic radiation

It has long been known that ions are present in the atmosphere. V.F. Hess developed an electrometer capable of operating at the temperature and pressure extremes
of the altitudes to which balloons rise and derived conclusive evidence that radiation
arrives at the outer layers of the earth’s atmosphere. The components of natural
radiation and the extent of human exposure are outlined below, with indications of the
quality of the radiation involved and levels of exposure.
(i)
Sources
Galactic sources: When cosmic rays originating in the galaxy by processes not
entirely understood enter the solar system, they interact with the outwards propagating
solar wind in which the solar magnetic field is embedded. Most particles are found in
the broad energy range 100–1000 MeV per nucleon. Although these radiations
penetrate deep into the atmosphere, only the most energetic particles produce effects
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at ground level. The mechanism by which they interact with the atmosphere is still
being investigated, as are the biological risks of exposure (Schimmerling et al., 1998).
Solar sources: Solar cosmic radiation, or solar particle events, were first observed
as sudden, short-term increases in the rate of ionization at ground level. The close
correlation with solar flare events first indicated that they originated in the solar
surface plasma and were eventually released into the solar system. Thus, it was
assumed that observation of solar surface phenomena would allow forecasting of such
events.
The only solar particle events of interest for radiation protection are those in which
high-energy particles are produced that can increase ground-level radiation. The rate
of occurrence of such events between 1955 and 1990 (Shea & Smart, 1993) is shown
in Figure 7. These high-energy events vary greatly in intensity, and only the most
intense events affect high-altitude aircraft. The largest event yet observed occurred on
23 February 1956, during which the rates of neutron counts at ground level rose to
3600% above normal background levels. No other events of this scale have since been
observed. The next largest event (370% over background) was that of 29 September
1989. Events of this magnitude are also rare, occurring about once per decade.
Figure 7. Temporal distribution of ground-level solar particle events,
1955–90

Adapted from Shea & Smart (1993)
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(ii) Interactions
Geomagnetic effects: Charged particles arriving at some location within the
geomagnetosphere are deflected by the geomagnetic field, which prevents penetration
of particles with lower energies near the equator. Studies of such phenomena showed
the existence of a dipolar magnetic field, which provides the basis for classifying the
orbital trajectories of charged particles arriving at some location within the field.
Atmospheric interactions: The number of galactic cosmic rays incident on the
earth’s atmosphere is modified first by the modulating effects of the solar wind and
second by the deflections in the earth’s magnetic field. Upon entering the earth’s
atmosphere, cosmic rays collide through coulomb interaction with air molecules, but
the cosmic ions lose only a small fraction of their energy in these collisions and must
undergo many collisions before slowing down significantly. On rare occasions, cosmic
ions collide with the nuclei of air atoms and large energies are exchanged. More
complex ions may also lose particles through direct knockout with subsequent
cooling, adding decay products to the high-energy radiation field. As a result of
nuclear reactions with air nuclei, the complexity of cosmic radiations increases further
as the atmosphere is penetrated. When these collisional events occur in tissues of
living organisms, they become biologically important (Wilson et al., 1991; Cucinotta
et al., 1996). For example, the release of energy in biological systems due to ion or
neutron collisions has a high probability of causing cell injury with a low probability
of repair of the damage. This is the basis for the large RBE of this type of radiation
(Shinn & Wilson, 1991; see section 1.2 in the monograph on neutrons). Figure 8 shows
estimates of the flux of charged particles and nucleonic components in the atmosphere.
Atmospheric radiation: The ionizing radiation within the earth’s atmosphere has
been studied by many groups with various instruments. Observations made over many
decades with a common instrument give a consistent picture of changes with time and
latitude. Two detectors have played important roles: high-pressure ion chambers
(Neher, 1961; Neher & Anderson, 1962; Neher, 1967, 1971) and Geiger-Mueller
counters (Bazilevskaya & Svirzhevskaya, 1998).
(iii) External irradiation
Background: Foelsche et al. (1974) used neutron spectrometers, tissue equivalent
ion chambers and nuclear emulsion dosimeters to study atmospheric radiation at a
wide range of altitudes, latitudes and times to construct a comprehensive global model
over time. The data on atmospheric ionization were obtained from Neher (1961, 1967,
1971) and Neher and Anderson (1962). As most populations of the world live on the
coastal plains of the large land masses, exposures to cosmic rays from sea level to an
altitude of a few thousand meters have been studied. Measurements of the associated
radiation levels can be confounded by terrestrial radionuclide emissions, depending on
local geological factors; in addition, cosmic radiation itself changes character at
ground level since interaction with the local terrain modifies the neutron fields above
the surface.
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Figure 8. Particle flux at 50°° geomagnetic latitude

From National Council on Radiation Protection and Measurements (1987a)

As the rate of ionization due to cosmic rays at sea level at intermediate to high
latitudes was found to be consistently in the range of 1.9–2.6 ion pairs cm–3 s–1, an
average value of 2.1 has been adopted (UNSCEAR, 1982). If it is assumed that the
formation of an ion pair in moist air requires 33.7 eV, the absorbed dose rate is
32 nGy h–1. The absorbed doses at high and low latitudes are shown in Figure 9.
The neutron flux at sea level at 50° geomagnetic North is estimated to be 0.008
neutrons cm–2 s–1, but as the energy spectrum is very broad and difficult to measure
estimates of dose equivalents are still uncertain. The average effective dose equivalent
was estimated to be 2.4 nSv h–1 (UNSCEAR, 1988). With application of the quality
factor recommended by the ICRP in 1991, the dose equivalent would increase by
about 50%, to a value of 3.6 nSv h–1 (UNSCEAR, 1993). The dependence of the
neutron dose equivalent rate (with the older quality factors) on latitude is shown in
Figure 10; application of the 1991 quality factors would increase the values by about
50%. Figure 11 shows that the dose equivalent of neutrons is small for altitudes
< 3 km and increases rapidly to half of the total dose equivalent near 6 km.
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Figure 9. Absorbed dose rates in air as a
function of altitude and geomagnetic latitude

From Hewitt et al. (1980)

Figure 10. Measured neutron dose equivalent rate at
latitudes in the Northern Hemisphere

From Nakamura et al. (1987)
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Figure 11. Annual effective dose equivalents of ionizing
radiation and neutrons as a function of altitude

From Bouville and Lowder (1988)

Atmospheric solar particle events: Bazilevskaya and Svirzhevskaya (1998) showed
that even a modest ground-level solar particle event such as that which occurred in
October 1989 could dominate the particle flux at aircraft altitudes, but their importance
to human exposure can be determined only by measurements with instruments capable
of distinguishing the biologically important components. Foelsche et al. (1974)
conducted two balloon flights with such instruments during the solar particle event of
March 1969, which was modest at ground level but provided important information on
the exposure in high-altitude aircraft (Figure 12). The high-energy fluence relevant to
exposure in aircraft is nearly proportional to the ground-level response, and this
relationship has been assumed to provide an estimate of the dose equivalent rate of other,
larger ground-level events (dose equivalent was used in studies in which the LETdependent quality factor was used). Of particular importance are the high dose rates over
the North Atlantic air routes. The accumulated dose equivalent on such flights during the
event of March 1969 was high (5 mSv) even at subsonic flight altitudes (Foelsche et al.,
1974).
Radiation doses at high altitudes: The distribution of effective dose equivalent
was modelled by Bouville and Lowder (1988) and used to estimate the exposure of
the world population on the basis of terrain height (Figure 13) and population
distribution. About one-half of the effective dose equivalent is received by people
living at altitudes below 0.5 km, and about 10% of those exposed live above 3 km.
Thus, in 90% of all exposures, less than 25% of the dose equivalent is contributed by
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Figure 12. Energetic solar events measured on the ground and at supersonic travel (SST) altitude

Adapted from Foelsche et al. (1974). UT, universal time

neutrons (see Figure 11). A small fraction of people living at high altitudes receive
exposures of which 40–50% is from neutrons. Some countries, such as the USA, have
large coastal regions where the population effective dose is similar to that at sea level;
countries with large cities on elevated plateaux, such as Ethiopia, the Islamic Republic
of Iran, Kenya and Mexico, have relatively heavy exposure (Table 17). For example,
the cities of Bogota, Lhasa and Quito receive annual effective dose equivalents from
cosmic radiation in excess of 1 mSv, of which 40–50% is from neutrons (UNSCEAR,
1988).
The passengers and crew of commercial aircraft experience even higher dose
equivalent rates, of which 60% are from neutrons. The exposure depends on altitude,
latitude and time in the solar cycle. Most aircraft have optimal operating altitudes of
13 km, but short flights operate at altitudes of 7–8 km at speeds of 600 km h–1, and
longer flights at 11–12 km. Human exposure was estimated by UNSCEAR (1993).
Assuming 3 × 109 passenger–hours aloft annually and an effective dose rate of 2.8 μSv
h–1 at 8 km, the collective dose equivalent was found to be 10 000 person–Sv. The
worldwide annual average effective dose would thus be 2 μSv, although that in North
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America is about 10 μSv. Nevertheless, the dose from air travel makes only a small
contribution to the annual worldwide effective dose from cosmic rays, which is about
380 μSv.
Figure 13. Collective effective dose equivalent from
cosmic radiation as a function of altitude

Adapted from Bouville and Lowder (1988)

Table 17. Worldwide average annual exposure to cosmic rays according
to altitude
Location

High-altitude cities
La Paz, Bolivia
Lhasa, Tibet, China
Quito, Ecuador
Mexico City, Mexico
Nairobi, Kenya
Denver, USA
Teheran, Iran
Sea level
World average
From UNSCEAR (1993)

Population
(millions)

1.0
0.3
11.0
17.3
1.2
1.6
7.5

Altitude
(m)

3900
3600
2840
2240
1660
1610
1180

Annual effective dose (μSv)
Ionizing

Neutron

Total

1120
970
690
530
410
400
330
240

900
740
440
290
170
170
110
30

2020
1710
1130
820
580
570
440
270

300

80

380
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The supersonic Concorde airplanes operated by France and the United Kingdom
fly at cruise altitudes of 15–17 km. The average dose equivalent rate on the six French
planes during the two years after July 1987, from solar minimum through near solar
maximum, was 12 μSv h–1, with monthly values up to 18 μSv h–1. During 1990, the
average for the French planes was 11 μSv h–1, and the annual dose equivalent to the
crew was about 3 mSv, while the average for 2000 flights of the British planes was
9 μSv h–1, with a maximum of 44 μSv h–1. All of the dose equivalent estimates for the
Concorde were made with older values of the quality factor; the revised estimates
would be about 30% higher (UNSCEAR, 1993). The exposure of passengers on these
aircraft is about the same as that on equivalent subsonic flights, since the higher rate
of exposure is nearly matched by the shorter flight time. The exposure of the crew can
be substantially higher, since the time they spend at altitude is about the same and
independent of speed. These flights make only a negligible contribution to the collective dose, since supersonic plane travellers and crews represent a small fraction of all
people involved with the airline industry.
Cosmogenic radionuclides: Cosmogenic radionuclides are produced in the many
nuclear reactions of cosmic particles with atomic nuclei in the air and to a lesser extent
with ground materials. The dominant isotopes are produced in reactions with oxygen
and nitrogen and with other trace gases such as argon and carbon dioxide. Their importance to humans depends on their production rate, their lifetime, the chemistry and
physics of the atmosphere and terrain, and their processing in the body after ingestion
and/or inhalation. Only four such isotopes are important for human exposure
(Table 18). 14C is produced mainly by neutron events in 14N, whereas 3H and 7Be are
produced in high-energy interactions with nitrogen and oxygen nuclei; 22Na is produced in interactions with argon. All of these radionuclides are produced mainly in the
atmosphere, where their residence time can be one year in the stratosphere before
mixing with the troposphere. The residence time of non-gaseous products in the troposphere is only 30 days. 14C undergoes oxidation soon after production to form 14CO2.
Not all of these radionuclides contribute to human exposure. For example, about 90%
of the 14C is dissolved in deep ocean reservoirs or remains as ocean sediment; the
remainder is found on the land surface (4%), in the upper mixed layers of the ocean
(2.2%) and in the troposphere (1.6%). 14C enters the biosphere mainly through photosynthesis. 3H oxidizes and precipitates as rainwater. The concentrations of 7Be are
distributed unevenly over the earth’s surface as they are strongly affected by global
precipitation patterns (National Council on Radiation Protection and Measurements,
1987a,b). The bioprocessing of 22Na is affected by the tree canopy, which serves as a
filter to ground vegetation and is one of the main factors responsible for the large
variation in 22Na concentrations observed in plants. Hence, in studies in animals, it
was found that deer and elk from wooded areas of Washington State (USA) contained
two to three times less 22Na than Arctic caribou (Jenkins et al., 1972).
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Table 18. Cosmogenic radionuclides that contribute to human exposure
Radionuclide

Half-life

Main decay modes

Global inventory (Bq)

3

12.33 years
53.3 days
5730 years
2.62 years

β
γ
β
β, γ

1.8 × 1018
6.0 × 1016
1.6 × 1022
6.1 × 1017

H
Be
14
C
22
Na
7

From Lal & Peters (1967)

(iv) Internal irradiation
Of the radionuclides produced by cosmic rays, 14C results in the greatest internal
exposures. UNSCEAR (1977) assessed exposure from the known specific activity of
14C, 230 Bq kg–1 of carbon resulting in an annual effective dose of 12 μSv. Internal
exposure to the other abundant radionuclides (3H, 7Be and 22Na) is negligible.
(b)

Terrestrial radiation

The radioactive elements remaining from the formation of the earth are sustained
by their unusually long lifetimes. 238U, 232Th, 87Rb and 40K are chemically bound and
found in various mineral formations in various quantities. The lifetime of 235U is so
short that it plays a lesser role in exposure. The decay of 238U and 232Th consists of
complex sequences of events that terminate with stable nuclei (Figure 14). 87Rb and
40K decay by simple β-emission directly into stable isotopes. The decay sequences are
determined by nuclear instability, which is characterized by an excess of either
protons or neutrons as is required for a stable configuration. α- and β-particles are
emitted in order to reach this configuration, but excited states may result from such
emissions, which are subsequently resolved by emission of γ-radiation.
The radioactive nuclei are chemically bound and reside as minerals in the earth’s
crust. As such, they are generally immobile and contribute little to human exposure
except as an external source. Indeed, only the upper 25 cm of the crust provide escaping
γ-radiation that results in exposure, except for the radioisotopes of radon. Radon has a
closed electronic shell structure and is therefore chemically inert and normally in a
gaseous state. Although all of the 238U and 232Th decay sequences pass through this
noble gas, radon is trapped within the mineral matrix; its chance of escape depends on
the porosity of the material. Generally, diffusion within minerals occurs along the
grain, from which the radionuclides can escape to the atmosphere or to groundwater.
The decay of radium by α-emission results in nuclear recoil of the radon atom, which
may then escape from the mineral matrix. The lifetimes of 219Rn and 220Rn are short,
allowing little time for escape before they decay into chemically reactive polonium.
Consequently, exposure to α-particles is due mainly to the decay of the single isotope,
222Rn.
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Figure 14. Principal nuclear decay sequences of the uranium and thorium series
Uranium series

Thorium series

From UNSCEAR (1988)
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(i)
Distribution of terrestrial radioactive nuclei
The earth’s mantle is a relatively uniform mixture of molten minerals, but the
mineral content depends on how the crust was formed during cooling. The early rock
formations of silicate crystals are rich in iron and magnesium (dark mafic rocks),
whereas later cooling resulted in silicates rich in silicon and aluminium (light salic
rocks), and the final cooling provided silicates rich in potassium and rubidium.
Thorium and uranium are incompatible with the silicate crystal structure and appear
only as trace elements within silicate rocks; in contrast, they are the main components
of minor minerals.
Physical and chemical processes collectively known as ‘weathering’ further separate
mineral types. Erosion by water, wind and ice breaks down the grain sizes mechanically
and separates them into those that are resistant and those that are susceptible to weather.
Although the minerals are only slightly soluble in water, leaching by dissolution into
unsaturated running water transports minerals to sedimentation points where they are
mixed with other sedimented products. Weather-resistant minerals such as zircon and
monazite break down into small grains rich in thorium and uranium, which ultimately
appear as small, dense grains in coarse sand and gravel in alluvium. Dissolved thorium
and uranium minerals add to clay deposits. Thus, weathering of igneous rock results in
sands depleted in radioactivity, fine clays rich in radioactivity and dense grains rich in
thorium and uranium. Decomposing organic materials produce organic acids which
form complexes with uranium minerals to increase their mobility.
Water carries dissolved minerals and mechanically eroded particulates to places with
a downward thrust, where sedimentation occurs. The build-up of successive layers of
sedimentation forms an insulating layer against the outward transport of heat from the
mantle and increases the pressure in the lower layers, and the heat and pressure cause
phase transitions, resulting in new segregation of mineral types. The same general process
applies to the formation of coal, crude oil and natural gas. Uranium has a particular
affinity for these organic products. The radionuclide content is fairly closely correlated to
sedimentary rock type (Table 19), and the majority of the population of most countries
lives over sedimentary bedrock (van Dongen & Stoute, 1985; Ibrahiem et al., 1993).
The radioactivity of the soil is related to the rock from which it originates but is
altered by leaching, dilution by organic root systems and the associated changes in
water content and is augmented by sorption and precipitation (National Council on
Radiation Protection and Measurements, 1987a; Weng et al., 1991). Soil is transported
laterally by water and wind and modified by human activities such as erosion, topsoil
transport and the use of fertilizers. Biochemical processes modify the activity in
several ways: root systems increase the porosity and water content; humic acids
decompose rock into smaller fragments, increasing their water content and resulting
in leaching; and the lower soil is changed from an oxidizing to a reducing medium.
The overall effect of natural soil development is to reduce activity. The radioactivity
of a specific soil type depends on the region and the active processes, as can be seen
by comparing the data for similar soil types in Tables 20 and 21. Although geological
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maps based on the uppermost bedrock are useful for general characterization of
activity, they are not a reliable guide to quantitative evaluation.

Table 19. Concentrations (Bq kg–1) of radioactivity in major rock
types and soils
Rock type
Igneous rocks
Basalt (average)
Sedimentary rocks
Shale sandstones
Beach sands (unconsolidated)
Carbonate rocks
Continental upper crust
Average
Soils

40

87

232

238

300

30

10–15

7–10

800
< 300
70

110
< 40
8

50
25
8

40
40
25

850
400

100
50

44
37

36
66

K

Rb

Th

U

From National Council on Radiation Protection and Measurements (1987a)

Table 20. Concentrations (Bq kg–1) of radioactivity in
soil in the Nordic countries
Soil type

40

232

Sand and silt
Clay
Moraine
Soils with alum shale

600–1200
600–1300
900–1300
600–1000

4–30
25–80
20–80
20–80

K

Th

From Christensen et al. (1990)

Table 21. Mean concentrations (Bq kg–1) of radioactivity in the
Nile Delta and middle Egypt
Soil type

40

232

Coastal sand (monazite, zirconium)
Sand
Sandy loam and sandy clay
Clay loam and silty loam
Loam
Clay

223.6
186.4
288.6
317.0
377.5
340.7

47.7
9.8
15.5
17.9
19.1
17.9

From Ibrahiem et al. (1993)

K

Th
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(ii) External irradiation
The natural cover of the larger fraction of the earth’s surface, where people live,
is soil resulting from weathering processes. As noted, external exposures are due
mainly to γ-radiation emitted from the top 25 cm of the surface layer of the earth and
the construction materials of buildings. Buildings reduce exposure from the surface
but may themselves be constructed from radioactive material, which may add to
exposure to radiation rather than act as a shield. The concentrations of activity of soil
in China and the USA (UNSCEAR, 1993) and the associated dose rates in air are
given in Table 22. The range of dose rates is broad. The concentrations of activity and
associated dose rates for various building materials have been compiled by
UNSCEAR (1993) and are shown in Table 23 in relation to the fraction of the
materials in specific buildings. Conversion factors for air kerma to effective dose
depend on the geometry of the individual and range from about 0.72 for adults to 0.93
for infants.
The results of national surveys of outdoor dose rates, covering 60% of the world
population, have been compiled by UNSCEAR (1993). The national average outdoor
dose rates vary from 24 nGy h–1 in Canada to 120 nGy h–1 in Namibia. The world population average is approximately 57 nGy h–1. Many of the surveys included indoor dose
rates, which depend on the construction materials used. The average indoor:outdoor
dose rate ratio was 1.44 and varied from 0.80 (USA) to 2.02 (Netherlands).

Table 22. Activity concentrations of natural radionuclides in soil and
absorbed dose rates in air in China and the USA
Radionuclide

China
40
K
232
Th series
238
U series
226
Ra subseries
Total
USA
40
K
232
Th series
238
U series
226
Ra subseries

Concentration (Bq kg–1)
Meana

Range

580 ± 200
49 ± 28
40 ± 34
37 ± 22

12–2190
1.5–440
1.8–520
2.4–430

370
35
35
40

100–700
4–130
4–140
8–160

Dose coefficient
(nGy h–1 per Bq kg–1)

Dose rate (nGy h–1)
Mean

Range

0.0414
0.623
–
0.461

24
31

0.5–90
0.9–270

17
72

1.1–200
2–560

0.0414
0.623
–
0.461

15
22

4–29
2–81

18

4–74

55

10–200

Total
From UNSCEAR (1993)
a
Area-weighted mean for China; arithmetic mean for the USA
b
Dose from 226Ra subseries

b

b
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Table 23. Estimated absorbed dose rates in air in masonry dwellings
Material

Concentration (Bq kg–1)
CK

Typical masonry
Granite blocks
Coal-ash aggregate
Alum–shale concrete
Phosphogypsum
Natural gypsum

500
1200
400
770
60
150

CRa

50
90
150
1300
600
20

CTh

50
80
150
67
20
5

Activity
utilization
indexa

1.0
1.9
2.4
9.0
3.9
0.25

Absorbed dose rate in air for
indicated fractional mass of
building material (nGy h–1)
1.0

0.75

0.5

0.25

80
140
180
670
290
20

60
105
135
500
220
15

40
70
90
390
145
10

20
35
45
170
70
5

From UNSCEAR (1993)
Assuming full use of the materials

a

UNSCEAR (1988) listed several areas in which unusually high dose rates are
associated with the presence of 232Th and 238U. These sites include Kerala and Tamil
Nadu, India, where the rates were 150–6000 nGy h–1; and Guarapari, Meaipe and
Poços de Caldas, Brazil, with 100-4000 nGy h–1. Exceptionally high dose rates have
been reported in Kenya (12 000 nGy h–1) and Ramsar, Islamic Republic of Iran
(≤ 30 000 nGy h–1).
(iii) Internal irradiation
Inhalation and ingestion of naturally occurring radionuclides give rise to internal
irradiation. The absorbed and effective doses can be derived from measured tissue
concentrations (UNSCEAR, 1982, 1988) or from measured concentrations in air,
water and food (UNSCEAR, 1993). The two methods yield similar results
(UNSCEAR, 1993). 40K and the radionuclides in the uranium and thorium series are
considered separately. Radon was considered in a previous monograph (IARC, 1988).
The data for 40K are well established, being based mainly on direct measurements
in persons of various ages but also on analysis of post-mortem specimens. Because the
concentration of potassium is under homeostatic control in the body, the concentrations of 40K in soft tissues do not depend on those in food, air or water and are
relatively constant. For an average 40K concentration of 55 Bq kg–1 bw and a rounded
conversion coefficient of 3 μSv per Bq kg–1, the annual effective dose is 165 μSv for
adults, most of the dose being delivered by β-particles (UNSCEAR, 1993).
In contrast, the internal doses from radionuclides in the uranium and thorium
series reflect intake with the diet and air. The intakes of the various radionuclides can
be estimated from reference activity concentrations in food and air, reference food
consumption profiles and breathing rates (UNSCEAR, 1993). The effective doses are
then calculated with ICRP dose coefficients. Table 24 presents the reference activity

OVERALL INTRODUCTION

93

Table 24. Reference activity concentrations of natural radionuclides in food
and air
Activity concentration (mBq kg–1)

Intake

238

Milk products
Meat products
Grain products
Leafy vegetables
Roots and fruits
Fish products
Water supplies
Aira

U+234U

1
2
20
20
3
30
1
1

230

Th

0.5
2
10
20
0.5
–
0.1
0.5

226

210

210

232

228

5
15
80
50
30
100
0.5
0.5

40
80
100
30
25
200
10
500

60
60
100
30
30
2000
5
50

0.3
1
3
15
0.5
–
0.05
1

5
10
60
40
20
–
0.5
1

Ra

Pb

Po

Th

Ra

228

Th

0.3
1
3
15
0.5
–
0.05
1

235

U

0.05
0.05
1.0
1.0
0.1
–
0.04
0.05

From UNSCEAR (1993). All values for food are for wet weight.
a
Activity concentration in μBq m–3, assumed to apply both indoors and outdoors

concentrations of natural radionuclides in food and air, based mainly on data for
northern, temperate latitudes (UNSCEAR, 1993).
Table 25 presents the food consumption profiles and breathing rates of adults,
children and infants. The food consumption profiles are based on the normalized
average consumption rates adopted by WHO, which are derived from food balance
sheets compiled by FAO. The food consumption rates for children and infants are
taken to be two-thirds and one-third of the adult values, except for milk products, for
which the rates are taken to be higher. Intake of water, both directly and in beverages,
is based on reference water balance data (ICRP, 1975).
The resulting age-weighted annual intakes and effective doses are shown in
Table 26 in which it has been assumed that the fractional distribution of adults,

Table 25. Reference annual intakes of food and air
Intake

Milk products
Meat products
Grain products
Leafy vegetables
Roots and fruits
Fish products
Water and beverages
Aira

Food consumption (kg year–1)
Adults

Children

Infants

105
50
140
60
170
15
500
8000

110
35
90
40
110
10
350
5500

120
15
45
20
60
5
150
1400

From UNSCEAR (1993)
a
Breathing rate (m3 year–1); from ICRP (1975)
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Table 26. Average age-weighted annual intakes of natural
radionuclides and associated effective doses
Radionuclide

238

U
U
230
Th
226
Ra
210
Pb
210
Po
232
Th
228
Ra
228
Th
235
U
234

Ingestion

Inhalation

Intake (Bq)

Dose (μSv)

Intake (mBq)

4.9
4.9
2.5
19
32
55
1.3
13
1.3
0.21

0.12
0.15
0.18
3.8
32
11
0.52
3.9
0.09
0.01

6.9
6.9
3.5
3.5
3500
350
6.9
6.9
6.9
0.4

Total

52

Dose (μSv)
0.21
0.21
0.18
0.01
7.0
0.35
1.4
0.01
0.69
0.01
10

From UNSCEAR (1993)

children and infants is 0.65, 0.3 and 0.05, respectively. The total effective doses
resulting from the intake of the radionuclides considered are 52 μSv for ingestion and
10 μSv for inhalation. Most of the effective dose is due to the intake of 210Pb, both by
inhalation and by ingestion. These dose estimates are nominal and uncertain, and
variation in individual doses must be expected owing to the variability of food
consumption rates and of the radionuclide concentrations of foods. As shown in
Table 27, the reference radionuclide concentrations in foodstuffs can be exceeded by
orders of magnitude. For example, in the volcanic areas of Minas Gerais, Brazil, and
in the mineral sands of Kerala, India, excess activity is found in milk, meat, grains,
leafy vegetables, roots and fruit. The most pronounced increases over reference levels
are found, however, in Arctic and sub-Arctic regions, where 210Pb and 210Po
accumulate in the flesh of reindeer and caribou, an important part of the diet of the
inhabitants of those regions. Reindeer and caribou feed on lichens, which accumulate
these radionuclides from the atmosphere. The overall effective dose from ingestion of
these meats is about 300 μSv per year for adults (UNSCEAR, 1993).
As in foods, high concentrations of natural radionuclides can be found in water.
For example, in Finland, remarkably high concentrations (≤ 74 000 mBq/L of 238U,
≤ 5300 mBq/L of 226Ra and ≤ 10 200 mBq/L of 210Pb) were found in wells drilled in
bed rock throughout the south of the country near Helsinki. When the dose received
from these waters is added to reference intakes, the overall annual committed effective
dose of adults becomes 550 μSv (UNSCEAR, 1993).
Exposure to radon, which is the most significant source of human exposure to
radiation from natural sources, occurs mainly by inhalation of short-lived decay
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Table 27. Foods in which high activity concentrations of natural
radionuclides are found
Food

Country

Cows’ milk

Brazil

Chicken meat

Brazil

Beef

Brazil

Pork

Brazil

Reindeer meat

Sweden

Cereals

India

Corn

Brazil

Rice

China

Green vegetables

India

Carrots

Brazil

Roots and tubers

India

Fruits

India

Radionuclide

226

Ra
Pb
226
Ra
228
Ra
226
Ra
228
Ra
226
Ra
228
Ra
210
Pb
210
Po
226
Ra
228
Th
226
Ra
210
Pb
226
Ra
210
Pb
226
Ra
228
Th
226
Ra
210
Pb
226
Ra
228
Th
226
Ra
228
Th
210

Activity concentration in fresh food
(mBq kg–1)
Range

Arithmetic mean

29–210
5–60
37–163
141–355
30–59
78–111
7–22
93–137
400–700
–
≤ 510
≤ 5590
70–229
100–222

108
45
86
262
44
96
13
121
550
11 000
174
536
118
144
250
570
1 110
1 670
411
255
1 490
21 700
296
2 590

325–2120
348–5180
329–485
218–318
477–4780
70–32 400
137–688
59–21 900

From UNSCEAR (1993)

products of the principal isotope, 222Rn, with indoor air. The average annual effective
dose resulting from inhalation of radon and its short-lived decay products is estimated
to be 1200 μSv (UNSCEAR, 1993).
4.4.2

Man-made sources
(a)

Routine releases from facilities

The generation of electrical energy in nuclear power stations has continued to
increase since its beginning in the 1950s, although the rate of increase slowed to an
average of just over 2% per year during 1990–96. According to the International
Atomic Energy Agency (IAEA, 1997), at the end of 1997, there were 437 nuclear
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reactors operating in 37 countries with a total installed capacity of 352 GW and
generating 254 GW–years, about 17% of the world’s electrical energy generated in
that year, a GW–year being the energy produced in a year by a 1-GW (106 kW) power
plant.
As described above, the nuclear fuel cycle includes the mining and milling of
uranium ore and its conversion to nuclear fuel material, the fabrication of fuel elements,
the production of energy in the nuclear reactor, the storage of irradiated fuel or its
reprocessing with the recycling of the fissile and fertile materials recovered and the
storage and disposal of radioactive wastes. In some types of reactors, enrichment of the
isotopic content of 235U in the fuel material is an additional step. The nuclear fuel cycle
also includes the transport of radioactive materials between various installations.
The doses of individuals from the generation of electrical energy by nuclear power
vary widely, even for people near similar plants. Generally, the individual doses
decrease rapidly with distance from the point of discharge. Some estimates of the
maximum effective doses have been made for realistic model sites: for the principal
types of power plants, these doses range from 1 to 20 μSv. UNSCEAR (1993) reported
corresponding annual figures for large fuel reprocessing plants of 200–500 μSv.
Detailed information was obtained by UNSCEAR (1993) on the release of radionuclides to the environment during routine operation of most of the major nuclear
power installations in the world. From this information, UNSCEAR assessed the
collective effective doses committed per unit energy generated (called ‘normalized
collective effective doses’), making separate estimates for the normalized components
resulting from local and regional exposures and from exposure to globally dispersed
radionuclides (truncated at 10 000 years). Values of 3 and 200 person–Sv per GW–
year were obtained for those two components, respectively. The main contributors to
the normalized local and regional collective doses are radon, which is released during
operation of uranium mines and mills, and 14C and 3H, which are released from nuclear
reactors. The global component of the normalized collective effective dose is dominated by radon released from abandoned mill tailings and 14C released from nuclear
reactors. The main contributions to the total normalized collective dose of 200 person–
Sv per GW–year are shown in Table 28. The total nuclear power generated up to 1990
(about 2000 GW–years) is therefore estimated to have committed a collective effective dose of approximately 0.4 million person–Sv.
(b)

Accidents

(i)
Accidents other than from nuclear reactors
A historical review of radiological accidents shows that industrial accidents
account for most of the immediate fatalities. A total of 178 fatal and non-fatal
accidents occurred between 1945 and 1985, of which 153 were radiological accidents
in industrial radiography, X-ray crystallography, industrial and research X-radiography, research accelerators, radiotherapy and irradiation or sterilization.
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Table 28. Normalized collective effective dose commitments
to the public from nuclear power production
Source

Local and regional
Mining, milling and tailings
Fuel fabrication
Reactor operation
Fuel reprocessing
Transport
Total (rounded)
Global (including solid-waste disposal)
Mine and mill tailings (releases
over 10 000 years)
Reactor operation waste disposal
Globally dispersed radionuclides
Total (rounded)

Collective effective dose
commitment per unit
energy generated
(person–Sv per GW–year)

1.5
0.003
1.3
0.25
0.1
3
150
0.5
50
200

From UNSCEAR (1993)

Many non-nuclear accidents occur when strong γ-radiation sources used for radiotherapy or industrial radiography are abandoned by their first users and removed from
their shielding by unqualified persons, such as scrap dealers (Stephan et al., 1983).
With increased use of linear accelerators for industrial purposes, the number of accidents in this area has also increased (Lanzl et al., 1967). One of the most severe nonnuclear accidents occurred in Goiânia, near Brasilia, Brazil, in 1987 and accounted for
four deaths, 28 cases of severe radiation burns and 249 cases of internal or external
contamination (IAEA, 1988). The cytogenetic effects of this exposure are described in
the monograph on X- and γ-radiation (section 4.4.1). Another accident, with a 60Co
source, occurred in Ciudad Juárez, Mexico, in 1983: seven persons received doses of
3–7 Sv, and 700 persons received 0.005–0.25 Sv (Marshall, 1984).
(ii) Nuclear reactor accidents
The two largest nuclear accidents in civilian installations took place at the ThreeMile Island facility, Harrisburg, Pennsylvania, USA, in 1979 and in Chernobyl,
Ukraine, in 1986.
Three-Mile Island accident: The Three-Mile Island pressurized water reactor unit 2
was a commercial reactor with 2800 MW thermal power. At the time of the accident on
28 March 1979, it had been in operation for one year. Owing to several technical
problems, the reactor core was not covered with coolant for 2 h and started to melt,
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partially as a result of overheating. As the operator was unaware of this critical
situation, considerable amounts of radioactive gases entered an auxiliary building from
which mainly inert gas escaped to the environment. About 3.7 × 1017 Bq of 133Xe were
released with other xenon and krypton fission products. Iodine was successfully
11
retained in the auxiliary building and only 6 × 10 Bq were released to the environment
(Lakey, 1993). The individual doses were low, and the total dose to the population
within a 80-km radius of the reactor was estimated to have been about 20 person–Sv
(Gernsky, 1981). The individual doses to thyroids of one-year-old children resulting
from inhalation and ingestion of iodine were ≤ 0.07 mGy.
Chernobyl accident: Reactors of the channelized large power reactor (RBMK)
type which are moderated by graphite and cooled by water generate 1000 MW of
electrical power. Four of them were operating at Chernobyl, about 100 km north of
Kiev. During a poorly implemented test on 26 April 1986, a critical excursion
occurred, which was followed by a steam explosion that destroyed unit 4. About
3.5–4% of the reactor fuel was blown out with this explosion, and the entire content
of radioactive noble gases, about 50% of the iodine, 30% of the caesium and 4% of
the strontium content were released to the environment between 26 April and 6 May
1986. The total amount of radioactive material released apart from the noble gases was
several times 1018 Bq (Buzulukov & Dobrynin, 1993; Nuclear Energy Agency, 1995).
Several hundred people exposed to doses > 2 Gy had acute radiation sickness, and 29
of them died.
Fall-out of radioiodine was one of the most important factors in human irradiation
in the contaminated areas. Radioiodine from food and inhalation accumulates in the
thyroid gland, where it may produce large doses. Almost all of the dose is due to βparticles. 131I was the predominant source of exposure during the first weeks after the
accident, but its contribution was negligible thereafter when compared with long-lived
nuclides like 137Cs and 90Sr, owing to its half-life of eight days. A detailed analysis of
the relative contributions of different sources to the total exposure of the thyroid to
iodine isotopes was made for the citizens of Kiev (Likhtarev et al., 1994a,b). The
measured doses correspond well to calculations based on the ingestion of contaminated
milk and water, although individual doses can be considerably underestimated by this
method.
By October 1986, about 116 000 persons had been evacuated. Those first evacuated were the residents of the town of Pripyat (49 360 persons) and of villages near
the reactor site. The average whole-body dose from external radiation for these people
was estimated to be 0.2 Gy, with individual values ranging from 0.0001 to 0.4 Gy
(Likhtarev et al., 1994c). In comparison, the average dose to the thyroid of the
evacuees from Pripyat, which was delivered mainly by inhalation of radioiodine, was
estimated to be 0.2 Gy and to be highest for 0–3-year-old children (about 1.4 Gy).
A collective dose of about 2 × 106 person–Sv is expected over the next 50 years
(Goulko et al., 1996). About 150 000 individual measurements of the dose to the
thyroid were carried out in the Ukraine, one-third of them with energy-selective
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equipment. The collective dose can be estimated to be 64 000 person–Gy (Likhtarev
et al., 1993).
Twenty per cent of the Belarussian territory containing 27 cities and 2736 villages
with 2 million inhabitants was contaminated with 137Cs at levels over 37 kBq m–2
(Henrich & Steinhäusler, 1993; Hoshi et al., 1994). In this area, the ground deposition
density of 131I was > 2.6 × 105 Bq m–2. The individual exposure of about 200 000
people was derived from a survey of the 131I activity in thyroids, carried out within
five weeks of the accident by measuring γ-radiation near the thyroid gland. The
exposure of other inhabitants of the region was estimated by adjusting for age and
milk consumption, and the contamination pattern of the whole country was used to
estimate exposure of the thyroid. The collective thyroid dose for the population of
Belarus was thus estimated to about 500 000 person–Gy as a result of the intake of 131I
(Gavrilin et al., 1999).
(c)

Miscellaneous releases

For the sake of completeness, miscellaneous sources which contribute little to the
exposure of the general public are described briefly. These sources include consumer
products such as smoke alarms, clocks and watches, compasses, tritium light sources
and gas mantles (Schmitt-Hannig et al., 1995). Various national and international
bodies stipulate the criteria for inclusion of radioactive materials in consumer and
household goods (Nuclear Energy Agency, 1985; National Radiological Protection
Board, 1992).
(i)
Smoke alarms
Ionizing-chamber smoke alarms contain a source of 241Am incorporated in metal
foil. Current smoke alarms contain less than 40 kBq of 241Am, although alarms with
activities of up to 3.7 MBq were used in the past in industrial and commercial
premises (National Radiological Protection Board, 1985; Nuclear Energy Agency,
1985). The annual individual effective dose from current smoke alarms has been estimated to be about 0.1 μSv, on the basis of the assumption that an individual spends
8 h daily at a distance of 2 m from the alarm.
(ii) Radioluminous clocks and watches
Clocks and watches have been luminized since the 1920s, initially with 226Ra and
later with 147Pm and 3H. The maximum radioactivity in modern timepieces is
restricted, and the average annual dose for wearers of these timepieces is estimated to
be around 1 μSv (IAEA, 1967; International Association for Standardization, 1975).
(iii) Gaseous tritium light devices
Gaseous tritium light devices are glass containers filled with gaseous tritium and
coated internally with phosphor. They are frequently used to illuminate exit signs,
telephone dials, clocks and watches, instrument panels and compasses. During normal
use, tritium escapes from the devices by diffusion or leakage from inadequately sealed
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tubes. The average annual doses of individuals wearing watches with a gaseous tritium
light device are likely to be < 1 μSv (Nuclear Energy Agency, 1973; National
Radiological Protection Board, 1992).
(iv) Thoriated gas mantles
Thoriated gas mantles consist of a mesh impregnated with thorium and cerium
compounds and are used in gas burners to provide illumination. They are bought
mainly for camping and caravanning and are used for only short periods of the year.
Radioactive decay products are released from the mantle as it burns, and the doses of
regular users can be higher than those from other consumer products. If five gas
mantles were used by a camper each year, each gas mantle being burnt for 4 h, the
annual dose would be 100 μSv for children and 50 μSv for adults (National Radiological Protection Board, 1992).
(v) Other miscellaneous sources
Other sources of radiation in consumer products include the use of radioactive
attachments to lightning conductors, static elimination devices, fluorescent lamp
starters, porcelain teeth, gemstones activated by neutrons, thoriated tungsten welding
rods and television sets. A recent concern is use of depleted uranium in ammunition
and in airplane balancing weights, although chemotoxicity may be of greater
importance in this instance. Uranium was formerly used as a glaze colourant in
pottery, and other past exposures include cardiac pacemakers (238Pu) and radioactive
tiles. Individual exposure from these sources is likely to be low (Nuclear Energy
Agency, 1973, 1985; Schmitt-Hannig et al., 1995).
Coal-fired plants release naturally occurring radioactive materials during the combustion of coal. The collective effective dose based on global annual energy production is approximately 20 person–Sv per GW–year (UNSCEAR, 1993).
4.5

Summary

In order to compare the effect of radiation from the main sources, UNSCEAR
(1993) estimated the collective effective doses to the world’s population committed by
50 years of practice for each of the significant sources of exposure and by discrete
events since 1945. The results are shown in Table 29. By far the largest source of
exposure is natural background radiation; the next most significant source is the
medical use of X-rays and radiopharmaceuticals in diagnostic examination and
treatment. Exposure from atmospheric testing of nuclear weapons comes next. The
collective doses from other sources of radiation are much less important.
Variation in individual doses from man-made sources over time and place make it
difficult to summarize individual doses coherently, although some indications can be
given. The average annual effective dose from natural sources is 2.4 mSv, with
elevated values commonly up to 10–20 mSv. Medical procedures in developed
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Table 29. Collective effective dose committed to the world’s population
between 1945 and 1992
Source

Basis of commitment

Collective effective
dose (million
person–Sv)

Natural sources
Medical exposures
Diagnosis
Treatment
Atmospheric nuclear weapons tests
Nuclear power

Cumulative dose for 1945–92
Cumulative dose for 1945–92

650

Severe accidents
Occupational exposures
Military activities
Nuclear power generation
Medical uses
Industrial uses
Non-uranium mining

Completed practice
Events to date
Cumulative dose for 1945–92
Events to date
Cumulative dose for 1945–92

90
75
30
0.4
2
0.6
0.01
0.12
0.05
0.03
0.4

From UNSCEAR (1993)

countries result in an average annual effective dose of 1–2 mSv, with local skin doses
of several grays in interventional radiology and values up to 100 mSv in diagnostic
radiology. The annual effective dose due to atmospheric nuclear weapons testing
peaked at about 0.2 mSv in the Northern Hemisphere in the early 1960s and is
currently about 0.005 mSv. The annual effective doses to people living near nuclear
power installations are currently 0.001–0.2 mSv. The annual effective doses of monitored workers are commonly 1–10 mSv (UNSCEAR, 1993).

5. Deterministic effects of exposure to ionizing radiation
The effects of exposure to radiation other than cancer are classified as deterministic, and are distinguished from stochastic effects (cancer and genetic effects) by
the following features: Both the incidence and the severity increase above a threshold
dose with increasing dose (Figure 15). The threshold dose is usually defined as the
dose above which signs and symptoms of the effect on a specific organ or tissue can
be detected. Thus, in some cases, the sensitivity of the method of detection is
fundamental; for example, clinical methods are available to detect small radiationinduced lesions in the lens of the eye which do not affect vision significantly. The time
at which deterministic effects can be detected after irradiation varies among tissues,
which are classified as early-responding and late-responding.
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Figure 15. Schematic representation of dose–response
relationship of the incidence and the severity of deterministic effects as a function of the dose of radiation

Adapted from ICRP (1984)

Only a short time after the discovery of X-rays in 1895, workers exposed to this
type of radiation suffered damage to the skin. The lesions observed led to the
conclusion that localized exposure to low-energy photons could cause both early and
late effects (Upton, 1977). Knowledge of the deterministic effects of radiation stems
from studies of patients undergoing radiotherapy, patients who receive whole-body
irradiation before bone-marrow transplantation, the persons exposed during or after
nuclear accidents, for example the firemen at Chernobyl, and the atomic bomb
survivors. Informative reviews are available that are of a general nature (ICRP, 1984;
UNSCEAR, 1988; National Radiation Protection Board, 1996) or deal specifically
with effects on the skin (ICRP, 1991) or in exposed children (UNSCEAR, 1993).
5.1

Dose–survival relationships

Cell killing is crucial to the development of deterministic effects, except in radiationinduced cataract (see section 4.2.9 in the monograph on X-radiation and γ-radiation).
The response of tissues to radiation reflects not only the killing of cells but also the cell
kinetics and the architecture of the organ or tissue. In addition, the severity of the damage
and the time between the exposure and the effect are influenced by the dose rate, dose
fractionation and radiation quality. As the early effects of radiation are due to cell killing
or inactivation, an understanding of the loss of reproductive integrity is essential for
interpretation of dose–response curves (Figure 15).
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The first curve of radiation dose–survival for single mammalian cells was determined by Puck and Marcus (1956), who used a human cancer cell line derived from
a malignant tumour, which has become widely known as HeLa. The survival curve
had an initial shoulder and then became steeper and straight on a semilogarithmic plot.
It was the shoulder that attracted attention, and various interpretations of the curve and
the role of repair in determining the shoulder have been mooted. It has been claimed
that neoplastic transformation does not alter the survival curve for a specific cell type,
but the difference between the curves for primary human cells and neoplastically
transformed cells appears to negate such a sweeping claim. In fact, the complex roles
of many genes in the response of cells to radiation are being revealed. The initial part
of the survival curve for cells in vivo is difficult to determine directly, except for some
blood cell progenitors. As survival curves for more types of normal and tumour cells
were obtained, it became clear that radiosensitivity and repair capability vary between
individuals and between animal strains. Such variations also occur among cells and
tissues within an individual and between individuals, and cell survival in tissues
irradiated in vivo appeared to be influenced by more factors than can be reproduced in
vitro. A number of models have been proposed to explain the shape of the survival
curve. One commonly used is the multi-target model (Figure 16A), in which the initial
slope D1 represents cell killing from a single event, and the final slope D0 represents
cell killing from multiple events. The values for D1 and D0 are the reciprocals of the
initial and final slopes. The width of the shoulder is measured from the extrapolation
number n, or Dq.
The model that predominates the interpretation of survival curves is the
linear–quadratic model which stems from the early work and analysis of radiationinduced chromosomal aberrations (Figure 16B). The model implies that there are two
components of radiation-induced loss of proliferative capacity: the first (αD)
represents a single-track non-repairable event that is proportional to dose, and the
second component (βD2) represents the interaction of two events that can occur if
spatially close and before either event is repaired. It is the βD2 component that is
reduced or eliminated when the dose rate is lowered:
S = exp [–(αD+βD2)]
From this relationship, it follows that the contributions of the linear and quadratic
components to cell inactivation are equal at a dose that is equal to α/β. When the β
coefficient is large and the α:β ratio is small, it suggests a higher proportion of
repairable damage. The α:β ratio has been useful for comparing both the early and late
responses of tissues. Early or acute effects in normal tissues have α:β ratios of about
10, whereas the range of values for late responses is broad, many ratios being about
2–5. For accounts of the models that are based on the use of the α:β ratio and have
had an impact on radiobiology and radiotherapy, see Fowler et al. (1963) and Withers
et al. (1983).
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Figure 16. Survival as a function of dose

Adapted from Hall (1994). LET, linear energy transfer
A, data fitted to a multi-target model; B, data fitted to a linear–quadratic model

A meticulous examination of the initial slope of radiation survival curves by
Marples and Joiner (1993) demonstrated that cell survival at doses below 1 Gy was
actually lower than that predicted by the linear–quadratic model on the basis of higher
doses. It was suggested that the higher dose points reflect the induction of repair,
which is absent, or less effective, at the lower doses.
For primary human fibroblasts, the survival curves are essentially exponential and
different from those of most established cell lines. Mutations in several genes,
including p53, may influence the shape of the survival curve in response to radiation,
and especially the shoulder. These findings emphasize the importance of dose–
survival curves in vivo for interpreting the response of tissues. The methods used to
determine survival curves for clonogenic cells within specific tissues are discussed in
the monograph on X-radiation and γ-radiation.
The shape of the population and tissue dose–response curve is sigmoid (Figure 15)
and shows considerable individual variation. Various functions have been used to
describe the responses, including cumulative normal, log normal and Weibull distributions. The response based on the Weibull distribution is described by:
R = 1 – e–H,
where H is the hazard function given by:
H = ln2 (D/D50),
where D is the dose and D50 is the dose that causes a specific effect in 50% of the
irradiated population (LD50 is commonly used to describe lethality for whole
organisms and ED50 for specific effects on tissues or the function of organs).
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Time–dose relationships

5.2.1

Dose rate
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The effectiveness of low-LET radiation to inactivate cells is reduced when the
dose rate is lowered because of repair of sublethal damage and, at very low dose rates,
by the ability of cell renewal systems to restore or maintain the integrity of the tissue
by increasing cell proliferation to offset the increased cell loss.
The term ‘low dose rate’ is used loosely and defined differently by various
committees. UNSCEAR (1993) defined it as 0.1 mGy min–1. As the dose rate is
reduced, so is the effect, until further reduction in dose rate results in no further
reduction in effect. The effect is then no longer dependent on the dose rate but only on
the total dose. The dose rate at which independence from dose rate is reached differs
among tissues and end-points; Bedford and Mitchell (1973) reported a maximal
reduction of the effect on cell killing in vitro at a rate of about 5.2 Gy d–1, whereas
Sacher and Grahn (1964) found that the dose rate at which life-shortening in mice
became independent of dose rate was about 0.2 Gy d–1. The dose-rate effect has been
quantified by use of the dose-rate factor, which is the ratio of the effect at a given dose
rate and the same effect at the reference dose rate.
5.2.2

Dose fractionation

Dividing a radiation dose into two or more fractions reduces the effect because, it
is thought, it allows time for the repair of sublethal damage and, if the fractions are
separated by sufficient time, for repopulation. Other factors may be altered by
fractionation that affect the damage and its repair. The differential in the effect of
fractionation on normal and cancerous tissues is the basis of radiotherapy (Thames &
Hendry, 1987).
Dose fractionation affects both early and late deterministic effects, and the reduction
in effect is tissue-dependent. Tissues respond to radiation at different times after
exposure: early-responding tissues, such as gut and skin, and late-responding tissues,
such as brain and spinal cord, differ in their responses to fractionation regimens. One
explanation is that resting cells or cells that progress slowly through the cell cycle are
more resistant to radiation than dividing cells; late-responding tissues contain many
more resting cells than early-responding tissues, which have many proliferating cells.
Administration of small fractions twice or more frequently per day is known
clinically as ‘hyperfractionation’. Under these conditions, the late effects of radiation
are less severe than those seen with a small number of larger fractions. Withers (1994)
showed that if each of a series of multiple fractions caused the same proportionate
decrease in cell survival, the effective survival curve for the multiple fraction regimen
would be linear (Figure 17).
In summary, time–dose relationships are complex. In the case of dose fractionation,
the total dose, the dose per fraction, the duration of the interval between fractions and
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Figure 17. Single and multi-fraction dose–survival
curves based on experiments with intestinal crypt cells

The parameters for the curves are α = 0.2 Gy–1, β = 0.02 Gy–2, the α:β
ratio being 10 Gy. At low doses the α, single-hit non-repairable
component predominates. At higher doses the β, repairable injury
component predominates. The response to 2-Gy fractions, if there is an
equal effect per fraction and there is no repopulation, is linear, with a
D0 of 4.15 Gy.
Adapted from Withers (1994)

the overall time of exposure all influence the response. The occurrence of late effects is
largely determined by the dose per fraction and not by the overall time of the exposures,
whereas the effects on early-responding tissues are influenced not only by the dose per
fraction but also by the overall exposure time. An important mechanism by which
tissues tolerate radiation is repopulation. The ability to repopulate is very different in
early- and late-responding tissues, being greater in the former.
The response of cell renewal systems such as the bone marrow and gut depends on
the inherent radiosensitivity of the stem cells, the life span of the differentiated
functional cells, the sensitivity of the feed-back mechanisms and the ability of stem
cells in unirradiated areas to repopulate distant areas, which occurs, for example, by
migration of haematopoietic stem cells from one site in the bone marrow to another.
The replacement of stem cells involves an increase in the proportion of the progeny of
stem cells retained in the stem-cell pool. A decrease in the cycle time of the stem cells
and an increase in the number of amplification divisions in the committed but still
proliferative cells can maintain a functional cell population even with a temporarily
reduced stem-cell population. Cell kinetics differs among tissues. These principles and
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the response of squamous epithelia to fractionated irradiation have been reviewed
(Dörr, 1997).
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X-RADIATION AND γ-RADIATION
1.
1.1

Occurrence

1.1.1

X-radiation

Exposure data

X-rays are electromagnetic waves in the spectral range between the shortest
ultraviolet (down to a few tens of electron volts) and γ-radiation (up to a few tens of
mega electron volts) (see Figure 2, Overall introduction). The term γ-radiation is
usually restricted to radiation originating from the atomic nucleus and from particle
annihilation, while the term X-radiation covers photon emissions from electron shells.
X-rays are emitted when charged particles are accelerated or decelerated, during
transitions of electrons from the outer regions of the atomic shell to regions closer to
the nucleus, and as bremsstrahlung, i.e. radiation produced when an electron collides
with, or is deflected by, a positively charged nucleus. The resulting line spectra are
characteristic for the corresponding element, whereas bremsstrahlung shows a continuous spectrum with a steep border at the shortest wavelengths.
Interaction of X-rays with matter is described by the Compton scattering and
photoelectric effect and their resulting ionizing potentials, which lead to significant
chemical and biological effects. Ions and radicals are produced in tissues from single
photons and cause degradation and changes in covalent binding in macromolecules
such as DNA. In other parts of the electromagnetic spectrum, below the spectra of
ultraviolet and visible light, the single photon energies are too low to cause genotoxic
effects. The intensity (I) of X-rays inside matter decreases according to I = I0 × 10–μ⋅d,
where d is the depth and μ a coefficient specific to the interacting material and the
corresponding wavelength. The ability to penetrate matter increases with increasing
energy and decreases with increasing atomic number of the absorbing material. When
X-rays penetrate the human body, they are absorbed more effectively in the bones than
in the adjacent tissue because of the greater density of bone and the larger proportion
in bone of elements with higher atomic numbers, such as calcium.
X-rays are usually generated with X-ray tubes in which electrons emitted from a
cathode are accelerated by a high electric potential and hit a target which emits
bremsstrahlung and a line spectrum characteristic for the material of the target. The
expression ‘kVp’ refers to the applied voltage (kV) of an X-ray machine and is given
as the maximum (p for peak) voltage that the machine can produce. According to the
–121–
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applied voltage, ultrasoft (5–20 kVp), soft (20–60 kVp), medium hard (60–120 kVp),
hard (120–250 kVp) and very hard (> 250 kVp) X-rays can be distinguished. Extremely
hard X-rays are generated with betatrons, synchrotrons and linear accelerators and are
in the mega electron volt range.
X-rays are used in many medical and technical applications. The most common are
X-ray examinations of the human body and analysis of technical materials. In X-ray
therapy, the biological effect of X-rays is used to destroy malignant tissue. It is applied
mainly to treat cancer patients, when high doses are delivered to a limited area of the
body, with restricted irradiation of adjacent tissue.
1.1.2

γ-radiation

Ernest Rutherford in 1899 found that the radiation from radioactive sources
consisted of several components, which he called α-, β- and γ-rays. In 1914, he proved
by interference experiments that γ-rays were electromagnetic waves. They are emitted
by γ-transitions in atomic nuclei. The corresponding photons, called γ-quants, have
widely different energies, ranging from 0.01 to 17.6 MeV, which reflect the fact that
the energy of the transitions in the atomic nucleus is higher than that of the transitions
of the orbiting electrons. The emission of γ-rays usually follows nuclear transformations, which place an atomic nucleus in a state of enhanced energy during
processes of radioactivity and during capture of particles. Unlike α- and β-radiation,
γ-rays cannot be deflected by electric and magnetic fields. The γ-transition, also called
γ-decay, is not radioactive decay in the usual sense, because neither the charge nor the
mass number of the nucleus changes.
Electromagnetic radiation in the same energy range can also be produced by the
decay of elementary particles, annihilation of electron–positron pairs and acceleration
and deceleration of high-energy electrons in cosmic magnetic fields or in elementary
particle accelerators. γ-rays, especially those with high energy, can penetrate matter
easily, and their absorption and deflection follow an exponential law, as in the case of
X-rays. Their physiological effect is also similar to that of X-rays.
Interaction of γ-rays with matter is described by the Compton scattering and
photoelectric effect. At energies above 1.02 MeV, pair production occurs, resulting in
emission of electron and positron radiation. At even higher energies, in the range of
several mega electron volts, absorption of γ-quants results in neutron emission.
1.2

Exposure

Electromagnetic waves in the ionizing range are ubiquitous in the human environment and are responsible with α- and β-rays and to a lesser extent with particle radiation,
such as neutrons or muons, for the total radiation dose to which the average person is
exposed.
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Exposure to X-rays and γ-rays can be external or internal, depending on the
location of the source with respect to the human body. External exposure occurs, for
example, during X-ray examinations or during natural irradiation from building
materials containing γ-ray emitters. Most of the dose from external irradiation is due to
X- or γ-rays, because α- and β-particles are readily absorbed by the clothes covering
the body or by the superficial layer of skin, whereas X- and γ-rays can penetrate the
body and even traverse it if their energy is sufficiently high (see Figure 1, Overall introduction). Internal irradiation occurs during the decay of radionuclides absorbed in the
body, usually after ingestion or inhalation. In this case, α- and β-particles are more
important than X- or γ-rays, because α- and β-emitters lose most or all of their energy
in the tissues or organs in which they decay, while the energy of X- and γ-rays, which
is usually lower than those of α- and β-rays, is diffused throughout the body or even
leaves the body without creating any damage.
Doses of all types of radiation from external and internal exposure are summarized
in the Overall introduction. In this chapter, only external exposure to X and γ-rays is
discussed.
Although it is difficult to evaluate the relative contribution of electromagnetic
radiation in mixed radiation fields, it can be estimated to be about 50% (Figure 1).
There are major natural and man-made sources of exposure, some of which are
increasing. Estimates of the average doses received by the general population are
reviewed regularly by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and by many national bodies, such as the Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit in Germany, the National
Council on Radiation Protection and Measurements in the USA and the National
Radiological Protection Board in the United Kingdom. Medical exposure and natural
terrestrial exposure are due mainly to X- and γ-rays. Other important components of
these estimates are mixed radiation fields, such as internal β-emitters with a considerable γ-ray component, whereas the important man-enhanced exposure from indoor
radon and its short-lived daughter products is mainly internal exposure to α-radiation.
Cosmic radiation at ground level consists of particle radiation (mainly muons), with
increasing contributions from neutrons at higher altitudes (see section 4.4.1, Overall
introduction).
1.2.1

Natural sources

Most natural exposure to X- and γ-rays is from terrestrial sources, with a small
part from extraterrestrial sources. Exposure from terrestrial sources depends on the
geological properties of the soil, which vary significantly. The average annual external
exposure to γ-rays worldwide from terrestrial sources is 0.46 mSv (UNSCEAR,
1993). This value is derived from the average indoor (80 nGy h–1) and outdoor (57
nGy h–1) absorbed dose rates in air, assuming an indoor occupancy factor of 0.8 and a
conversion factor from the absorbed dose in air to the effective dose of 0.7 Sv Gy–1.
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Figure 1. Estimated average exposure to ionizing radiation from various sources
in Germany

From Bundesamt für Strahlenschutz (1998)

UNSCEAR (1993) also gives detailed data for exposure in various regions of the
world. The lowest outdoor dose rates in air are reported for Canada (24 nGy h–1) and
the lowest indoor rates for Iceland and New Zealand (20 nGy h–1). The maximum
average values are found in Namibia (outdoors, 120 nGy h–1; indoors,
140 nGy h–1). In a survey of terrestrial γ-radiation in the USA, 1074 measurements
were made in and around 247 dwellings (Miller, 1992). The absorbed dose rate in
outdoor air was 14–118 nGy h–1 with an average of 46.6 nGy h–1, whereas the average
indoor rate was 12–160 nGy h–1 with an average of 37.6 nGy h–1. The last value is
considerably lower than the worldwide average reported by UNSCEAR (1993) and
apparently results from the predominant use of wood-frame construction and other
building materials with a low content of radionuclides in the USA. The average
exposures in eight countries of Europe ranged from 50 to 110 nGy h–1 in buildings and
from 30 to 100 nGy h–1 in the open air (Green et al., 1992; Commission of the European Communities, 1993).
Little exposure is derived from X- and γ-rays in extraterrestrial natural sources (i.e.
cosmic rays), as muons and electrons are the most important contributors to the
average annual effective dose at ground level of about 0.4 mSv (UNSCEAR, 1993).
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Medical uses

The medical uses of radiation include diagnostic examinations and treatment. The
dose to individual patients undergoing radiotherapy is much higher than that
experienced during diagnosis, although the number of patients is much smaller. As
treatment with radiotherapy is intended to deliver high doses to target organs, mostly in
elderly patients, attempts to transform collateral doses to non-target organs into effective
doses are open to criticism. For this reason, data on exposure during radiotherapy are not
described, although UNSCEAR (1993) made the crude estimate that the effective
collective dose of the world population due to radiotherapy is comparable to that due to
diagnostic applications (see section 4.2, Overall introduction).
Medical diagnosis involving ionizing radiation is based mainly on X-rays. Although
the dose per examination is generally low, the extent of the practice makes diagnostic
radiography the main source of radiation from medical use. The use of
X-rays and γ-rays for medical purposes is distributed very unevenly throughout the
world, being closely associated with general health care level (see section 4.2, Overall
introduction). A survey undertaken by UNSCEAR in 1990–91, in which responses to a
questionnaire were received from 50 countries, indicated that at that time there were
210 000 radiologists worldwide, 720 000 diagnostic X-ray units, 1.6 thousand million
X-ray examinations performed in 1990 and 6 million patients undergoing some form of
radiotherapy. Seventy per cent of these services were available in countries with a welldeveloped health-care system. In highly developed countries, most plain-film examinations of the chest and extremities involve relatively low doses (effective doses of
about 0.05–0.2 mSv), whereas the doses used to examine the abdomen and lower back
are higher (about 1–3 mSv). The approximate doses to the skin and the effective doses
from a number of diagnostic procedures in developed countries are shown in Table 1.
Computed tomography scanning has become widely available in many developed
countries. In the USA, even though it accounts for less than 10% of procedures, it provides more than 30% of the absorbed dose since the effective dose is about 2.5–15 mSv,
which is higher than that from most procedures in which plain- film X-rays are used for
diagnosis (UNSCEAR, 1993). The estimated annual effective dose from all diagnostic
uses of radiation in those countries was estimated to be 1.0 mSv per person, while that
averaged over the whole world was about 0.3 mSv per person (UNSCEAR, 1993).
A source of uncertainty in these estimates is the use of fluoroscopy, which results
in much higher doses than radiography; furthermore, its prevalence is not fully known
and is changing with time. The doses may vary widely: modern equipment with image
amplifiers results in lower doses than older equipment with fluorescent screens, but
high doses may still be received when fluoroscopy is used in interventional radiology
as a means of guidance during surgical procedures, although this practice is infrequent.
The effective dose from most procedures is about 1–10 mSv. The collective dose is due
mainly to the more frequent fluoroscopic examinations of the gastrointestinal tract. In
the USA, the average effective doses are 2.4 mSv during examination of the upper
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Table 1. Approximate mean effective doses from diagnostic
radiology procedures in highly developed countries
Procedure

Average effective
dose (mSv) per
examination

Average number
of examinations
per 1000 population
per year

Chest radiograph
Lumbar spine radiograph
Abdominal radiograph
Urography
Gastrointestinal tract radiograph
Mammography
Radiograph of extremity
Computed tomography, head
Computed tomography, body
Angiography
Dental X-ray
Average

0.14
1.7
1.1
3.1
5.6
1.0
0.06
0.8
5.7
6.8
0.07
1.05

197
61
36
26
72
14
137
44
44
7.1
350
887

From UNSCEAR (1993). Doses may vary from these values by as much as an
order of magnitude depending on the technique, equipment, film type and
processing.

gastrointestinal tract and 4.1 mSv during a barium enema. These two types of examination are the source of about 40% of the annual collective dose due to diagnostic
X-ray application, whereas chest examinations account for over 5% of the per caput
effective dose equivalent from medical X-rays in the USA (National Council on
Radiation Protection and Measurements, 1989). The dose from chest examinations in a
Canadian study was 0.07 mSv (Huda & Sourkes, 1989).
1.2.3

Nuclear explosions and production of nuclear weapons

The atomic bombings of Hiroshima and Nagasaki, Japan, in 1945 exposed
hundreds of thousands of people to substantial doses of external radiation from γ-rays.
Estimates of the doses are available for 86 572 persons in the Life Span Study out of
about 120 000 persons who were in one of the cities at the time of the explosions. The
collective dose to the colon for the 86 472 persons for whom dosimetry is available was
24 000 person–Sv (Burkart, 1996; see section 4.1, Overall introduction), to give an
average of about 300 mSv. The doses decreased with distance from the epicentres, but
the highest doses to the colon were > 2000 mSv.
Atmospheric nuclear explosions were carried out at several locations, mostly in
the Northern Hemisphere, between 1945 and 1980. The most intense period of testing
was between 1952 and 1962. In all, approximately 520 tests were carried out, with a
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total yield of 545 Mt. Since 1963, nuclear tests have been conducted mainly underground, and the principal source of worldwide exposure due to weapons testing is the
earlier atmospheric tests. The total collective effective dose of X- and γ-rays
committed by weapons testing to date is about 2.2 × 106 person–Sv. The radionuclides
that contribute the most to this dose are listed in Table 2. With the exception of 137Cs
and 125Sb, all of these radionuclides have radioactive half-lives of less than one year,
and therefore delivered their doses soon after the explosions. 137Ce, with a radioactive
half-life of about 30 years, is still present in the environment and continues to deliver
its dose at a low rate. For the world population of 3.2 × 109 in the 1960s, the average
effective dose from global fall-out resulting from external irradiation was about
0.7 mSv (UNSCEAR, 1993).

Table 2. Collective effective doses of the world population
from external radiation committed by atmospheric nuclear
testing
Radionuclide

Radioactive half-life

Collective effective dose
(1000 person–Sv)

137

30 years
64 days
310 days
370 days
35 days
2.7 years
13 days
280 days
39 days
8.0 days
33 days

1210
270
180
140
130
88
49
44
39
4.4
3.3

Cs
Zr
54
Mn
106
Ru
95
Nb
125
Sb
140
Ba
144
Ce
103
Ru
131
I
141
Ce
95

Total (rounded)

2200

From UNSCEAR (1993)

People living near the sites where nuclear weapons were tested received higher
doses than the average, but the magnitude of the local dose varies according to the
conditions under which the tests were conducted. In the USA, about 100 surface or
near-surface tests were conducted at a test site in Nevada between 1951 and 1962. The
collective dose to the local population of about 180 000 persons has been estimated to
be approximately 500 person–Sv (Anspaugh et al., 1990), corresponding to an
average dose of about 3 mSv.
After a US test in 1954 at Bikini atoll in the Marshall Islands, the residents of
Rongelap and Utirik atolls, located 210 and 570 km, respectively, east of Bikini,
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received high external exposures, mainly from short-lived radionuclides, with doses of
1900 mSv on Rongelap (67 persons, including three in utero), 1100 mSv on nearby
Ailinginae atoll (19 persons, including one in utero) and 100 mSv on Utirik (167
persons, including eight in utero) (Conard et al., 1980).
At the Semipalatinsk test site in the Kazakh region of the former USSR,
atmospheric tests were conducted from 1949 through 1962, exposing 10 000 people in
settlements bordering the test site. The collective dose from external irradiation was
estimated to be 2600 person–Sv, corresponding to an average dose of 260 mSv (Tsyb
et al., 1990).
γ-ray fields resulting from production of weapons material and chemical separation can be considerable, and, as in the case of testing, some local exposures have
been substantial. For example, the release of nuclear wastes into the Techa River from
a military plant of the former USSR near Kyshtym, in the Ural Mountains, resulted in
a cumulative effective dose in the early 1950s of up to 1 Sv (Trapeznikov et al., 1993;
Bougrov et al., 1998).
1.2.4

Generation of nuclear power

The generation of electrical energy in nuclear power stations has also contributed
to exposure to radiation. The collective effective dose committed by the generation of
1 GW–year of electrical energy has been estimated by UNSCEAR (1993) for the
entire fuel cycle, from mining and milling, through enrichment and fuel fabrication,
reactor operation, to fuel processing and waste disposal, including transport of radioactive materials from one site to another. The doses of X- and γ-rays have not been
estimated explicitly as most of the exposure is due to internal irradiation. The local
collective effective dose from X- and γ-rays from external irradiation can be crudely
estimated to be about 0.2 person–Sv per GW–year. If it is assumed that about
2000 GW–year of electricity have been generated by nuclear reactors throughout the
world, the local collective effective dose from external irradiation is about
400 person–Sv, corresponding to an average dose for the world’s population of about
0.1 μSv. An additional component of the exposure is the long-lived radionuclides that
are distributed worldwide; the only one that contributes significantly to external
irradiation, however, is 85Kr, which has a radioactive half-life of about 10 years.
UNSCEAR (1993) indicated that the global component of the collective effective dose
due to environmental releases of 85Kr is 0.1 person–Sv per GW–year, corresponding
to an average dose for the world’s population of about 0.05 μSv.
1.2.5

Accidents

The production and transport of nuclear weapons have resulted in several accidents.
The two most serious accidents in nuclear weapons production were at Kyshtym and at
the Windscale plant at Sellafield in the United Kingdom, both occurring in 1957 (see
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section 4.1.3, Overall introduction). A major accident in a nuclear power plant occurred
in Chernobyl, Ukraine, in 1986 (see section 4.4.2, Overall introduction).
The Kyshtym accident was a chemical explosion that followed failure of the
cooling system in a storage tank of highly radioactive fission wastes. The highest doses
were received by 1150 people who received an estimated effective dose from external
irradiation of about 170 mSv (UNSCEAR, 1993; Burkart & Kellerer, 1994; Burkart,
1996).
The Windscale accident was caused by a fire in the uranium and graphite core of
an air-cooled reactor primarily intended for the production of plutonium for military
use. An important route of intake was through milk consumption, which was
controlled near the accident, although it was a significant source of exposure further
away. The total collective effective dose from external irradiation received in northern
Europe was 300 person–Sv (Crick & Linsley, 1984). The total collective effective
dose from the release is estimated to have been 2000 person–Sv (UNSCEAR, 1993).
The Chernobyl accident consisted of a steam explosion in one of the four reactors
and a subsequent fire, which resulted in the release of a substantial fraction of the core
inventory of the reactor. The collective effective dose from the accident is estimated
to have been about 600 000 person–Sv, approximately half of which was due to
external irradiation (UNSCEAR, 1988). The main contributor to the dose from
external irradiation was 137Cs. The doses to individuals throughout the Northern
Hemisphere varied widely, some staff and rescue workers on duty during the accident
receiving fatal doses > 4 Sv and the most affected people in the evacuated zone
receiving effective doses approaching 0.5 Sv (Savkin et al., 1996).
Sealed sources used for industrial and medical purposes have occasionally been
lost or damaged, resulting in exposure of members of the public. Examples include the
sale of a 60Co source as scrap metal in the city of Juarez, Mexico, in 1983 (Marshall,
1984); the theft and breaking up of a 137Cs source in Goiânia, Brazil, in 1987 (IAEA,
1988); and the retrieval of a lost 60Co source in Shanxi Province, China, in 1992
(UNSCEAR, 1993). While these incidents resulted in significant individual doses to a
small number of people, the collective effective doses were not large. Tables 3 and 4
are based on recently published data and summarize radiation accidents and resulting
early fatalities. Table 4 shows that the steady increase in the use of sources of ionizing
radiation has led to an increase in the number of fatalities, despite progress in radiation
protection.
1.2.6

Occupational groups

Occupational exposure to radiation occurs during nuclear fuel recycling, military
activities and medical applications. The doses, including those from internal exposure,
are given in Table 5.

Place

Source

Dose (or activity
intake)

1945–46
1958
1958
1960
1960
1961
1961
1961
1962
1963
1964

Criticality
Experimental reactor
Criticality
137
Cs (suicide)
Radium bromide (ingestion)
Submarine accident
3
H
Explosion in reactor
60
Co capsule
60
Co
3
H

≤ 13 Gy
2.1–4.4 Gy
0.35–45 Gy
∼15 Gy
74 mBq
10–50 Gy
3 Gy
≤ 3.5 Gy
9.9–52 Sv
0.2–80 Gy
10 Gy

1964
1966
1967

Los Alamos, USA
Vinèa, Yugoslavia
Los Alamos, USA
USSR
USSR
USSR
Switzerland
Idaho Falls, USA
Mexico City, Mexico
China
Federal Republic of
Germany
Rhode Island, USA
Pennsylvania, USA
USSR

0.3–46 Gy
Unknown
50 Gy

1968
1968
1972
1975
1978
1982
1983
1984
1985

Wisconsin, USA
Chicago, USA
Bulgaria
Brescia, Italy
Algeria
Norway
Constitu, Argentina
Morocco
China

Criticality
198
Au
X-radiation medical diagnostic
facility
198
Au
198
Au
137
Cs (suicide)
60
Co
192
Ir
60
Co
Criticality
192
Ir
198
Au (mistake in treatment)

Unknown
4–5 Gy (bone marrow)
> 200 Gy (local, chest)
10 Gy
≤ 13 Gy
22 Gy
43 Gy
Unknown
Unknown, internal

No. of persons with
significant exposurea

No. of deaths

10
8
3
1
1
> 30
3
7
5
6
4

2
1
1
1
1 (after 4 years)
8
1
3
4
2
1

4
1
1

1
1
1 (after 7 years)

1
1
1
1
7
1
1
11
2

1
1
1
1
1
1
1
8
1
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Table 3. Major radiation accidents (1945–97) and early fatalities in nuclear and non-nuclear industries

Table 3 (contd)
Place

Source

Dose (or activity
intake)

1985–86
1986
1987
1989
1990
1990
1991
1992
1992
1994

USA
Chernobyl, USSR
Goiânia, Brazil
El Salvador
Israel
Spain
Nesvizh, Belarus
China
USA
Tammiku, Estonia

Accelerator
Nuclear power plant
137
Cs
60
Co irradiation facility
60
Co irradiation facility
Radiotherapy accelerator
60
Co irradiation facility
60
Co
192
Ir brachytherapy
137
Cs

1996
1997

Costa Rica
Kremlev, Sarov, Russian
Federation

Radiotherapy
Criticality experiment

Unknown
1–16 Gy
≤ 7 Gy
3–8 Gy
> 12 Gy
Unknown
10 Gy
> 0.25–10 Gy
> 1000 Gy (local)
1830 Gy (thigh) + 4 Gy
(whole body)
Unknown
5–10 Gy

No. of persons with
significant exposurea

No. of deaths

3
134
50b
3
1
27
1
8
1
3

2
28
4
1
1
≤ 11
1
3
1
1

110
1

≤ 40
1
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From IAEA (1998)
a
0.25 Sv to the whole body, haematopoietic or other critical organs: < 6 Gy to the skin locally; < 0.75 Gy to other tissues or organs from an external
source, or exceeding half the annual limit on intake
b
The number of persons who received significant overexposure is probably lower, as some of the 50 contaminated persons received doses < 0.25 Sv.
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Table 4. Time trends in numbers of major radiation accidents
and early fatalities, 1945–97
Years

1945–54
1955–64
1965–74
1975–84
1985–97

Nuclear or military installations

Other installations

Accidents

Fatalities

Accidents

Fatalities

3
12
9
1
3

2
14
0
0
29a

0
15
38
35
20

0
10
6
12
66b

From IAEA (1998)
a
Including 28 fatalities after the reactor accident in Chernobyl, 1986
b
Including 40 fatalities after a radiotherapy accident in Costa Rica, 1996

Table 5. Annual occupational exposures of monitored
workers to radiation, 1985–89
Occupational category

Annual collective
effective dose
(person–Sv)

Annual average
effective dose
per monitored
worker (mSv)

Mining
Milling
Enrichment
Fuel fabrication
Reactor operation
Reprocessing
Research

1100
120
0.4
22
1100
36
100

4.4
6.3
0.08
0.8
2.5
3.0
0.8

Total

2500

2.9

Other occupations
Industrial applications
Military activities
Medical applications

510
250
1030

0.9
0.7
0.5

1800

0.6

4300

1.1

Total
All applications

From UNSCEAR (1993). Radiological, terrestrial and most occupational exposures are dominated by X- and γ-radiation.
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Summary of collective effective doses

Typical collective effective doses from all significant sources of exposure over the
period 1945–92 are presented in Table 6, which indicates that the two largest sources
of X- and γ-rays are natural radiation and the use of X-rays in medicine. Exposures
from atmospheric testing have diminished, and only small contributions to the
collective dose are made by the generation of electrical energy from nuclear reactors,
from accidents and from occupational exposure. These contributions can, however,
result in significant exposure of small groups of individuals.

Table 6. Collective doses from X- and γ-radiation committed to the world
population by continuing practices or by single events, 1945–92
Source

Basis of commitment

Collective effect dose
from X- and γ-rays
(million person–Sv)

Natural
Medical use
Diagnosis
Treatment
Atmospheric nuclear weapons tests
Nuclear power generation

Current rate for 50 years
Current rate for 50 years

120

Severe accidents
Occupational exposure
Medical
Nuclear power
Industrial uses
Military activities
Non-uranium mining
Total

Completed practice
Total practice to date
Current rate for 50 years
Events to date
Current rate for 50 years

80
75
2.5
0.2
2
0.3
0.05
0.12
0.03
0.01
0.4
0.6

From UNSCEAR (1993)

Variations in individual doses over time and place make it difficult to summarize
individual doses accurately, although some indications can be given. The average
annual effective dose from γ-rays from natural sources is about 0.5 mSv, with
excursions up to about 5 mSv. Medical procedures in developed countries result in an
annual effective dose of about 1–2 mSv, of which about two-thirds results from diagnostic radiology. The annual effective doses of monitored workers are commonly
1–10 mSv (UNSCEAR, 1993).
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Variations in exposure to X- and γ-radiation

Figure 1 shows the estimated average exposures to ionizing radiation in a developed country. As described in the Overall introduction, some of the components may
vary by a factor of up to 10, and the distribution is almost log-normal. The distribution
of doses from X- and γ-irradiation in medical diagnosis is extremely skewed, as the
majority of the population receives no exposure in a given year, while the effective
dose may be up to 100 mSv for a small number of people receiving computed tomography scans of the abdomen. Table 7 lists the exposure of the general population that
includes considerable X- or γ-ray components.
1.3

Human populations studied in the epidemiology of cancer due to Xand γ-radiation

In view of the large, often poorly understood fluctuations in natural and nonoccupational artificial radiation, studies of the carcinogenic potential of ionizing
radiation should concentrate on populations with known exposures well above the
background load of 2–4 mSv per year from all qualities of radiation from internal and
external sources. Many such populations were exposed in the past either routinely or
during accidents. A number of persons are still irradiated at high doses in the course
of radiation therapy to eradicate tumour tissue. Figure 2 shows those organs and
systems in which significant health effects have occurred in such population groups.
Although these cohorts are often well characterized with respect to the dose and dose
rate they received, possible confounders such as increased susceptibility to toxicants
and accompanying chemical treatment must be considered. In addition, patients
undergoing cancer therapy are usually in an age distribution that excludes the early
years of life, which are of special importance in view of the assumed greater sensitivity of children to radiation. Unselected populations of all ages are therefore of particular interest. In view of the many instances of high exposure to radiation at the workplace in the past, occupational exposure is another important facet of risk (Schneider
& Burkart, 1998).
1.3.1

Unselected populations

Entire communities received heavy exposure through military action, accidents
and poorly controlled releases from weapon material production facilities. Table 8 lists
the doses received by the cohorts that have been studied in order to quantify the
carcinogenic potential of X- and γ-rays, the study of radiation effects in the survivors
of the atomic bombs contributing a major element. Several populations exposed
during the nuclear programme of the former USSR are now potentially accessible for
epidemiological study, although it is unclear whether reliable retrospective dosimetry
will be feasible. Nevertheless, except for partially unconfirmed high collective doses,
the dose rates to which these populations were exposed are closer to those that

Population

World (5800 million)
Medical diagnosis, health-care level I
(1500 million)
Medical diagnosis, health-care levels III
and IV (1200 million)

Route of exposure

Individual lifetime (75 years)
dose (mSv)

Collective dose
(person–Sv per
year)

Variation

Average

Maximum

All
Diagnostic radiology

180
75

750
500

13 920 000
1 500 000

Highly skewed distribution

Diagnostic radiology

3

380

48 000

Highly skewed distribution

From UNSCEAR (1993). For a description of health-care levels, see the Overall introduction, section 4.2.
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Table 7. Lifetime exposure of the general public to X- and γ-radiation, with doses and variations
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Figure 2. Populations who received heavy exposure to ionizing radiation and were followed for
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Table 8. Major human populations exposed to considerable doses of X- and γ-rays
Population

Main exposure

Average
Survivors of atomic bombs, Japan
(86 000)

Acute γ-rays, neutron component 280
for subcohort with low exposure

Chernobyl: population in ‘contaminated areas’ External from 137Cs (deposition
(7 million in Belarus, Ukraine and Russian
density of 137Cs, 37 Bq/m2)
Federation)
Population along the Techa River, Russian
Federation (80 000)

External and internal 90Sr

Population in area near Semipalatinsk,
Kazakhstan
Near Polygon test field (10 000)
Altair area (northeast of test field) (90 000)

External and internal 131I, 137Cs,
103
Ru

Collective dose
(person–Sv)

Maximum
4000

24 000

6–17

> 100

45 000–120 000

200

3000

15 000

(1000)
(300)

3000
1500

(20 000)
(30 000)

X-RADIATION AND γ-RADIATION

Individual lifetime dose
(mSv)

From UNSCEAR (1993); Burkart (1996); Cardis et al. (1996). Values in parentheses are highly uncertain estimates.
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contribute to current exposure to radiation than to those experienced during the atomic
bombings in Hiroshima and Nagasaki (UNSCEAR, 1993).
1.3.2

Workers

Large work forces experienced considerable individual exposures during the first
few decades of the nuclear age. Whereas uranium mining results in internal exposure
to α-particles from radon daughter products, reactor operation and reprocessing result
mostly in external exposure to X- and γ-rays. In the past, radiologists and other
medical personnel were exposed to considerable doses of radiation. In the clean-up
operations near Chernobyl, a workforce of several hundred thousand persons was
exposed to a cumulative effective dose of up to 250 mSv, and even higher doses were
received immediately after the accident. Several tens of thousands of military
personnel were exposed primarily to external γ-radiation when they participated in the
atomic bomb tests conducted by the United Kingdom and the USA in the 1950s and
1960s, but the individual doses were typically a few millisieverts. Table 9 lists the
doses received by cohorts used to assess the effects of radiation among workers.
1.3.3

Patients

Even optimized tumour therapy results in high doses of X- and γ-rays to healthy
tissue adjacent to or overlying the target volume. Whole-body irradiation before bonemarrow transplantation in leukaemia patients is an example of treatment used in
younger patients with potentially long survival and a concomitant risk for a second
cancer. Ionizing radiation was also used in the past against fungal infections by
inducing epilation of the scalp, to reduce inflammatory processes and against enlarged
thymuses. Patients with tuberculosis who underwent multiple fluoroscopies also
received high doses (UNSCEAR, 1993). Table 10 gives an overview of the doses
received by some of the cohorts used in studies to assess cancer risks in patients
exposed to X- and γ-rays.

2.
2.1

Studies of Cancer in Humans

Introduction

A wealth of information exists about the health consequences of human exposure
to ionizing radiation (Committee on the Biological Effects of Ionizing Radiations,
1990 (BEIR V), 1998 (BEIR VIII); ICRP, 1991a; UNSCEAR, 1994; Boice, 1996,
1997; Upton, 1999). Important epidemiological studies of humans exposed to
radiation are listed in Table 11. It is from these epidemiological studies that radiation
risks are identified and quantified in humans.

Population

Major exposure

Individual lifetime dose (mSv)
Average

Maximum

Collective dose
(person–Sv)

Mayak workers (8800)

External from short-lived fission
products, 239Pu inhalation

1300

> 5500

12 000 000

Nuclear workers (86 000, three countries)

External γ-radiation

40

> 500

3800

Chernobyl liquidators, 1986–87 (200 000)

External from fission products

100

Several Sv

20 000

Early radiologists (5000)

–

10 000

–

Bomb testing personnel (70 000)

1–4

–

100–200

X-RADIATION AND γ-RADIATION

Table 9. Main occupational populations exposed to X- and γ-radiation

From Seltser & Sartwell (1965); Smith & Doll (1981); Robinette et al. (1985); Darby et al. (1993); UNSCEAR (1993)
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Disease

Ankylosing spondylitis
Bone-marrow eradication in leukaemia
Haemangioma
Tinea capitis
Mastitis
Tuberculosis treated by fluoroscopy
From UNSCEAR (1993)

Major exposure

X-radiation to bone marrow
X-radiation
Soft X-radiation + 226Ra γ-radiation
X-radiation to head and neck
X-radiation to breast
X-radiation to chest, breast

Individual dose to
critical tissue (Gy)
Average

Maximum

4.4
2
0.2
6.8
3.8
0.8

14
47
24
14
6.4

Collective dose
(person–Sv)

61 000
–
2800
73 000
2 300
2 000

IARC MONOGRAPHS VOLUME 75

Table 10. Main populations of patients exposed to X- and γ-radiation
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Table 11. Epidemiological studies that provide quantitative estimates of
doses of radiation to specific organs and cancer risks
Outcome

Type of exposure

Study population

Cancer
mortality

Atomic bombs
Radiotherapy for
benign disease

Japanese bomb survivors (Pierce et al., 1996)
Patients with ankylosing spondylitis (Weiss et al., 1994,
1995)
Patients with benign gynaecological disorders (Inskip et al.,
1990a, 1993; Darby et al., 1994)
Patients with peptic ulcer (Griem et al., 1994)
Nuclear workers (Cardis et al., 1995)
Patients with tuberculosis examined by fluoroscopy (Davis
et al., 1989; Howe, 1995; Howe & McLaughlin, 1996)

Occupation
Diagnostic procedures
Cancer
incidence

Atomic bombs
Radiotherapy for
malignant disease

Radiotherapy for
benign disease

Diagnostic
procedures

Japanese bomb survivors (Preston et al., 1994; Thompson
et al., 1994)
Patients with cervical cancer (Boice et al., 1987, 1988)
Patients with childhood cancer (Tucker et al., 1987a,b, 1991;
Hawkins et al., 1992, 1996; Wong et al., 1997; de Vathaire
et al., 1999a)
Patients with breast cancer (Boice et al., 1992; Curtis et al.,
1992; Storm et al., 1992)
Patients with endometrial cancer (Curtis et al., 1994)
Patients with Hodgkin disease (Hancock et al., 1993; Bhatia
et al., 1996)
Patients undergoing bone-marrow transplantation (Curtis
et al., 1997)
Patients with breast disease (Shore et al., 1986; Mattson
et al., 1993, 1997)
Patients with tinea capitis (Ron et al., 1988a,b, 1989, 1991)
Patients with an enlarged thymus (Shore et al., 1993)
Patients with enlarged tonsils (Schneider et al., 1993)
Patients with haemangioma (Lundell et al., 1994; Lundell &
Holm, 1995; Lundell et al., 1996, 1999)
Patients with tuberculosis examined by fluoroscopy (Boice
et al., 1991a,b)

From UNSCEAR (1994); Boice (1996); Upton (1999)

The epidemiological studies that provided evidence that ionizing radiation, and Xrays and γ-rays in particular, are associated with cancer in humans are summarized
below. The studies are divided into four categories of exposure: that due to military
use, to medical use, to occupational exposure and environmental exposure. Not all
studies are discussed: the Working Group emphasized those with large numbers, documented exposure and minimum influences of bias or confounding factors. Case
reports are not included.
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Radiation is unique among other known or suspected carcinogenic exposures in
that standing committees have existed for over 50 years that periodically review the
human and experimental evidence linking radiation to cancer. Table 11 indicates the
wide range of studies, practically all of cohort design, that have provided quantitative
estimates of cancer risk in human populations. Studies of both mortality and incidence
have been conducted in populations around the world. The single most important
investigation, that of the atomic bomb survivors, has been under way for over 45 years
and provides quantitative risk estimates for use by committees in setting standards.
Most information on the effects of radiation comes from studies of patients treated for
malignant or benign conditions, and the most informative study of the medical use of
radiotherapy is the International Cervical Cancer Patient Study (Day & Boice, 1984),
which involved nearly 200 000 women who were followed for over 40 years. Studies
of patients treated for benign conditions, such as ankylosing spondylitis, also provided
data on the carcinogenicity of radiation. Studies of diagnostic examinations such as
frequent chest fluoroscopies to monitor lung collapse, used in the treatment of tuberculosis, are important sources of information on the effects of fractionation, when a dose
is spread over long periods as opposed to a brief period as occurred during the atomic
bombings. The doses observed in studies of occupational exposure are much lower
than those in studies of medical uses, except those of pioneering radiologists who must
have received very high doses, although they were not recorded. As the doses to which
most people are exposed occupationally and in the environment are very low, studies
of such populations are uninformative for establishing a causal relationship with
cancer. The final sections cover issues in quantitative risk assessment and a discussion
of the many factors that affect the development of radiation-induced cancer, such as
age at exposure.
2.2

Military uses

2.2.1

Detonation of atomic bombs over Hiroshima and Nagasaki

The Life Span Study is an on-going study conducted by the Radiation Effects
Research Foundation (and its predecessor, the Atomic Bomb Casualty Commission
(Shimizu et al., 1990)) to investigate the long-term health effects of exposure to
radiation during the atomic bombings of Hiroshima and Nagasaki, Japan, in 1945.
A number of features make this study a singularly important source of information for
assessing the risks associated with exposure to radiation. These include the large size
of the exposed population, consisting of both men and women of a wide range of ages
who received various doses, long-term follow-up for mortality from and incidence of
cancer, well-characterized estimates of the doses received by individual study subjects
and the availability of clinical, biological and other information relevant for epidemiological studies. This study has resulted in hundreds of publications which are
relevant to understanding various aspects of the effects of exposure to radiation on
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human health and has served as the primary source of data for quantitative assessments
of the risk due to exposure to ionizing radiation (see also sections 2.6 and 2.7).
The study has a number of limitations which must be considered in interpreting its
results. The subjects were all Japanese exposed during wartime, and host and environmental factors may have modified their risk for cancer. In addition, the study sample
includes only those still alive five years after the bombings. The effect of this initial
selection on the estimated cancer risk is a subject of debate. Although it is known that
the dose was predominantly from exposure to γ-radiation, the contribution of neutrons
and the yield of the bomb dropped on Hiroshima are uncertain. Although these limitations may affect the estimated magnitude of the risk for radiation-induced cancers and
their generalizability to other populations, they do not affect the overall conclusion of
an association between exposure to radiation and cancer.
The Life Span Study cohort consists of approximately 120 000 people
(UNSCEAR, 1994) who were identified at the time of the 1950 census, and individual
doses have been reconstructed. Several versions of the dose estimates have been
published (see Overall introduction). The current version, DS86, is available for 86 572
survivors who were in the cities at the time of the bombings, and most of the recent
analyses (and all of the results presented here) were limited to this subcohort. Table 12
summarizes the distribution of doses among these subjects. Sieverts are used to express
weighted organ doses, while grays are used for exposure (shielded kerma) unadjusted
for attenuation by the body. Doses to organs, such as ‘marrow dose’, are given as
weighted doses unless reference is made specifically to γ-rays or neutrons. When no
specific type of cancer is mentioned, dose refers to weighted dose to the colon, chosen
as representative of a more general dose.
A major strength of the Life Span Study is the virtually complete ascertainment of
deaths ensured by use of the Japanese family registration system, known as koseki.
Follow-up of the cohort began in 1950 and was updated at three-year cycles. The latest
published data on mortality from cancer cover the period 1950–90 (Pierce et al.,
1996). An additional source of information on leukaemia and related haematological
disease is the Leukemia Registry (Brill et al., 1962; Ichimaru et al., 1978). It later
became possible to analyse cancer incidence by linkage to the Hiroshima and
Nagasaki tumour registries (Mabuchi et al., 1994; Thompson et al., 1994), which
allows ascertainment of persons who remained in the two cities. A limitation of these
data is that they do not include diagnoses of cancers before 1958 or for persons who
migrated from the two cities. The incidences of haematological malignancies and of
other cancers (referred to below as ‘solid tumours’) in 1958–87 have been published
(Preston et al., 1994; Thompson et al., 1994). The main results of the latest analyses
of cancer mortality and incidence are summarized below. The modifying effects of age
at exposure, sex and time since exposure are addressed in section 2.7.
Figure 3 shows the excess relative risk (ERR; relative risk –1) per sievert for each
of several cancers and for all solid tumours combined. Slightly more recent results for
mortality (1950–90) were reported by Pierce et al. (1996); the only change is that the
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City

Total
no.

DS86 weighted dose to the colon (Sv)
< 0.005

0.005–0.02

0.02–0.05

0.05– 0.1

0.1– 0.2

0.2– 0.5

0.5– 1.0 1.0– 2.0

> 2.0

Hiroshima
Nagasaki

58 459
28 113

21 370
15 089

11 300
5 621

6 847
2 543

5 617
921

4 504
963

5 078
1 230

2 177
1 025

1 070
538

496
183

Total

86 572

36 459

16 921

9 390

6 538

5 467

6 308

3 202

1 608

679

From Pierce et al. (1996)
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Table 12. Numbers of subjects by radiation dose and city in the Life Span Study of survivors of the
atomic bombings
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Figure 3. Excess relative risks per sievert and 90% confidence intervals
for the incidence of solid tumours (1958–87) and mortality from solid
tumours (1950–87) among survivors of the atomic bombings

From UNSCEAR (1994). CNS, central nervous system
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ERR for cancer of the gall-bladder is closer to the level of statistical significance in
the new data (p = 0.06) than in the older data (p = 0.13; Shimizu et al., 1990). The
most recent published estimates of the ERR and excess absolute risk (EAR; number
of excess cases or deaths per 10 000 person-years Sv) for cancer incidence are shown
in Table 13 for several sites of cancer. The findings for leukaemia, all solid tumours
and cancers of the female breast and thyroid are presented below, followed by an
indication of the extent to which cancers at other specific sites have been linked with
radiation in the Life Span Study cohort.
(a)

Leukaemia

Leukaemia was the first cancer to be linked with exposure to radiation after the
atomic bombings (Folley et al., 1952), and the ERR for this malignancy is by far the

Table 13. Estimates of risk for increased incidence of cancer by site,
1958–87, in the Life Span Study of survivors of the atomic bombings
Cancer site/organ system

No. of cases

ERR1Sv
(95% CI)

EAR per 10 000
person–years Sv
(95% CI)

0.63 (0.52, 0.74)
0.29 (−0.09, 0.93)
1.8 (0.15, 6.0)
0.28 (–0.21, 1.0)
0.32 (0.16, 0.50)
0.72 (0.29, 1.3)
0.21 (–0.17, 0.75)
0.49 (0.16, 0.92)
0.12 (–0.27, 0.72)
0.18 (–0.25, 0.82)
0.95 (0.60, 1.4)
1.0 (0.41, 1.9)
1.6 (1.1, 2.2)
–0.15 (–0.29, 0.10)
0.99 (0.12, 2.3)
0.29 (–0.21, 1.2)
1.0 (0.27, 2.1)
0.71 (−0.11, 2.2)
0.26 (–0.23, 1.3)
1.2 (0.48, 2.1)
4.4 (3.2, 5.6)

29.7 (24.7, 34.8)
0.23 (−0.08, 0.65)
NR
0.30 (–0.23, 1.0)
4.8 (2.5, 7.4)
1.8 (0.74, 3.0)
0.43 (–0.35, 1.5)
1.6 (0.54, 2.9)
0.18 (–0.41, 1.1)
0.24 (–0.36, 1.1)
4.4 (2.9, 6.0)
0.84 (0.40, 1.4)
6.7 (4.9, 8.7)
–1.1 (–2.1, 0.68)
1.1 (0.15, 2.3)
0.61 (–0.46, 2.2)
1.2 (0.34, 2.1)
0.29 (–0.50, 0.79)
0.19 (–0.17, 0.81)
1.6 (0.78, 2.5)
2.7 (2.0, 3.5)

Exposeda Unexposed
All solid tumours
Oral cavity and pharynx
Salivary gland
Oesophagus
Stomach
Colon
Rectum
Liver
Gall-bladder
Pancreas
Trachea, bronchus and lung
Non-melanoma skin
Female breast
Uterus
Ovary
Prostate
Urinary bladder
Kidney
Nervous system
Thyroid
Leukaemiab

4327
64
13
84
1305
223
179
283
143
122
449
91
289
349
66
61
115
34
69
129
141

4286
68
9
101
1353
234
172
302
152
118
423
77
240
375
67
79
95
39
56
96
67

From Thompson et al. (1994). ERR1Sv, excess relative risk at 1 Sv; EAR, excess absolute risk;
CI, confidence interval
a
Defined as a dose to the colon ≥ 0.01 Sv
b
Based on data for 1950–87 and bone-marrow dose, from UNSCEAR (1994); 90% CI
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highest (Table 13). Figure 4 shows the EARs for leukaemia plotted as a function of
dose to the bone marrow, based on the most recent mortality analyses (Pierce et al.,
1996). This Figure demonstrates a clear increase in risk with increasing dose over the
range 0–2.5 Sv.
Figure 4. Excess absolute risks for death from leukaemia
per person in the Life Span Study, 1950–90, of survivors
of the atomic bombings

From Pierce et al. (1996); bars = standard error

Table 14, also based on the analysis of Pierce et al. (1996), presents the observed
numbers of leukaemia deaths, the estimated expected background numbers and their
differences, by dose category. The excess deaths are those estimated to be attributable
to radiation. Because these values are estimates, they are subject to statistical variation,
and thus negative values are possible; the negative excesses in the first dose category
are well within sampling variation of a true value of zero. The excess of deaths among
people whose dose was greater than zero, i.e. (87–9)/(249–73) = 44%, may be considered to correspond to the percentage of tumours due to exposure to radiation, or the
attributable risk among exposed persons.
Although the temporal patterns of leukaemia risk are more complex than those of
solid tumours (see below), the largest excess risks were generally seen in the early
years of follow-up. For people exposed as children, essentially all of the excess deaths
appear to have occurred early in the follow-up. For people exposed as adults, the
excess risk was lower than that of people exposed as children and appears to have
persisted throughout the follow-up. Detailed investigations (Preston et al., 1994) have
been made of the patterns of risk by time since exposure, age at exposure and sex for
four major subtypes of leukaemia—acute lymphocytic leukaemia, acute myelogenous
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Table 14. Observed and expected numbers of
deaths from leukaemia in the Life Span Study,
1950–90, of survivors of the atomic bombings
Dose (Sv)a

No. of
subjects

< 0.005
0.005–0.1
0.1–0.2
0.2–0.5
0.5–1.0
1.0–2.0
> 2.0

35 458
32 915
5 613
6 342
3 425
1 914
905

73
59
11
27
23
26
30

64
62
11
12
7
4
2

9
–3
0
15
16
22
28

Total

86 572

249

162

87

No. of
deaths
observed

No. of
deaths
expected

Excess
no. of
deaths

From Pierce et al. (1996)
a
Dose to red bone marrow

leukaemia, chronic myelogenous leukaemia and adult T-cell leukaemia—and dose–
response relationships were seen for the first three. The other major type of leukaemia,
chronic lymphocytic leukaemia, is infrequent in Japan, and no excess was seen in the
Life Span Study cohort. One of the important recent developments in studies of
leukaemia in the atomic bomb survivors was the reclassification of leukaemia cases by
new systems and criteria, including the French–American–British classification after
1975 (Matsuo et al., 1988; Tomonaga et al., 1991), which made it possible to analyse
the data on leukaemia in the Life Span Study by subtype.
(b)

All solid tumours

Figure 5 shows the ERRs for all solid tumours by dose to the colon. As for
leukaemia, an increase in risk with increasing dose over the range 0–2.5 Sv is seen.
Excess deaths from solid tumours are shown in Table 15. The attributable risk for
solid tumours is estimated to be 8%—much smaller than the estimate of 44% for
leukaemia. The temporal pattern of solid tumours differs from that of leukaemia as it
includes a longer minimal latent period. The ERR for solid tumours remained remarkably constant from about 5–9 years after exposure to the end of the follow-up period,
but the number of excess deaths increases monotonically with each successive fiveyear period of follow-up, and the EAR is roughly proportional to the rapid age-specific
increase in background risk. For people who were exposed when they were under the
age of 30, nearly half of the excess deaths during the entire 40 years of follow-up have
occurred in the last five years.
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Figure 5. Excess relative risks for solid tumours, adjusted
to men aged 30 at the time of exposure, in the Life Span
Study of survivors of the atomic bombings

From Pierce et al. (1996); bars = standard error

Table 15. Observed and expected numbers of
deaths from solid tumours in the Life Span
Study, 1950–90, of survivors of the atomic
bombings
Dose (Sv)a

No. of
subjects

No. of
deaths
observed

No. of
deaths
expected

Excess no.
of deaths

< 0.005
0.005–0.1
0.1–0.2
0.2–0.5
0.5–1.0
1.0–2.0
> 2.0

36 459
32 849
5 467
6 308
3 202
1 608
679

3 013
2 795
504
632
336
215
83

3 055
2 710
486
555
263
131
44

–42
85
18
77
73
84
39

Total

86 572

7 578

7 244

334

From Pierce et al. (1996)
a
Weighted dose to the colon used to represent all solid
tumours
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Of the 86 572 subjects for whom DS86 dose estimates are available, 56% were
still alive at the end of 1990, the end of the period for which mortality has been
reported. Of the 46 263 subjects who were under the age of 30 at the time of the
bombings, 87% were still alive at the end of 1990 (Pierce et al., 1996). This indicates
the importance of continued follow-up of the Life Span Study cohort.
(c)

Site-specific cancer risks

Although the nearly complete ascertainment of mortality is a major strength of the
Life Span Study, information from death certificates is not optimal for analyses of the
risks for cancers in specific organs and tissues. The causes of death reported on death
certificates are generally reliable for major groups of cancer but are less reliable for
some specific sites, and provide only partial ascertainment of cancers that are less
often fatal. The histological types of cancer are generally not recorded on death certificates. Data on cancer incidence from tumour registries fill these gaps and complement the data on mortality. The following discussion of site-specific cancer risks is
therefore based primarily on incidence.
(i)
Female breast cancer
The risk for breast cancer among women in the Life Span Study (Tokunaga et al.,
1994) shows a strong linear dose–response relationship and a remarkable age dependence (Figure 6). The ERR for this cancer is one of the largest of those for solid
tumours (see Table 13), but it decreases smoothly and significantly with increasing age
at the time of exposure. Figures on incidence from the tumour registries showed, for
example, that the ERR of women who were under 10 years of age at the time of
exposure was five times that of women who were over 40 years of age at that time.
Land et al. (1994a,b) investigated the interaction between exposure to radiation and
known risk factors for breast cancer in a case–control study nested in the Life Span
Study and found a multiplicative relationship between exposure and age at the time of
a first full-term pregnancy, the number of children and cumulative period of breastfeeding.
(ii) Thyroid cancer
After early reports of increased risks for thyroid cancer among atomic bomb
survivors, a dose-related increase in the incidence of thyroid cancer was demonstrated
in the early 1960s (Socolow et al., 1963) from the results of periodic clinical examinations of a subcohort of approximately 20 000 persons (the ‘Adult Health Study’).
More detailed analyses based on incidence in the Life Span Study cohort showed a
strong dependence of risk with age at exposure, the risk being higher among people
who had been less than 19 years old at the time of the bombings (Thompson et al.,
1994). In fact, no association was found for subjects who had been over the age of 14
when exposed (ERR/Gy, 0.4; 95% CI, –0.1, 0.2; n = 169), while the risk of people
exposed as children (< 15 years) was significantly elevated (ERR/Gy, 4.7; 95% CI,
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Figure 6. Estimated excess relative risks (ERRs) per
sievert for breast cancer among women in the Life
Span Study, according to age at the time of the atomic
bombings

From Tokunaga et al. (1994). Derived from the model ERR (D;E) =
αD exp(β1E), where D is the equivalent dose in sieverts (relative
biological effectiveness of neutrons = 10) and E is age at the time of
the bombings. The estimates and 90% confidence intervals (CIs) are
stratified on city, age at the time of the bombings, attained age and
period of follow-up. The numbers above the CIs are the numbers of
cases for each age interval.
*Minimum value feasible for lower confidence limit

1.7–11; n = 56) (Ron et al., 1995). Among children who were under 15 at the time of
the bombings, a steep decrease in risk with age at exposure was found, and children
who were exposed between the ages of 10 and 14 had one-fifth the risk of those
exposed when they were under 5.
(iii) Other sites
Cancers at other sites that are clearly linked with exposure to radiation in the Life
Span Study include those of the salivary glands, stomach, colon, lung, liver, ovary and
urinary bladder, and nonmelanoma skin cancer. For most of these sites, statistically
significant associations were found for both mortality and incidence. A study of cancers
of the salivary glands involving reviews of slides strengthened the evidence for an association (Land et al., 1996). A similar study of nonmelanoma skin cancer showed a
significant dose–response relationship for all nonmelanoma skin cancer as a group, for
basal-cell carcinoma and for non-basal-, non-squamous-cell epithelial skin carcinoma,
but not for squamous-cell carcinoma (Ron et al., 1998a).
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The evidence for an association with exposure to radiation is equivocal for cancers
of the oesophagus, gall-bladder, kidney and nervous system and for non-Hodgkin
lymphoma and multiple myeloma, as the results are either of borderline statistical
significance or those for incidence and mortality conflict (UNSCEAR, 1994).
Cancers for which there is little evidence of an association with exposure to
radiation include those of the oral cavity (except salivary glands), rectum, pancreas,
uterus and prostate and Hodgkin disease. Small numbers of cases and diagnostic misclassification may have contributed to the failure to demonstrate an association, as all
of the upper confidence limits of the risk estimates were positive. Therefore, the
possibility of associations with these cancers cannot be excluded on the basis of the
Life Span Study alone (UNSCEAR, 1994).
2.2.2

Nuclear weapons testing

A number of epidemiological studies have been carried out to assess the risks for
cancer associated with exposure to radiation resulting from nuclear weapons tests. The
populations that have been studied are those who were living near the tests sites and
were thus exposed to radioactive fall-out, and military personnel who participated in
the tests and were thus exposed primarily to external γ-radiation with possible internal
exposure by ingestion or inhalation of radionuclides. Many of the results are inconclusive, largely because of the lack of individual doses and in some cases because the
approaches used, such as population-based ecological (correlation) studies, are not
adequate for assessing risk.
(a)

People living near weapons test sites

(i)
Nevada test site
Between 1951 and 1958, the US Atomic Energy Commission carried out more
than 100 atmospheric tests of nuclear weapons at a test site in Nevada, resulting in the
deposition of radioactive fall-out in regions surrounding the site. The heaviest exposure was in southwestern Utah and in adjacent areas of Nevada and Arizona. The
cancer risks of residents of areas downwind of the test site have been the subject of
studies of varying kind and quality. Studies of leukaemia clusters and risks and of the
risks for thyroid disease led to a population-based case–control study in Utah of 1177
persons who had died of leukaemia (cases) and 5330 who had died of other causes
(controls) (Stevens et al., 1990). The median dose of cases and controls was estimated
to be 3.2 mGy. A weak, nonsignificant association was found between dose to the bone
marrow and acute leukaemias (excluding chronic lymphocytic leukaemia) when all
ages and all periods after exposure were considered (odds ratio, 1.7; 95% CI, 0.94–3.1
for those exposed to ≥ 6 mGy; n = 17). [The Working Group noted that the dose
estimates were largely determined by the doses assigned to the place of residence.]
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(ii) Semipalatinsk test site
In 1949, the Semipalatinsk test site was created in northeastern Kazakhstan, then
part of the USSR, and 118 atmospheric nuclear and thermonuclear devices were
exploded before 1962, 26 of which were near the ground; between 1965 and 1989, 370
underground nuclear explosions were carried out, and two additional atmospheric
tests were conducted in 1965. Most of the contamination and exposure resulted from
the early atmospheric testing. The estimated effective doses from external and internal
exposure attributable to the 1949 and 1953 tests (the two largest atmospheric tests) in
villages near the test site range from 70 to 4470 mSv (Gusev et al., 1997), most local
residents being exposed to an effective dose of 100 mSv. The incidence of cancer
among children under the age of 15 during 1981–90 in four administrative zones of
Khazakhstan in relation to distance from the test site was studied by Zaridze et al.
(1994): the risk for acute leukaemia rose significantly with increasing proximity of
residence to the testing areas, although the absolute value of the risk gradient was
relatively small. [The Working Group noted that potential confounders, notably
urban–rural and ethnic differences, were not considered in the analyses.]
(b)

Military personnel participating in weapons tests

Follow-up of more than 20 000 participants in the 21 atmospheric nuclear tests
conducted by the United Kingdom in 1952–58 in Australia and islands in the Pacific
Ocean (Darby et al., 1988) and of an equally large control group of military personnel
through 1991 showed that the rate of death from leukaemia among participants was
similar to that of the general population (SMR, 1.0 [95% CI, 0.7–1.4]) but was higher
than that of the control group (RR, 1.8; 95% CI, 1.0–3.1) (Darby et al., 1993).
A small study, with follow-up for the period 1957–87, of approximately 500
personnel of the Royal New Zealand Navy involved in the test programme of the
United Kingdom in the Pacific Ocean in 1957–58, showed that mortality from all
cancers was similar (RR, 1.2; 95% CI, 0.8–1.7) to that of 1504 Navy personnel who
were not involved in the tests (Pearce et al., 1997); however, mortality from leukaemia
was greater among participants than controls (RR, 5.6; 95% CI, 1.0–42; four cases).
In a cohort study of participants in five US nuclear bomb test series between 1953
and 1957 (Robinette et al., 1985), more than 46 000 subjects were followed-up by
linkage to Veterans’ Administration records, which showed 5113 deaths. No increase
in mortality from leukaemia was observed (SMR, 0.9; 95% CI, 0.6–1.2), suggesting
that the findings of a previous smaller study of 3217 participants in a single test
(Caldwell et al., 1983), which showed a relative risk of 2.6 (95% CI, 1.1–5.1), were
probably not due to exposure to radiation.
Approximately 8500 Navy veterans who had participated in the US ‘Hard tack I’
operation in 1958, which included 35 tests in the Pacific Ocean, were found to have
had a median dose of 4 mSv (Watanabe et al., 1995). The mortality rates from all
cancers (RR, 1.1; 95% CI, 1.0–1.3) and leukaemia (RR, 0.7; 95% CI, 0.3–1.8) were
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comparable to those for an unexposed group of veterans. In a study of 40 000 military
veterans who had participated in a test in the Bikini atoll, Marshall Islands, in 1946,
the mortality rates from all cancers (RR, 1.0; 95% CI, 0.96–1.1) and from leukaemia
(RR, 1.0; 95% CI, 0.75–1.4) were similar to those for nonparticipants (Johnson et al.,
1997).
[The Working Group noted that the weaknesses of these studies include low doses
and insufficient dosimetry, which obviate a quantitative risk estimation.]
2.2.3

Production of materials for nuclear weapons

Plutonium production for nuclear weapons in the former USSR started in 1949 in
the closed city of Ozersk (the Mayak facility) situated 1200 km east of Moscow in the
southern Ural Mountains. During the early 1950s, the Techa River was severely
contaminated with radioactive wastes discharged directly into the water (Kossenko
et al., 1997). Approximately 28 000 inhabitants of the river-bank villages were
exposed, and 7500 were resettled. In 1957, a container of highly radioactive wastes
exploded, resulting in a contaminated area known as the East Urals Radioactive Trace;
this incident is referred to as the ‘Kyshtym accident’, after the name of a nearby
village. About 11 000 individuals, including approximately 1700 who had previously
lived in exposed areas along the River, were resettled. Systematic follow up of a
cohort of almost 30 000 individuals who received significant exposure from the
releases was begun in 1967.
The inhabitants of the riverside villages were exposed to both internal and external
radiation (river water, sediments and soils). Doses are available at the village level
(Degteva et al., 1994), but individual doses are being constructed (Degteva et al.,
1996). 90Sr, which accumulates in bone, was the largest component of the internal dose
(Kozheurov & Degteva, 1994). The individuals living along the River thus received
doses of external γ-radiation and of internal γ- and β-rays over several years. The
preliminary results of follow-up from 1950 through 1989, which were analysed in
linear dose–response models for excess relative risk, indicate an increased rate of
mortality from leukaemia and solid tumours related to internal and external doses of
ionizing radiation (Tables 16 and 17; Kossenko et al., 1997).
The authors emphasize that with continuing improvement of the quality of followup and dosimetry, the study of the Techa River cohort could provide important
information on the effects of protracted exposure to low doses of ionizing radiation in
an unselected population, and that this study supplements and complements the
findings of the studies of atomic bomb survivors in Japan.
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Table 16. Estimated excess numbers of cases of
leukaemiaa in the Techa River cohort and person–
years of risk in relation to dose to red bone marrow
Dose category
(Sv)

Person–yearsb

Observed

Excess

0.005–0.1
0.1–0.2
0.2–0.5
0.5–1
>1

103 031
194 858
200 144
93 873
49 398

3
13
16
9
9

–1
4
6
5
7

Total

641 304

50

21

From Kossenko et al. (1997)
Computed as the difference between the observed number of cases
and an estimate of the number expected in the absence of exposure
b
Computed through date of death, loss to follow-up or 31 December
1989
a

Table 17. Estimated excess numbers of deaths from
solid tumoursa in the Techa River cohort and person–
years of risk in relation to dose to soft tissue
Dose category (Sv)

Person–yearsb

Observed

Excess

0.005–0.1
0.1–0.2
0.2–0.5
0.5–1
>1

459 576
96 297
19 582
32 204
33 645

716
126
34
52
41

5
1
10
6
8

Total

641 304

969

30

From Kossenko et al. (1997)
a
Computed as the difference between the observed number of cases
and an estimate of the number expected in the absence of exposure
b
Computed through date of death, loss to follow-up or 31 December
1989
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Medical uses

Studies of patients irradiated for the treatment or diagnosis of diseases have
contributed substantial evidence about the carcinogenic effects of X-rays and γ-rays.
The often detailed radiotherapy records for cancer patients and those treated for
benign conditions allow precise quantification of the doses to the organs of individuals, and dose–response relationships can be studied. Further, patients with the
same initial disease treated by means other than radiation are often available for comparison. Large cohorts of patients who have been followed-up for long periods are
available, allowing evaluation of late effects and cancer in particular. Populationbased cancer registries around the world have been used to identify these patients; for
example, the risks for a second cancer after individual primary cancers in Denmark
and in Connecticut, USA, have been evaluated comprehensively (Boice et al., 1985a).
Studies of patients undergoing radiotherapy have provided information on the
risks for cancer in relatively insensitive organs, such as the rectum, that appear to be
associated with exposure to radiation only at therapeutic doses of the order of ≥ 10 Gy.
Studies of organs outside the radiation treatment fields which received lower doses
provide information on risks for cancer that are not influenced by the cytotoxic effects
of radiation. Studies of long-term survivors of radiotherapy for benign conditions,
such as past use for enlarged tonsils, have indicated that cancers such as those of the
thyroid and breast can be induced, in the absence of confounding effects of the disease
being treated or concomitant therapy. Studies of diagnostic procedures that involve
much lower doses provide limited evidence for the carcinogenicity of radiation except
when the cumulative exposure reaches a substantial level. Well over 100 studies of
patients have linked exposure to radiation to increased risks for cancer (Boice et al.,
1985a, 1996; UNSCEAR, 1994; Curtis, 1997). Only the most informative ones, which
include assessments of radiation dose, are reviewed in this section and summarized in
Table 11; more detailed listings are given in Tables 18–20.
2.3.1

Radiotherapy for malignant disease

Chemotherapy and/or hormonal therapy used in the treatment of cancers are
potential confounding factors in investigations of the risk for a second cancer.
Furthermore, patients with a malignant disease may develop a second primary cancer
because of common risk factors for the two cancers or genetic predisposition for the
second. Increased medical surveillance may contribute to the detection and reporting
of new cancers. These studies are summarized in Table 18.
(a)

Cervical cancer

External beam radiotherapy and radium and caesium applicators are used for the
treatment of cervical cancer to deliver high local doses of X-rays and γ-rays to the
cervix uteri and adjacent organs in the abdomen and pelvic area—notably the urinary

Table 18. Study characteristics and second cancers in patients receiving radiotherapy for a malignant disease
Reference

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Zippin et al.
(1971)

Cervix
(1932–51)

Women,
497/497

17–36

Bone marrow, 20

Leukaemia

No increase

Fehr & Prem
(1973)

Cervix,
squamous-cell
carcinoma
(1939–60)

Women,
627/627

>9

NR

Pelvic girdle
sarcoma

Pelvis: SIR = 650; n = 4

Clarke et al.
(1984)

Cervix, invasive
carcinoma
(1960–75)

Women,
7083/7535

7.5

Cervix, 40

All

No increase

Boice et al.
(1985b)*

Cervix
(1920–78)

Women,
82 616/182 040

7.60;
< 1–> 30

Stomach, 2
Colon, 5
Pancreas, 1.5
Lung, 0.35
Breast, 0.35
Kidney, 2.0
Bladder, 30
Thyroid, 0.15
Red bone marrow, 7.5

All, excluding
cervical cancer

Oesophagus: SIR = 1.5; n = 40
Small intestine: SIR = 2.2; n = 21
Rectum: SIR = 1.3; n = 198
Pancreas: SIR = 1.3; n = 121
Lung: SIR = 3.7; n = 493
Bladder: SIR = 2.7; n = 196
Connective tissue: SIR = 1.9; n = 27
ANLL: SIR = 1.3; n = 52

Pettersson
et al. (1985)

Cervix, carcinoma
(1914–65)

Women,
5000a/13 041

>10–45

NR

Colon, rectum,
corpus uteri,
ovary, bladder

Rectum: O/E = 1.7; n = 118
Bladder: O/E = 3.4; n = 112
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Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls
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Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Pettersson
et al. (1990)

Cervix, invasive
carcinoma
(1958–80)

Women,
16 704/16 704

8

Pelvic wall, 35–50

All

Bladder: O/E 3.5; n = 55
Rectum: O/E = 1.8; n = 47
Uterus (not corpus): O/E = 1.9;
n = 11

Arai et al.
(1991)

Cervix
(1961–81)

Women,
7694/11 855

8

Pelvis, 50

All

Leukaemia: SIR = 2.6; n = 9
Rectum: SIR = 1.9; n = 25
Bladder: SIR = 2.1; n = 9

Hancock et al.
(1991)*

Hodgkin disease
(1961–89)

Both sexes,
1677/1787

10

Cervical lymph node
area, 44

Thyroid

Thyroid: SIR = 16; n = 6

Hancock et al.
(1993)

Hodgkin disease
(1961–90)

Women,
383/885

10

Radiotherapy alone,
7.5–≥ 40

Breast

Breast: SIR = 3.5; n = 12

Khoo et al.
(1998)

Hodgkin disease
(1970–89)

Both sexes,
320/320

9; 1–23

Thyroid, 40

Thyroid

Thyroid: RR = 6.7; n = 4

Harvey &
Brinton (1985)

Breast
(1935–82)

Women,
11 691/41 109

> 20

NR

All

Second breast cancer: RR = 3.9;
n = 544

Yoshimoto
et al. (1985)

Breast
(1960–70)

Women,
733/1359

11

NR

All

Second primary cancer: SIR = 8.7;
n = 61

Andersson
et al. (1991)

Breast
(1977–82)

Women,
846/3538

8

NR

All

Second breast cancer: SIR = 4.2;
n = 47

Taghian et al.
(1991)

Breast
(1954–83)

Women,
6919/7620
> 1 year follow-up

7

Sarcoma, 45

Soft-tissue
sarcoma

Soft tissue: SIR = 1.8; n = 11
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Cohort studies (contd)

Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Breast
(1973–93)

Women,
62 453/251 750

< 20

NR

Pleural
mesothelioma

No significant increase

Pride &
Buchler (1976)

Gynaecological
malignancies
(1956–74)

Women,
4238/4238

> 10

NR

Vaginal,
cervical
carcinoma

No increase

Ahsan &
Neugut (1998)

Breast
(1973–93)

Women,
47 915/220 806

6

NR

Oesophagus

Oesophageal squamous-cell
carcinoma: RR = 5.4; n = 20
(≥ 10 years after radiotherapy)

Maier et al.
(1997)

Gynaecological
carcinomas
(1972–93)

Women,
10 709/10 709

22

Pelvis, 67.5

Urinary tract

Bladder: RR = 4.7; n = 6

Jacobsen et al.
(1993); Møller
et al. (1993)

Testisb
(1943–87)

Men,
6187/6187

9.5

Lymph nodes, 20–45

All

Sarcoma: SIR = 4; n = 13
Stomach: SIR = 2.1; n = 34
Colon: SIR = 1.5; n = 28
Pancreas: SIR = 2.3; n = 21
Kidney: SIR = 2.3; n = 21
Bladder: SIR= 2.1; n = 47
Non-melanoma skin: SIR = 2.0;
n = 68
Leukaemia: SIR = 2.4; n = 18

Horwich &
Bell (1994)

Testicular
seminoma
(1961–85)

Men,
859/859

10

NR

All

Leukaemia: SIR = 6.2; n = 4
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Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Travis et al.
(1997)*

Testis
(1935–93)

Men,
8841/28 843

10

NR

All

Stomach: SIR = 1.95; n = 93
Bladder: SIR = 2.0; n = 154
Pancreas: SIR = 2.2; n = 66

Neugut et al.
(1997b)

Prostate
(1973–93)

Men,
34 889/141 761

0.5–> 8

NR

Bladder, rectal
carcinoma,
ANLL, CLL

Bladder: RR = 1.5; n = 38
(> 8 years after radiotherapy)

Maxon et al.
(1981)

Head and neck
(1963–67)

Both sexes,
554/1 266

21.5

Salivary gland, 5 ± 2

Salivary gland

Salivary gland: p = 0.049; n = 3

Potish et al.
(1985)

Childhood cancer
(1953–75)

Both sexes,
330/330

14 (5–30)

NR

All

None

Hawkins et al.
(1987)*

Childhood CNS
cancerc
(1962–79)

Both sexes,
1101/9279

19

NR

All

All: RR = 6.2; n = 10

Eng et al.
(1993)*

Retinoblastoma
(1914–84)
Bilateral

Both sexes,
965/1603
835/919

17

NR

All (results for
bilateral
retinoblastoma)

Bone: SMR = 630; n = 34
Soft tissue: SMR = 880; n = 15
Skin melanoma: SMR =180; n = 7
Brain: SMR = 45; n = 8

Bhatia et al.
(1996)*

Childhood
Hodgkin disease
(1955–86)

Both sexes,
1270/1380
(897 girls)

11
(median);
0.1–37

Breast, < 20–> 40

All

Breast: 20–40 Gy; RR = 5.9; n, NR

de Vathaire
et al. (1999a)*

Childhood cancer
(1942–85)

Both sexes,
2827/4096

15; 3–45

Thyroid, 7.0

Thyroid

Thyroid carcinoma: SIR = 80;
n = 14
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Cohort studies (contd)

Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Cohort studies (contd)
de Vathaire
et al. (1999b)*

Childhood cancer
(1942–85)

Both sexes,
3013/4400

15; 3–48

Brain, 8.6
Breast, 5.1
Colon, 8.1

All

Brain: O/E = 44; n = 8
Breast: O/E = 5.1; n = 4

Curtis et al.
(1997)*

Bone-marrow
transplantation for
cancer
(1964–92)

Both sexes,
14 656/19 229

5; 1–25

Whole body
Single, ≥ 10
Total fractionated,
≥ 13

All

Melanoma: RR = 8.2; n = 7
Brain: RR = 4.3; n = 8
Thyroid: RR = 5.8; n = 6

Case–control studies
Boivin et al.
(1986)

All
(1933–72)

Both sexes,
398/781

6; 1–28

NR

Leukaemia

Leukaemia excluding CLL (232 cases):
RR = 1.6; n = 82

Nandakumar
et al. (1991)

All
(1974–86)

Both sexes,
97/194

NR

NR

Myeloid
leukaemia

No increase

Zaridze et al.
(1993)

All
(1975–90)

Both sexes,
165/294

NR

NR

All

None
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Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Boice et al.
(1988)*

Cervix
(1920–78)

Women,
4188/6880

7.6;
< 1–> 30

Stomach, 2
Small intestine, 10–20
Colon, 24
Rectum, 30–60
Uterus, 165
Ovary, 32
Vagina, 66
Bladder, 30–60
Bone, 22
Connective tissue, 7
Stomach, 2
Pancreas, 2
Kidney, 2
Breast, 0.3
Thyroid, 0.1
Red bone marrow, 7

All, excluding
cervical cancer

Stomach: RR = 2.1; n = 338
Vagina: RR = 2.65; n = 100
Bladder: RR = 4.05; n = 267
Leukaemia excluding CLL:
RR, 2.0; n = 133
Rectum: RR = 1.8; n = 465

Curtis et al.
(1994)*

Corpus uteri
(1935–85)

Women,
218/775

1–50

Bone marrow, 5.2

Leukaemia

Leukaemia excluding CLL (57 cases);
RR = 1.9; n = 118

Kaldor et al.
(1990a)*

Hodgkin disease
(1960–87)

Both sexes,
163/455

1–≥ 10

Red bone marrow,
< 10–> 20

Leukaemia

Risk increased with dose ≥ 20 Gy:
RR = 8.2; n, NR

Kaldor et al.
(1992)*

Hodgkin disease
(1960–87)

Both sexes,
98/259

1–≥ 10

Lung, < 1–> 2.5

Lung

No significant increase
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Case–control studies (contd)

Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Hodgkin disease
(1966–86)

Both sexes,
30/82

1–23

Lung, 7.2

Lung

No significant increase, but
significant trend

Travis et al.
(1994)

Non-Hodgkin
lymphoma
(1965–89)

Both sexes,
35/140

8; 2–18

Red bone marrow, 9.3

ANLL

No significant increase

Travis et al.
(1995)

Non-Hodgkin
lymphoma
(1965–80)

Both sexes,
48/136

9; 2–21

Bladder, 12.0
Kidney, 12.8

Bladder and
kidney

No increase

Basco et al.
(1985)*

Breast
(1946–82)

Women,
194/194

≥ 5–≥ 10

Contralateral breast,
2.0–3.3

Contralateral
breast

No significant increase

Curtis et al.
(1989)*

Breast
(1935–84)

Women,
48/97

12;
1.6–27

Red bone marrow, 5.3

Leukaemia

No increase

Boice et al.
(1992)*

Breast
(1935–82)

Women,
655/1189

5–> 10

Contralateral breast,
2.8

Contralateral
breast

For < 45 years old, RR = 1.6; n = 78

Curtis et al.
(1992)*

Breast
(1973–85)

Women,
90/264

5; 2–12

Red bone marrow, 7.5

All leukaemia
& myelodysplasia

ANLL: RR, 2.4; n = 12

Storm et al.
(1992)*

Breast
(1943–78)

Women,
529/529

8–> 25

Contralateral breast,
2.5

Contralateral
breast

No significant increase

Inskip et al.
(1994)*

Breast
(1935–71)

Women,
61/120

10–46

Lung, 9.8

Lung

For ≥ 15 years after treatment,
RR = 2.8; n, NR
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Table 18 (contd)
Reference

Index cancer
(period of
diagnosis)

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Neugut et al
(1994)

Breast
(1986–89)

Women,
121/1043

> 10

NR

Lung

Lung: OR = 2.8; n, NR

Karlsson et al.
(1996)*

Breast
(1960–80)

Women,
18/54

1–26

Breast (integral dose),
152 J

Soft-tissue
sarcoma

Soft-tissue sarcoma: p = 0.008 with
integral dose; n = 16

Kaldor et al.
(1990b)*

Ovary
(1960–85)

Women,
114/342

1–> 10

Red bone marrow,
< 10–> 20

Leukaemia

No significant increase

Kaldor et al.
(1995)*

Ovary
(1960–87)

Women,
63/188

0–> 15

Bladder, 35

Bladder

No significant increase

Travis et al.
(1999)*

Ovary
(1980–93)

Women,
96/272

4 (max.,
14)

Red bone marrow,
18.4

Leukaemia

No increased risk

Tucker et al.
(1987a)*

Childhood cancer
(1936–79)

Both sexes,
64/209

2–≥ 20

Bone, 27

Bone sarcoma

Bone: OR = 2.7; n = 54

Tucker et al.
(1987b)*

Childhood cancer
(1945–79)

Both sexes,
25/90

>2

Red bone marrow,
10 (0–38)

Leukaemia

No increase

Tucker et al.
(1991)*

Childhood cancer
(1945–79)

Both sexes,
23/89

5.5; 2–48

Thyroid, 12.5 (0–76)

Thyroid

Thyroid: 2–< 10 Gy, RR = 13; n = 7
10–< 30 Gy, RR = 12; n = 7
> 30 Gy, RR = 18; n = 5

Hawkins et al.
(1992)*

Childhood cancer
(1940–83)

Both sexes,
26/96

7.7

Red bone marrow,
0.01–> 15

Leukaemia

No significant increase

Hawkins et al.
(1996)*

Childhood cancer
(1940–83)

Both sexes,
59/220

10

Red bone marrow,
0.01–≥ 50

Bone

No significant dose–response
relationship
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Table 18 (contd)
Reference

Sex, no. of
exposed and total
no. of individuals
(exposed +
unexposed) or, for
case–control
studies, nos of
cases and controls

Mean
follow-up
(years)

Organ dose
(Gy, except as noted)

Second cancers
studied

Results

Case–control studies (contd)
Wong et al.
(1997)*

Retinoblastoma
(1914–84)

Both sexes,
83/89

20

Bone, 32.8
Soft tissues, 20.4

Bone and softtissue sarcoma

Bone and soft-tissue sarcoma
combined: RR (dose–response) =
1.9–10.7; n = 55

Le Vu et al.
(1998)*

Childhood cancer
(1960–86)

Both sexes,
32/160

9; 2–25

Red bone marrow, 6

Osteosarcoma

Osteosarcoma: linear increase with
dose (ERR/Gy = 1.8)

ANLL, acute non-lymphocytic leukaemia; CLL, chronic lymphocytic leukaemia; CNS, central nervous system; ERR, excess relative risk; NR, not reported;
O/E, observed/expected; OR, odds ratio; RR, relative risk; SIR, standardized incidence ratio; SMR, standardized mortality ratio
* Study cited in text
a
Only patients who survived the treatment for > 10 years were taken into account.
b
53% seminomas
c
Excluding second primary tumours for which there is a genetic predisposition
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(period of
diagnosis)
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bladder, the rectum, the ovaries, the corpus uteri, and portions of the colon and bone
marrow in the pelvis. The treatment is successful, and patients survive for many years
after radiotherapy.
An international study of nearly 200 000 women treated for cervical cancer in 15
countries has provided information on dose-related risks of second cancers associated
with radiotherapy (Day & Boice, 1984; Boice et al., 1985b, 1987, 1988, 1989). This
study is one of those that provides quantitative information on the risk for cancer
(UNSCEAR, 1988, 1994): it is a study of incidence, as opposed to mortality, with long
and complete follow-up; the numbers of exposed and unexposed patients were large,
and chemotherapy was rarely used; the existence of radiotherapy records allowed the
development of a comprehensive programme for dose reconstruction to simulate actual
individual doses. Estimates of the doses to specific organs were computed for selected
cases and controls (Boice et al., 1987, 1988).
In the initial part of the study (Day & Boice, 1984; Boice et al., 1985b), 5146
second cancers were identified in cancer registries, whereas 4736 were expected from
the rates for the general population. Radiotherapy with large doses in 82 616 women
was associated with increased risks for cancers close to or within the field of radiation,
but the authors concluded that these doses had not significantly altered the risk for
developing a second cancer at a distant site, and at most only 162 (5%) of the 3324
second cancers in these women could be attributed to radiation.
The relative risks for developing a second primary cancer after radiotherapy for
cervical cancer are shown in Figure 7 (Boice et al., 1985b). Some of the differences
seen may be due to dose: those to organs in the pelvic area were of the order of tens
of grays, those to the corpus uteri were > 200 Gy, those just outside the pelvic region
were of the order of grays and those to organs at some distance from the pelvis were
fractions of grays. Significantly increased risks were seen for cancers of the bladder,
rectum, lung, pancreas, oesophagus, small intestine and connective tissue, and significantly decreased risks were seen for cancers of the corpus uteri and ovary. No excess
risk was found within 10 years of radiotherapy for cancers at sites that received
> 1 Gy. The risk rose after 10 years and remained elevated for up to 40 years of followup. A slight but significant excess risk for acute and nonlymphocytic leukaemia was
found (RR, 1.3; p < 0.05); however, the radiation regimens used to treat cervical
cancer were not as effective in inducing leukaemia as other regimens that have been
studied, possibly because the bone marrow in the pelvis is destroyed by the very high
doses of radiation used. There was little evidence that radiation affected the incidences
of cancers of the colon, liver or gall-bladder or those of melanoma or chronic
lymphocytic leukaemia, despite substantial exposure. The incidences of second
cancers at other sites that received relatively low doses were either not increased over
that expected or were increased due to other strong risk factors, such as cigarette
smoking or alcohol drinking.
The expanded case–control study of this cohort involved 19 cancer registries and
20 oncology clinics, and 4188 women with second cancers were matched to 6880
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Figure 7. Relative risks for developing a second
primary cancer at selected sites one year or more
after radiotherapy for cervical cancer, with 95%
confidence intervals

From Boice et al. (1985b). CLL, chronic and unspecified lymphocytic leukaemia; NLL, non-lymphocytic leukaemia

controls. Doses of the order of several hundred grays significantly increased the risks
for cancers of the bladder (RR, 4.0), rectum (RR, 1.8) and vagina (RR, 2.7), and doses
of several grays increased the risks for stomach cancer (RR, 2.1) and for leukaemia
(RR, 2.0). There was no evidence of a dose-dependent increase in risk for pancreatic
cancer (Boice et al., 1988). The incidence of breast cancer was not increased overall,
even though the average dose to this site was 0.3 Gy and 953 cases were available for
evaluation; however, ovarian ablation during radiotherapy was a complicating factor
(Boice et al., 1989). Radiation was not found to increase the overall risks for cancers
of the colon, ovary or connective tissue or for Hodgkin disease, multiple myeloma or
chronic lymphocytic leukaemia (Boice et al., 1988).
(b)

Hodgkin disease

The large radiation therapy fields used in the treatment of Hodgkin disease by
external beam radiotherapy, the young age of patients and their long survival provide

168

IARC MONOGRAPHS VOLUME 75

opportunities for investigating the risk for second cancer as a consequence of exposure
to ionizing radiation. Most patients, however, are treated with a mixture of
radiotherapy and chemotherapy (Henry-Amar, 1983; Blayney et al., 1987; Kaldor
et al., 1987; Morales et al., 1992; Glanzmann et al., 1994; Beaty et al., 1995; Boivin
et al., 1995), and many studies have convincingly linked exposure to alkylating agents
to a high risk for leukaemia (see also IARC, 1987). A few have addressed the risks for
solid tumours and the role of radiotherapy alone.
In a case–control study of 163 cases of leukaemia and 455 controls nested in an
international cohort of 29 552 patients with Hodgkin disease in Canada and Europe,
Kaldor et al. (1990a) found a ninefold increase in the relative risk for leukaemia associated with chemotherapy, whereas a dose–response relationship was suggested for
patients treated with radiotherapy, the risk of leukaemia increasing with estimated
dose to the red bone marrow: relative risk, 1 for < 10 Gy; 1.6 (95% CI, 0.26–10) for
10–20 Gy and 8.2 (95% CI, 1.7–39) for > 20 Gy.
Another case–control study nested in the same international cohort (Kaldor et al.,
1992) involved 98 cases of lung cancer occurring after Hodgkin disease which were
compared with 259 matched controls without lung cancer. Patients treated with
chemotherapy had a higher risk than patients given radiotherapy only. Although the
results indicated an increasing risk with dose of radiation to the lungs for those treated
with radiation alone, neither the trend nor any of the relative risks by dose category
was statistically significant.
In a cohort of 1677 patients in the USA who were treated for Hodgkin disease and
received an average dose to the cervical lymph node area of 44 Gy, a significant excess
risk for thyroid cancer was shown, based, however, on only six cases (standardized
incidence ratio (SIR), 15.6; 95% CI, 6.3–32.5) (Hancock et al., 1991).
(c)

Breast cancer

A case–control study of leukaemia was conducted within a cohort of 82 700
women with breast cancer in the USA (Curtis et al., 1992). Detailed information on
therapy with alkylating agents and radiotherapy was obtained for 90 patients with
leukaemia and for 264 matched controls. The mean dose of radiation to red bone
marrow was 7.5 Gy. The risk for acute non-lymphocytic leukaemia was significantly
increased after radiotherapy alone (RR, 2.4; 95% CI, 1.0–5.8; 12 cases), and a dose–
response relationship was demonstrated after adjustment for the amount of chemotherapy. It was suggested that chemotherapy might interact with radiotherapy to
enhance the development of leukaemia.
In a case–control study of 655 women in whom a second breast cancer developed
≥ 5 years after a primary breast cancer and 1189 controls nested in a cohort of 41 109
women in whom breast cancer was diagnosed between 1935 and 1982 in Connecticut,
USA, an increased risk for contralateral breast cancer was found in association with
radiotherapy (mean dose, 2.8 Gy) only among women who were under 45 years of age
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at the time of treatment (RR, 1.6; 95% CI, 1.1–2.4; n = 78) (Boice et al., 1992). No
excess risk was found among older women.
A similar study performed in Denmark comprised 529 cases of contralateral breast
cancer and 529 controls with unilateral breast cancer nested in a cohort of 56 540
women with breast cancer diagnosed between 1943 and 1978; 82% of each group had
received radiotherapy at a mean dose of 2.5 Gy. Radiation did not increase the risk for
contralateral breast cancer (RR, 1.0; 95% CI, 0.7–1.5) (Storm et al., 1992). The dose
to the contralateral breast of each case and each control was known from individual
radiotherapy records in both the Danish and the US studies.
A case–control study nested in a cohort of 14 000 Canadian women with breast
cancer diagnosed between 1946 and 1982 included 194 cases of contralateral breast
cancer and 194 controls. The mean dose to the contralateral breast was 2.0–3.3 Gy,
depending on the radiation source. This study showed no excess risk for contralateral
breast cancer in association with radiotherapy (RR, 0.99; 95% CI, 0.76–1.3) (Basco
et al., 1985).
In one study, an attempt was made to reconstruct the doses of radiation to the lung
and to evaluate risk in a case–control fashion within a large cohort of breast cancer
patients reported to the Connecticut Tumor Registry (USA; Inskip et al., 1994). The
risk appeared to increase with estimated dose, but the dosimetry was complex and the
location of the initial lung tumour was often unknown (RR for ≥ 15 years after radiotherapy, 2.8; 95% CI, 1.0–8.2).
In a cohort of 13 490 women with breast cancer in Sweden (Karlsson et al., 1996),
19 cases of soft-tissue sarcoma (SIR, 2.2; 95% CI, 1.3–3.4) were found, one of which
had been misclassified and was in fact a melanoma. A matched case–control study was
conducted with respect to radiation dose and the occurrence of sarcoma inside the
radiation field. A significant correlation (p = 0.008) with the integral dose was
observed. When the analysis was restricted to sarcomas that occurred inside the
radiation field, the odds ratio was no longer significant.
(d)

Ovarian cancer

A case–control study comprising 114 cases of leukaemia and 342 controls within
an international cohort of 99 113 survivors of ovarian cancer showed no significant
excess risk for leukaemia associated with radiotherapy alone (RR, 1.6; 95% CI,
0.51–4.8) (Kaldor et al., 1990b), and no significant risk for bladder cancer was
observed (RR, 1.9; 95% CI, 0.77–4.9; n = 63) (Kaldor et al., 1995).
In a more recent international study in Europe and North America of 28 971
patients in whom ovarian cancer was diagnosed between 1980 and 1993, a case–
control study of 96 cases of secondary leukaemia and 272 controls found no risk associated with exposure to radiotherapy at a median dose to the bone marrow of 18.4 Gy
(RR, 0.4; 95% CI, 0.04–3.5) (Travis et al., 1999).
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(e)

Testicular cancer

In a study of 28 843 men with testicular cancer who survived for one year or more,
identified in 16 population-based tumour registries in Europe and North America,
1406 patients developed a second primary malignancy (Travis et al., 1997). The
overall SIR was 1.43 (95% CI, 1.36–1.51), and a significantly increased risk was seen
for acute leukaemia ([SIR, 3.4; 95% CI, 2.4–4.7]; n = 36) in relation to both chemotherapy and radiotherapy. Significantly increased risks seen for cancers of the stomach
(SIR, 1.95; 95% CI, 1.6–2.4; n = 93), bladder (SIR, 2.0; 95% CI, 1.7–2.4; n = 154) and
pancreas (SIR, 2.2; 95% CI, 1.7–2.8; n = 66) were mainly associated with
radiotherapy. The dose of radiation was not estimated, and excess risks for cancer were
noted among patients who did not receive radiotherapy.
(f)

Malignant disorders during childhood

One of the great successes in the treatment of cancer is the increased survival of
patients treated in childhood for malignancies. Radiotherapy, often in combination with
chemotherapy, has prolonged the life expectancy of children with cancer, leaving open
the possibility for the development of late effects and particularly second cancers.
Because childhood cancer is rare, national and international groups have combined
their data to evaluate the risks. The most informative studies were conducted by the
Late Effects Study Group (Tucker et al., 1984, 1987a,b, 1991) and several groups in the
United Kingdom (Hawkins et al., 1987, 1992, 1996) and France (de Vathaire et al.,
1989, 1999b). The cohort studies of children with cancer who survived for at least two
years indicate that the risk for developing a second cancer 25 years after the diagnosis
of the first cancer was as high as 12% (Tucker et al., 1984); that for a second cancer 50
years after diagnosis of hereditary retinoblastoma was as high as 51% (Wong et al.,
1997).
High doses of radiotherapy have been associated with increased risks for brain
cancer, thyroid cancer and bone and soft-tissue sarcomas, with dose–response
relationships. The effect of radiation on the risk for leukaemia is less clear because it
is difficult to control for the effect of concomitant chemotherapy (see IARC, 1987),
which is associated with a much higher risk for leukaemia than radiation and is cytotoxic at therapeutic doses.
An international cohort study of 9170 children who developed a second malignant
tumour at least two years after diagnosis of a first tumour, conducted by the Late
Effects Study Group (Tucker et al., 1984), provided information on risks associated
with radiotherapy in three nested case–control studies involving 64 cases of bone
cancer and 209 controls (Tucker et al., 1987a), 23 cases of thyroid cancer and 89
controls (Tucker et al., 1991) and 25 cases of leukaemia and 90 controls (Tucker et al.,
1987b). Although the doses to red bone marrow were accurately quantified, there was
no evidence of a dose–response relationship for leukaemia, and the authors concluded
that high doses to small volumes of tissue probably result in killing of stem cells rather
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than carcinogenic transformation. When the doses to the site of secondary bone
cancers were reconstructed, a dose–response relationship was demonstrated, but no
increase in the risk for bone cancer was observed at doses < 10 Gy, consistent with the
hypothesis that radiation-induced bone cancer occurs only after very high doses. The
relationship between dose and the relative risk for bone cancer was similar among
patients treated for bilateral retinoblastoma, who have a high risk for developing
sarcoma, and among children treated with radiation for other malignancies. The
dose–response curve for thyroid cancer (average dose, 13 Gy) was also relatively flat,
suggesting to the authors that cancer induction and cell killing have competing roles
at high therapeutic doses. In comparison with the general population, the SIR for
thyroid cancer was 53 (95% CI, 36–80).
A British cohort study of 10 106 three-year survivors of childhood cancer (Hawkins
et al., 1987) showed an SIR of 5.6 (95% CI, 3.8–8.1; n = 40) for second tumours among
2668 children with cancer (except retinoblastoma) who received radiotherapy, in comparison with the general population. For children with hereditary retinoblastoma, the
RR for second tumours was 26 (95% CI, 14–45). Two case–control studies were nested
in this study, involving 59 cases of second bone cancer and 220 controls (Hawkins et
al., 1996) and 26 cases of second leukaemia and 96 controls (Hawkins et al., 1992). A
dose–response relationship was reported for bone cancer, but it was not statistically
significant (p = 0.065). The risk for leukaemia increased with dose of radiation to the
red bone marrow, but the confidence interval around the overall estimate of risk was
wide (RR, 8.4; 95% CI, 0.9–81). [The Working Group underlined the difficulty in
controlling for the effects of chemotherapy, which is associated with very high risks for
leukaemia, in analyses of the effects of radiotherapy.]
A French–British cohort study comprised 4400 three-year survivors of childhood
cancer (de Vathaire et al., 1999b). As this cohort overlapped somewhat with those of the
Late Effects Study and the British studies described above, it is not completely independent. The SIR for the development of any second cancer among the 1045 children
who received radiotherapy alone was 5.6 (95% CI, 3.8–7.8) when compared with the
general population. Brain cancer developed as a second cancer only in children who had
received doses > 5 Gy (Little et al., 1998a). Brain cancer had previously been linked to
cranial radiotherapy for acute lymphoblastic leukaemia in children in the USA (Neglia
et al., 1991). Several case–control studies were nested in the French–British study: e.g.
32 cases of osteosarcoma and 160 controls (Le Vu et al., 1998), and 25 cases of any
second cancer and 96 controls, 23 and 74 of whom had received radiotherapy, respectively (Kony et al., 1997). Thyroid carcinoma developed at a high rate (SIR, 80) among
the 2827 children who received radiotherapy at a dose of 7 Gy (de Vathaire et al.,
1999a), and associations with radiation dose were reported for all types of second cancer
together and for osteosarcoma, leukaemia and thyroid cancer.
In a cohort study of 1380 children (483 girls) treated for Hodgkin disease, the
average dose to the chest region was 40 Gy for the girls who eventually developed
breast cancer; 17 cases of breast cancer were observed after radiotherapy alone or
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combined, giving an SIR of 75 (95% CI, 45–118) in comparison with the general
population. In seven of these cases, only radiotherapy was used, but the SIR was not
reported (Bhatia et al., 1996). The cumulative incidence of breast cancer at 40 years
of age was 35% (95% CI, 18–52). [The Working Group noted that the incompleteness
of the follow-up of persons with no medical problems could have biased the risk estimates upwards.]
Radiotherapy for retinoblastoma is associated with an increased risk for osteosarcoma (Jensen & Miller, 1971). In a cohort study of cancer mortality involving
1458 patients in the USA who were followed-up for retinoblastoma for an average of
17 years, 534 of whom received only radiotherapy, the SMR of children with bilateral
disease who received radiotherapy was 2.9 (95% CI, 2.2–3.7; n = 79) (Eng et al.,
1993).
In order to determine the long-term risk for new primary cancers among survivors
of childhood retinoblastoma and to quantify the role of radiotherapy in the development of sarcomas, the incidence of cancer was studied in the same cohort,
involving 1604 patients who had survived for at least one year after diagnosis (Wong
et al., 1997). The children were treated at hospitals in Massachusetts and New York
(USA) during 1914–84, and detailed records were available, allowing reconstruction
of doses. The incidence of subsequent cancers was significantly increased only among
the 961 patients with hereditary retinoblastoma, in whom 190 cancers were diagnosed,
whereas 6.3 were expected in the general population (RR, 30). The cumulative incidence of a second cancer 50 years after diagnosis was 51 ± 6.2% for hereditary retinoblastoma and 5 ± 3% for non-hereditary retinoblastoma. All of the 114 sarcomas of
diverse histological types occurred in patients with hereditary retinoblastoma, and the
risk was associated with exposure to radiation at doses > 5 Gy, rising to 10.7-fold at
doses > 60 Gy (p < 0.05). A dose–response relationship was demonstrated for all
sarcomas and, for the first time in humans, for soft-tissue sarcomas; however, despite
the role of genetic predisposition in the development of sarcomas, therapeutic doses
< 5 Gy did not increase the risk for cancer.
(g)

Bone-marrow transplant

Studies of patients given radiotherapy to the whole body or to part of the body at
doses of about 10 Gy in conjunction with bone-marrow transplants show an increased
risk for second cancers with evidence of a dose–response relationship (Curtis et al.,
1997). The effect of prior radiotherapy and chemotherapy could not be discounted,
however.
2.3.2

Radiotherapy for benign disease

The studies of patients treated with X- and γ-rays for benign disease (Table 19)
have provided valuable information about the role of radiotherapy in the risk for
cancer. The doses used are not nearly as high as those used to treat malignant disease,

Table 19. Study characteristics and second cancers in patients receiving radiotherapy for a benign disease
Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Shore et al.
(1986)*

Post-partum
acute mastitis
(1940–57)

Women,
601/1840

29; 20–45

Breast, 3.8

Breast

Breast: RR = 3.2; n = 56

Mattsson et al.
(1993, 1997)*

Benign breast
disease
(1925–61)

Women,
1216/3090

27; 0–61

Breast, 5.84
Lung, 0.75
Liver, 0.66
Stomach, 0.66
Pancreas, 0.37
Oesophagus, 0.28
Kidney, 0.13
Rectum, 0.008

All

Colon: RR = 1.8; n = 25
Breast: RR = 3.6; n = 183

Griem et al.
(1994)*

Peptic ulcer
(1973–65)

Both sexes,
1831/3609

21.5; 20–51

Stomach, 14.8
Colon, 0.1–12.3
Liver, 4.6
Lung, 1.8
Red bone marrow, 1.55

All

Stomach: RR = 2.8; n = 40
Pancreas: RR = 1.9; n = 28
Lung: RR = 1.7; n = 99
Leukaemia: RR = 3.3; n = 11

Alderson &
Jackson (1971)

Uterine bleeding
(1946–60)

Women,
2049/2049

15

NR

All

None

Inskip et al.
(1990a,b)*

Uterine bleeding
(1925–65)

Women,
4153/4153

27; < 60

Stomach, 0.2
Colon, 1.3
Liver, 0.2
Bladder, 6.0
Red bone marrow, 0.5
Uterus, 32
Vagina, 14

All

Colon: SMR = 1.3; n = 86
Pancreas: SMR = 1.5; n = 37
Uterus: SMR = 1.8; n = 105
Other genital sites: SMR = 1.5; n = 44
Leukaemia, excluding CLL: [SMR = 1.8];
n = 25

Reference

Cohort studies
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Table 19 (contd)
Reference

Disease treated
(period of
treatment)

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Cohort studies (contd)
Ryberg et al.
(1990)*

Uterine bleeding
(1912–77)

Women,
788/2007

28; 0–56

Pelvis, 6.5

All

Ovary, corpus uteri, cervix uteri, rectum
and bladder combined: SIR = 1.6; n = 30

Inskip et al.
(1993)*

Benign
gynaecological
disorders
(1925–65)

Women,
9770/12 955

25

Red bone marrow, 1.2

All haematological
malignancies

Leukaemia, excluding CLL: [RR = 4.7];
n = 47

Darby et al.
(1994)*

Uterine bleeding
(1940–60)

Women,
2067/2067

28; 5–30

Stomach, 0.23
Colon, 3.20
Liver, 0.27
Bladder, 5.20
Red bone marrow, 1.30

All

Colon: SMR = 1.4; n = 47
Bladder: SMR = 3.0; n = 20
Multiple myeloma: SMR, 2.6; n = 9
Leukaemia: SMR = 2.05; n = 12

Ron et al.
(1994)*

Refractory
hormonal
infertility and
amenorrhoea
(1925–61)

Women,
816/816

35

Ovary, 0.88
Pelvis, 0.62
Uterus, 0.54
Sigmoid colon, 1.02
Red bone marrow, 0.29

All

Colon: SMR = 1.9; n = 15
Non-Hodgkin lymphoma: SMR = 2.8;
n=6
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Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Table 19 (contd)
Reference

Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Weiss et al.
(1994, 1995)*

Ankylosing
spondylitis
(1935–57)

Both sexes,
14 556/15 577

25 (1–57)

Oesophagus, 5.55
Colon, 4.10
Stomach, 3.21
Liver, 2.13
Lung, 2.54
Bone, 4.54
Breast, 0.59
Bladder, 2.18
Kidney, 6.08
Thyroid, 1.41
Brain, 0.20
Red bone marrow, 5.10

All; ≥ 5 years since
first treatment

Oesophagus: RR = 1.9; n = 74
Colon: RR = 1.3; n = 113
Pancreas: RR = 1.6; n = 84
Lung: RR = 1.2; n = 563
Bone: RR = 3.3; n = 9
Prostate: RR = 1.4; n = 88
Kidney: RR = 1.6; n = 35
Non-Hodgkin lymphoma : RR = 1.7;
n = 37
Hodgkin disease: RR = 1.65; n = 13
Multiple myeloma: RR = 1.6; n = 22
Leukaemia, excluding CLL: RR = 3.1;
n = 53

Damber et al.
(1995)*

Benign lesions of
the locomotor
system or
scoliosis
(1950–64)

Both sexes,
20 024/20 024

1–38

Red bone marrow, 0.39

Haematological
malignancies

Leukaemia: SIR = 1.2; n = 116;
SMR = 1.2; n = 115

Shore et al.
(1976, 1984)*

Tinea capitis
(1940–59)

Both sexes,
2226/3613

26
(13–35)

Skin, 4.5
Thyroid, 0.1
Brain, 1.4

Thyroid, skin, brain,
leukaemia, salivary
glands, bone

Skin: RR = 3.8; n = 31
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Table 19 (contd)
Reference

Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Cohort studies (contd)
Tinea capitis
during childhood
(1948–60)

Both sexes,
10 834/27 060

30; 26–39

Thyroid, 0.09
Brain, 1.5
Breast, 0.016
Skin, 6.8
Red bone marrow, 0.3

Thyroid, brain, skin,
breast, leukaemia

Non-melanoma skin: RR = 4.2; n = 44
Brain: RR = 6.9; n = 60
Thyroid: RR = 4.0; n = 43
Leukaemia: RR = 2.3; n = 14

Janower &
Miettinen
(1971)

Thymus
enlargement
during childhood
(1924–46)

Both sexes,
466/972

30

Thyroid, 4

Thyroid, breast

Thyroid: [SIR = 34]; n = 2

Hildreth et al.
(1985, 1989);
Shore et al.
(1993)*

Thymus
enlargement
during childhood
(1926–57)

Both sexes,
2657/7490

37; 29–60

Skin, 2.3
Breast, 0.69
Thyroid, 1.4

Thyroid, breast,
skin, bone, nervous
system, salivary
gland

Skin: RR = 2.3; n = 11
Breast: RR = 3.6; n = 22
Thyroid: SIR = 24; n = 37

Li et al. (1974)

Skin
haemangioma
during childhood
(1946–1968)

Both sexes,
4746/4746

7

NR

All

None

Fürst et al.
(1988); Lundell
& Holm
(1995, 1996);
Lundell et al.
(1996)*

Skin
haemangioma
during childhood
(1920–59)

Both sexes,
14 351/14 351

39; 1–67

Bone, 0.40
Thyroid, 0.26
Red bone marrow, 0.13
Breast, 0.39
Brain, 0.08
Stomach, 0.09
Lung, 0.12
Gonads, 0.05

All

Pancreas: SIR = 3.3; n = 9
Breast: SIR, 1.2; n = 75
Thyroid: SIR = 2.3; n = 17
Endocrine glands: SIR = 2.0; n = 16
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Ron & Modan
(1980); Ron
et al. (1988a,b,
1989, 1991)*

Table 19 (contd)
Reference

Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Cohort studies (contd)
Both sexes,
12 055/12 055

33; 1–59

Thyroid, 0.116
Breast, 0.155
Lung, 0.121
Brain, 0.07

All

Brain: SIR = 1.8; n = 47
Thyroid: SIR = 1.9; n = 15
Other endocrine glands: SIR, 2.6; n = 23

Maxon et al.
(1980)

Various benign
diseases of the
head and neck
(1963–67)

Both sexes,
1266/12 089

36.5

Thyroid, 2.9

Thyroid

Thyroid: [RR = 15.5]; n = 16

DeGroot et al.
(1983)

Tonsil, thymus,
acne
(NR)

Both sexes,
263/416

26

Thyroid, 4.5

Thyroid

Thyroid: [SIR = 55]; n = 11 (results from
physical examination)

van Daal et al.
(1983)

Various benign
diseases of the
head and neck
(1933–63)

Both sexes,
605/2400

38–43

Thyroid, 10.4–20.7
Skin, 10–19.5

Thyroid, skin

Skin: SIR, NR; n = 20

Fjälling et al.
(1986)*

Tuberculous
cervical adenitis
(1975–82)

Both sexes,
444/444

43

Thyroid, 0.4–51

Thyroid

Thyroid: [SIR = 23]; n = 25

Schneider et al.
(1993)

Infections and
inflammatory
diseases of the
upper respiratory
tract during
childhood
(1939–62)

Both sexes,
2634/2634

33; 12–51

Thyroid, 0.6

Thyroid

Thyroid: [SMR = 1.4]; n = 309

177

Skin
haemangioma
during childhood
(1930–65)
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Table 19 (contd)
Reference

Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Royce et al.
(1979)

Various diseases
of the head and
neck (1937–70)

Both sexes,
214/457

28

Thyroid, 7.1

Thyroid

No increase

Refetoff et al.
(1975)

Tonsils,
adenoids,
enlarged thymus
(NR)

Both sexes,
100/100

24

Head and neck, 8

Thyroid

Thyroid: RR, NR; n = 7

Straub et al.
(1982)

Lymphoid
hyperplasia, acne,
enlarged thymus
(1940–60)

Both sexes,
553/553

23

Thyroid, 1

Thyroid

Thyroid: no significant increase
(relatively late age at irradiation)

Pottern et al.
(1990)

Lymphoid
hyperplasia
(1938–69)

Both sexes,
1195/2258

29

Thyroid, 0.24

Thyroid

Thyroid: [SIR = 2.4]; n = 13

Brada et al.
(1992)

Pituitary
adenoma
(1962–86)

Both sexes,
334/334

11

Brain, 45

Brain

Brain: SIR = 9.4; n = 5

Bliss et al.
(1994)

Pituitary
adenoma
(1962–90)

Both sexes,
296/296

8; 0.1–28

Brain, 45

All

Non-central nervous system tumours:
SIR = 17.5; n = 30

Hanford et al.
(1962)

Tuberculous
adenitis
(1920–50)

Both sexes,
162a/296

17

Thyroid, 8.2
(no standard dose)

Thyroid

Thyroid: [RR = 80]; n = 8

IARC MONOGRAPHS VOLUME 75

Cohort studies (contd)

Table 19 (contd)
Disease treated
(period of
treatment)

Sex, no. of exposed
and total no. of
individuals or, for
the case–control
study, nos of cases
and controls

Mean
follow-up
(years)

Organ dose (Gy)

Second cancers
studied

Results

Both sexes,
94/359

35 (0–59)
(time since
first
treatment)

Thyroid, 0.3–0.8
Bone, 0.07–3
Breast, 0.2
Brain, 0.003–0.1

Breast, thyroid,
brain, bone, soft
tissue

Thyroid: linear trend p < 0.05; n = 14
Bone and soft tissue: OR = 19.5;
n = 3 (≥ 0.5 Gy)

Case–control study
Fürst et al.
(1990)

Skin
haemangioma in
childhood
(1920–59)

CLL, chronic lymphocytic leukaemia; NR, not reported; RR, relative risk; SIR, standardized incidence ratio; SMR, standardized mortality ratio
* Studies cited in text
a
Examined ≥ 10 years after irradiation
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so that cell-killing effects do not predominate, survival after treatment is good and
there is minimal confounding from concomitant treatment.
(a)

During adulthood

(i)
Benign breast disease
A cohort of 1216 women treated for benign breast disease with radiotherapy and
1874 women treated by other means in Sweden in 1925–54 were studied for
subsequent cancer development (Baral et al., 1977; Mattsson et al., 1993, 1995, 1997).
The mean age of the women at the time of radiotherapy was 40 years. The mean
estimated dose of radiation to the breast was 5.8 Gy, and that to 14 other organs ranged
from 0.01 to the rectum to 0.75 Gy to the lung. The mean follow-up time was 27 years.
In an internal analysis, the incidence of breast cancers was increased (RR, 3.6; 95%
CI, 2.8–4.6; n = 183) (Mattsson et al., 1993), with a linear dose–response relationship
at low-to-medium doses. The risk for radiation-induced breast cancer was inversely
related to age at exposure, the lowest risk being seen for women who were exposed at
or after the menopause. The relative risk for all cancers together (excluding breast)
was 1.2 (95% CI, 0.97–1.4; n = 189). In an analysis by site, the incidence of colon
cancer was increased to a degree that approached statistical significance (RR, 1.8;
95% CI, 0.96–3.4; n = 25). The relative risk was 1.8 (95% CI, 0.75–4.5) for stomach
cancer, at an average dose of 0.66 Gy, and 1.8 (95% CI, 0.65–5.0; n = 10) for lung
cancer, at an average dose of 0.75 Gy. Deficits were noted for leukaemia (RR, 0.67;
0.18–2.1; n = 5) and several other cancers (Mattsson et al., 1997). [The Working
Group noted that some benign diseases of the breast are independent risk factors for
breast cancer, and this might have contributed to the excess risk if bias was present in
the selection of those who received radiotherapy. The inconsistent patterns of cancer
excesses for some sites, e.g. the colon, which received little exposure, were noted.]
A cohort of 601 women in the USA treated with radiotherapy for acute post-partum
mastitis and 1239 treated by other means between 1940 and 1957 were followed-up for
an average of 29 years. The average dose to the breast was 3.8 Gy, and a dose–response
relationship was demonstrated. In an internal analysis, an increased risk for breast
cancer was shown (RR, 3.2; 90% CI, 2.3–4.3; n = 56) (Mettler et al., 1969; Shore et al.,
1986). In a combined analysis of this study with those of atomic bomb survivors and of
tuberculosis patients who received repeated chest fluoroscopies, the risk was similar in
the three populations, at least for people aged 10–40 years at the time of exposure
(Boice et al., 1979; Land et al., 1980).
(ii) Peptic ulcer
A cohort of 1831 patients in the USA who received X-rays between 1937 and 1965
for the treatment of peptic ulcer and 1778 who did not were followed for an average of
22 years before 1985 (Griem et al., 1994). The dose to the stomach was about 15 Gy.
In an internal analysis of cancer mortality, this treatment was associated with a
significantly increased relative risk for death from cancers at all sites (RR, 1.5; 95% CI,
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1.3–1.8; n = 341) and from stomach cancer (RR, 2.8; 95% CI, 1.6–4.8; n = 40). Cancers
at the other sites studied were not convincingly linked to radiotherapy.
(iii) Benign gynaecological diseases
A cohort of 4153 women in the USA who received radiotherapy between 1925 and
1965 for uterine bleeding disorders were followed-up for an average of 27 years
before 1984 (Inskip et al., 1990a,b). The median dose to red bone marrow was estimated to be 0.5 Gy, and the median dose to the uterus was 32 Gy. By comparison with
mortality rates for the general population of the USA, this treatment was associated
with a significantly increased SMR for death from all cancers (SMR, 1.3; 95% CI,
1.2–1.4; n = 632). A significant increase was observed in deaths from cancer of the
colon (SMR, 1.3 [95% CI, 1.0–1.6]; n = 86), cancers of the uterus (SMR, 1.8; 95% CI,
1.5–2.2; n = 105), cancers of other female genital organs (SMR, 1.5; 95% CI, 1.1–2.0;
n = 44) and leukaemia (SMR, 2.0; 95% CI, 1.4–2.8; n = 34).
This cohort was expanded to 9770 women, for whom the average dose to red bone
marrow was estimated to be 1.2 Gy (Inskip et al., 1993). In comparison with 3185
women treated by other methods, radiotherapy was associated with a significantly
increased relative risk for death from leukaemia (2.5; 95% CI, 1.4–5.2; n = 64 after
exclusion of two cases of leukaemia diagnosed before radiotherapy), but no increase
in mortality from non-Hodgkin lymphoma, Hodgkin disease or multiple myeloma was
observed.
A cohort of 2067 women in the United Kingdom who received radiotherapy for
uterine bleeding disorders between 1940 and 1960 was followed-up for an average of
28 years before 1990 (Darby et al., 1994). The average doses ranged from 0.002 Gy
to the brain to 5.3 Gy to the ovary and 5.2 to the uterus. In all, 331 deaths from cancer
were observed (SMR, 1.1; 95% CI, 1.0–1.2), and significant excesses of deaths were
observed from cancers at heavily irradiated sites in the pelvic area (SMR, 1.5; 95%
CI, 1.2–1.7; n = 129), urinary bladder cancer (SMR, 3.0; 95% CI, 1.8–4.6; n = 20),
colon cancer (SMR, 1.4; 95% CI, 1.05–1.9; n = 47), leukaemia (SMR, 2.05; 95% CI,
1.1–3.6; n = 12) and multiple myeloma (SMR, 2.6; 95% CI, 1.2–4.9; n = 9); whereas
fewer deaths from breast cancer were observed than expected among women who
received more than 5 Gy to the ovaries (SMR, 0.53; 95% CI, 0.34–0.78; n = 24).
A cohort of 788 Swedish women who received radiotherapy between 1912 and
1977 for uterine bleeding was followed-up for an average of 28 years before 1982
(Ryberg et al., 1990). By comparison with cancer incidence rates for the general population, those for women who underwent radiotherapy were slightly increased (SIR,
1.2; 95% CI, 1.0–1.5; n = 107); however, the SIR of an unexposed group of 1219
women with the same condition was similar (1.1; 95% CI, 0.94–1.3). The exposed
group had a significantly increased SIR for cancers at heavily irradiated sites in the
pelvic area (ovary, corpus uteri, cervix, rectum and bladder; SIR, 1.6; 95% CI,
1.1–2.3; n = 30) but not for cancers at other sites.
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(iv) Hormonal infertility
A cohort of 816 women in the USA who received X-rays to the ovaries and/or
pituitary gland for refractory hormonal infertility and amenorrhoea between 1925 and
1961 was followed-up for an average of 35 years before 1990 (Ron et al., 1994). The
average doses were 0.011 Gy to the breast, 0.88 Gy to the ovary and 1.02 Gy to the
sigmoid colon. In an external analysis of cancer mortality, 78 deaths from cancer were
observed (SMR, 1.1; 95% CI, 0.9–1.4). No increase in mortality rates was found for
leukaemia or cancers of the ovary or brain, sites directly exposed to radiation.
(v) Ankylosing spondylitis
A cohort of 14 556 patients in the United Kingdom who received X-rays for the
treatment of ankylosing spondylitis between 1935 and 1957 and 1021 patients who
received other treatments were followed-up for an average of 25 years. This study, first
reported in 1957 (Court Brown & Doll, 1957), provides strong evidence that radiation
can cause leukaemia and other cancers in humans. Estimates were made of the doses
received by persons who developed leukaemia and by a sample of the entire cohort,
irrespective of mortality outcome. The average dose to red bone marrow was
estimated to be 4.4 Gy, while those to other organs ranged from 0.2 to the brain to
5.55 Gy to the oesophagus; the doses were not uniform, and the lower spine received
the highest dose. In a study of mortality (Darby et al., 1987; Weiss et al., 1994, 1995),
the irradiated patients had a significantly greater mortality rate from cancer than
expected from the national rates for England and Wales (SMR, 1.30; 95% CI: 1.2–
1.35), and a significant increase was noted for leukaemia other than chronic lymphocytic leukaemia (SMR, 3.1; 95% CI, 2.4–4.1; n = 53), although a clear dose–response
relationship was not evident. The excess cancers occurred predominantly in the tissues
that were likely to have been exposed during radiotherapy, such as the oesophagus,
lung, bladder, kidney, bone and connective and soft tissue. The relative risks of men
were significantly increased for leukaemia (RR, 2.9; p < 0.001; n = 55), colorectal
cancers (RR, 1.25; p < 0.01; n = 148) and other neoplasms (RR, 1.3; p < 0.001;
n = 1225). The risks for prostate cancer, non-Hodgkin lymphoma and multiple
myeloma were also increased. For lung cancer, the SMR associated with radiotherapy
(average dose to the lung, 2.54 Gy) was 1.2 (95% CI, 1.1–1.3; n = 563), but the risk
declined to near the expected level after 25 years. No excess risk for death from
stomach cancer was found on the basis of 127 deaths and an average estimated dose
of 3.2 Gy. No significant excess of deaths from breast cancer (average dose, 0.59 Gy)
was found among the 2394 treated women (SMR, 1.1; 95% CI, 0.77–1.45). The
treatment for ankylosing spondylitis involved various radiation fields, some covering
only the neck region and others covering the entire spine. The dose–response relationship could be evaluated only for leukaemia and was found to be relatively flat over
various categories of dose to the bone marrow, possibly because of cell killing effects.
The condition being treated, ankylosing spondylitis, is known to be associated with
increased rates of colon cancer, independently of exposure to radiation, and perhaps
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with other conditions as well. It is unclear whether these factors influenced the time–
response relationship and contributed to the return to levels of risk near those expected
after 25 years.
A cohort of 20 024 Swedish patients who received X-rays between 1950 and 1964
for painful arthritic conditions such as spondylosis was followed-up for an average of
25 years before 1988 (Damber et al., 1995; Johansson et al., 1995). The average dose
to red bone marrow was estimated to have been 0.39 Gy. In analyses of both cancer
incidence and cancer mortality, radiotherapy was associated with increased risks for
leukaemia (SIR, 1.2; 95% CI, 0.98–1.42; n = 116 and SMR, 1.2; 95% CI, 0.99–1.45;
n = 115). The reported dose–response relationship for leukaemia is not easily interpreted because chronic lymphocytic leukaemia was included and contributed 50 of the
116 cases, although this disease has not been associated with exposure to radiation.
The numbers of cases of non-Hodgkin lymphoma (81 cases), Hodgkin disease
(17 cases) and multiple myeloma (65 cases) were no greater than expected.
(b)

During childhood

(i)
Tinea capitis
The risk for cancer of children treated for tinea capitis (ringworm of the scalp) was
studied in Israel among 10 834 patients (Ron et al., 1989) and in New York (USA)
among 2200 children (Shore et al., 1976, 1984). In the Israeli cohort, the mean dose
to the skin of the scalp was estimated to be several grays, and the scatter dose to the
thyroid was estimated to be about 0.10 Gy. Significantly increased risks for thyroid
cancer were seen in Israel (Ron et al., 1989), and an association with non-melanoma
skin cancer was seen in both Israel and New York (Shore et al., 1984; Ron et al.,
1991). An interaction between sunlight and radiotherapy was suggested in the New
York study. The Israeli study also revealed a significant relation between dose of
radiation and tumours of the central nervous system (Ron et al., 1988a). [The Working
Group noted that although an increased risk for breast cancer after radiotherapy for
tinea capitis was reported (Modan et al., 1989), the increase was related to a deficit of
breast cancer cases among the control subjects rather than to an increase among the
exposed women.]
(ii) Enlarged thymus gland
A cohort of 2657 patients treated with radiotherapy for an enlarged thymus gland
between 1926 and 1957 in Rochester, New York (USA), has been studied extensively
(Shore et al., 1993). Ninety per cent were treated before six months of age (Hildreth
et al., 1985). The individual doses, estimated from radiotherapy records
(Hempelmann et al., 1967), were 0.69 Gy to the breast (Hildreth et al., 1989) and 1.4
Gy to the thyroid (Shore et al., 1993). A significantly increased risk was found for
cancer of the thyroid, with a dose–response relationship (Shore et al., 1980, 1985,
1993). Of the 1201 women who received radiotherapy, 22 developed breast cancer
after a mean follow-up of 36 years, and the relative risk, in comparison with sibling
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controls, was 3.6 (95% CI, 1.8–7.3); none of the cases occurred before 28 years after
irradiation (Hildreth et al., 1989). The relative risk for cancer of the skin was 2.3 (95%
CI, 1.0–5.6), but no excess was found for cancers of the nervous system or salivary
glands (Hildreth et al., 1985).
(iii) Skin haemangiomas
Various techniques, most based on X-rays or applicators of 226Ra, have been used
to treat skin haemangiomas, usually in children under the age of two. Two cohort
studies were performed in Sweden, which comprised 12 055 patients treated between
1930 and 1965 (11 807 followed-up) (Lindberg et al., 1995; Karlsson et al., 1997,
1998) and 14 351 treated between 1920 and 1959 (Fürst et al., 1988, 1989; Lundell &
Holm, 1995; Lundell et al., 1996, 1999). Lundell et al. (1999) combined the data for
women in the two cohorts (Lindberg et al., 1995; Lundell et al., 1996), for a pooled
analysis of 17 202 women who had received a mean dose to the breast of 0.29 Gy
(range, < 0.01–36 Gy). Between 1958 and 1993, 245 breast cancers were diagnosed in
this cohort, yielding a SIR of 1.2 (95% CI, 1.1–1.4). The excess relative risk per gray
was estimated to be 0.35 (95% CI, 0.18–0.59), which is somewhat lower than that
reported in other studies. The risk for leukaemia was not associated with the dose of
radiation to bone marrow (average, 0.13 Gy; range, < 0.01–4.6 Gy). During 1920–86,
there were only 20 deaths from leukaemia, and the low dose to bone marrow implied
a limited possibility of detecting an effect even among 14 624 irradiated infants
(Lundell & Holm, 1996). The risk for cancer of the thyroid was evaluated for 14 351
irradiated infants (Lundell et al., 1994; Lundell & Holm, 1995), among whom 17
cases were found (SIR, 2.3; 95% CI, 1.3–3.65) after a mean follow-up of 39 years. The
mean dose to the thyroid of the patients with cancer was 1.1 Gy (range, < 0.01–4.3
Gy). The excess risk for thyroid cancer began to be seen 19 years after irradiation. The
SIRs were similar for women (SIR, 2.2) and men (SIR, 2.9), but 15 of the 17 cancers
occurred in women, such that the incidence rate in this cohort was nearly 10 times
higher in women than in men.
In a study of intracranial tumours in 12 055 infants who were treated for skin
haemangiomas (Karlsson et al., 1997), 47 tumours developed in 46 persons (SIR, 1.8;
95% CI, 1.3–2.4). No dose–response relationship was observed, and the mean dose to
the brain was low (0.07 Gy), although some children received > 1 Gy. In a pooled
analysis of this cohort and that of Lundell and Holm (1995), for a total of 28 008
patients, 88 brain tumours were identified in 86 persons (SIR = 1.4; 95% CI, 1.1–1.8),
to give an ERR of 2.7 per Gy (95% CI, 1.0–5.6). These results strongly indicate that
a dose–response relationship exists (Karlsson et al., 1998).
(iv) Enlarged tonsils and other benign conditions
A cohort of 2634 patients in the USA who received X-rays between 1939 and 1962
primarily for enlarged tonsils during childhood was followed-up for 33 years. The
average dose to the thyroid was estimated to be 0.6 Gy. During screening of the
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thyroid, 309 thyroid cancers were diagnosed. Successive follow-up of this cohort
confirmed a strong dose–response relationship between the dose to the thyroid and the
risk for thyroid cancer (Favus et al., 1976; Schneider et al., 1985, 1993).
A cohort of 444 patients in Sweden treated for cervical tuberculous adenitis
received an average dose to the thyroid of 0.4–51 Gy. A significant excess of thyroid
carcinoma was observed ([SIR, 23] n = 25) (Fjälling et al., 1986).
(v) Combined analysis of studies of thyroid cancer
Most of the available information on radiation-induced thyroid cancer comes from
studies of cohorts of children who received radiotherapy for benign diseases. In 1995,
a pooled analysis of seven studies was published (Ron et al., 1995), comprising the
studies of atomic bomb survivors and six studies of patients who received radiotherapy: two case–control studies (Boice et al., 1988; Tucker et al., 1991) and four
cohort studies (Ron et al., 1989; Pottern et al., 1990; Schneider et al., 1993; Shore
et al., 1993). Five of the six studies concerned children who were ≤ 15 years old at the
time of radiotherapy. The excess relative risk per gray after radiotherapy with X- or
γ-rays during childhood was estimated to be 7.7 (95% CI, 2.1–28.7), and the excess
absolute risk for thyroid carcinoma per 104 person–years Gy to be 4.4 (95% CI,
1.9–10.1), on the basis of 458 atomic bomb survivors and 448 exposed patients. The
risk was strongly dependent on the age at exposure, being highest for people exposed
when they were under the age of five years. No significant risk was found for
exposure in adult life. A dose–response relationship was seen for persons exposed as
children. The pooled study of irradiated children did not include several studies that
had not been published at the time the analysis began (Lundell et al., 1994; Lindberg
et al., 1995; de Vathaire et al., 1999a).
2.3.3

Diagnostic X-radiation

These studies are summarized in Table 20.
(a)

During adulthood

(i)
Repeated chest fluoroscopies for pulmonary tuberculosis
In a cohort study in Canada of 64 172 patients (32 255 men and 31 917 women)
who had been treated for tuberculosis, 25 007 patients had been treated by lung
collapse, which requires frequent monitoring by X-ray fluoroscopy. The number of
such examinations ranged from one to several hundreds; the mean dose to the lung
was 1.02 Sv, and the mean dose to the breast was 0.89 Sv. In 1987, the mean followup time was 37 years. Two main studies of cancer mortality in this cohort have been
published: one on lung cancer (Howe, 1995) and one on breast cancer (Miller et al.,
1989; Howe & McLaughlin, 1996). No increase in the risk for death from lung cancer
was observed (RR, 1.0; 95% CI, 0.94–1.1; n = 1178). In contrast, an excess of breast
cancer and a dose–response relationship were found (SMR, 1.5; 95% CI, 1.3–1.6;
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Table 20. Study characteristics and second cancers in patients undergoing diagnostic X-ray procedures
Reference

Sex, no. of exposed
and total no. of
individuals or, for
case–control studies,
nos of cases and
controls

Mean
follow-up
(years)

Organ dose
(Gy except as noted)

Second cancers
studied

Results

Howe (1995);
Howe &
McLaughlin
(1996)*

Tuberculosis;
multiple chest
fluoroscopies
(1930–52)

Both sexes,
25 007/64 172

37; 0–57

Lung, 1.02 (0–24.2 Sv)
Breast, 0.89 (0–18.4 Sv)

Lung, breast

Breast: SMR, 1.5; n = 349

Davis et al.
(1989); Boice
et al.
(1991b)*

Tuberculosis;
multiple chest
fluoroscopies
(1925–54)

Both sexes,
6285/13 385

30; 0–50

Oesophagus, 0.80
Lung, 0.84
Breast, 0.79
Red bone marrow, 0.09
Pancreas, 0.06
Stomach, 0.06

All

Oesophagus: SMR = 2.1; n = 14
Breast: SIR = 1.3; n = 147

Levy et al.
(1994)

Scoliosis;
multiple full
spinal radiographies
(1960–79)

Both sexes,
18 471/2181

NR

Breast, 0.03
Thyroid, 0.03

All

Excess risk, 2%

Hoffman
et al. (1989)*

Scoliosis;
multiple full
spinal
radiographies
(1935–65)

Women,
973/1030

26; 3–> 30

Breast, 0.13

Breast

Breast: SIR = 1.8; n = 11

Cohort studies
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Reason for
examination
(period)

Table 20 (contd)
Reference

Reason for
examination
(period)

Sex, no. of exposed
and total no. of
individuals or, for
case–control studies,
nos of cases and
controls

Mean
follow-up
(years)

Organ dose
(Gy except as noted)

Second cancers
studied

Results

Spengler
et al. (1983)

Childhood;
cardiac catheterization; fluoroscopy
(1946–68)

Both sexes,
4891

13

NR

All

None

McLaughlin
et al. (1993a)

Cardiac catheterization; fluoroscopy
(1950–65)

Both sexes,
3915

22; 0–36

NR

All

None

Case–control studies
Storm et al.
(1986)

Tuberculosis;
multiple chest
fluoroscopies
(1937–54)

Women,
89/390

< 10–≥ 40

Breast, 0.27

Breast

No increase

Ron et al.
(1987)*

All X-ray,
including dental
and radiotherapy
(1978–80)

Both sexes,
159/285

< 20–≥ 40

NR

Thyroid

No significant increase
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Table 20 (contd)
Reference

Reason for
examination
(period)

Mean
follow-up
(years)

Organ dose
(Gy except as noted)

Second cancers
studied

Results

Case–control studies (contd)
Hallquist
et al. (1994)*

All X-ray,
including dental
and radiotherapy
(1980–89)

Both sexes,
171/325

>5

Thyroid, 0–> 0.6 mGy

Thyroid

Papillary thyroid cancer: OR = 2.3;
n = 56 (for > 0.6 mGy)

Inskip et al.
(1995)*

All X-ray
(1980–92)

Both sexes,
484/484

54

6 mGy

Thyroid

No increase

Wingren
et al. (1997)*

All X-ray,
including dental
(1977–89)

Women,
186/426

1–14

Thyroid, 0–> 1 mGy

Thyroid

Thyroid: OR = 2.6; n = 60 (for
> 1 mGy)

PrestonMartin et al.
(1980)

All X-ray,
including dental
and radiotherapy
(1972–75)

Women,
185/185

<7

NR

Intracranial
meningiomas

No increase

PrestonMartin et al.
(1989)*

All X-ray
(1979–85)

Both sexes,
136/136

3–20

Red bone marrow,
0–≥ 2 mGy

Chronic myeloid
and monocytic
leukaemia

Leukaemia: OR = 2.4 (for
≥ 2 mGy)
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Sex, no. of exposed
and total no. of
individuals or, for
case–control studies,
nos of cases and
controls

Table 20 (contd)
Reference

Reason for
examination
(period)

Mean
follow-up
(years)

Organ dose
(Gy except as noted)

Second cancers
studied

Results

Case–control studies (contd)
Boice et al.
(1991a)*

All X-ray
(1956–82)

Both sexes,
1091/1390

15–> 50

Red bone marrow,
0.00001–0.23

Non-Hodgkin
lymphoma,
leukaemia,
multiple myeloma

No increase; dose–response
relationship for multiple myeloma

Ryan et al.
(1992)

Dental X-ray
(1987–90)

Both sexes,
170/417

< 25

NR

Brain gliomas and
meningiomas

No significant increase

Linos et al.
(1980)

All X-ray
(1955–74)

Both sexes,
138/276

> 10

Red bone marrow, < 3

Leukaemia

No increase

Thomas et al.
(1994)

All X-ray
(1983–86)

Men,
227/300

1–> 36

Estimate to breast, 0.18

Breast

Breast: RR = 3; n = 12, 10 and 10
when treated in 1940–54, for 20–
35 years since first or last
treatment, respectively

X-RADIATION AND γ-RADIATION

Sex, no. of exposed
and total no. of
individuals or, for
case–control studies,
nos of cases and
controls

NR, not reported; OR, odds ratio; RR, relative risk; SIR, standardized incidence ratio; SMR, standardized mortality ratio
* Cited in text
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n = 349). The excess relative risk per sievert decreased sharply with age at irradiation
(Howe & McLaughlin, 1996).
In a cohort study in Massachusetts (USA) of 6285 patients (4940 women) who
received repeated fluoroscopic examinations for tuberculosis in 1925–54 and 7100
who did not, the mean dose to the breast was 0.79 Gy. In a study of cancer incidence,
an excess risk for breast cancer was observed (SIR, 1.3; 95% CI, 1.1–1.5; n = 147),
which showed a linear dose–response relationship. The risk for radiation-induced
breast cancer was inversely related to age at exposure, and no risk was seen for
patients who had been over the age of 40 when first exposed (Hrubec et al., 1989;
Boice et al., 1991b; Little & Boice, 1999). Significantly increased risks were found for
death from cancer of the breast (SMR, 1.4; 95% CI, 1.1–1.8; n = 62) and oesophagus
(SMR, 2.1; 95% CI, 1.2–3.6; n = 14), but not from lung cancer or, in an internal
comparison of exposed and unexposed patients, from non-chronic lymphocytic
leukaemia (RR, 0.9; 95% CI, 0.5–1.8; n = 17) (Davis et al., 1989). The average dose
to red bone marrow was 0.09 Gy.
(ii) Other uses of diagnostic X-rays in adults
Other studies of the use of diagnostic X-rays have provided limited information on
the effects of radiation, largely because of the low doses involved, the lack of dosimetry and problems of bias in studies involving interviews. In a case–control study of
136 pairs in Los Angeles, California (USA), the number of X-ray examinations and
the associated dose to the bone marrow were associated with increased risks for
chronic myeloid and monocytic leukaemia (Preston-Martin et al., 1989). [The
Working Group noted that exposure was ascertained by telephone interview and not
directly validated. The possibility of reporting bias and the uncertainty in the dosimetry make the results difficult to interpret.]
A case–control study of 565 patients with leukaemia, 318 patients with nonHodgkin lymphoma, 208 patients with multiple myeloma and 1390 matched controls
was conducted in the USA, in which information on exposure was extracted from
medical records held by two prepaid health plans. When the first two years before
diagnosis were excluded, no relation was found between the dose of radiation from
diagnostic X-rays and the risks for leukaemia or non-Hodgkin lymphoma, whereas a
dose–response relationship was found for multiple myeloma (Boice et al., 1991a).
Exposure to diagnostic X-rays was not linked to multiple myeloma in a larger study
of 399 patients and 399 controls who were interviewed in the United Kingdom
(Cuzick & De Stavola, 1988).
In five case–control studies of the role of diagnostic radiation in the risk for thyroid
cancer, all but one of which were performed in Sweden, exposure was assessed by
interview in four studies, without validation. Of these, three found an association
between the cumulative thyroid dose delivered by the diagnostic procedure and the risk
for thyroid cancer (Wingren et al., 1993; Hallquist et al., 1994; Wingren et al., 1997),
and one did not (Ron et al., 1987). The largest case–control study was based on data
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from radiological records in hospitals and comprised 484 cases and 484 controls. No
association was found with the estimated dose from diagnostic X-rays to the thyroid
(Inskip et al., 1995). [The Working Group noted that studies based on interviews have
potential recall bias, as persons with disease are more likely to recall past exposure than
controls who do not have cancer.]
(b)

During childhood

(i)
Multiple diagnostic X-rays for scoliosis
A cohort study was conducted of 973 women in the USA who had received
multiple diagnostic X-rays during follow-up for scoliosis between 1935 and 1965
(Hoffman et al., 1989). Follow-up was for an average of 26 years. The incidence of
breast cancer was determined from mailed questionnaires. The average dose to the
breast was estimated to have been 0.13 Gy (0–1.59 Gy); some women had received
over 600 spinal X-rays during the adolescent growth spurt and after. Eleven women
developed breast cancer, whereas 6.0 would have been expected in the general population (SIR, 1.8; 90% CI, 1.0–3.0) [The Working Group noted that pregnancy risk
factors could not be accounted for, raising the possibility that confounding could have
contributed partially to the small number of observed cases. Women with severe scoliosis were less likely to marry than women in the general population, and they also
had difficulty in becoming pregnant. As nulliparity is associated with an increased risk
for breast cancer, it may confound the reported association.]
(ii) Exposure in utero
The risks for cancer in childhood after exposure in utero have been studied
(UNSCEAR, 1994; Doll & Wakeford, 1997). Prenatal X-rays were first associated
with childhood leukaemia and cancer in the 1950s (Stewart et al., 1958), and most of
the subsequent studies showed a consistent 40% increase in the risk for childhood
cancer (excluding leukaemia) associated with intrauterine exposure to low doses.
These studies have been reviewed extensively (Committee on the Biological Effects
of Ionizing Radiation, 1972, 1980; UNSCEAR, 1972, 1986, 1994). The evidence for
an association comes from case–control studies of the use of X-rays for pelvimetry,
while none of the cohort studies has demonstrated an excess risk (Court Brown et al.,
1960a; Boice & Miller, 1999). As a study of atomic bomb survivors who were
exposed in utero showed no cases of childhood leukaemia, the causal nature of the
association seen in the medical case–control studies has been questioned (Jablon &
Kato, 1970).
The largest study of childhood cancer after prenatal exposure to X-rays is the
Oxford Survey of Childhood Cancers, which is a national case–control study in the
United Kingdom (Bithell & Stewart, 1975; Knox et al., 1987; Muirhead & Kneale,
1989; Doll & Wakeford, 1997). The study was started in 1955 and, up to 1981, the
mothers of 15 276 children with cancer and the same number of matched controls had
been interviewed. The relative risks associated with exposure just before birth were
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about 1.4 for leukaemia and for all other childhood cancers, including Wilms tumour,
neuroblastoma, brain cancer and non-Hodgkin lymphoma. It has been noted (Miller,
1969; UNSCEAR, 1994; Boice & Miller, 1999) that the similarity in the relative risks
is unusual, given the difference in the incidence rates of these diverse tumours, their
different origins and etiologies and the variation in risks for cancer after exposure to
radiation in childhood and in adulthood (Thompson et al., 1994; UNSCEAR, 1994;
Pierce et al., 1996). It is also peculiar that embryonic tumours could be induced by
exposure only a few moments before birth, and that the incidences of tumours such as
lymphomas would be increased, since they have not been convincingly associated
with exposure to radiation. The 1.4-fold increase in the incidence of each form of
childhood cancer in the British studies may hint at an underlying bias in the
case–control studies that has eluded detection (Miller, 1969; Boice & Miller, 1999).
Initial criticisms of the Oxford Survey of Childhood Cancer included the potential
for recall bias, in that the mothers of children with cancer might remember their experiences during pregnancy better than mothers of control children. These concerns were
minimized when a large study in the USA was published in 1962 (MacMahon, 1962),
which was based on medical records of X-ray examinations and not on the mother’s
recall of events some years in the past. An extension of the study published in 1984,
however, no longer showed an excess risk for solid tumours related to prenatal X-ray,
although the risk for leukaemia remained (Monson & MacMahon, 1984).
Case–control studies of childhood cancer in twins have generally shown associations with prenatal exposure (Harvey et al., 1985; MacMahon, 1985; Mole, 1990),
but cohort studies of twins showed no excess of childhood cancer, and most reported
deficits of childhood leukaemia (Inskip et al., 1991; Boice & Miller, 1999).
In 1997, Doll and Wakeford estimated that the excess risk associated with prenatal
exposure to radiation was 6% per gray. Other interpretations of the same data, however,
resulted in different conclusions about the causal nature of the association and the level
of risk (Mole, 1974; MacMahon, 1989; Mole, 1990; Boice & Inskip, 1996; Boice et al.,
1996). The association is not questioned, but its etiological significance is. The medical
profession has acted on the assumption that the association is causal, and X-rays for
pelvimetry have been largely replaced by ultrasound procedures.
2.4

Occupational exposure

The earliest observations of the effects of γ- and X-rays on health were associated
with occupational exposure. Case reports of skin cancer among early workers with
X-rays were published soon after Röntgen’s discovery of X-rays in 1895, and
increased numbers of deaths from leukaemia among radiologists were reported in the
1940s (Doll, 1995; Miller, 1995).
Occupational exposure to ionizing radiation is common in medicine, the production of nuclear power, the nuclear fuel cycle, and military and industrial activities.
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Workers in these industries who are potentially exposed to radiation are monitored for
exposure with personal dosimetry systems.
Epidemiological studies of occupational exposure to radiation have been conducted
for surveillance and to complement risk estimates from studies of populations exposed
to high doses. Studies of individual facilities are rarely large enough to provide substantial information, as the doses are low. Therefore, mainly combined analyses and the
largest individual studies are presented here. The discussion is also limited primarily to
studies in which most of the subjects were monitored for external exposure and in which
internal comparisons were made by dose.
2.4.1

Medical use of radiation

Studies of medical personnel exposed to radiation rarely had information on individual doses, and surrogate measures, such as first year worked or duration of work,
were sometimes used. Generally, comparisons were made with population rates or a
control group, and risk could not be quantified. The studies of early radiologists
provide substantial evidence that radiation at high doses can cause leukaemia and
other cancers. Before the hazards of excessive exposure to radiation were recognized,
severe skin damage and low leukocyte counts were reported. The doses are estimated
to have been of the order of many grays.
The first reports of an increased incidence of leukaemia among US radiologists
were based on death notices published in The Journal of the American Medical Association (Henshaw & Hawkins, 1944; March, 1944). The report of March covered the
years 1929–43 and showed a significant, tenfold increase in the proportional mortality
ratio for leukaemia among radiologists, on the basis of eight cases. These findings
were confirmed in similar analyses in the same journal in 1935–44 (Ulrich, 1946) and
1945–57 (Peller & Pick, 1952). A more formal analysis was conducted by Lewis
(1963), who reported increased risks for leukaemia (SMR, 3.0; 95% CI, 1.5–5.2;
n = 12), multiple myeloma (SMR, 5.0; 95% CI, 1.6–11.6; n = 5) and aplastic anaemia
(SMR, 17; 95% CI, 4.7–44.5; n = 4) in 1948–61. In the most recent study, a cohort of
6524 radiologists was followed-up during 1920–69 (Matanoski et al., 1975a,b), and
the risk for leukaemia was found to be statistically significantly increased among
those who had joined a radiological society in 1920–29 (1117 persons; SMR, 3.0) or
1930–39 (549 persons; SMR, 4.1) [confidence intervals not reported] when compared
with the general population. No such increase was observed for other physicians.
In a study of cancer mortality in 1977 among 1338 British radiologists who had
joined a British radiological society in 1897–1954, statistically significantly increased
risks for cancers of the skin (SMR, 7.8; n = 6), lung (SMR, 2.2; n = 8) and pancreas
(SMR, 3.2; n = 6) and for leukaemia (SMR, 6.15; n = 4) were observed among radiologists who entered the study before 1921 [confidence intervals not reported]. No
significant excess of these cancers was observed among radiologists who had joined
the society after 1920 (Smith & Doll, 1981).
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Similarly, an increased incidence of cancer was reported in a cohort study of
27 011 Chinese radiologists and X-ray technologists in 1950–85 when compared with
25 000 other physicians in the same hospitals (Wang et al., 1990a). The overall relative
risk for leukaemia was 2.4 (p < 0.05; n = 34), which was seen mainly among those
first employed before 1970, aged < 25 at initial employment and who had been
employed for 5–14 years. Increased risks for cancers of the skin, oesophagus and liver
were also observed, but the risks for the last two were thought to be related to other
factors, such as alcohol consumption.
[The Working Group noted that the findings in different countries are consistent,
and the association of risk with the year of first employment suggests that the excess
of leukaemia is likely to be related to occupational exposure to radiation.]
No excess cancer mortality was observed in a cohort of 143 517 radiological
technologists in the USA who had been certified during 1926–80; however, the risk
for breast cancer was significantly elevated relative to all other cancers in a test for
homogeneity of the SMRs (ratio of SMRs, 1.3; p < 0.0001). Significant risks were
correlated with employment before 1940 (SMR, 1.5; 95% CI, 1.2–1.9), when the
doses of radiation are likely to have been highest, and among women who had been
certified as radiological technicians for more than 30 years (SMR, 1.4; CI, 1.2–1.7),
for whom the cumulative exposure is likely to have been greatest (Doody et al., 1998).
The risk for breast cancer in women was not associated with surrogate measures of
exposure in a nested case–control analysis within this cohort (Boice et al., 1995).
2.4.2

Clean-up of the Chernobyl nuclear reactor accident

Between 600 000 and 800 000 workers (‘liquidators’) are thought to have participated in cleaning-up after the accident in the restricted 30-km zone around the
Chernobyl power plants and in contaminated areas of Belarus and the Ukraine
between 1986 and 1989 (200 000 in 1986–87) (Cardis et al., 1996). They came from
all areas of the former USSR, the largest numbers from the Russian Federation and
Ukraine. Many are registered in the national Chernobyl registries in each country.
A small proportion (around 36 000) were professional radiation workers from other
nuclear research centres and power plants, but the great majority were military
reservists, construction workers and others.
In most of the papers published to date, the mortality rates and sometimes the
morbidity due to cancer of the liquidators have been compared only with those of the
general population (Buzunov et al., 1996; Cardis et al., 1996; Okeanov et al., 1996;
Ivanov et al., 1997a; Rahu et al., 1997). An increased incidence of leukaemia was
reported among Belarussian, Russian and Ukrainian liquidators who worked in the 30km zone, but no excess was found in a small Estonian study with complete follow-up
(Rahu et al., 1997). These results are difficult to interpret, however, because of the
different intensities of follow-up of the liquidators and the general population (Cardis
et al., 1996).
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Ivanov et al. (1997b, 1998) reported the results of a cohort study of 169 372 emergency workers, including 119 000 (71%) for whom individual doses of external exposure were available. The mean age of the workers during their period of duty in the
30-km zone was 33.4 years. Of the 46 575 persons with the highest exposure, who
were exposed in 1986, 4.5% have been assigned doses in excess of 250 mGy. In a
nested case–control study of leukaemia within the subcohort of emergency workers
with officially documented doses, no significant difference was seen in dose between
34 cases occurring more than two years after first exposure and 136 controls matched
on date of birth (± 3 years) and region of residence (Ivanov et al., 1997a). [The
Working Group noted the uncertain dosimetry.]
2.4.3

Nuclear industry workers

These studies are summarized in Table 21.
(a)

United Kingdom

A combined study of three cohorts of nuclear industry workers in the United
Kingdom (Carpenter et al., 1994), including the Atomic Energy Authority (Fraser
et al., 1993), the Sellafield plant (Douglas et al., 1994) and the Atomic Weapons Establishment (Beral et al., 1988), covered 75 006 employees who had started work
between 1946 and 1988; 40 761 had ever been monitored for exposure to radiation, and
the rest formed an unexposed control group. The mean cumulative dose equivalent was
56.5 mSv. The mean duration of follow-up was 24 years. A lag of two years for
leukaemia and 10 years for other cancers was assumed for dose–response analysis.
There were 1884 deaths from cancer, of which 60 were from leukaemia. When information on social class was used to adjust for potential confounding, a statistically significant association was found between cumulative dose and leukaemia (regardless of
exclusion or inclusion of chronic lymphocytic leukaemia), skin cancer (including melanoma; 10-year lag) and ill-defined and secondary neoplasms (10-year lag). The excess
relative risk for leukaemia (excluding chronic lymphocytic leukaemia) was 4.2 per Sv
(95% CI, 0.4–13), and the estimate for other cancers was −0.02 (−0.5, 0.6) (10-year
lag).
In one of the largest studies on the association between cancer and exposure to
radiation, a cohort of 124 743 persons working in nuclear energy production, the
nuclear fuel cycle or production of atomic weapons were identified from the National
Registry for Radiation Workers in the United Kingdom (Muirhead et al., 1999),
including all of those mentioned above and persons from several other facilities.
Follow-up was begun between 1976 and 1983 and continued up to the end of 1992.
Information on social class was available and adjusted for. The mean lifetime
radiation dose equivalent was 30.5 mSv. The highest mean dose was that of Sellafield
workers (87 mSv), who constituted half of all the workers and had a cumulative dose
> 100 mSv (Douglas et al., 1994). The only exposure for which information was
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Table 21. Cohort studies of nuclear industry workers
Facility or database (reference)

No. of
subjects

Mean dose
(mSv)

ERR for all cancers per Sv
(except as noted)
(lag period = 10 years)

ERR for leukaemia per Sv
(except as noted)

14 282

128a

0.1 (90% CI, –0.4, 0.8)b

14 (90% CI, 1.9, 70.5)c,d

Atomic Energy Authority,
United Kingdom
(Fraser et al., 1993)

39 718

40

0.8 (95% CI, –1.0, 3.1)b

–4.2 (95% CI, –5.7, 2.6)d

Atomic Weapons Establishment,
United Kingdom
(Beral et al., 1988)

22 552

8

7.6 (95% CI, 0.4, 15)e

NR

National Registry of Radiological
Workers, United Kingdom
(Muirhead et al., 1999)

124 743

30.5

0.09 (90% CI, –0.28, 0.52)

2.55 (90% CI, –0.03, 7.2)c,d

Hanford site, USA
(Gilbert et al., 1993a)

44 154

23

–0.1 (90% CI, < 0, 0.8)e

–1.1 (90% CI, < 0, 1.9)d,e

Oak Ridge X-10 and Y-12 plants,
USA (Frome et al., 1997)

28 347f

10

1.45 (95% CI, 0.15, 3.5)

< 0 (95% CI, < 0, 6.5)d

Oak Ridge nuclear power plant,
USA (Wing et al., 1991)

8 318

17

3.3 (95% CI, 0.9, 5.7)e

6.9 (95% CI, –15, 28)e,g

Atomic Energy Canada
(Gribbin et al., 1993)

8 977

15

0.36 (90% CI, –0.46, 2.45)e

19 (90% CI, 0.14, 113)d,e

95 673

40

–0.07 (90% CI, –0.4, 0.3)b

2.2 (90% CI, 0.1, 5.7)c,d

International collaborative study
(Cardis et al., 1995)
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Sellafield, United Kingdom
(Douglas et al., 1994)

Table 21 (contd)
Facility or database (reference)

Mean dose
(mSv)

ERR for all cancers per Sv
(except as noted)
(lag period = 10 years)

ERR for leukaemia per Sv
(except as noted)

0.03 (95% CI, –0.5, 0.7)

4.2 (95% CI, 0.4, 13)c,d

–0.0 (90% CI, < 0, 0.8)

–1.0 (90% CI, < 0, 2.2)a,f

Combined analyses
Combined analysis of three
facilities, United Kingdom
(Carpenter et al., 1994)

75 006

Combined analysis, USA
(Gilbert et al., 1993b)

44 943

56.5

[27]

ERR, excess relative risk; NR, not reported; < 0, negative value
a
Muirhead et al. (1999) give 90 mSv
b
Excluding leukaemia
c
Excluding chronic lymphocytic leukaemia
d
Lag period, 2 years
e
% per 10 mSv
f
Number of workers included in the dose–response analyses
g
Lag period, 10 years
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available was external radiation. This was lagged by two years for the analysis of
leukaemia and by 10 years for other cancers. A total of 3598 deaths from cancer was
observed in analyses without lagging, and 2929 in lagged analyses; leukaemia other
than chronic lymphocytic leukaemia accounted for 90 and 89 deaths, respectively. No
significant association was found between the dose of radiation and all cancers (ERR
per Sv, 0.09; 90% CI, −0.28, 0.52; n = 2929) or leukaemia (other than chronic
lymphocytic leukaemia; ERR per Sv, 2.55; 90% CI, −0.03, 7.2; n = 89). The only type
of malignancy for which there was a significant association with radiation was
multiple myeloma (ERR per Sv, 4.1; 90% CI, 0.03–15; n = 35), although a dosedependent excess of ‘ill-defined and secondary neoplasms’ was reported (ERR per Sv,
2.4; 90% CI, 0.48–5.5; n = 201).
(b)

USA

The most informative study in the USA of workers at nuclear sites is a large
combined analysis of 44 943 monitored workers (Gilbert et al., 1993b) at the Hanford
nuclear site (Gilbert et al., 1993a), the Oak Ridge National Laboratory (Wing et al.,
1991) and the Rocky Flats nuclear weapons site (Wilkinson et al., 1987). The mean
length of follow-up was 19 years and the average dose was 27 mSv. There were 1871
deaths from cancer. For all cancer sites combined, the excess relative risk estimate was
–0.0 per Sv (with an upper 90% confidence limit of 0.8). There were 67 deaths from
leukaemia other than the chronic lymphocytic type, and the excess relative risk
estimate was negative (−1.0 per Sv; upper 90% confidence limit, 2.2). Statistically
significant excesses associated with the radiation dose were observed for cancers of
the oesophagus and larynx and for Hodgkin disease, but these were interpreted as
likely to be due to chance, as negative correlations with dose were found for the same
number of sites. There was a statistically significant association between dose and
cancer risk for people aged ≥ 75. [The Working Group noted that the combined
analysis was dominated by the data for workers at the Hanford site.]
A cohort study of mortality among 15 727 employees at the Los Alamos National
Laboratory, a nuclear research and development facility, between 1947 and 1990, who
had been hired in 1943–77 showed an association between the dose of radiation and
cancers of the oesophagus and brain and Hodgkin disease, but not for leukaemia or all
cancers combined (Wiggs et al., 1994). [The Working Group noted that no risk
estimates per unit dose were given.]
A cohort study of mortality among 106 020 persons employed in 1943–85 at the
four nuclear plants in Oak Ridge, Tennessee, showed a slight excess of deaths from
lung cancer among white male employees (Frome et al., 1997). In a dose–response
analysis restricted to 28 347 white men at two plants who had received a mean dose
of 10 mSv, significant positive relationships were found with deaths from all causes
(ERR per Sv, 0.31; 95% CI, 0.16–1.01), deaths from all cancers (ERR per Sv, 1.45;
95% CI, 0.15–3.5; n = 4673) and lung cancer (ERR per Sv, 1.7; 95% CI, 0.03–4.9;
n = 1848) after adjustment for age, year of birth, socioeconomic status, facility and
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length of employment; however, no information on smoking was available. For
leukaemia, the excess relative risk per sievert was negative (upper 95% confidence
limit, 6.5; n = 180).
(c)

Russian Federation

A cohort study of people who had worked at the Mayak nuclear complex in the
early years of its operation showed an increased mortality rate from all cancers and
from leukaemia (44 cases; 38 men) (Koshurnikova et al., 1996). The mortality of 8855
workers who were first employed between 1948 and 1958 at the nuclear reactors, at
the Mayak fuel reprocessing plants and at the plutonium manufacturing complex was
followed-up for an average of 36 years. The mean cumulative dose of external
radiation was 1 Gy. A control group was formed of 9695 persons who were employed
during the same period but whose radiation doses did not exceed the maximum
permissible level [unspecified]. The excess relative risk for leukaemia was estimated
to be 1.3 per Gy [confidence interval not reported] for 26 men in the reprocessing
plants, but no estimates were available for the other two groups. Tokarskaya et al.
(1997) and Koshurnikova et al. (1998) evaluated the risk for lung cancer in relation to
external γ-ray dose (1.8 Gy) and internal dose from plutonium of male workers at the
radiochemical and plutonium plants, who had received an average equivalent dose to
the lung from plutonium of 6.6 Sv. No evidence of an association with external dose
was found (ERR = −0.16 per Gy [CI not reported]; n = 47), but this may have been
due to inadequate adjustment for plutonium dose and lack of information on smoking.
[The Working Group noted that the study was potentially very informative because the
doses were much higher than those of other occupational cohorts, but there is
uncertainty about the adequacy of the dose estimates, and follow-up may have been
selective. Further, in the absence of information on potential confounding by exposure
to plutonium, the extent to which external radiation contributed to the increased
cancer risks is difficult to estimate.]
(d)

International collaborative study

A combined cohort study of mortality from cancer among 95 673 nuclear industry
workers in Canada (Gribbin et al., 1993), the United Kingdom (Carpenter et al., 1994)
and the USA (Gilbert et al., 1993b) has been published (IARC Study Group on Cancer
Risk among Nuclear Industry Workers, 1994; Cardis et al., 1995). The persons had
been employed for at least six months and had been monitored for external exposure.
The activities of the nuclear facilities included power production, research, weapons
production, reprocessing and waste management. The mean cumulative dose was
40 mSv. Data on socioeconomic status were available for all except the Canadian
workers, and adjustment was made for this variable in the analysis. The combined
analysis covered 2 124 526 person–years and 3976 deaths from cancer. The risk for
leukaemia other than chronic lymphocytic leukaemia was statistically significantly
associated with the cumulative external dose of radiation (one-sided p value, 0.046).
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The excess relative risk estimate for leukaemia other than the chronic lymphocytic
type was 2.2 per Sv (90% CI, 0.1–5.7; n = 119). There was no excess risk for cancer
at any other site, and the excess relative risk estimate for all cancers except the
leukaemias was −0.07 per Sv (90% CI, −0.4, 0.3; n = 3830). Of the 31 specific cancer
types other than leukaemia, only multiple myeloma was statistically significantly
associated with the exposure (p = 0.04; ERR per Sv, 4.2; 90% CI, 0.3–14; n = 44).
2.4.4

Various occupations

An association between dose of radiation and the rate of mortality from cancer was
found in a study of 206 620 Canadian radiation workers (Ashmore et al., 1998)
identified from the National Dose Registry, established in 1951. All workers except
uranium miners who were monitored for exposure to radiation between 1951 and 1983
were included in the study. Most of the participants were medical (35%) or industrial
(38%) workers and the remainder were employed in dentistry (21%) or nuclear power
production (6%). The workers had been monitored with a film or thermoluminescent
dosimeter. Nearly half (45%) of the workers had received doses below the recording
threshold (usually 0.2 mSv), and the mean external dose was 6.3 mSv. The mean
length of follow-up was 14 years. A statistically significant association between dose
of radiation and death from any cancer was detected among men (% ERR per 10 mSv,
3.0; 90% CI, 1.1–4.9) but not among women (% ERR per 10 mSv, 1.5; 90% CI, −3.3,
6.3). In addition, a dose–response relationship was found with lung cancer among men
(% ERR per 10 mSv, 3.6; 90% CI, 0.4–6.9). No significant association was found with
other cancers, including leukaemia and cancers of the thyroid and breast, but a
dose–response relationship was found for all causes of death among both men and
women and for deaths from circulatory disease and accidents among men. [The
Working Group noted that a strong association was found with causes of death other
than cancer, which suggests possible confounding, perhaps by factors such as
smoking. The mortality rate from cancer was only 68% of that predicted from national
rates, suggesting ascertainment bias.]
2.5

Environmental exposure

2.5.1

Natural sources

Most studies of natural radiation are based on comparisons of cancer incidence or
mortality among populations living in areas with different background levels of
radiation. A direct effect of background radiation is unlikely to be observed since it is
likely to be small in comparison with that due to other causes. Furthermore, large
populations must be studied in order to obtain sufficient statistical power, and it could
be difficult to maintain the same standards of diagnosis and registration for large
populations and areas. The studies that have been conducted to investigate the risk for
cancer from naturally occurring radiation have generally found no association, but
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they are not particularly informative because of their low power and because most are
ecological studies, which are difficult to interpret causally. The overwhelmingly negative results do suggest, however, that the carcinogenic risk represented by the low
natural levels of radiation is unlikely to be substantial. The most important studies are
summarized in Table 22.
Court Brown et al. (1960b) studied mortality from leukaemia in Scotland and
related it to residence at the date of death and estimated dose to the bone marrow. The
substantial variation in rates among the 10 areas in Scotland was suggested to be due
to incomplete ascertainment of cases, economic status or background radiation.
In a study of 369 299 persons living in western Ireland, 2756 outdoor and 145
indoor measurements of γ-radiation were performed (Allwright et al., 1983). The
mortality rates from cancer were not related to residence in regression analyses, and
no risk was found in relation to background exposure.
The incidences of leukaemia and non-Hodgkin lymphoma among children who
were < 15 years of age at the time of diagnosis were studied during 1969–83 in 459
county districts in England, Wales and Scotland (Muirhead et al., 1991) in relation to
indoor radon and terrestrial γ-radiation. The incidences were not found to increase
significantly with dose rate. When essentially the same database was used to analyse
6691 cases of childhood leukaemia diagnosed between 1969 and 1983 (16.5% acute
nonlymphocytic leukaemia) with respect to background γ-radiation (Richardson et al.,
1995), no association was found, but a positive association between leukaemia incidence and socioeconomic status was revealed.
In contrast to the studies of Muirhead et al. (1991) and Richardson et al. (1995),
Gilman and Knox (1998) found increased mortality rates from childhood leukaemia
and solid tumours in relation to exposure to radon and terrestrial γ-radiation. The study
was based on the Oxford Survey of Childhood Cancers and comprised 9363 deaths
from solid tumours (48%) and from leukaemia and malignant lymphoma (52%) among
children < 15 years of age during the period 1953–64. Although indoor γ-radiation was
associated with an increased risk, once radon was introduced into the regression model
terrestrial γ-radiation did not contribute significantly to the risk.
Mortality from lung cancer was studied in an area of central Italy with high background radiation from outdoor sources of γ-radiation (2.4 mSv year–1) and high doses
of 226Ra and 232Th from building materials (Forastiere et al., 1985). When villages on
volcanic and non-volcanic soil were compared, no significant difference in mortality
from lung cancer was noted after adjustment for tobacco sales. In an Italian case–
control study, 44 men with acute myeloid leukaemia were compared with 211 male
controls (Forastiere et al., 1998) in relation to measurements of radon and indoor γradiation performed in 1993–94. A nonsignificantly decreased odds ratio was found
for higher background exposure both to radon and to γ-radiation.
In an ecological study, standardized cancer rates for all 24 Swedish counties were
correlated to the average background radiation based on measurements of γ-radiation
in 1500 dwellings chosen at random (Edling et al., 1982). Significant correlations
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Table 22. Epidemiological studies of cancer associated with natural background radiation
Characteristics of study

Main results

Scotland
(Court Brown
et al., 1960b)

Mortality from leukaemia in 10 major areas of Scotland
compared with natural background radiation in four areas

An effect of radiation could not be ruled out, but social and
economic factors were considered to be at least as important.

Irelan
(Allwright et al.,
1983)

Ecological study of cancer mortality rates and natural
background radiation measured outdoors (n = 2756) and
indoors (n = 145); highest and lowest doses differed by a
factor of approximately 5 (McAulay & Colgan, 1980), and
∼370 000 individuals included

No significantly elevated risk related to natural background
radiation

United Kingdom
(Muirhead et al.,
1991; Richardson
et al., 1995)

Incidence of childhood leukaemia in 459 county districts
compared with exposure to indoor radon and γ-radiation and
outdoor γ-radiation

No increased risk for leukaemia attributed to ionizing
radiation, but a positive association of leukaemia incidence
with socioeconomic status

United Kingdom
(Gilman & Knox,
1998)

Mortality from childhood solid cancers and leukaemia in
1953–64 (9363 deaths) compared with residence, social class,
radon and terrestrial γ-radiation

Increased incidences in areas of high socioeconomic status
and in areas of high population density. Radon, but not
significantly γ-radiation, affected the risk for dying from a
solid tumour but not leukaemia or malignant lymphoma.

France
(Tirmarche et al.,
1988)*

Cancer mortality in seven ‘départements’ with high
background γ-radiation compared with national rates

Increased mortality linked to background radiation only for
childhood leukaemia, which was statistically significant in
only one ‘département’

Italy
(Forastiere et al.,
1985)

Lung cancer mortality in 31 villages in volcanic and nonvolcanic areas in central Italy correlated to outdoor
γ-radiation and cigarette sales

No significant difference in lung cancer mortality between
volcanic and non-volcanic villages after adjustment for
tobacco sales

Italy
(Forastiere et al.,
1998)

Five controls matched to each of 44 men who had died of
acute myeloid leukaemia compared with indoor radon and
γ-radiation

Nonsignificant decrease in odds ratio with increasing
background radiation
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Country/region
(reference)

Table 22 (contd)
Main results

Sweden
(Stjernfeldt et al.,
1987)*

One control chosen for each of 15 cases of childhood cancer,
and exposure to indoor ã-radiation and radon measured

No difference in cumulative exposure to γ-radiation or radon
daughters; low statistical power

Sweden
(Edling et al.,
1982)

Cancer incidence in 24 Swedish counties correlated to
γ-radiation measured in 1500 homes

Correlation for lung and pancreatic cancer but borderline
correlation for leukaemia. Degree of urbanization and
smoking most likely influenced the results.

Sweden
(Flodin et al.,
1990)*

172 controls randomly selected for 86 cases of acute myeloid
leukaemia; background radiation approximated from
construction materials in homes and work places

Significantly increased risk for leukaemia when ‘high-dose’
exposure was contrasted to ‘low-dose’. Selection of controls,
approximation of exposure, and lack of information on
number of cases of chronic lymphocytic leukaemia preclude
firm conclusions.

Yangjiang, China
(Tao & Wei, 1986;
Wei et al., 1990;
Chen & Wei, 1991;
Wei & Wang,
1994)

Ecological study of cancer mortality rates in thorium–
monazite areas and a control area

Nonsignificantly lower rates of leukaemia, breast and lung
cancer in the high background area but increased prevalence
of stable chromosomal aberrations

Japan
Noguchi et al.,
1986)

Correlation between background radiation and cancer
mortality during 1950–78

Increased mortality correlated to background levels in some
sites and negative correlations in others. Findings considered
to be unrelated to radiation.

India
(Nambi & Soman,
1987)

Cancer incidence in 5 Indian cities correlated to background
γ-radiation of 0.3–1 mSv

Decreasing incidence with increasing background dose

USA
(Mason & Miller,
1974)

Correlation of cancer mortality and altitude in 53 counties at
an altitude > 3000 ft [> 900 m]

No significant difference in comparison with US national
rates
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Table 22 (contd)
Characteristics of study

Main results

USA
(Amsel et al., 1982)

Relationship between altitude, urbanization, industrialization
and cancer in 82 US counties

Generally, deficits in cancer mortality rates at high altitude

Connecticut, USA
(Walter et al.,
1986)

Cancer incidence related to background radiation, population
density and socioeconomic status in data for 1935–74

No relationship with background radiation, but a high cancer
incidence in areas of high population density

USA
(Weinberg et al.,
1987)

Correlation between cancer mortality, altitude and
background irradiation in US cities at an altitude > 900 ft
[> 250 m]

No overall correlation between background radiation and
cancer or leukaemia

* Not described in text
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(reference)
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were seen for cancers of the lung and pancreas in both men and women, but only a
borderline correlation to leukaemia in men was seen. An association was found
between degree of urbanization and γ-radiation. [The Working Group noted that
cigarette smoking is more common in urban areas and among men, but no adjustment
was made for smoking.]
In Yangjiang province, China, thorium-containing monazites have been washed
down by rain from the nearby heights and raised the level of background radiation to
three times that in adjacent areas of similar altitude. Several studies have been performed to derive indoor and outdoor doses, and individual doses have been measured
with personal dosimeters. More than 80 000 individuals who live in the high background areas were estimated to receive an annual dose to the red bone marrow of
2.1 mSv, whereas the dose of those in the control area was 0.77 mSv. Nonsignificantly
lower rates of mortality from all cancers and from leukaemia, breast cancer and lung
cancer were found in the high background areas (Tao & Wei, 1986; Wei et al., 1990;
Chen & Wei, 1991; Wei & Wang, 1994). Although a significantly higher risk for
cancer of the cervix uteri was found in the high background area, it was considered
not to be due to the ionizing radiation. Nevertheless, a higher frequency of stable chromosomal aberrations (translocations and inversions) was found in the high-dose area
(see section 4.4.1). [The Working Group noted that, in contrast to the previous studies,
migration was not a potential problem and that both indoor and outdoor exposures
were considered.]
The correlation between background radiation and cancer mortality was studied in
46 of 47 prefectures of Japan for the period 1950–78 (Noguchi et al., 1986). Correlations were found only in women, with positive correlations for stomach cancer and
uterine cancer and negative correlations for cancers of the breast, lung, pancreas and
oesophagus. [The Working Group noted that only γ-radiation was considered and altitude was not taken into consideration.]
High natural background levels of radiation are also present in Kerala, India.
Although studies have shown very little evidence for an excess cancer risk, they have
been of limited quality. Cancer incidence and background γ-radiation were investigated
in five Indian cities with background levels of 0.3–1 mSv (Nambi & Soman, 1987). A
significantly decreased overall cancer incidence was observed with increasing dose,
but the authors underlined the limited extent of cancer registration in India.
The association between cosmic radiation and cancer was investigated in two
studies in the USA (Mason & Miller, 1974; Amsel et al., 1982), which found no
increased risk for leukaemia or solid tumours in relation to altitude.
The relationship between background radiation, population density and cancer
was studied with data from the Connecticut Tumor Registry for the period 1935–74
(Walter et al., 1986), and data from an airborne survey of γ-radiation to approximate
the annual doses in 169 towns. No increased risks were found in relation to level of γradiation. [The Working Group noted that the advantages of the study were use of
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incidence rather than mortality data, the fairly high level of background radiation and
a reasonable variation in exposure between towns.]
In order to study the simultaneous effects on mortality rates of altitude and
terrestrial background radiation, all cities in the USA situated at an altitude > 900 feet
[> 250 m] were identified in the metropolitan mortality report for 1959–61 (Weinberg
et al., 1987), and information on background radiation, including cosmic radiation,
was added. Background radiation did not appear to affect the rates of leukaemia or of
cancers of the breast, intestine or lung. When altitude was added, the association was
negative.
2.5.2

Releases into the environment
(a)

The Chernobyl accident

As noted above, the accident at the fourth unit of the Chernobyl nuclear power
plant led to substantial contamination of large areas. [The dramatic increase in the
incidence of thyroid cancer in persons exposed to radioactive iodine as children
(Cardis et al., 1996) will be discussed during a forthcoming IARC Monographs
meeting on radionuclides.] In a follow-up in the Ukraine, the incidences of leukaemia
and lymphoma in the three most heavily contaminated regions (oblasts) were found to
have increased during the period 1980–93 (Prisyazhniuk et al., 1995); however, the
incidences of leukaemia (including chronic lymphocytic leukaemia) and other cancers
in countries of the former USSR had shown an increasing trend before the accident, in
1981, which was most pronounced in the elderly (Prisyazhniuk et al., 1991). The
findings are based on few cases, and increased ascertainment and medical surveillance
are likely to have influenced them. [The Working Group emphasized the importance
of taking the underlying increasing trend into account in interpreting the results of
studies focusing on the period after the Chernobyl accident.]
In a study of the population of Kaluga oblast, the part of the Russian Federation
nearest Chernobyl, in 1981–95, no statistically significant increase in trends of cancer
incidence or mortality was seen after the accident, although a statistically significant
increase in the incidence of thyroid cancer was observed in women (Ivanov et al.,
1997c).
The European Childhood Leukaemia–Lymphoma Incidence Study was designed
to address concerns about a possible increase in the risk for cancer in Europe after the
Chernobyl accident. The results of surveillance of childhood leukaemia in cancer
registry populations from 1980 up to the end of 1991 were reported by Parkin et al.
(1993, 1996). During the period 1980–91, 23 756 cases of leukaemia were diagnosed
in children aged 0–14 (655 × 106 person–years). Although there was a slight increase
in the incidence of childhood leukaemia in Europe during the period studied, the
overall geographical pattern of change bears no relation to estimated exposure to
radiation from the Chernobyl fall-out.
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All 888 cases of acute leukaemia diagnosed in Sweden in 1980–92, after the
Chernobyl accident, in children aged 0–15 years, were examined in a populationbased study in which place of birth and residence at the time of diagnosis were
included (Hjalmars et al., 1994). A dose–response analysis showed no association
between the degree of contamination and the incidence of childhood leukaemia.
Auvinen et al. (1994) reported on the incidence of leukaemia in Finland among
children aged 0–14 in 1976–92 in relation to fall-out from the Chernobyl accident,
measured as external exposure in 455 municipalities throughout the country. The incidence of childhood leukaemia did not increase over the period studied, and the excess
relative risk in 1989–92 was not significantly different from zero.
The incidence of leukaemia among infants in Greece after exposure in utero as a
consequence of the Chernobyl accident was found to be higher in children born to
mothers who lived in areas with relatively greater contamination (Petridou et al.,
1996). On the basis of 12 cases diagnosed in infants under the age of one year, a statistically significant increase in the incidence of infant leukaemia was observed (rate
ratio, 2.6; 95% CI, 1.4–5.1). No significant difference in the incidence of leukaemia
among 43 children aged 12–47 months born to presumably exposed mothers was
found. [The Working Group was unclear why the authors chose to limit their analysis
to infants, as there is little etiological reason for doing so.]
In a study of childhood leukaemia in relation to exposure in utero due to the
Chernobyl accident based on the population-based cancer registry in Germany
(Michaelis et al., 1997; Steiner et al., 1998), cohorts were defined as exposed or
unexposed on the basis of date of birth and using the same selection criteria as Petridou
et al. (1996). Overall, a significantly elevated risk was seen (RR, 1.5; 95% CI,
1.0–2.15; n = 35) for the exposed when compared with the unexposed cohort. The incidence was, however, higher among infants born in April–December 1987 (RR, 1.7;
95% CI, 1.05–2.7) than among those born between July 1986 and March 1987 (RR,
1.3; 95% CI, 0.76–2.2), although the exposure of the latter group in utero would have
been greater than that of the former group. The authors concluded that the observed
increase was not related to exposure to radiation from the Chernobyl accident.
(b)

Populations living around nuclear installations

A number of studies have been conducted of populations living near nuclear
installations (Doll et al., 1994; UNSCEAR, 1994), and some have shown unexpected
associations between exposure to radiation and cancer in either potentially exposed
persons or their offspring.
A cluster of childhood leukaemias was reported around the Sellafield nuclear
installation in the United Kingdom in 1983 (Black, 1984). Childhood leukaemia was
subsequently reported to be occurring in excess in other regions of the United Kingdom
where there were nuclear installations, although the incidence of all cancers was not
increased (Forman et al., 1987). These observations were not replicated in Canada
(McLaughlin et al., 1993b), France (Hill & Laplanche, 1990; Hattchouel et al., 1995),
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Germany (Michaelis et al., 1992) or the USA (Jablon et al., 1991), although associations
were reported around a reprocessing plant in France (Viel et al., 1995; Pobel & Viel,
1997). More refined analyses in the United Kingdom gave little evidence that the
incidence of childhood leukaemia was related to proximity to nuclear facilities, except
for the Sellafield installation (Bithell et al., 1994). Another study conducted in England
and Wales showed that the incidence of childhood leukaemia was increased around sites
selected for nuclear facility construction but in which the facilities had not been
completed (Cook-Mozaffari et al., 1989). An infectious agent associated with large
migrations of people into these areas has been proposed as a possible explanation for the
clusters (Kinlen et al., 1991; Kinlen, 1993a). These ecological analyses are severely
limited by the absence of information on individual doses of radiation, but they were
probably lower than the dose of natural background radiation (Darby & Doll, 1987).
[The Working Group noted that unknown factors associated with migration and selection
of residence and occupation could play a major role in cancer occurrence.] Other studies
around nuclear facilities have failed to provide clear insight into the reasons, other than
chance or selection, for the apparent clusters of childhood cancer (MacMahon, 1992;
Draper et al., 1993).
A case–control study of leukaemia and non-Hodgkin lymphoma among children
around Sellafield raised the possibility that exposure of the fathers who worked at the
facility might explain the cluster. Four cases of leukaemia were seen among children
whose fathers received doses ≥ 10 mSv within six months of conception (Gardner
et al., 1990). These findings were not replicated in a similar but smaller study at the
Dounreay nuclear facility in Scotland (Urquhart et al., 1991) or in two further surveys
in Scotland (Kinlen, 1993b; Kinlen et al., 1993) and one in Canada (McLaughlin
et al., 1993c). Further, a study of 10 363 children who were born to fathers who
worked at the Sellafield facility included an evaluation of the geographical distribution
in the county of Cumbria of the paternal dose received before conception. The paternal
doses were consistently higher for fathers of children born outside Seascale, a village
close to Sellafield where the original cluster was found. Since the incidence of childhood leukaemia was not increased in these areas of West Cumbria, despite the higher
preconception exposures, the authors concluded that paternal exposure to radiation
before conception is unlikely to be a causal factor in childhood leukaemia (Parker
et al., 1993). The hypothesis was also not substantiated in further studies (Doll et al.,
1994; Committee on Medical Aspects of Radiation in the Environment, 1996).
A further study of cancer among the children of nuclear industry employees in the
United Kingdom was conducted with a questionnaire approach (Roman et al., 1999).
Employees at three nuclear establishments were contacted, and 111 cancers
(28 leukaemias) were reported among 39 557 children of male employees and 8883
children of female employees. The incidences of all cancers and of leukaemia were
similar to those in the general population; however, the rate of leukaemia in children
whose fathers had accumulated a preconceptual dose ≥ 100 mSv was significantly
higher (5.8; 95% CI, 1.3–25) than that in children born before their fathers’
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employment in the nuclear industry, but this result is based on only three exposed
cases. [The Working Group noted that two of these three cases were included in the
study of Gardner et al. (1990) which generated the hypothesis, and should have been
excluded in order that the study be considered an independent test of the hypothesis
that paternal irradiation results in childhood leukaemia. Further, the approach used
probably resulted in substantial under-ascertainment of the number of cases of
childhood cancer because no effort was made to obtain information on children of
workers who had died; ex-employees who were not on the pensions database were not
contacted; ex-employees of one of the three nuclear establishments and persons over
the age of 75 were not contacted at all; an unstated number of questionnaires was
returned undelivered; and 18% of the male workers who received the questionnaires
failed to return them. Comparison with a record linkage study that included all
children of nuclear industry workers in the United Kingdom (Draper et al., 1997)
indicates that as many as two of every three childhood cancers may have been missed.
The study is therefore susceptible to biases related to incomplete ascertainment of
children with cancer and to the reasons for responding or failing to respond to the
questionnaire.]
The nuclear reactor accident at Three-Mile Island, Pennsylvania (USA), released
little radioactivity into the environment and resulted in doses to the population that
were much lower than those received from the natural background. Any increase in the
incidence of cancer would thus be expected to be negligible and undetectable (Upton,
1981). An ecological survey found no link between estimated patterns of radiation
release and increased cancer rates (Hatch et al., 1990; Jablon et al., 1991). Other
studies of the Three-Mile Island incident have given inconsistent results (Fabrikant,
1981; Wing et al., 1997) and provide little evidence for an effect of radiation.
2.6

Issues in quantitative risk assessment

The wealth of data and the availability of quantitative estimates of biologically
relevant measures of dose or exposure have led to the development of intricate
approaches for estimating the magnitude of risks due to exposure to γ- and X-rays. These
approaches, which have drawn on information obtained from both epidemiological and
experimental studies, have then been used to estimate the risks from various exposures.
In this section, several measures of risk are defined, problems and uncertainties in estimating those risks are discussed, and recent efforts of major national and international
groups to provide quantitative risk estimates are summarized. Several estimates of risks
from particular sources of exposure are given as illustrations.
2.6.1

Measures of risk

In general, summary measures of risk are based on the assumption that variation
in risk among individuals within a population can be ignored (at least for certain
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purposes) and that the concept of an average risk for a population is meaningful. An
important measure of risk is the lifetime risk that an individual will die from a cancer
that has been caused by exposure to a carcinogenic agent such as radiation. The
lifetime risk is sometimes referred to as the risk of exposure-induced death and differs
from the excess lifetime risk (National Council on Radiation Protection and Measurements, 1997), which does not include deaths from cancers that would have occurred
without exposure but which occur at a younger age because of the exposure (Thomas
et al., 1992). Such risks are dependent on dose and thus must be expressed as a
function of dose. In the most commonly used linear model, the risk is often expressed
per unit of dose. Lifetime risk estimates may depend on sex, age at exposure and the
pattern of exposure over time. Approaches have been developed that allow estimation
of sex-specific lifetime risks resulting from various patterns of exposure with regard
to age and time. For example, the risk from single exposures at various ages or from
continuous exposure over a specified period can be estimated. Lifetime risks also
depend on many individual characteristics, but too little is known about such
dependence for it to be taken into account. Rigorous definitions and interpretations of
measures such as attributable risk and the probability of causation have been discussed
extensively (Greenland & Robins, 1988). Only a broad definition is given here.
Once a model for estimating the lifetime risks of individuals has been developed,
it can be applied to all individuals in a population (such as an entire country) to
estimate the total number of cancers that are expected to occur as a result of exposure
to various specified doses. Since risks often depend on sex and age at exposure, such
estimates require demographic data on the population for which the risk estimates are
being made. Like individual risks, population risks can be expressed as a function of
dose, or per unit of dose for a linear model.
If estimates of the doses or distribution of doses received by a population from a
particular source of radiation are available, the models for estimating lifetime risks can
be applied to estimating the number of cancer deaths associated with exposure from
the source. This number is sometimes expressed as a fraction of the total number of
cancer deaths that have occurred in the population and is known as the attributable
risk. A closely related quantity is the probability of causation, which is identical to the
‘assigned share’, which is the probability that a cancer that has already occurred in an
individual was caused by radiation (Lagakos & Mosteller, 1986). Radiation risks are
commonly measured in terms of cancer mortality, but all of the above measures can
also be used to estimate the risk for non-fatal cancer. None of these measures reflects
the age at which death from cancer occurs. An additional measure that takes account
of age is the loss of life expectancy, which was defined and discussed by Thomas et
al. (1992). This is sometimes expressed as the number of years of life lost per
radiation-induced cancer.
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Problems and uncertainties in quantifying risks due to radiation

Models or sets of assumptions are needed to estimate any of the quantities described
above, and their development and application are described below in general terms. For
more rigorous treatment, the reader is referred to Bunger et al. (1981), Thomas et al.
(1992) or any of the documents describing the specific risk models summarized below.
The most recent attempts at risk assessment are based on epidemiological data, so
that age-specific cancer mortality or incidence rates are estimated as a function of
baseline rates and parameters that characterize the relationship between risk and
exposure to radiation. The risk from radiation is usually expressed as a function of
dose, age at the time of exposure, time since exposure, sex and sometimes other
factors. These functions are then used in combination with data on the characteristics
of the population.
A commonly used model takes the form:
λ (a, s, D, e, t) = λ (a, s) [1 + f (a, s, D, e, t)]
where λ (a, s, D, e, t) is the age-specific rate for age (a), sex (s), dose (D), age at
exposure (e) and time since exposure (t); λ (a, s) is the baseline risk at age (a) and sex
(s) and f (a, s, D, e, t) is the ERR associated with a, s, D, e and t. A key feature of this
model is that risks are expressed relative to the baseline rather than in absolute terms.
If life-table methods are used, the age-specific risks λ (a, s) and λf (a, s, D, e, t) can
be applied to demographic data for the population for which risk estimates are being
made to obtain lifetime risk estimates or any of the other measures described above.
In this application, the baseline risks λ (a, s) are usually derived for the population of
interest (Committee on the Biological Effects of Ionizing Radiation (BEIR IV), 1988).
Because the populations and exposures for which risk estimates are desired nearly
always differ from those for which epidemiological data are available, assumptions
are required, many of which involve considerable uncertainty. Some of the more
important assumptions are discussed below, and the approaches used to address these
problems in specific risk assessments are described in section 2.6.4.
Most situations for which risk estimates are desired involve exposure to low doses
and dose rates. Because the estimates obtained directly from epidemiological data on
populations exposed to low doses are imprecise, it is necessary to extrapolate from
risks estimated for persons exposed to higher doses and dose rates than those of direct
interest. Specifically, the data on the atomic bomb survivors have played a strong role
in developing models for risk estimation, and estimates based on those data tend to be
driven by doses > 1 Gy, which is much higher than the doses for which risk estimates
are needed, < 0.1 Gy. Although many epidemiological findings are compatible with a
linear dose–response function in which risk is proportional to dose, other forms, such
as a linear–quadratic relationship, cannot be excluded. Because experimental data
have suggested that the risk per unit of dose is lower when radiation is received at low
rates than when it is received at high rates, linear estimates of risk at low doses and
dose rates are often reduced by a factor known as the dose-and-dose-rate-effectiveness
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factor. Although a factor of 2 has been used in several risk assessments, the magnitude
of the factor, or whether it is needed at all, is uncertain. Because of the large
uncertainty in the risks associated with exposures to < 0.1 Gy, some committees such
as the Committee on the Biological Effects of Ionizing Radiations (BEIR V; 1990)
have refrained from publishing estimates below this level and have noted the possibility that there is no risk at very low doses. Further discussion of this issue is given
in section 2.7.
Although the risk for cancer associated with exposure to radiation has been found
to depend on sex, age at exposure and the time between exposure and diagnosis or
death, the available data are not adequate to determine the exact form and magnitude
of such dependence, and risk estimates are usually based on relatively simple assumptions. For example, many estimates of the risk for solid tumours are based on the
assumption that, for a given age at exposure, the ratio of the risk associated with
radiation to the baseline risk, the ERR, remains constant as subjects are followed over
time; however, some data suggest that this ratio declines over time, and populations
have not yet been followed for their entire lifespans. The risks of people exposed at
young ages are particularly uncertain, since follow-up of these persons is the least
complete. The data on many cancer types indicate that the relative risk is greatest for
people exposed early in life, but the magnitude of the increase and whether it persists
throughout life is highly uncertain.
Another difficulty is that the baseline cancer risks of the population being studied
may differ from those of the population for which risk estimates are desired. This has
been a major concern in using data on Japanese survivors of the atomic bombings to
estimate risks for white populations, especially for certain specific cancers, as the
baseline rates of cancers of the breast, lung and colon are much lower in Japan than,
for example, in the United Kingdom or the USA; in contrast, the rate of stomach
cancer is much higher in Japan. In order to address this problem, some risk estimates
(Committee on the Biological Effects of Ionizing Radiations (BEIR III), 1980) were
based on the assumption that absolute risks do not depend on baseline risks, while
others were based on the assumption that radiation risks are proportional to baseline
risks (Committee on the Biological Effects of Ionizing Radiations (BEIR V), 1990).
The risk for breast cancer can be estimated from the results of studies of white women
(Abrahamson et al., 1991), but adequate data on non-Japanese populations are not
available for many other cancers. The problem is less severe for leukaemia and for all
solid tumours combined, since the baseline rates for these categories do not vary as
greatly among countries.
A closely related problem is that smoking and other life-style factors may modify
risks. This is especially important in estimating risks for individuals, but also affects
population risks if these factors differ in the population used to develop the risk
models and in that for which risk estimates are desired. In fact, these differences are
probably part of the reason for differences among baseline rates in different countries.
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Ideally, risk models should take account of the modifying effect of other exposures
and life-style factors, but in practice too little is known to allow this.
Increasing attention is being given to quantifying the uncertainties in risk estimates.
The sources of uncertainty include lack of knowledge about the correct assumptions,
as discussed above, and these uncertainties must often be assessed subjectively.
Sampling variation is another important source of uncertainty, but it differs from most
other sources in that it can be quantified by reasonably rigorous statistical approaches,
although it may be necessary to use Monte Carlo computer simulations to address the
complex dependence of lifetime risk on the parameters that are estimated (Committee
on the Biological Effects of Ionizing Radiations (BEIR V), 1990). Still other sources of
uncertainty are possible errors and biases in the epidemiological data used, including
errors in the estimated doses. Methods are available for addressing these uncertainties,
but they are often difficult to apply and require a thorough understanding of the magnitude and nature of the errors.
2.6.3

Lifetime risk estimates by national and international committees

The vast literature relevant to radiation risk assessment is reviewed periodically
by national and international committees, and several such reviews have included
summary estimates of lifetime risks. In this section, the more recent efforts of
UNSCEAR (1988, 1994), the Committee on the Biological Effects of Ionizing
Radiations (BEIR V; 1990) and the ICRP (1991a) are briefly summarized.
(a)

UNSCEAR

In their 1988 report, UNSCEAR provided estimates of lifetime risk that served as
the basis for recommendations of the ICRP (1991a). Estimates were given for death
from leukaemia, from all cancers except leukaemia and from several other types of
cancer. For all cancers, separate estimates were given for the total population, for a
working population aged 25–64 years and for an adult population aged ≥ 25. The
estimates were based on the data on mortality among survivors of the atomic
bombings during 1950–85, as presented by Shimizu et al. (1990). The lifetime risk
estimates were based on demographic data for the population of Japan in 1982. Alternative estimates based on patients with ankylosing spondylitis or cervical cancer who
were exposed to radiation were also given.
UNSCEAR (1988) used two approaches for extrapolating risks beyond the period
for which follow-up data were available: an additive model, in which it was assumed
that the absolute risk is constant over time, and a multiplicative model, in which it was
assumed that the ratio of the radiation-induced cancer risk to the baseline risk (ERR)
is constant over time. Because baseline risks increase as persons age, the multiplicative model generally results in larger estimates than the additive model. The additive
model is no longer thought to be appropriate for solid tumours. For leukaemia, it was
assumed that risks persist for 40 years after exposure, while for solid tumours it was

214

IARC MONOGRAPHS VOLUME 75

assumed that the risks persist through the remainder of life. The estimates for most
cancers were assumed not to depend on sex or age at exposure, but for leukaemia and
the category ‘all cancers except leukaemia’ estimates based on age in categories of
0–9, 10–19 and ≥ 20 years were presented. The estimates were based on a linear
model, but UNSCEAR recommended that the effects of low doses (< 0.2 Gy) and low
dose rates (< 0.05 mGy/min) be reduced by a factor of 2–10, although no specific
recommendation was made.
UNSCEAR (1994) presented lifetime risk estimates for leukaemia and several
categories of solid tumour. The approach was similar to that used in 1988, in that the
estimates were based on data on the mortality of atomic bomb survivors during
1950–87 and applied to the Japanese population in 1985 to obtain lifetime risks;
however, the analyses used to derive the estimates were more refined than those used
in 1988. In the model for leukaemia, the excess absolute risk was expressed as a
linear–quadratic function of dose and was allowed to depend on sex, age at exposure
(separate parameters estimated for 0–19, 20–34 and ≥ 35 years) and time since
exposure (treated as a continuous variable that allowed the risk to decrease with time).
Estimates were also presented for tumours of the oesophagus, stomach, colon, liver,
lung, bladder, breast, ovary, other sites and all solid tumours. The ERRs were allowed
to depend on sex and age at exposure, and the latter was treated as a continuous
variable and evaluated separately for each cancer evaluated. The lifetime estimates
were based on the assumption of constant relative risk, in which the ratio of the risk
for radiation-induced cancer to the baseline risks was assumed to be constant over
time. For the category of all solid tumours, lifetime risk estimates were also presented
from two alternative models, in which the ERR was assumed to be constant for the
first 45 years of follow-up and to then decline linearly with age. In the first alternative
model, the risks were assumed to decline linearly until they reached the risk for
exposure at the age of 50. In the second alternative model, the risks were assumed to
decline linearly to reach zero risk at age 90. These alternatives yielded lifetime risks
that were 20 and 30%, respectively, below those predicted by the constant relative risk
model.
The resulting estimates of lifetime risk were compared with those given in the
1988 report by age-specific coefficients and multiplicative risk projection. The
estimates for leukaemia were nearly identical in 1988 and 1994, whereas the 1994
estimate for all solid tumours based on the constant relative risk model was only
slightly higher than that of 1988. UNSCEAR did not recommend that the estimates be
modified but did recommend that the risks for solid tumours be reduced by a factor of
about 2 for exposure to low doses (< 0.2 Sv).
(b)

Committee on the Biological Effects of Ionizing Radiations
(BEIR V; 1990)

Unlike the models of UNSCEAR, those of BEIR V were developed for application
to the population of the USA, and thus demographic data for the 1980 population were
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used in calculating lifetime risks. The BEIR V report provides estimates of the excess
mortality from leukaemia and all cancers except leukaemia that would be expected to
result from a single exposure to 0.1 Sv, from continuous lifetime exposure to 1 mSv per
year and from continuous exposure to 0.01 Sv per year from the age of 18 until the age
of 65, with separate estimates for men and women. Estimates of the number of excess
deaths (with confidence intervals), the total years of life lost and the average years of
life lost per excess death are given. For each exposure scenario, separate estimates are
presented for leukaemia and for cancers of the breast, respiratory tract, digestive tract
and other cancers, for each sex and for nine categories of age at exposure.
The estimates of BEIR V were based on models in which the ERR was expressed
as a function of sex, age at exposure and time since exposure. Separate models were
developed for leukaemia and the four categories of solid tumours listed above. The
models were based primarily on analyses of data on the mortality of atomic bomb
survivors, although the models for breast and thyroid cancers drew on data from
several other epidemiological studies. The lifetime risk estimates were based on a
multiplicative model in which the relative risks are assumed to be the same for the US
population and Japanese survivors of the atomic bombings.
The ERR for leukaemia was found to depend on age at exposure and time since
exposure, and separate estimates were made for each of several categories defined by
these variables. The ERR for female breast cancer depended on time since exposure
(treated as a continuous variable) and age at exposure (< 15, about 20 and ≥ 40 years);
the risks increased and then declined with time since exposure and decreased with
increasing age at exposure. The ERR for respiratory cancer depended on sex and time
since exposure (treated as a continuous variable and indicating a decline with time)
but not on age at exposure. The ERR for digestive cancers depended on sex and age
at exposure (treated as a continuous variable with a decline starting at age 25) but not
on time since exposure. For other cancers, the ERRs depended only on age at exposure
(treated as a continuous variable with a decline starting at age 10), with no dependence
on sex or time since exposure.
In order to estimate the risks for leukaemia at low doses and dose rates, a
linear–quadratic model was used, which reduced the effect by a factor of 2 below the
estimates that would have been obtained from a linear model. For cancers other than
leukaemia, a linear model was used, with a non-specific recommendation to reduce
the estimates obtained through linear extrapolation by a factor of 2–10 for doses
received at low rates.
(c)

ICRP

ICRP (1991a) reviewed the estimates provided by UNSCEAR (1988) and by the
BEIR V Committee (1990) and recommended use of the estimates obtained from the
UNSCEAR age-specific additive model for leukaemia and from the UNSCEAR agespecific multiplicative model for all cancers other than leukaemia. ICRP also recommended that the linear risk estimates obtained from data on high doses be reduced by
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a factor of 2 for exposures to < 0.2 Gy or < 0.1 Gy h–1. ICRP provided separate
estimates for a working population and for the total population, including children.
ICRP was especially concerned with developing tissue weighting factors (wT) to
allow for their relative sensitivity to cancer. Such weighting factors are useful for
estimating the detrimental effects of radiation received at non-uniform doses by
various organs of the body (see section 1.4, Overall introduction). To develop these
weighting factors, lifetime risks for several types of cancer were calculated from agespecific risk coefficients for the survivors of the atomic bombings. As the factors were
to be applicable to the world population, separate calculations were made with reference populations from China, Japan, Puerto Rico, the United Kingdom and the USA
on the basis of three sets of assumptions for projecting risks over time and across
countries. In estimating risks for cancers of the thyroid, bone surface, skin and liver,
ICRP (1991a) considered sources of data other than that on atomic bomb survivors.
Other factors that were used in developing the weighting factors were the lethality of
each type of cancer and the reduction in lifespan that would result.
(d)

Summary

Table 23 summarizes the lifetime risk estimates per 104 person–Gy for a population of all ages and each sex. The reasons for the differences among these estimates
were discussed by Abrahamson et al. (1991) and Thomas et al. (1992). Table 24 shows
the contributions of specific cancers to total mortality from cancer as proposed by
ICRP and as used in developing the weighting factors.
2.6.4

Estimates of risk due to specific sources of radiation

Estimates of the risks attributable to specific sources of radiation are often of
interest. As discussed in section 2.6.1, this requires that the magnitude of the doses be
estimated. For a linear model, the total exposure, often referred to as the collective
dose, may be sufficient. For exposures that vary by age or sex (such as medical and
occupational exposure), information is required on such variation, since the risks
depend on these factors. For exposures that involve non-uniform doses to various
organs of the body, doses to specific organs are required. A few illustrative examples
are given briefly below; for details, readers should consult the references indicated.
The Working Group made no judgement about the validity of the methods used or the
results obtained.
(a)

Natural background

Darby (1991) estimated the number of cancers expected to occur annually in
relation to exposure to natural background ionizing radiation in the USA. The source
of data on exposure was a report of the National Council on Radiation Protection and
Measurements (1987a), which provided estimates of the effective dose equivalents
received annually by an average member of the US population from various com-
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Table 23. Estimates of lifetime risk for fatal cancer (excess deaths per 104
persons exposed to 1 Sv for a population of all ages and each sex)
Type of cancer

Linear estimatese
Leukaemia
All cancers except leukaemia
Total
Estimates for low dose and dose rate
Leukaemia
All cancers except leukaemia

UNSCEAR (1988)a
Multiplicativec

Additived

97 (100)
610 (970)
707 (1070)

93 (100)
360 (320)
453 (420)

BEIR Vb
(1990)

ICRP (1991a)

[95]
[695]f
790

100
900
1000

47.5

50
450

a

The 1994 UNSCEAR report provided a linear–quadratic lifetime risk estimate of 110 for leukaemia
after exposure to 1 Sv and linear estimates ranging from 750 to 1090 for solid tumours, but
recommended continued use of the age-specific multiplicative estimates from the 1988 report. Based
on constant (age-averaged) risk coefficients; those in parentheses were based on age-specific risk
coefficients.
b
Committee on the Biological Effects of Ionizing Radiations. Unlike estimates from other reports,
those of BEIR V do not include radiation-induced cancer deaths in persons who would have died of
cancer later.
c
Based on a multiplicative model in which it is assumed that relative risks remain constant over time
d
Based on an additive model in which it is assumed that the absolute risks remain constant over time
e
Do not include modification for dose and dose rate reduction factors
f
Sum of the BEIR V estimates for female breast cancer, respiratory cancer, digestive system cancers
and other cancers

ponents of natural background radiation. The values used were 0.27 mSv from cosmic
radiation, 0.22 mSv from terrestrial γ-radiation, 0.01 mSv from cosmogenic radionuclides, 2.0 mSv from inhaled radionuclides (mainly radon and its daughters) and
0.39 mSv from other radionuclides in the body. The first three sources irradiate the
body uniformly, whereas the non-uniform nature of the remaining sources was taken
into account in calculating the resulting effective dose equivalents. There is no
important variation in such exposures by age or sex. The risk due to radon was evaluated separately from those due to other sources, and only the non-radon sources
were considered, which provided a total dose of about 1.0 mSv per person per year.
Darby (1991) applied the BEIR V model to data on US mortality rates and populations in 1987 and estimated that each year about 6700 cancer deaths would be
expected to occur in men and 7100 in women as a result of postnatal exposure to
natural background radiation other than radon. She also estimated the numbers of
deaths from leukaemia (men, 900; women, 700), respiratory cancers (men, 1800;
women, 1800), female breast cancer (700), digestive cancers (men, 1300; women,
1900) and other cancers (men, 2700; women, 2000). These were then expressed as
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Table 24. Contribution of cancers in specific
organs to mortality from all cancers in a
general population
Organ

Fatal probability coefficient
(per 104 person–Sv)

Bladder
Bone marrow
Bone surface
Breast
Colon
Liver
Lung
Oesophagus
Ovary
Skin
Stomach
Thyroid
Remainder

30
50
5
20
85
15
85
30
10
2
110
8
50

Total

500

From ICRP (1991a)

attributable risks on the basis of the observation that they comprised 2.8% of all cancer
deaths in men and 3.6% in women. She further noted that the BEIR V model for
cancers other than leukaemia is based on linear extrapolation from risk estimates
obtained from data on persons exposed to high doses and dose rates, and may require
modification for application to the low doses and dose rates from natural background
sources. If the risk estimates are halved to account for this modification, the attributable risks would be about 1.6% for men and 2.0% for women.
(b)

Medical diagnosis

Kaul et al. (1997) estimated the annual collective effective dose from medical
diagnostic radiation in Germany in 1990–92 in order to evaluate the risk associated
with such exposure. They first used health insurance and hospital records to estimate
the number of examinations with X-ray and diagnostic medical procedures that had
been conducted in the former Federal Republic of Germany. The effective doses from
each type of procedure were then estimated, by thermoluminescent dosimetry for the
X-ray procedures and information provided in ICRP publications (1991a,b) for the
nuclear medical procedures. The collective dose was estimated by multiplying the
effective doses associated with each type of examination by the estimated annual
frequency of the procedure, and then summing over all procedures. Using this
approach, Kaul et al. (1997) estimated an annual collective effective dose of about
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115 000 person–Sv from X-ray diagnosis and 5000 person–Sv from diagnostic
nuclear medicine for the former Federal Republic of Germany, which had a population
of 65 million in 1992.
The risk calculations were based on ICRP recommendations (1991a), although the
authors noted that the ICRP risk estimate of 5.2% per Sv (lifetime probability of
radiation-induced fatal cancer) for a population covering all ages is not fully appropriate
because medical exposures are much more frequent at older than at younger ages. By
taking into consideration both the age-specific risk calculations provided in an appendix
to the ICRP report (1991a) and information on the age distribution of the recipients of
the procedures in Germany, they concluded that the estimate of 5.2% per Sv could be
reduced by a factor of 0.6–0.7 to estimate the risk from diagnostic medical
examinations. Use of a 0.6 reduction led to an estimate of approximately 0.5% for the
average additional lifetime risk of fatal cancer attributable to medical irradiation, which
can be compared with a ‘spontaneous’ total fatal cancer risk of 25%. [The Working
Group calculated that the attributable risk would then be 0.5/25, or 2%.]
(c)

Dental radiography

White (1992) estimated the worldwide risk from dental radiography by adjusting
the risk estimates from several sources so that they were all expressed in terms of fullmouth examinations and by substituting the ICRP (1991a) risk coefficient for the
original risk coefficients, which were usually based on earlier data than used by ICRP.
This standardization resulted in an average estimate of 2.5 fatal cancers per million
full-mouth examinations. The worldwide risk was estimated on the basis of a United
Nations report that 340 million dental radiographic procedures had been performed in
1980, with four films per procedure. The estimate of 2.5 fatal cancers per million fullmouth examinations was then converted to an estimate of 0.5 fatal cancers per million
procedures, which resulted in an estimate of about 170 annual cancer fatalities worldwide due to dental radiography. White (1992) noted that the universal adoption of
alternative films (E-speed films) and procedures (rectangular collimation) could
reduce this estimate by a factor of 5.
(d)

Mammography

Mammographic screening and treatment can reduce the risk for fatal breast cancer,
but since the radiation involved can cause breast cancer, the procedure also involves
risk. Comparisons of the risks and benefits are clearly of interest. Mettler et al. (1996)
estimated the annual risks and benefits for women in the USA who had annual
mammographies beginning at the age of 35, 40 or 50. They used ERR coefficients
specific for age at exposure obtained from data on atomic bomb survivors (Tokunaga
et al., 1994) but adjusted for differences in the baseline risks for breast cancer in Japan
and the USA. The coefficients were applied to data on breast cancer incidence in
1973–90 in selected areas of the USA that are covered by cancer registries.
Assumptions were made about the dose per mammography, the reduction in the risk
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for dying from breast cancer resulting from screening, the percentage of breast cancers
that are fatal and the latency for breast cancer. On the basis of these assumptions and
calculations, it was concluded that the benefits substantially outweigh the risks, with
a 5% reduction in the rate of mortality from breast cancer with annual screening at the
ages of 35–39 and a 25% reduction with screening at ages ≥ 40.
2.7

Other issues in epidemiological studies

The previous section dealt with quantitative issues in risk assessment. Other
important epidemiological issues are the statistical power of a study to detect convincingly a cancer excess after exposure to radiation and other factors that modify the
effect of radiation, such as age at the time of exposure.
The single most important study of radiation carcinogenesis in human populations
is that of the Japanese atomic bomb survivors (Pierce et al., 1996), as it is a long-term
prospective cohort study in which a defined group of survivors have been followed
forward in time since 1945 to determine their causes of death; more recently, cancer
incidence has been evaluated (Thompson et al., 1994). A single exposure to 2 Sv is
estimated to double the risk, i.e. cause a 100% excess in the relative risk (RR, 2) for
death from any solid tumour. The ability of epidemiological studies to detect such a
twofold increase in risk is quite good. A single exposure to 1 Sv is estimated to be
associated with a relative risk of about 1.4–1.5, and epidemiological methods are often
sufficient to conclude causal associations of this magnitude. The excess absolute risk
is about 10 extra cancers per year among 10 000 persons exposed to 1 Sv, and the
lifetime risk is about 10% per Sv; i.e. 10 in 100 persons acutely exposed to 1 Sv of
whole-body radiation would be predicted to develop a radiation-induced cancer
sometime during their lifetime. At an exposure of only 0.1 Sv, the predicted relative
risk is only 1.05, i.e. a 5% excess, and epidemiologists have difficulty in detecting
such low risks. Sampling variability and inability to control for confounding factors
provide ‘noise’ that swamps the small signal to be detected. Thus, estimates of effects
at low doses are obtained by extrapolation from data on people exposed to high doses
(Boice, 1996).
It is further assumed that estimates obtained from acute or brief exposures should
be reduced by a factor of about 2 when exposure is spread over time and not instantaneous, although the possible range in the reduction factor is 2–10. Leukaemia is
usually separated from other cancers because its minimum latency is shorter (about
two years after exposure) and its mechanism of development may be different. The
minimum latency before solid tumours appear after irradiation is about 5–10 years.
Summary estimates of risks associated with radiation can be used as guidelines for
setting protection standards and health policy, although even estimates based on high
doses are subject to uncertainty (National Council on Radiation Protection and
Measurements, 1997). The five broad areas of uncertainty are: epidemiological uncertainties, dosimetric uncertainties, transfer of risk between populations, projection to a
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lifetime model and extrapolation to low doses or low dose rates. Risk varies by age at
exposure, sex, time after exposure, dose rate, type of radiation, total dose and the
presence of other factors such as cigarette smoke. Some cancers, such as chronic
lymphocytic leukaemia, have not been associated with exposure to radiation (Boice,
1996). The convention of combining all cancers to obtain a global estimate of risk is
a source of error as some cancers have not been associated with radiation and the sites
of other cancers differ appreciably in their sensitivity to induction. At very low doses,
radiation damage may be repaired, which might influence risk. In the absence of
reliable data on the effects of low doses, it is often assumed that extrapolation to low
doses should be linear and without a threshold. This assumption remains
controversial, some people contending that a threshold does exist, others contending
that the risks are higher than those estimated from a linear relationship and still others
contending that low exposures may be beneficial (Fry et al., 1998; Upton, 1999).
2.7.1

Scale of measurement

The scale of measurement is important in evaluating variation in the ability of
radiation to induce specific cancers (tissue sensitivity) and the modifying effects of
co-factors such as age. A relative scale is influenced by the baseline cancer incidence
in the population being studied, and populations with different baselines have
different risk coefficients. For example, the rate of naturally occurring breast cancer
in Japan is much lower than that in western countries, and the relative risk for
radiation-induced breast cancer per sievert is higher in Japanese atomic bomb
survivors than in western women exposed to radiation (UNSCEAR, 1994).
Differences in radiation-related relative rates between populations can thus be due to
differences in the background incidence rates. On an absolute scale, the excess
number of cancers occurring per person per year per dose is compared. If the relative
risk for radiogenic cancers remains constant with this exposure, then the absolute risk
will change at each follow-up period.
2.7.2

Complicating factors

Although perhaps more is known about radiation than any other carcinogen, with the
possible exception of tobacco, there remain complicating factors which limit generalization of the findings (Table 25). Risk varies with dose, but not always in a linear
fashion. The risk may be lower when low doses are delivered at low rates, but most of
the evidence of effects comes from studies of high doses delivered at high rates. Risk
depends on the sex of the individual exposed and the age at exposure. Risk varies by
time since exposure. Exposure to high-LET radiation such as α-particles and neutrons
appears to be associated with higher risks than exposure to low-LET radiation (X-rays,
γ-rays and electrons). The presence of certain genetic, environmental or lifestyle factors
may influence risk to an extent that is not yet well defined (Boice, 1996).
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Table 25. Factors that complicate generalizations about estimates
of risk associated with exposure to radiation
Factor

Comment

Dose dependence
Dose rate
Sex
Age
Latency
Co-factors

Cell killing at high doses, repair at low doses
Higher risk for brief exposure, repair at low dose rates
Somewhat higher risk for women
Somewhat higher risk for people exposed at a young age
Risk varies by time after exposure.
Smoking enhances the risk associated with radon and
may potentiate the effect of radiotherapy; chemotherapy
may interact with radiotherapy.
High-dose radiotherapy of susceptible patients may
enhance their risk for malignancies, such as bone cancer
after retinoblastoma.
Cancer incidence may differ appreciably from cancer
mortality, e.g. for the thyroid.
Radiation risk varies for different cancers and in relation
to the background rate (on a relative or absolute scale).
Cancer sites differ in inducibility, and some cancers have
not been convincingly linked to radiation.
Radiation damage can be repaired, but some errors occur.
The extent of cellular repair at low doses is not known.
The relevance of genomic instability and of the
‘bystander effect’ is yet to be determined

Genetic susceptibility

Outcome
Background rates
Tumour type
Cellular factors

(a)

Dose

The dose of radiation to an organ is the most important consideration for risk
estimation, and dose–response relationships must be understood since it is necessary
to extrapolate from high doses. If the relationship were linear, extrapolation to lower
doses would be straightforward. Over a broad range of doses in experimental and
human studies, however, the relationship is not always linear, either at the highest or
the lowest doses. For example, women who have been treated with radiation for
cervical cancer have an increased risk of developing leukaemia, but the dose–response
relationship is complex (Day & Boice, 1984; Boice et al., 1987; Blettner & Boice,
1991): the risk increases with doses up to about 4 Gy and decreases or levels off at
higher doses (Figure 8). This reduction in risk at high doses has been attributable to
cell killing, since so much energy is deposited into small volumes of bone marrow that
the cells are destroyed or rendered incapable of division. Studies of atomic bomb
survivors also show an apparent decrease in the risks for leukaemia and solid tumours
at 2.5 Sv (Figures 4 and 5), although that may reflect dosimetric errors (Pierce et al.,
1996). Other studies that have shown a decrease or levelling off of risk at high doses
include those of women irradiated for mastitis in whom the risk for breast cancer
declines (Shore et al., 1986), women irradiated for endometrial cancer in whom the
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Figure 8. Dose–response relationships for leukaemia among women
who have been treated with radiation for cervical cancer

Adapted from Boice (1996)

risk for leukaemia reaches a plateau (Curtis et al., 1994) and children given radiotherapy for cancer in whom the risk for thyroid cancer levels off and there is no
increased risk for leukaemia (Tucker et al., 1987b, 1991; Boice, 1996).
The risk coefficients and dose–response relationships for leukaemia vary appreciably among the populations studied. The data on atomic bomb survivors (Figure 4)
show a linear–quadratic response to radiation in the low dose range (Preston et al.,
1994; Pierce et al., 1996). Partial exposure of the body to high doses in medical
procedures with various dose rates and various contributions of fractionation results
in a variety of risk coefficients per gray (Figure 9). These differences among studies
suggest a complex interplay between cell killing, fractionation, lengthened dose
interval and neoplastic transformation in defining dose–response relationships.
For single whole-body exposures, the relationship between mortality from all
cancers except leukaemia among the atomic bomb survivors is consistent with
linearity up to about 3 Sv (Figure 10) (Pierce et al., 1996). A significant excess is seen
at 0.2–0.5 Sv, and is suggested down to 0.05 Sv; extrapolation to lower doses on the
basis of a linear model appears reasonable. The authors caution, however, that reporting bias may have contributed to the shape of the dose–response curve at low doses
in that Japanese physicians appeared to have been more likely to record cancer as the
primary cause of death for people exposed to low doses than for those receiving high
doses. The incidence data (Thompson et al., 1994) are also consistent with linearity,
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Figure 9. Relative risks for leukaemia by dose of radiation in
survivors of the atomic bombings and patients receiving high
doses in radiotherapy

Adapted from Boice et al. (1996)

Figure 10. Dose–response relationship for all cancer
except leukaemia among atomic bomb survivors

Adapted from Boice (1996)
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although cancers of the breast and thyroid may disproportionally influence the aggregate data.
One complicating factor in estimating the risk associated with low doses is the
extent to which neutrons (see separate monograph in this volume) may have
influenced the shape of the dose–response curve. The bomb dropped on Hiroshima
resulted in exposure to neutrons in addition to γ-rays. While the exact contribution of
neutrons to the total dose is under investigation, the greater effectiveness of neutrons
in causing cancer at low doses could be responsible for the seeming linearity of the
dose–response curve. The larger the fraction of the total dose attributed to neutrons,
the smaller will be the estimate of the risk attributable to photons. In the absence of
exposure to neutrons, the dose–response relationships would be expected to be
curvilinear, consistent with the majority of experimental data for exposure to γ-rays
(Kellerer & Nekolla, 1997). Some analyses of the incidence of cancer among atomic
bomb survivors indicate that a threshold or non-linear dose–response model is more
suitable than a linear model for some cancers (Hoel & Li, 1998) and especially
leukaemia (Little et al., 1999) and skin cancer (Little et al., 1997).
At very low doses, the relationship between cancer and exposure to radiation
becomes blurred because the excess number of cancers at low doses predicted from
studies of exposure to high doses is so much smaller than the spontaneous incidence,
i.e. one in three persons is expected to develop cancer during his or her lifetime.
Extrapolation of risks derived from studies of exposure to high doses to lower levels
requires use of a model selected on the basis of the fundamental principles of radiation
biology (UNSCEAR, 1993). The model used in radiation protection is the
linear–quadratic function, which is a derivative of the linear non-threshold model with
allowance for effects of low doses and low dose rates (Beninson, 1997; Sinclair, 1998;
Upton, 1999).
Some scientists contend that linearity exaggerates the risk of low doses. They base
their arguments on phenomena such as the ability of cellular mechanisms to repair
damage to DNA induced by radiation, the absence of an excess risk for leukaemia
among atomic bomb survivors exposed to low doses and among US military
personnel who participated in nuclear tests, the absence of a risk for lung cancer in
ecological studies of indoor exposure to radon, the absence of an excess risk for
thyroid cancer among patients given 131I, the absence of an excess of cancer in
populations living in areas with high background radiation and others (Yalow, 1994;
Cohen, 1995; Pollycove, 1995; Yalow, 1995; IAEA, 1997; Pollycove, 1998). They
contend that epidemiological findings for people exposed to high doses at high rates
should not be extrapolated to low doses, where the risk may be negligible or nonexistent. These arguments are being considered by various scientific committees (Fry
et al., 1998; Upton, 1999).
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(b)

Dose rate

Dose rate, i.e. the time over which a radiation dose is delivered, may influence risk
in a variety of ways. In experimental animals, the risk per unit dose is usually greater
at higher dose rates, for the same cumulative dose of low-LET radiation (Fry, 1992;
UNSCEAR, 1993). It is thought that increasing the duration of exposure may increase
the opportunity for cellular repair.
Perhaps the most thoroughly studied cancer with regard to the effects of
fractionating low-LET radiation is that of the breast (Boice et al., 1979; Land et al.,
1980; UNSCEAR, 1994). Large studies of patients with tuberculosis who were
exposed to multiple chest fluoroscopies several times per month for three to five years
in order to monitor lung collapse showed linear increases in the risk for breast cancer
with increasing dose to the breast (Boice et al., 1991a; Howe & McLaughlin, 1996;
Little & Boice, 1999). The age-specific absolute risk estimates were similar to those
seen in studies of women irradiated for acute post-partum mastitis and among atomic
bomb survivors. While fractionation did not seem to lower the risk for breast cancer
measurably in the patients with tuberculosis, fractionation may well have influenced
the risk for lung cancer. Despite an average cumulative dose of nearly 1 Gy, no excess
lung cancers have been observed in these large series (Davis et al., 1989; Howe,
1995), and no excess risk for leukaemia has been reported after repeated chest
fluoroscopies (Davis et al., 1989). Studies in experimental animals also indicate that
the spectrum of tumour types may be different after protracted rather than brief
exposure (see section 3; Fry, 1992; UNSCEAR, 1993; Upton, 1999).
Few studies have directly addressed the possible lowering of risk when exposure
is protracted. No increase in the risk for thyroid cancer was seen in patients given
diagnostic doses of 131I, which has a half-life of only eight days, although the absence
of risk may have been due to the older age of the patients when exposed or to the
distribution of dose within the thyroid gland (Hall et al., 1996). Leukaemia did not
occur in excess after 131I treatment for hyperthyroidism (Holm et al., 1991; Ron et al.,
1998b), although the dose to the bone marrow was small. Studies of working
populations may provide useful guidance about the risks of low, protracted doses,
although the number of excess cancers attributable to radiation is so far small and was
of the order of 10 in a combined series of nearly 100 000 workers (Cardis et al., 1995).
ICRP (1991a) assumes a dose and dose rate effectiveness factor of 2 for radiation
protection, i.e. the risk coefficients available for the atomic bomb survivors are
reduced by half. The Committee on the Biological Effects of Ionizing Radiations
(BEIR; 1990) and UNSCEAR (1988, 1993, 1994) indicate that a factor between 2 and
10 might be used, although a value closer to 3 has been suggested (UNSCEAR, 1993).
Since the sites of cancer vary in their inducibility by radiation, they would also vary
with respect to the protective effect of protraction. The factor for breast might be close
to 1, whereas that for lung might be 10 (Howe, 1995; Boice, 1996; Howe &
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McLaughlin, 1996). Perhaps the most important unanswered question in radiation
epidemiology is the level of risk after prolonged as opposed to brief exposure.
(c)

Age

Age at exposure can affect the response to radiation. In general, children appear
to be at somewhat greater risk than adults. For example, women who were < 20 when
they were exposed are at greater risk for breast cancer than women who were older,
and little risk is associated with exposure after the menopause (Land et al., 1980;
Boice et al., 1991b; UNSCEAR, 1994). The data on atomic bomb survivors show the
dependence on age at exposure of the subsequent risk for breast cancer, children being
at highest risk and women over the age of 40 at small or minimal risk (see Figure 6).
The risk for radiogenic thyroid cancer appears to be concentrated almost entirely
among children under the age of 15 (Ron et al., 1995). Studies of atomic bomb
survivors reveal little risk for radiation-induced thyroid cancer among those exposed
after the age of 20 (Thompson et al., 1994), and large studies of adult patients given
diagnostic doses of 131I show no increased risk for thyroid cancer (Hall et al., 1996).
Increased risks for thyroid cancer reported in other studies of adults were either not
statistically significant (Boice et al., 1988) or were seen after administration of
extremely high doses (> 10 Sv) in the treatment of an underlying thyroid disorder
(Ron et al., 1998b). The risks for only a few cancers, such as of the lung, appear to be
higher after exposure as an adult rather than as a child to the atomic bombs. Because
no childhood population has been followed for life, however, it is not known whether
the apparent differences in effects by age will continue to be seen.
(d)

Sex

On a relative scale, women appear to be somewhat more sensitive to the carcinogenic effects of radiation than men for most cancer sites except perhaps leukaemia
(Thompson et al., 1994). Since the baseline risks for many cancers are lower for
women than for men, however, the absolute risks tend to be more comparable by sex.
The breast is one of the most important radiogenic sites in women: the risk coefficient
is high, and there is no evidence that radiation causes breast cancer in males. Females,
who are at higher risk for naturally occurring thyroid cancer than males, also seem to
be at higher radiogenic risk for cancer at this site. Although increased rates of ovarian
cancer have been seen, cancers of male genital organs have not been convincingly
linked to exposure to ionizing radiation (UNSCEAR, 1988). In the data on cancer
incidence among the atomic bomb survivors, women had approximately twice the
relative risk for developing solid tumours when compared with men (Thompson et al.,
1994).
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(e)

Time

The period of observation is also an important determinant of risk (UNSCEAR,
1994). As the expression of radiation-induced solid tumours takes many years, studies
with a short follow-up period might find different risk coefficients than those with
longer periods of observation. Leukaemia has a relatively short minimal latency, an
increase in risk first appearing about two years after exposure (Figure 11). The pattern
of risk over time is then somewhat wave-like, peaking after about 10 years and
decreasing thereafter, but not to control levels (Preston et al., 1994). Solid tumours
appear to have a minimal latency of five to nine years, and the risk may remain high
for much of a lifespan, although there might be a decrease in the relative risk for
radiogenic solid tumours after long follow-up periods. Studies of patients with
ankylosing spondylitis treated with radiotherapy showed a risk close to background
after 25 years (Weiss et al., 1994). Atomic bomb survivors who were exposed while
young have a reduced relative risk with time (Pierce et al., 1996), as do children
treated with radiation for medical conditions (Little et al., 1998b). Studies of cervical
cancer patients treated with radiotherapy show no evidence for a decrease in risk after
30 years of observation (Figure 12), but the extremely high doses and the gynaecological tumours involved do not allow any generalizations to be made (Boice et al.,
1988).
Figure 11. Relative risks for acute and nonlymphocytic
leukaemia with time after irradiation

Adapted from Boice et al. (1996). The numbers of cases are shown above the
upper confidence limits.
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Figure 12. Observed:expected numbers of second primary cancers at or
near the pelvis, by time since diagnosis of cervical cancer, for patients
treated with and without radiation

Adapted from Boice et al. (1996). The numbers of cases are shown above the upper confidence
limits; 80% confidence intervals

(f)

Co-factors

(i)
Environmental
Co-factors are genetic, life-style or environmental conditions that influence a
response to radiation. If co-factors differ appreciably between populations, it may be
incorrect to extrapolate risk coefficients from one to the other. The risk estimates for
the atomic bomb survivors were obtained after a brief exposure of a Japanese population with certain underlying disease rates who subsequently lived in a war-torn environment with severe malnutrition and poor sanitary conditions. Further, the striking
excesses of mortality appear to be confined to a few cancer sites, such as the stomach,
lung and breast, which account for about 70% of the total absolute risk (Pierce et al.,
1996). In addition, the convention of combining all cancers has little biological justification, given the different etiological and radiation risk coefficients for individual
cancers.
Smoking is an important co-factor, and studies of patients with Hodgkin disease
(van Leeuwen et al., 1995) and small-cell lung cancer (Tucker et al., 1997) suggest
that continued use of tobacco after radiotherapy potentiates the risk for a second
cancer in the lung. In a study of leukaemia among breast cancer patients, there
appeared to be a multiplicative interaction between chemotherapy and radiotherapy
(Curtis et al., 1992).
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(ii) Genetics
An excess risk for skin cancers was seen in white but not black patients given
radiotherapy for tinea capitis, suggesting that genetic factors act in concert with concomitant exposure to ultraviolet light (Shore et al., 1984). Furthermore, the skin cancers
in whites occurred on the face and around the edge of the scalp not covered by hair,
suggesting that sunlight may potentiate the effects of X-rays. The role of ultraviolet
light is not as evident for darker-skinned populations in Japan and Israel, however
(Ron et al., 1991, 1998a). The genetic susceptibility of people with inherited disorders
is discussed in section 4.3.
Studies of radiotherapy in the treatment of childhood cancers suggest that underlying host factors might play an enhancing role in the carcinogenic process (de
Vathaire et al., 1992). Most studies of genetic susceptibility, however, involved high
therapeutic doses to treat tumours, and it is unclear whether similar responses would
occur at low levels of exposure (ICRP, 1999).
2.7.3

Variations in risk by cancer site

Variation in cancer risk coefficients is seen in the data on incidence among atomic
bomb survivors (Thompson et al., 1994; Preston et al., 1994) and in compilations of
organ-specific risks in various studies (UNSCEAR, 1994). The study of atomic bomb
survivors has a distinct advantage, in that the risks can be averaged for the two sexes,
all ages, for whole-body exposure on the same day and among subjects followed
prospectively in the same manner. As 56% of the atomic bomb survivors were still
alive in 1991 (Pierce et al., 1996), however, the risk coefficients may change with
further follow-up. In addition, the exposure was acute and not protracted, and studies
in experimental animals suggest that the spectrum of tumour types is different after
protracted and after brief exposure (Fry, 1992).
(a)

Excess relative risk

Table 26 shows a ranking of cancers by ERR, i.e. the relative risk minus 1.0, for
exposure to 1 Gy. For example, if the relative risk for breast cancer after exposure to
1 Gy is 2.74, the ERR is 1.74. Only cancers linked to exposure to radiation are
presented. Leukaemia is seen to be associated with by far the highest ERR per Gy,
whereas the stomach, which was strongly affected by the atomic bombs, is associated
with a very low ERR per Gy (Boice, 1996).
(b)

Absolute excess risk

The rankings change when an absolute scale is used (Table 27), reflecting the
excess cancers per 10 000 persons per year per Gy. The estimate of absolute risk for
breast cancer, for example, is 6.8 × 10–4 person–years Sv. Cancer of the female breast
ranks first on an absolute scale, followed by cancers of the stomach and lung and then
by leukaemia; cancers of the bladder and skin are at the lowest levels. These estimates
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are based on new data on cancer incidence among atomic bomb survivors, which have
been collected since 1958, so that a minimal latency of about 12 years is incorporated
into the estimates. The rankings might be different for populations with different baseline risks (Boice, 1996).

Table 26. Ranking of cancers by excess
relative risk (ERR) at 1 Gy from data
on atomic bomb survivors
Cancer site

ERR per Gy

Leukaemia
Breast
Thyroid
Lung
Ovary
Skin
Bladder
Colon
Liver
Stomach

4.37
1.8
1.2
1.0
1.0
1.0
1.0
0.72
0.49
0.32

Adapted from Boice (1996)

Table 27. Ranking of cancers in
survivors of the atomic bombings
by excess absolute risks
Cancer site

Excess cases per 10 000
persons per year per Gy

Breast
Stomach
Lung
Leukaemia
Colon
Thyroid
Liver
Bladder
Ovary
Skin

8.7
4.8
4.4
2.7
1.8
1.6
1.6
1.2
1.1
0.84

Adapted from Boice (1996)
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(c)

Attributable risk

Sites can also be ranked by the percentage of tumours occurring in exposed
survivors that could be related or attributable to exposure to the atomic bombings in
1945 (Table 28). These rankings are similar to those based on the ERR, since, as a first
approximation, the attributable risk depends on the relative risk. More than half of the
over 200 cases of leukaemia and 20–30% of the cancers of the breast, thyroid and skin
could be attributable to exposure to radiation. The stomach has a very low attributable
risk: only 6% of the over 1000 cases could be linked to exposure. For all solid tumours
together, the attributable risk per cent is less than 10%, i.e. more than 90% of the
cancers occurring in atomic bomb survivors were caused by factors other than atomic
radiation (Boice, 1996). For all cancer deaths, the attributable risk is similar, about
8%, but for all deaths the attributable risk is about 1%. Overall, approximately 420
cancer deaths among the over 38 000 deaths among atomic bomb survivors can be
attributed to the exposure to radiation received in 1945 (Pierce et al., 1996).

Table 28. Ranking of cancers in
survivors of the atomic bombings
by attributable risk
Cancer site

Attributable risk (%)

Leukaemia
Breast
Thyroid
Skin
Lung
Ovary
Bladder
Colon
Liver
Stomach
Oesophagus

80
32
26
24
18
18
16
14
11
8.5
8.5

Adapted from Boice (1996)

(d)

Relative tissue sensitivity

Human tissues vary in their sensitivity to cancer induction by radiation (Committee
on the Biological Effects of Ionizing Radiations (BEIR V), 1990; Thompson et al., 1994;
UNSCEAR, 1994; Weiss et al., 1994; Boice, 1996; Boice et al., 1996). Cancers that
appear to be highly susceptible to radiation, with relatively high risk coefficients, include
leukaemia and those of the premenopausal female breast and the childhood thyroid
gland. The risks for these cancers are frequently increased in exposed populations.
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Tissues that are apparently less susceptible or in which cancers are induced only at relatively high doses include the brain, bone, uterus, skin and rectum. Some cancers have
not been linked convincingly to exposure to radiation; these include chronic lymphocytic leukaemia, Hodgkin disease, multiple myeloma, non-Hodgkin lymphoma (Boice,
1992) and cancers of the cervix, testis, prostate, pancreas and male breast.

3.

Studies of Cancer in Experimental Animals

The ability of X-rays and γ-rays to induce neoplasms in experimental animals has
been known for many years. The types and frequencies of radiation-induced tumours
observed in experimental studies depend on the strain and species used, the total dose
of radiation and whether the radiation is delivered as a single dose or over a longer
time as either fractionated or low doses. Because the carcinogenic effects of X-rays
and γ-rays are well recognized, most reports have emphasized the quantitative aspects
of radiation carcinogenesis in experimental animals. This section is not meant to be
comprehensive; the studies summarized are those that provide both qualitative and
quantitative information and address critical issues in radiation carcinogenesis.
3.1

Carcinogenicity in adult animals

3.1.1

Mice

In a large series of studies, Upton et al. (1970) examined the induction of
neoplasms in male and female RF/Un mice after irradiation with 250-kVp X-rays or
60Co γ-rays over a range of doses and dose rates. Whole-body irradiation was initiated
when the animals were 10 weeks of age, and the animals were allowed to live out their
lifespan or were killed when moribund. All animals were fully necropsied, but only
selected lesions were examined histopathologically, as needed to confirm diagnoses.
A total of 4100 female and 2901 male mice were used, with 554 female and 623 male
controls. The doses ranged from 0.25 to 4.5 Gy for acute X-irradiation and from
∼1 Gy to 98.75 Gy for chronic 60Co γ-irradiation. An increased frequency of all
neoplasms was observed even at the lowest acute dose. The specific tumour types
found included myeloid leukaemia and thymic lymphoma in both males and females,
and an increased incidence of ovarian tumours was observed in females. As shown in
Table 29, male mice exposed to X-rays were more sensitive to the induction of
myeloid leukaemia than to thymic lymphoma, whereas females exposed to γ-rays
were more sensitive to the induction of thymic lymphoma. Under conditions of a
continuous low dose rate of 60Co γ-irradiation for 23 h daily, the incidences of all
neoplasms, myeloid leukaemia, thymic lymphoma and ovarian cancer were reduced
when compared with acute X-irradiation. [The Working Group noted that the
comparison of dose rate effects of X-rays and 60Co γ-rays is complicated by the fact
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Table 29. Incidences of leukaemia and lymphoma in male mice exposed to
γ- and X-radiation
Exposure

Control
X-rays

γ-rays

Mean
accumulated
dose (Gy)

0
0.25
0.5
0.75
1.0
1.5
3.0
4.5
1.48
1.53
1.55
3.29
3.03
3.08
3.05
3.15
6.03
6.21
6.24
58.1

Average
dose rate
(mGy/min)

–
800
800
800
800
800
800
800
0.038
0.106
0.560
0.038
0.101
0.159
0.221
0.570
0.037
0.098
0.565
0.115

Myeloid leukaemia

%

SE

Mean age
at death
(days)

4
11
12
12
22
32
42
27
4
6
6
10
14
12
15
10
6
10
9
5

1
2
2
2
3
2
3
3
2
2
3
3
3
4
3
3
2
4
3
4

463
481
481
468
407
428
370
346
560
582
622
597
536
473
597
487
490
533
382
679

Incidence

Thymic lymphoma

%

SE

Mean age
at death
(days)

4
4
6
5
5
6
15
16
3
4
10
3
9
10
6
5
10
12
12
26

1
1
2
2
2
1
2
2
2
2
3
2
3
4
2
3
3
4
4
7

502
436
334
365
363
357
309
317
542
408
575
598
417
433
326
472
454
401
423
382

Incidence

From Upton et al. (1970); SE, standard error

that X-rays are slightly more effective than 60Co γ-rays at low doses (relative
biological effectiveness = 2). The frequency of myeloid leukaemia was reduced after
exposure to a low dose rate, by a factor substantially greater than 2; it is therefore clear
that the decreased effect is due to the lowering of the dose rate.]
Sensitivity to induction to myeloid leukaemia varies as a function not only of the
sex of the animal but also of a number of other host factors, including genetic background, hormonal status, age, proliferative state of the bone marrow and the conditions
under which the animals are maintained (Upton, 1968; Walburg & Cosgrove, 1969;
Ullrich & Storer, 1979a).
One of the most comprehensive series of studies on the induction of cancer by
γ-rays was reported by Ullrich and Storer (1979a,b,c). The induction of neoplastic
disease was studied in male and female RFM/Un mice and in female BALB/c mice
exposed to a range of doses of 137Cs γ-rays at acute (0.4 Gy min–1) and low dose rates
(0.08 Gy per 20-h day). A total of 17 610 female and 1602 male RFM mice and 5659
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female BALB/c mice were used; groups of 4762 female and 430 male RFM mice and
865 female BALB/c mice served as controls. The doses ranged from 0.1 to 3 Gy for
the RFM mice and 0.5 to 2 Gy for BALB/c mice. As shown in Table 30, male and
female RFM/Un mice showed dose-dependent increases in the frequencies of myeloid
leukaemia and thymic lymphoma; females were more sensitive to the induction of
thymic lymphoma. Significantly increased frequencies of thymic lymphomas were
observed at doses as low as 0.25 Gy in both male and female RFM mice. Dosedependent increased frequencies of ovarian, pituitary and Harderian gland tumours
were observed in female RFM mice (Table 31), with an almost threefold increase in
the frequency of ovarian cancer at 0.25 Gy. Higher doses were required to increase the
frequencies of tumours at other sites. In male RFM mice, only the frequency of
Harderian gland tumours was clearly increased in a dose-dependent manner, and
males and females were equally sensitive to the induction of these tumours. Lowering
the dose rate reduced the carcinogenic effectiveness of the radiation (Ullrich, 1983;
Ullrich et al., 1987). In the same study, female BALB/c mice were not sensitive to the
induction of leukaemia or lymphoma over the dose range used (0.5–2.0 Gy), but dosedependent increased frequencies of ovarian tumours and significant increases in the
frequencies of lung and mammary adenocarcinomas were observed even at the lowest
dose. Again, lowering the dose rate markedly reduced the carcinogenic effect.

Table 30. Incidences of thymic lymphoma and myeloid leukaemia in
γ-irradiated RFM/Un mice
Dose
(Gy)

Incidence (% ± SE)
Thymic lymphoma
Male

0
0.1
0.25
0.5
1.0
1.5
2.0
3.0

Myeloid leukaemia
Female

Male

Female

Obs

Adj

Obs

Adj

Obs

Adj

Obs

Adj

6.6
6.5
9.6
12.9
9.2
20.2
NT
25.8

6.6 ± 1.3
6.5 ± 1.7
9.6 ± 3.4
9.1 ± 2.8
15.9 ± 2.2
20.3 ± 3.6
NT
25.9 ± 2.6

13.4
14.2
20.8
27.6
30.3
38.3
44.4
52.4

13.4 ± 0.6
14.2 ± 0.63
20.8 ± 1.3
27.6 ± 1.2
30.3 ± 1.3
38.3 ± 1.2
44.4 ± 3.1
52.4 ± 1.3

1.3
0.86
1.2
3.6
9.2
9.5
NT
17.7

1.3 ± 0.59
0.8 ± 0.56
1.2 ± 0.92
4.5 ± 1.5
9.1 ± 2.2
10.2 ± 2.7
NT
19.5 ± 2.4

0.77
0.80
0.85
1.1
1.4
2.5
3.0
3.0

0.77 ± 0.14
0.72 ± 0.15
0.84 ± 0.30
1.1 ± 0.32
1.6 ± 0.41
3.6 ± 0.76
3.5 ± 0.78
5.2 ± 0.56

From Ullrich & Storer (1979a). Obs, observed incidence; Adj, age-adjusted incidence; NT, not
tested; SE, standard error
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Table 31. Incidences of solid tumours in γ-irradiated female
RFM/Un mice
Dose
(Gy)

0
0.1
0.25
0.5
1.0
0.15
0.2
0.3

No. of
animals

4014
2827
965
1143
1100
1043
333
4133

Incidence (% ± SE)
Ovarian tumours

Pituitary tumours

Harderian gland
tumours

Obs

Adj

Obs

Adj

Obs

Adj

2.4
2.2
7.0
33.3
31.7
32.2
28.8
27.2

2.4 ± 0.55
2.0 ± 0.61
6.4 ± 1.7
35.5 ± 2.8
35.1 ± 1.9
42.4 ± 3.0
43.9 ± 6.8
47.8 ± 1.9

6.6
6.0
6.2
8.0
8.2
6.5
6.7
7.7

6.6 ± 0.87
5.8 ± 1.0
5.5 ± 1.5
9.1 ± 1.8
9.5 ± 1.9
9.4 ± 2.1
10.2 ± 4.1
20.9 ± 1.8

1.2
1.5
1.2
1.8
6.0
3.5
8.5
7.5

1.2 ± 0.38
1.3 ± 0.45
1.6 ± 0.88
2.3 ± 1.0
6.6 ± 1.6
5.3 ± 1.7
15.4 ± 2.4
16.2 ± 1.6

From Ullrich & Storer (1979b); Obs, observed incidence; Adj, age-adjusted
incidence; SE, standard error

Subsequent studies by Ullrich and co-workers (Ullrich, 1983; Ullrich et al., 1987)
provided extensive data on the dose–response and time–dose relationships of 137Cs
γ-rays in the induction of both lung and mammary adenocarcinomas in female
BALB/c mice at doses as low as 0.1 Gy. For mammary adenocarcinoma, a linear–
quadratic dose–response relationship (I = 7.7 + 0.035 D + 0.015 D2; where I = tumour
incidence and D = dose) was observed over the 0–0.5-Gy dose range, while the
response tended to flatten over the 0.5–2-Gy dose range. [The Working Group noted
that the flattening is probably related to the effects of radiation on the ovary, since this
organ is essentially ablated at doses ≥ 0.5 Gy.] Chronic exposure at a low dose rate
(0.08 Gy day–1) reduced the risk, while the effects of fractionated doses depended on
the fraction size. In mice exposed chronically to 137Cs γ-rays delivered at a dose rate
of 0.01 Gy day–1 up to a total dose of 2 Gy, a linear dose–response relationship (I = 7.7
+ 0.035 D) was seen for mammary tumours. [The Working Group noted that the linear
term of this response was consistent with the linear–quadratic model for acute
exposure.] When multiple small acute daily fractions of 0.01 Gy were given, the
results were similar to those with the low dose rate, whereas the cancer incidence after
the same total doses were delivered as 0.05-Gy daily fractions was similar to that after
single acute doses. For lung adenocarcinomas, single exposure to 137Cs γ-rays over a
0–2-Gy dose range showed a linear–quadratic dose–response relationship (I = 11.8 +
0.041 D + 0.00043 D2). Delivery of γ-rays at a dose rate of 0.08 Gy day–1 resulted in
a diminution of the D2 portion of the dose–response curve, such that it was linear over
the entire dose range (I = 12.5 + 0.043 D). When the doses were fractionated, the
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response was dependent on the dose per fraction. When the dose per fraction was
< 0.5 Gy, the response was similar to that with low dose rates; when the dose per
fraction was > 0.5 Gy, the tumour incidences were similar to those after acute
exposure.
Grahn et al. (1992) reported the results of a large series of experiments with more
than 8000 male and female B6CF1 (C57BL/6JAn1 × BALB/CJAn1) hybrid mice,
which were irradiated with 60Co γ-rays at 0.225–7.88 Gy at high dose rates, at
0.225–24.6 Gy at low dose rates or in fractionation regimens. Increased frequencies
of lymphoreticular tumours, tumours of the lung and Harderian gland and all epithelial
tumours were observed in male mice, which appeared to increase as a linear function
of dose. In addition, increased frequencies of ovarian tumours were observed in
female mice [frequencies at each dose not reported]. Protraction or fractionation of the
dose reduced the carcinogenic effects of the radiation.
Maisin et al. (1983) exposed 1267 male BALB/c mice to single doses of 137Cs
γ-rays at doses of 0.25–6 Gy. The incidences of thymic lymphoma were increased at
4 and 6 Gy. Maisin et al. (1988) examined the effects of acute and 8 × 3 h or 10 × 4
h fractionated doses of 137Cs γ-rays over the same dose range in male C57BL/6 mice.
While the greatest effect was to cause early death [considered by the Working Group
to be due mainly to death from cancers], increased frequencies of leukaemia and all
malignancies were found after acute doses of 4 and 6 Gy. Fractionation resulted in an
earlier and more frequent appearance of tumours at 1–2 Gy, but the results were not
statistically significant.
The induction of myeloid leukaemia in 951 male CBA/H mice exposed to 250-kVp
X-rays at 0.25–6 Gy was compared with that in 800 controls. The frequency of myeloid
leukaemia increased with increasing doses up to 3 Gy and then decreased at higher
doses (Mole et al., 1983).
Di Majo et al. (1996) examined the influence of sex on tumour induction by
irradiation with 250-kVp X-rays (half-value layer, 1.5 mm Cu). After irradiation of
289 male and 259 female three-month-old CBA/Cne mice with doses of 1–7 Gy,
increased incidences of myeloid leukaemia and malignant lymphomas were observed
in males, and the incidence of Harderian gland tumours was increased in a dosedependent manner and to a similar degree in males and females.
In 153 female RFM mice given a single localized thoracic X-irradiation at doses
of 1–9 Gy, the incidence of pulmonary tumours at nine months increased as a linear–
quadratic function of dose, but significant increases in the frequency of lung tumours
over that in 88 controls and in the numbers of lung tumours per mouse were observed
only at 6.5 and 9 Gy. While no data were available on low dose rates, experiments in
which the doses were fractionated into two equal portions and given at intervals of
24 h or 30 days were conducted in 311 female RFM mice. A reduction in the
carcinogenic effect was observed in animals given the high doses (6.5 and 9 Gy) at a
24-h interval, but no significant difference was observed with an interval of 30 days
(Ullrich et al., 1979; Ullrich, 1980).
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Lung tumours developed in male and female SAS/4 mice after local exposure to
thoracic X-rays at doses of 0.25–7.5 Gy (Coggle, 1988). A total of 557 male and 551
female mice were irradiated, and the animals were killed 12 months after irradiation
and their lungs examined for tumours. As shown in Table 32, a dose-dependent
increase in the frequency of lung tumours was found in both males and females with
increasing frequencies over the range of 0.25–5 Gy.

Table 32. Incidences of primary lung tumours in SAS/4
mice given 200-kVp X-irradiation at 0.6 Gy/min
Sex

Dose
(Gy)

No. of
mice
exposed

No. of
mice with
tumours

Incidence ± SE

Males

0
0.25
0.5
1.0
2.0
2.5
3.0
4.0
5.0
6.0
7.5

291
61
62
67
56
69
32
45
45
48
72

48
12
11
13
15
23
12
17
22
18
16

16.5 ± 2.2
19.7 ± 5.1
17.7 ± 4.8
19.4 ± 4.8
26.8 ± 5.9
33.3 ± 5.7
37.5 ± 8.6
37.7 ± 7.2
48.9 ± 7.5
37.5 ± 7.0
22.2 ± 4.9

Females

0
0.5
1.0
1.5
2.0
3.0
4.0
5.0
6.0
7.5

210
62
61
64
63
60
61
59
60
61

19
7
6
8
10
16
23
21
15
9

9.0 ± 2.0
11.3 ± 4.0
9.8 ± 3.8
12.5 ± 4.1
15.9 ± 4.1
26.7 ± 5.7
37.7 ± 6.2
35.6 ± 6.2
25.0 ± 5.6
14.8 ± 4.5

From Coggle (1988); SE, standard error

3.1.2

Genetically engineered mice

Genetically engineered mice are used in radiation carcinogenesis mainly to study
the genes that may affect susceptibility and as a means of elucidating mechanisms.
Mice lacking the p53 gene are useful because of the role of p53 in damage recognition
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and response mechanisms. In addition, p53 is known to be mutated in Li–Fraumeni
syndrome, a genetic syndrome that affects sensitivity to radiation.
Thirty-three p53 heterozygous (+/–) and 28 p53 wild-type (+/+) mice were
exposed by whole-body irradiation to 4 Gy of 60Co γ-rays at 7–12 weeks of age and
observed until they were moribund, when they were killed and autopsied. Eighteen
null (–/–) and 14 heterozygous mice served as controls. None of the irradiated wildtype mice developed tumours within 80 weeks, but radiation significantly reduced the
latency for tumour development (mainly lymphomas and sarcomas) in p53
heterozygous mice. Approximately 90% of the heterozygous mice developed tumours
with a mean latency of 40 weeks, before any of the unirradiated heterozygous mice
developed tumours (mean latency, > 70 weeks). In the same study, a dose of 1 Gy of
γ-rays given to two-day-old p53 null (–/–) mice also decreased the latency for tumour
development (Kemp et al., 1994).
Radiation-induced thymic lymphoma has also been studied in Eμ-pim-1 mice. The
pim-1 gene was discovered as a preferential proviral integration site in murine
leukaemia virus-induced T-cell lymphomas (Cuypers et al., 1984) and can act as an
oncogene in mice (Van Lohuizen et al., 1989). The transgenic mice have a low incidence
of spontaneous T-cell lymphomas before the age of seven months but are highly
susceptible to genotoxic carcinogens. In this study, groups of 12 female and 14 male
heterozygous Eμ-pim-1 transgenic mice and 15 female and 11 male non-transgenic
littermates, four to seven weeks of age, were irradiated with four fractions of 1.5 Gy of
X-rays. The fractions were given one week apart for four weeks. Groups of 15 female
and 11 male Eμ-pim-1 transgenic mice and 15 female and 16 male non-transgenic mice
were irradiated with four fractions of 1 Gy of X-rays. Groups of 32 female and 31 male
Eμ-pim-1 and 25 female and 38 male littermates were irradiated with four fractions of
0.5 Gy. Thirteen female and 12 male transgenic and 13 female and 11 male non-transgenic mice served as controls. The animals were monitored for lymphoma development
for 250 days after the last exposure. All 26 Eμ-pim-1 mice exposed to four fractions of
1.5 Gy of X-rays developed lymphomas within 250 days. At the lower doses per
fraction, 20/22 effective mice developed lymphomas after exposure to four fractions of
1.0 Gy and 17/61 after exposure to four fractions of 0.5 Gy. In the non-transgenic littermates, 12/31, 6/31 and 0/62 irradiated mice developed lymphomas (Van der Houven van
Oordt et al., 1998).
3.1.3

Rats

A total of 398 female adult Sprague-Dawley rats were divided into seven groups
and exposed to γ-rays at different ages: to single doses of 5 Gy at 40 days of age or
160 days of age or to four fractionated doses of 1.25 Gy; to eight fractions of 0.62 Gy;
to 16 fractions of 0.3 Gy or to 32 fractions of 0.15 Gy at 40 days of age. One group
was sham-irradiated. All of the fractionated doses of 60Co γ-rays were delivered twice
weekly at a dose rate of 0.40 Gy/min. The incidence of mammary tumours (adeno-
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carcinomas, adenofibromas and fibroadenomas) was determined histologically up to
the age of 1000 days. An increased frequency of mammary fibroadenomas and, to a
lesser extent, adenocarcinomas, was observed, with 64 in controls and 92, 90, 96, 89,
85 and 87% with the different regimes, respectively. No significant difference between
single and fractionated exposures was reported (Shellabarger et al., 1966).
A total of 191 female adult Sprague-Dawley rats, 61–63 days of age, were given
single whole-body doses of 0.28, 0.56 or 0.85 Gy of 250-kVp X-rays at a dose rate of
0.30 Gy min–1. A group of 167 controls was available. The animals were observed over
their lifespan (1033–1053 days) for the induction of mammary tumours, and the neoplasms were identified histopathologically as adenocarcinomas or fibroadenomas. The
incidences of mammary tumours were 67% in controls and 72, 77 and 79% in the
irradiated groups, showing a dose-dependent increase in all mammary tumours and in
particular in fibroadenomas. The principal effect of the irradiation was to cause an
earlier time of onset of fibroadenomas, which was dose-dependent (Shellabarger et al.,
1980).
Groups of 40 control and low-dose and 20 mid- and high-dose female WAG/Rij,
BN/Bi and Sprague-Dawley rats, eight weeks of age, were exposed by whole-body
irradiation to a single dose of 300-kVp X-rays (Sprague-Dawley rats, 0.1, 0.3, 1 or
2 Gy; WAG/Rij and BN/bi rats, 0.5, 1 and 4 Gy [dose rate not given]). In another
experiment, the numbers of animals in these groups were increased to 40 and 60,
respectively. The animals were observed for life, and the mammary tumour incidences
were determined by gross and histopathological observations. A dose-dependent
increase in the incidence of all mammary tumours was observed: Sprague-Dawley
rats, 30 (control), 70, 72, 75 and 86%; WAG/Rij rats, 27 (control), 26, 35 and 76%;
and BN/Bi rats, 8 (control), 15, 86 and 88% (Broerse et al., 1986, 1987).
Groups of 40 female WAG/Rij inbred rats were exposed to a single dose of 1 or
2 Gy of 137Cs γ-radiation at 8, 12, 16, 22, 36 or 64 weeks of age at a dose rate of
0.75 Gy min–1 to study the effect of age at exposure. A group of 120 controls was
available. The animals were observed for life, and tumours of the mammary gland
were classified histologically as fibroadenoma or carcinoma. No statistically significant difference in the incidence of mammary tumours was found by age on the basis
of crude incidences, but examination of normalized excess risk demonstrated a
reduced risk after exposure at 64 weeks of age (Barstra et al., 1998).
Lee et al. (1982) studied the induction of thyroid tumours in young, female LongEvans rats after localized external irradiation of the thyroid glands with X-rays
(250 kVp; half-value layer, 0.55 mm Cu) at estimated doses of 0.94, 4.1 or 10.6 Gy.
The incidences of both follicular thyroid adenomas and carcinomas were increased
with dose: 9/281 (control), 11/275, 35/282 and 74/267.
In 115 Sprague-Dawley rats, eight weeks of age, that received nerve isografts on
the right posterior tibial nerve, exposure of the thigh region to 0 (control), 46, 66, 86
or 106 Gy 60Co-γ radiation as 2-Gy fractions at a dose rate of 73 cGy/min, resulted in

X-RADIATION AND γ-RADIATION

241

osteosarcomas and/or fibrous histiocytomas in 0/7 (controls), 0/20, 2/27, 2/20 and
8/41 rats in the respective groups (Tinkey et al., 1998).
3.1.4

Rabbits

A group of 21 male and female Dutch rabbits were irradiated with 4.4–14.1 Gy of
2.5-MeV γ-rays at a dose rate of 17.6 Gy h–1; a control group of 17 unirradiated rabbits
was available. The animals were allowed to die naturally, and selected tissues were
examined histologically. Tumours were found in 24% of controls, 75% at 4.4 Gy, 88%
at 8.8–10.6 Gy and 56% at 11.5–14.1 Gy. The tumours included four osteosarcomas
of the jaw, five fibrosarcomas of the dermis and six basal-cell tumours of the skin
(Hulse, 1980).
3.1.5

Dogs

Groups of 120 male and female beagle dogs, aged 2 or 70 days, were exposed by
whole-body irradiation to 0.88 or 0.83 Gy of 60Co γ-rays, and a further group of 240
dogs received 0.81 Gy at 365 days of age; 360 controls were available. The animals
were allowed to die naturally or were killed because of terminal illness. In 1343 dogs
allowed to live out their life span, heritable lymphocytic thyroiditis with hypothyroidism was a major contributor to mortality. Of 86 dogs irradiated at 70 days of
age, 25/86 had thyroid follicular adenomas and 10/86 had carcinomas, which represented a significant increase (p < 0.01) over the 40/231 controls with adenomas and
16/231 with carcinomas. No significant increase in the incidence of thyroid tumours
was found in dogs irradiated at 2 or 365 days of age. The irradiated dogs showed a
consistent trend for a lower incidence of hypothyroidism when compared with
controls. Hypothyroidal dogs had a significantly increased risk for thyroid neoplasia,
including a greater risk for carcinomas, but no evidence was found in this group of a
greater sensitivity to radiation-induced tumours (Benjamin et al., 1991, 1997).
3.1.6

Rhesus monkeys

Twenty rhesus monkeys (Macaca mulatta), three years of age, were exposed by
whole-body irradiation to doses of 4–8.6 Gy of X-rays (300 kVp; half-value layer, 3 mm
Cu) at a dose rate of 0.3 Gy min–1. A few hours after irradiation, most of the animals
received intravenous grafts of 2–4 × 108 autologous bone-marrow cells. Between 7.5
and 15.5 years later, eight animals developed malignant tumours, comprising five
adenocarcinomas of the kidney, two follicular carcinomas of the thyroid, two osteocarcinomas and one glomus tumour of the subcutaneous tissues. No malignant tumours
occurred in 21 controls within 18 years (Broerse et al., 1981).
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3.2

Prenatal exposure

3.2.1

Mice

C57BL/6 female mice, 10–14 weeks of age, were mated with WHT/Ht males of
the same age overnight and removed next morning for timed pregnancies. Subsequently, 19 pregnant females were irradiated with approximately 2 Gy of X-rays
(180 kVp, 20 mA with a filter of 0.7 mm Cu) at a dose rate of ∼0.86 Gy min–1 on days
12 or 16–18 post coitum. A total of 573 male and female offspring were delivered and
observed for life, and all suspected lesions or tumours were examined histopathologically. The control group consisted of 141 unirradiated C57BL/6 × WHT/Ht offspring of 19 mice. Significant increases were found in the incidences of tumours of the
lung (both sexes), the pituitary gland (females) and the ovary of the offspring that had
been irradiated on days 16–18 post coitum [statistical methods not given], whereas
X-irradiation at day 12 post coitum did not increase the incidence of tumours in the
offspring (Sasaki et al., 1978a). In a study of 167 B6WF1 (C57BL/6 × WHT/Ht)
female mice irradiated 17 days post coitum with approximately 1.5 or 3 Gy of X-rays
(200 kVp, 20 mA with a filter of 0.5 mm Al + 0.5 mm Cu) at a dose rate of 0.5–
0.6 Gy min–1, the offspring were allowed to die naturally. Significant increases were
observed in the incidences of hepatocellular tumours in both male and female offspring in a dose-dependent manner (Table 33) [statistical method not given] (Sasaki
et al., 1978b).
A total of 410 C57BL/6 female × DBA/2 male fetuses were exposed to 0.2, 0.5, 1.0
or 2.0 Gy of 60Co γ-rays on day 18 of gestation and were killed and autopsied when
moribund or at two years of age. Tissues showing macroscopic alterations were
submitted to histopathological examination. A group of 1009 historical controls was
available. Tumours were found mainly in the lung, uterus and lymphoid tissues, and the
total tumour incidence was significantly increased at 0.5, 1.0 and 2.0 Gy (Pearson’s
χ2 test) (Lumniczky et al., 1998).
In order to mimic human exposure to various carcinogenic and promoting agents
in the diet and the environment, carcinogenic and/or promoting agents were given in
some experiments postnatally after prenatal exposure to radiation. A total of 79
pregnant ICR mice, 9–11 weeks of age, were irradiated with 0.36 Gy of X-rays
(180 kVp, 20 mA with a filter of 0.5 mm Cu) at the dose rate of 0.72 Gy min–1 on days
0, 2, 4, 6, 8, 10, 12, 14 or 16 of gestation. Then, 496 live offspring were treated with
5 μmol (g bw)–1 of urethane, while 237 received distilled water, at 21 days of age. The
mice were killed five months after the postnatal treatment, and tumour nodules in the
lung were counted. As controls, 78 and 181 offspring of 26 unirradiated mice were
similarly treated with urethane and water, respectively. No increase in the incidence of
tumours was observed after prenatal X-irradiation alone, but both the incidence and
the number of lung tumours per mouse were significantly increased when prenatal
irradiation was coupled with postnatal urethane treatment on days 0–14 (except
day 6) of gestation (χ2 and Student’s t test) (Nomura, 1984).

Table 33. Incidences of tumours in B6WF1 (C57BL/6 × WHT/Ht) mice after prenatal exposure to
X-radiation
Sex

12

Male
Female
Male
Female
Male
Female

2

Male
Female
Male
Female
Male
Female

3

16–18
Control
17
17
Control

Dose
(Gy)

2
0

1.5

No. of
mice

Reference

Incidence (%)
Total
incidence

Lung
tumour

Liver
tumour

Ovarian
tumour

Pituitary
tumour

44
53
126
140
55
77

11**
15**
73**
77
46
65

5*
4
56**
39**
24
17

0
0
17
10
7
7

–
0
–
14*
–
1

0
0
1
9*
0
1

Sasaki et al.
(1978a)

22
53
39
53
84
129

–
–
–
–
–
–

–
–
–
–
–
–

46**
13*
28**
8
7
1

–
–
–
–
–
–

–
–
–
–
–
–

Sasaki et al.
(1978b)
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Treated
stage
(dpc)

dpc, days post coitum. Significantly different from controls at *p < 0.05 and **p < 0.01
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In a further study from the same laboratory, 289 fetuses of coat colour-mutant
strains of PT and HT mice were exposed to 0, 0.3 or 1.03 Gy of X-rays at a dose rate
of 0.54 Gy min–1 on day 10.5 of gestation. Offspring were examined for somatic mutations at six weeks of age, and then 139 offspring were treated with 12-O-tetradecanoylphorbol 13-acetate (TPA) and 150 with the acetone solvent. The mice were
killed at 12 months of age, and the induced tumours were diagnosed histopathologically. Although a significant, linear dose-dependent increase in the incidence of
somatic mutations was detected, no increase in tumour frequency was observed after
prenatal irradiation alone. The incidences of skin tumours and hepatomas were
increased in male offspring after prenatal irradiation and postnatal treatment with TPA
(Table 34). When 59 PTHTF1 fetuses were exposed to 1.03 Gy of X-rays at the low
dose rate of 4.3 mGy min–1, the mutant spot sizes and tumour incidences were about
one-fifth of those produced by the dose rate of 0.54 Gy min–1 (Nomura et al., 1990).

Table 34. Induction of tumours in PTHTF1 mice after irradiation in utero
and postnatal treatment with TPA
Dose
(Gy)

1.03
0.3
0

TPA

+
–
+
–
+
–

Tumour-bearing mice

Skin tumoura

Incidence

%

Incidence

%

Incidence

%

Tumours
per liver

14/47
3/49
6/38
2/51
4/54
3/50

29.8**
6.1
15.8
3.9
7.4
6.0

5/47
0/49
1/38
0/51
0/54
0/50

10.6*
0.0
2.6
0.0
0.0
0.0

8/23
1/25
4/20
1/26
1/29
1/22

34.8*
4.0
20.0
3.8
3.4
4.5

0.57
0.04
0.20
0.04
0.03
0.05

Hepatoma in males

From Nomura et al. (1990). TPA, 12-O-tetradecanoylphorbol 13-acetate
a
Four squamous-cell carcinomas and two pigmented basal-cell carcinomas
*p < 0.05, **p < 0.01 when compared with untreated controls

In a separate study, 2241 male and female NMRI mouse fetuses were irradiated
in utero with 0.2, 0.4, 0.8 or 1.6 Gy of X-rays (180 kVp, 10 mA with a filter of
0.3 mm Cu) at a dose rate of 0.6 Gy min–1 on day 15 of gestation. After birth, one
subgroup at each dose received 45 mg (kg bw)–1 N-ethyl-N-nitrosourea (ENU) at
21 days of age while another did not. All surviving animals were killed at 22 months.
No significant increase in the incidence of tumours was observed in the offspring
exposed to 0.2 or 0.8 Gy of X-radiation alone [0.4 and 1.6 Gy not tested], but significantly increased incidences of tumours of the liver, intestine, uterus and ovary were
observed after prenatal exposure to 0.2, 0.4 or 0.8 Gy of X-rays in combination with
postnatal treatment with ENU (p < 0.05–0.001; χ2 test) when compared with ENU
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alone. In mice at 1.6 Gy in combination with ENU, the tumour incidences were often
reduced (Schmahl, 1988).
3.2.2

Dogs

Groups of 60 male and 60 female beagles received mean doses of 0.16 or 0.83 Gy
of 60Co γ-radiation on day 8 (preimplantation), 28 (embryonic) or 55 (late fetal) post
coitum. The offspring were allowed to die naturally, when they were examined histopathologically. As controls, 360 dogs were sham-irradiated. The tumours found predominantly in the offspring of irradiated and unirradiated bitches up to 16 years of age
were malignant lymphoma, haemangiosarcoma and mammary carcinoma. Analysis of
trends with increasing dose indicated that the incidences of both fatal malignancies
and all neoplasms were significantly increased in the offspring of bitches irradiated on
day 55 post coitum, while no significant increase was observed after exposure in utero
at day 28 post coitum; however, the incidence of fatal haemangiosarcomas was significantly increased in the offspring of bitches exposed on day 8 post coitum (Peto’s test)
(Benjamin et al., 1991).
3.3

Parental exposure

Male and female ICR mice were treated with X-rays (180 kVp, 20 mA with a filter
of 0.5 mm Al + 0.5 mm Cu) at 0.36, 1.08, 2.16, 3.6 or 5.04 Gy at a dose rate of
0.72 Gy min–1 and mated with untreated mice at various intervals of days to examine
the sensitivity of germ cells at different stages. About half of the pregnant mice were
killed just before delivery (day 18 of gestation), and the others were allowed to deliver
live offspring. Significant increases in the frequencies of dominant lethal mutations
and congenital malformations were observed in a dose-dependent manner after
exposure of the spermatozoa and spermatid stages to X-rays. Groups of 1529 and 1155
live offspring of male and female exposed parental mice were killed at eight months
of age, and suspected tumours were diagnosed histopathologically. The control group
consisted of 548 offspring of unirradiated mice. Significant increases in the incidences
of total tumours were reported after paternal (153/1529, 10.0%) and maternal exposure (101/1155, 8.7%), when compared with controls (29/548, 5.3%; p < 0.01–0.005;
χ2 test). About 87% of the induced tumours were in the lung. At both germ-cell stages,
the tumour incidence in the offspring increased in a nearly linear, dose-dependent
mode after paternal exposure, and the increase was statistically significant at the high
doses (χ2 and t test). The sensitivity at the spermatogonial stage was about half that at
the spermatid stage. No increase in the incidence of tumours was observed in offspring after maternal exposure to up to 1.08 Gy, but the incidence increased significantly at higher doses. When male and female parental mice were treated with doses
of 0.36 Gy of X-rays at 2-h intervals, fractionation significantly reduced the carcinogenic effects of irradiation in offspring exposed at the spermatogonial and mature
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oocyte stages; however, no such reduction was observed when postmeiotic stages
were treated. In another study, F1 offspring of X-irradiated male mice were mated and
their progeny were examined. Significantly higher incidences of tumours were
observed in the F2 generation of F1 progeny that had tumours. The author suggested
that germ-line alterations that caused tumours were transmitted to the next generation
(Nomura, 1982).
In order to confirm these results, male mice of the N5 and LT strains were similarly treated with 5.04 Gy of X-rays at the spermatogonial or postmeiotic stage,
respectively, and 229 irradiated and 244 unirradiated N5 offspring and 75 irradiated
and 411 unirradiated LT offspring were killed at 12 months of age. A significant
increase in the incidence of lymphocytic leukaemias was observed: N5 strain, 3.9%
versus 0.4% in controls and LT strain, 5.3% versus 1.0% in controls (p < 0.05; χ2 test)
(Nomura, 1986, 1989).
Cattanach et al. (1995) used the experimental protocol of Nomura (1982) but a
different strain of mice. Male BALB/cJ mice were treated with 2.5 or 5.0 Gy of
X-rays (250 kVp, 14 mA, filter of 0.25 cm Cu) at a dose rate of 0.76 Gy min–1 and
were mated with females of the same strain for one week and then new ones for a
further week. All of the progeny obtained were therefore derived from irradiated
spermatozoa and late spermatids. The study was carried out as a series of 21 replicate
experiments over a one-year period in order to accommodate the maximum capacity
of the histological laboratory (approximately 45 animals per week). The offspring of
about 600 male mice at each dose were retained for examination for lung tumours at
eight months of age, and offspring of 70 animals at each dose were retained for examination at 12 months. The total incidences of lung tumours were not significantly
different in offspring from irradiated and unirradiated male parents. Nevertheless, the
incidence of lung tumours changed significantly in all treated groups during the oneyear study: adenocarcinomas were found only in the later experiments, while the incidence of benign adenomas declined over the first 8–10 replicates and then rose to yet
higher rates than observed in the early series. The authors ascribed this effect to a
seasonal change in the incidence of tumours in these mice.
The same group carried out a study in a different strain of mice, C3H/HeH. In a
series of replicate studies over two years, male mice were exposed to 0, 2.5 or 5.0 Gy
of X-rays and mated with untreated females in the same protocol as in the previous
study. In 1381 offspring killed at 12 months of age, no significant increase in the incidence of lung tumours was observed. Again, a seasonal variation in tumour incidence
was observed (Cattanach et al., 1998).
Groups of 27–28 male N5 mice were irradiated under conditions similar to those
used by Nomura (1982, 1986) with 0 (control) or 5 Gy of X-rays (160 kVp, 18 mA,
with a filter of 0.5 mm Cu + 10 mm Al) [dose rate not given] and mated 3, 7, 10 or 17
days after irradiation; 312 irradiated and 305 unirradiated offspring were observed
until they were killed at one year of age. All tumours were examined histopathologically. The probability of dying from leukaemia (Kaplan-Meyer product-limit
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procedure) and overall survival (Cox–Mantel log-rank one-tailed test) were statistically significantly different (p < 0.05) in the offspring of X-ray-treated males and
unirradiated controls. The incidences of leukaemia at one year of age were 11/165
(6.7%) in those exposed to X-rays and 10/305 (3.3%) in controls (p = 0.07, Fisher’s
exact test) (Daher et al., 1998).
A lifetime experiment in CBA/J NCrj mice was carried out to examine whether
paternal exposure to X-rays increases the risk for tumours. Male mice were exposed
to 1 or 2 Gy of X-rays (100 kVp, 8 mA, with a filter of 1.7 mm Al + 0.2 mm Cu) at a
dose rate of about 0.65 Gy min–1 and mated with unirradiated females one, three or
nine weeks later. The 282 and 206 offspring of mice at 1 and 2 Gy were allowed to
die naturally. A group of 631 unirradiated control offspring was available. The female
offspring of males that had been exposed to 2 Gy of X-radiation one week before
mating (spermatozoal stage) showed a trend towards a higher incidence of tumours of
the haematopoietic system when compared with unirradiated offspring, and male
offspring of these males had a somewhat higher incidence of broncho-alveolar adenocarcinomas. No increase in tumour incidence was observed in the offspring of males
irradiated three or nine weeks before conception (Mohr et al., 1999).
Further studies were carried out in which the offspring of irradiated parents were
treated with chemical carcinogens or promoting agents. Significant increases in the
frequencies of lung tumour nodules per mouse were observed in the offspring of Xirradiated ICR mice given urethane by subcutaneous injection postnatally (Nomura,
1983), and similar results were obtained with outbred Swiss mice given urethane
intraperitoneally (Vorobtsova & Kitaev, 1988). The incidence of skin tumours was
significantly increased in the offspring of parentally X-irradiated outbred SHR mice
treated postnatally with TPA by dermal application (Vorobtsova et al., 1993). Similar
enhancing effects were not, however, observed when CBA/J male mice were irradiated and their offspring were treated postnatally with urethane by subcutaneous
injection (Mohr et al., 1999).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms
4.1

Radiation syndromes: Early effects of whole-body irradiation

A hierarchy of health effects that appear sequentially after high doses of wholebody irradiation consists of the haematopoietic, gastrointestinal and central nervous
syndromes, which are collectively referred to as the ‘acute radiation syndromes’ and
have been extensively reviewed (Bond et al., 1965; Young, 1987; UNSCEAR, 1988).
The dose range over which these syndromes occur is shown in Table 35. The cutaneous radiation syndrome and the chronic radiation syndrome are now considered
sufficiently distinct to be included in the list of radiation syndromes. The more severe
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Table 35. Effects and outcomes after exposure to ionizing radiation
Dose range
(Gy)

Prodromal
effects

Tissue effects

Survival

0.5–1.0

Mild

Small decrease in blood cell count

LD0/60 (normal subject)

2.0–3.5

Moderate

Moderate-to-severe damage
(bone marrow)

LD5/60–LD50/60

3.5–5.5

Severe

Severe damage (bone marrow)

LD90/60–LD99/60a
(death, 3.5–6 weeks)

5.5–7.5

Severe

Ablation (bone marrow)

Death, 2–3 weeksa

10–20

Severe

Severe damage (gastrointestinal)

Death, 5–12 days

100

Severe

Cerebrovascular damage

Death, within 2 days

Adapted from Young (1987)
a
Treatment may increase survival by raising the dose that is lethal by 50% but to a lesser
extent in the case of the gastrointestinal syndrome.

effects are preceded by a prodromal phase, which is mediated by a poorly understood
effect on the autonomic system. Apart from the signs and the symptoms of the
prodromal phase and the central nervous syndrome, the early effects of radiation are
due to cell killing in tissues with rapid cell turnover such as the bone marrow and the
gut. Cell killing is also the major determinant in tissues such as lung and skin that
incur early deterministic effects, but later. The relative radiosensitivity of the clonogenic cells in various solid tissues is shown in Table 36.

Table 36. Radiosensitivity of clonogenic cells in solid tissues, as
indicated by the D0
Tissue

D0 (Gy)

Reference

Jejunum
Testis
Kidney
Skin
Colony-forming units (haematopoietic)
Breast
Thyroid

1.30
1.36
1.53
1.35
0.95
1.22
2.0

Withers & Elkind (1970)
Withers et al. (1974)
Withers et al. (1986)
Withers (1967)
McCulloch & Till (1962)
Gould & Clifton (1979)
Mulcahy et al. (1980)

D0, reciprocal of the final slope of the curve of survival as a function of dose,
representing cell killing due to multiple events
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Death from bone-marrow damage occurs at lower doses than death from damage
to the gut and longer after exposure. This reflects differences in the cell kinetics and
design of the two cell renewal systems and to some extent the inherent radiosensitivity
of the stem cells. In the haematopoietic system, the lifespan of the functional cells
varies with cell type: the megakaryocyte–platelet and leukocyte populations are at
highest risk because of their short lifespan.
Two main types of cell death are induced by radiation: (1) death associated with
mitosis because of DNA damage, in many cases causing chromosomal alterations that
make the first or subsequent post-irradiation cell division lethal, and (2) death through
apoptosis in interphase, in some cases before the irradiated cells reach mitosis and in
other cases after they have undergone mitosis. The probability that a cell will die
through apoptosis depends largely on the type of cell. For example, in some types of
lymphocytes, damage to the cell membrane can trigger a cascade of enzymatic events
that ultimately result in scission of the DNA strands. In contrast, apoptosis is not
frequently induced in fibroblasts. While apoptosis may occur in non-cycling cells,
most such cells remain functional even though they carry DNA damage that is lethal
when the cell attempts division.
Individual cell loss may be random, but it is the overall effect of killing a critical
number of cells that causes the deterministic effect, which may be expressed either early
or late. In lung and especially skin, some effects, such as erythema, occur relatively soon
after exposure, but others, such as fibrosis, are observed many months later.
4.2

Late deterministic effects of ionizing radiation

The late effects of radiation are not fully explained, and the relative importance of
depletion of parenchymal cells, which directly affects the functional and proliferative
capacity of tissues, and of damage to the microvasculature, which indirectly affects
the parenchymal cells, is a matter of discussion. The initial model of late effects was
based on radiation-induced changes in the microvasculature of organs. Endothelial
cells can be lost as a result of interphase death or death associated with mitosis as the
slowly cycling cells come into division. The loss of vascular integrity in turn leads to
fibrosis and loss of parenchymal cells (Rubin & Casarett, 1968; Casarett, 1980). An
alternative model (Withers, 1989) stresses the importance of the loss of functional
subunits, the architectural arrangement of organs and their stem cells. For example,
the nephron in the kidney consists of epithelial cells; if a sufficient number are killed,
the functional unit is lost because it cannot be repopulated from neighbouring
nephrons. The function of the kidney is critically compromised as the loss of functional subunits increases. Similarly, in the spinal cord, the functional subunit essential
for myelination and therefore for the function of the neurons is the minimum number
of glial cells required for maintaining the integrity of the myelin. It is clear that not
only radiosensitivity but also the volume of tissue irradiated is important. Withers
(1989) contended that the severity of a radiation-induced late effect in an organ is
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determined by the radiosensitivity of the stem cells and the arrangement into
functional subunits. In those organs for which it has been determined, the radiosensitivity of the stem cells is fairly similar, with the exception of the more radiosensitive haematopoietic system. The most useful characteristic of the dose–response
relationship is the α:β ratio (see section 5.1, Overall introduction), which is generally
lower for late effects than for early effects and reflects the proportion of the damage
repaired. The current approach to radiotherapy has gained from the idea that the
quantal responses of tissues could be considered in terms of tissue-rescuing units
(Hendry & Thames, 1986). It seems likely that damage to both the parenchymal cells
and the microvasculature plays a role in the late deterministic effects, one being more
important in some organs and less in others.
Most of the information about late effects comes from studies of patients
undergoing radiotherapy. The success of radiotherapy comes at the risk of potential
late effects, and dose fractionation is used to exploit the differential of repair and recovery between normal and cancerous tissues (see Thames & Hendry, 1987).
Atomic bomb survivors constitute the largest population that has been exposed to
whole-body irradiation; they have been monitored for almost five decades (Shimuzu
et al., 1999). During the period 1950–90, some 27 000 deaths occurred from causes
other than cancer. The emphasis of the follow-up has been on diseases of the respiratory, cardiovascular and digestive systems, the rates of which increased 5–15%
among people who received a dose of 1 Sv at these organs. This is a smaller increase
than that for cancer. The most frequent causes of these deaths were stroke and heart
disease, which accounted for about 54% of the total. It is not possible to distinguish
statistically between a linear dose–response curve, a curvilinear response or the
presence of a threshold. Late effects in the eye have also been studied, and the incidence of cataracts is discussed below.
The other relatively large population that has received whole-body irradiation is
composed of patients who were exposed preparatory to bone-marrow transplantation.
Late deterministic effects have been found in a number of tissues, including the lens
of the eye, but no information is available on dose–response relationships, and the
findings are confounded by prior chemotherapy in many patients. Future reviews of
more homogeneous populations may provide more useful data.
The effects of radiation on organs for which some evidence of effects exists are
described below.
4.2.1

Skin

The first reports of radiation-induced deterministic effects—erythema and radiodermatitis—in the X-ray technicians and physicians involved in the early days of what
would become radiology appeared within months of Röntgen’s discovery of X-rays.
The ease with which the effects of radiation on the skin could be detected made it the
obvious indicator of exposure for the purposes of radiation protection.
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In 1925, the concept of the ‘tolerance dose’ was introduced for use in setting limits
on exposure to radiation, and was expressed as 1% of the threshold dose for inducing
erythema per month for whole-body exposure to X-rays (Taylor, 1981). The ease with
which effects could be detected in the skin proved to be of no advantage when it was
realized that cancer could be induced by doses of penetrating radiation below those
that induce deterministic effects in the skin. The classification of early and late deterministic effects in the skin is shown in Table 37.

Table 37. Radiation-induced deterministic
effects in skin and time of appearance after
exposure
Effect

Time of appearance
after exposure

Early transient erythema
Main erythematous reaction
Dry desquamation
Moist desquamation
Late erythema
Secondary ulceration
Dermal necrosis
Dermal atrophy
Telangiectasia

Hours
About 2 weeks
3–6 weeks
4 weeks
8–20 weeks
10 weeks
10 weeks
26 weeks
52 weeks

From ICRP (1991c)

The tolerance of the skin depends on the area of the exposed field, the total dose,
the fraction size and the interval between fractions. Unless the fields are large,
erythema occurs only after exposure to 5–6 Gy or to about 12 Gy if the dose is fractionated; transient loss of hair may also occur. Moist desquamation may occur after a
single dose of 18 Gy or after 40–50 Gy in about 25 fractions over about five weeks.
The skin has a remarkably large capacity to recover from the damage induced by large
total doses (tens of grays) if the dose is spread over a number of fractions, which
allows time for repair of sublethal damage and for repopulation.
The early or acute effects of radiation on the skin include erythema, which occurs
in varous phases. Erythema may be seen within hours of exposure of large fields to
doses in the range used in radiotherapy, about 2 Gy, reflecting increased permeability
of the capillaries and the early onset of inflammation. This phase is transient, and the
erythema disappears within 24–48 h. The more significant phase, known as the main
erythematous reaction, usually appears during the third week of a fractionated
regimen. This phase is due to the inflammatory reaction that follows the death of cells
in the basal layer of the epithelium. A few days after irradiation, cell proliferation may
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have stopped. Although the number of basal cells decreases, the integrity of the skin
is maintained; however, dry desquamation may occur. With higher doses—about
30–40 Gy in multiple fractions—moist desquamation occurs. Desquamation is caused
by inactivation of a critical number of clonogenic cells in the basal layer and follows
within four to six weeks of exposure. Severe desquamation can lead to ulceration of
the dermis. If the damage to the dermal vasculature is extensive, dermal necrosis may
ensue within 10 or more weeks.
The responses to fractionated dose regimens are complex. In experimental studies
of fractionated and prolonged irradiation of mouse skin, greater skin sensitivity was
observed when 3-Gy fractions were given at an interval of 48 h than at either 6- or
24-h intervals. This effect was interpreted as the consequence of the increased
radiosensitivity seen during the proliferative response induced by the radiation
(Ruifrok et al., 1994).
A different form of acute ulceration is found after exposure of extremely small
areas of skin (and other epithelial surfaces) to very high doses, as occurs when ‘hot’
particles, such as the very small fragments of steel activated by neutron irradiation in
a reactor, stick to the skin or in the nose, where they can remain unnoticed long enough
to deliver an appreciable dose of β-particles and γ-rays. Within about two weeks of
exposure, a pale, circular area surrounded by a halo of erythema is seen, which is quite
distinct from other skin lesions induced by radiation. Ulceration follows when the
overlying epidermis separates to reveal a small area of necrotic dermis. The evidence
suggests that endothelial cells and fibroblasts in the superficial dermis are killed in
interphase. The dosimetry for this type of radiation damage was established in experiments on pig skin in vivo. The median effective doses for the induction of moist
desquamation by exposure to circular sources of 90Sr (a high-energy β emitter) of
various diameters were 27.5 Gy for a 22.5-mm source up to 75 Gy for a 5-mm source;
the 2-mm and 1-mm sources induced acute necrosis within three weeks, at median
effective doses of 125 and 275 Gy, respectively (Hopewell et al., 1986).
Acute epithelial necrosis is induced by very-low-energy β-particles which cause
interphase death in the suprabasal layer of the epidermis about 10 days after exposure.
Radiation-induced lesions were studied in 56 workers, in particular firemen, at the
Chernobyl facility who had incurred doses estimated to have been > 30 Gy at a depth
of 150 mg cm–2 and over 200 Gy at about 70 mg cm–2. The workers were exposed to
high-activity fission products with a β-particle to γ-ray ratio of 10 to 30. Skin desquamation and subsequent infection in victims who received damage over 50% of their
body surface area contributed to their deaths. All of these persons also had damage to
their haematopoietic systems (UNSCEAR, 1988; Barabanova & Osanov, 1990).
Burns are induced by fall-out after detonation of nuclear weapons. For example,
the doses to the skin received by Japanese fishermen exposed to the fall-out from one
test were estimated to be 1.7–6.0 Gy. Erythema and necrosis were found in a few of
the exposed men, and late effects were noted subsequently.
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A late phase of erythema that gives the skin a dusky appearance is sometimes seen
8–20 weeks after exposure. It is seldom seen in patients receiving fractionated radiotherapy but was observed in victims of the Chernobyl accident who had received high
doses 1.5 mm below the surface of the skin, where the deep dermal plexus of blood
vessels is found. Loss of endothelial cells appears to be a major causal factor.
The other late effects of concern are dermal atrophy, telangiectasia and necrotic
ulcer. The severity and the incidence of these lesions increase as the dose exceeds
30–40 Gy when given in fractions of 2 Gy. Dermal atrophy appears to develop in two
phases, beginning 14–20 weeks after exposure and after about one year. The first
phase is thought to be due to loss of endothelial cells, as in dermal necrosis (Hamlet
& Hopewell, 1988), and to loss of fibroblasts (Withers et al., 1980), a significant loss
of endothelial cells sometimes preceding that of fibroblasts. The second phase
involves degeneration of the smooth muscle of arterioles.
Telangiectasia may occur in patients treated with fractionated doses about one
year or more after therapy. The incidence and the severity increase with time in a dosedependent manner.
4.2.2

Lung

Radiation pneumonitis and fibrosis are the main deterministic effects in the lung.
Three types of pulmonary cell are involved in the responses to radiation: type-1 and
type-2 alveolar cells and endothelial cells; the last two undergo renewal and are targets
for radiation-induced damage (see review by Travis, 1987). Radiation pneumonitis
occurs in experimental animals and in humans about 80–180 days after exposure and,
depending on the dose, may be fatal. The human lung is slightly more sensitive than
that of mice, with estimated LD50 values of 9–10 Gy of external irradiation for humans
and 12–15 Gy for mice. Radiation pneumonitis is characterized by interstitial oedema,
infiltration of inflammatory cells and desquamation of alveolar epithelial cells. At
high doses, an exudate is found in alveolar air spaces. An alveolar infiltrate can be
detected radiologically, and opacification is detected by computerized tomography in
a high percentage of patients within about 16 weeks of receiving fractionated doses.
Dyspnoea is a symptom of pneumonitis in both humans and mice.
The effects of total dose, the number of fractions and the total period of treatment
on the incidence of radiation-induced pneumonitis in patients undergoing radiotherapy are shown in Table 38.
Fibrosis, the main long-term effect of radiation on the lung, may occur in patients
in whom pneumonitis has not been detected. The loss of volume and of diffusing capacity depend, as in other tissues, on the size of the radiation field. The histological
changes include an increased amount of collagen which replaces the alveolar septa, a
decrease in the number of functioning capillaries, atypical alveolar epithelial cells and
loss of alveoli due to fibrotic changes which may lead to atelectasis. Lung fibrosis
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Table 38. Incidence of radiation pneumonitis
in patients undergoing radiotherapy, according to dose regimen
Total dose
(Gy)

No. of
fractions

6–7
10
26.5
20
30.5
30.0

1
1
20
10
20
10

Length of
treatment
(weeks)

Incidence of
pneumonitis
(%)

4
2–4
4
2

0 (threshold)
84
5
5
5
100

Data from Mah et al. (1987); UNSCEAR (1988)

may appear about one year after irradiation, and the changes are usually irreversible
(Travis, 1987).
4.2.3

Gonads
(a)

Ovary

The ovary is a radiosensitive organ, but its radiosensitivity to the induction of
sterility is age-dependent (Table 39). Radiation-induced ovarian failure gives rise not
only to reduced fertility or sterility but also to reduction or cessation of hormone
production, which may lead to premature menopause in younger women (Meistrich
et al., 1997). Amenorrhoea has been reported in 10% of patients exposed during
childhood to 0.5 Gy to the ovaries and in about 66% exposed to 3.0 Gy (UNSCEAR,
1993). A dose of 1.0–1.5 Gy appears to be the threshold for an effect on fertility.
Ovarian failure occurs in 40% of 20-year-old women and in 90% of 35-year-old
women receiving a dose of 4.5 Gy. The effect is reduced by dose fractionation and
protraction of radiotherapy (Meistrich et al., 1997).
(b)

Testis

The germinative cells of the seminiferous tubules are highly radiosensitive,
whereas the Sertoli cells, which provide support and nutrition for the spermatogonia,
and the Leydig cells, the source of testicular hormones, are considerably more
resistant. Irradiation may reduce fertility or induce temporary or permanent sterility
but has little effect on libido. The response of the testis has been studied in patients
undergoing radiotherapy, radiation workers, volunteers in state penitentiaries, victims
of nuclear accidents and atomic bomb survivors (see Meistrich & Van Beek, 1990).
The sperm count remains within the normal range for about eight weeks after irra-
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Table 39. Minimum fractionated doses to the
ovary that induce sterility
Dose (Gy)

0.6
1.5
2.5–5.0
5.0–8.0
> 8.0

Ovarian failure (%)
15–40 years of age

> 40 years of age

None
No risk
60
60–70
100

None
Small risk
100
NR
100

From Ash (1980) and Damewood & Grochow (1986);
NR, not reported

diation, but falls to its lowest level over the next three to eight months; aspermia may
occur temporarily after a dose of about 0.2 Gy. The reduction in spermatogenesis is
dose-dependent (Figure 13). A dose of 1.0 Gy causes aspermia in 90% of men.
Fractionation does not reduce the effect and may increase it. The onset of recovery is
also dose-dependent, occurring within about six months after a dose of 0.2 Gy but not
until two years after a dose of 5 Gy. An analysis by Meistrich and Van Beek (1990) of
the data obtained by Rowley et al. (1974) in a study of volunteers showed that type
Ap and type B spermatogonia and early spermatocytes were the most radiosensitive
cells and that late spermatocytes, spermatids and type Ad spermatogonia, considered
to be the reserve stem cells, were somewhat less sensitive. It is difficult to estimate a
threshold dose for temporary sterility, which depends on the time after exposure that
fertility is assessed. A dose as low as 0.1 Gy has detectable effects in the young, and
0.15 Gy may cause oligospermia and temporary infertility in adults (UNSCEAR,
1993).
Two parameters have been used to assess the effect of radiation on the testis: loss
of testicular weight and regeneration of the spermatogenic epithelium. The curve for
loss of testicular weight as a function of dose has two components, and the logarithm
of the loss of the radiosensitive component is linearly related to dose, with a D0 of
0.9–1.0 Gy in mice, where D0 represents cell killing due to multiple events (Kohn &
Kallman, 1954; Alpen & Powers-Risius, 1981). The percentage of tubules that showed
foci of repopulation by spermatogonial cells at 35–42 days after irradiation was used
as a measure of stem-cell survival. At doses > 8 Gy, an exponential survival curve with
a D0 of 1.8 Gy was obtained (Withers et al., 1974). It is not clear why the values for
D0 vary by a factor of two. A detailed assessment of the sensitivity of cells in the development stages of spermatogenesis in mice showed that the range of sensitivities is
broad, but in general the sensitivity decreases from the intermediate spermatogonial
stage to the mature sperm (see Table 40; Oakberg & Clark, 1964).
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Figure 13. Percentages of men developing azoospermia
after various single doses of radiation

From Meistrich & Van Beek (1990). Doses are plotted after square-root
transformation.

Table 40. Sensitivity of mouse spermatogenic
cells to radiation
Cell type

LD50 (Gy)

Spermatogonia (types As, A1–A4)
Intermediate spermatogonia
Type B spermatogonia
Meiotic stages
Secondary spermatocytes
Spermatids
Spermatozoa

2.0
0.2
1.0
2.0–9.0
10.0
15.0
500.0

From Oakberg & Clark (1964); LD50, median lethal dose

Although Leydig cells are generally considered to be relatively radioresistant,
transient increases in serum follicular hormone concentrations were reported after
exposure to doses as low as 0.2 Gy, while at 2.0 Gy the serum concentration of
luteinizing hormone was increased. Both parameters are indicators of Leydig-cell
dysfunction (Kinsella, 1989).
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The outstanding features of the effects of radiation on the testis are the exquisite
sensitivity of some testicular cells, the lack of sparing with fractionation and the long
recovery time.
4.2.4

Kidney

Opinions about the relative radiosensitivity of the kidney vary (UNSCEAR,
1982). The importance of radiation-induced nephropathy and questions about whether
the kidney should be shielded during whole-body irradiation before bone-marrow
transplantation have renewed interest in the subject. The cells at risk in the three major
components of the kidney, the renal tubules, the glomeruli and the complex, abundant
vasculature, are mainly post-mitotic cells. This influences the response of the kidney
to radiation and the sequelae. The late effects—nephritis, nephrosclerosis, tissue
necrosis and fibrosis with subsequent hypertension and loss of renal function—are the
main concerns (UNSCEAR, 1993).
Tests of renal function provide no evidence of renal damage during the first six
months after radiotherapy with fractionated regimens of total doses < 23 Gy, but
nephritis with signs and symptoms of renal damage may occur 6–12 months after
treatment. Albuminuria and increased urea nitrogen in blood are common features.
Renal failure and hypertension are later, more serious sequelae. The tolerance dose is
about 23 Gy given in fractions over about five weeks to both kidneys. Doses of
20–24 Gy given over about four weeks may result in a 10–60% reduction in renal
plasma flow and glomerular filtration rate.
The tolerance dose is lower in children than in adults, and radiation-induced
nephropathy has been observed after bone-marrow transplantation in children.
Anaemia, increased urinary creatinine concentrations and other signs of renal insufficiency have been observed after exposure to 12–14 Gy given in six to eight fractions.
The precise contribution of radiation is difficult to assess because many such patients
have had prior chemotherapy. It is also difficult to determine how much of the reduced
tolerance, i.e. the delay before renal failure, is due to age or to chemotherapy. Experimental evidence in rats indicates that age is important and that tolerance increases
with age at irradiation, within limits (Moulder & Fish, 1997).
The early histological changes seen in the kidneys after irradiation include hyperaemia, increased capillary permeability and interstitial oedema. The fine vasculature
shows evidence of damaged endothelial cells and repopulation, which tends to occlude
the lumen of the vessels. The glomerular arterioles are affected and blocked. The
vascular occlusion and narrowing cause ischaemia in the cortex, and secondary
degeneration of the tubular epithelium may follow. Damage to the tubules is the
primary lesion, and dose–survival relationships have been determined in mice for the
cells responsible for regeneration of the tubular epithelium. When regenerating tubules
were scored in mice 60 weeks after irradiation, the D0 was 1.53 Gy, which is
comparable with that recorded for clonogenic cells in other tissues. The doses used in
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the assay (11–16 Gy) may, however, have damaged the vasculature (Withers et al.,
1986).
4.2.5

Gastrointestinal tract

The effects of radiation on the gastrointestinal tract have been the subject of
extensive reviews (see e.g. Bond et al., 1965; Becciolini, 1987; Potten & Hendry,
1995), from which the following descriptions are derived. Because the structure and
the kinetics of cell turnover differ in the various regions of the gastrointestinal tract,
the response to radiation also varies from one site to another.
(a)

Oral cavity

Effects on the oral mucosa provide a somewhat more sensitive indicator of
radiation-induced damage than effects on the skin, and mucositis is widely used to
assess the radiosensitivity of the oral cavity. The early changes are similar to those in
the skin but occur sooner after exposure. In the second week of fractionated radiotherapy, dryness of the mouth and even dysphagia may occur. An interesting early
effect is an alteration in sensitivity to taste, which appears to affect the taste of salt and
bitter differentially from that of sour and sweet.
The late changes in the oral cavity are fibrosis in the submucosa, telangiectasia and
fibrosis involving the mucous glands. Chronic ulcers of the mucosa can follow fibrosis
in the vasculature. The environment of the oral cavity can be changed by exposure to
radiation because the saliva from irradiated salivary glands is more acidic than normal,
and dental caries may develop.
(b)

Oesophagus

Fractionated doses of 20–30 Gy can cause transient oesophagitis. Stricture may
occur four to eight months after radiotherapy with doses of 30–65 Gy, depending on
the fractionation regimen.
(c)

Stomach

Fractionated doses up to approximately 20 Gy have been used in the treatment of
peptic ulcer. Irradiation suppressed gastric acidity for six months to many years and
was well tolerated, but the risk for cancer increased subsequently. With conventional
fractionated radiotherapy, the stomach can tolerate a dose of about 40 Gy, but the
likelihood of ulceration and perforation increases rapidly above this dose. The delayed
effects include dyspepsia, impaired gastric motility and chronic atrophic gastritis, due
to fibrosis.
(d)

Small intestine

The small intestine is radiosensitive because the functional cells undergo rapid
renewal and have a short lifespan. Studies in experimental animals indicate that
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damage to the intestinal epithelium occurs at doses > 1 Gy and that the degenerative
changes are increasingly severe at doses of 5–10 Gy. Recovery depends on the
survival of a sufficient number of clonogenic cells in the crypts before the villi and
their vasculature lose their integrity. The acute radiation syndrome that occurs in
humans after a single, high, whole-body irradiation is discussed in section 4.1. With
fractionated radiotherapy, the probability of nausea, vomiting and diarrhoea is
dependent on the dose per fraction and the frequency and number of fractions. Patients
irradiated in the epigastric and abdominal regions experience nausea and vomiting,
and when a dose of 25–30 Gy has been accumulated in radiation fields including the
mid- and lower abdomen, loss of appetite, fatigue and diarrhoea are not uncommon.
The malabsorption syndrome, involving reduced uptake of nutrients, may start during
treatment and increase after therapy is completed. Patients vary in their sensitivity.
Complications affecting the bowel after large-field abdominal radiotherapy have been
reported to occur in 1% of patients receiving 35 Gy and in about 3% receiving higher
doses. The late effects consist of excess collagen deposition in the submucosa and the
typical radiation-induced changes in small vessels, such as intimal fibrosis
(Becciolini, 1987).
(e)

Large intestine

Because the cell turnover rate is lower in the large intestine than in the small
intestine, the former is less radiosensitive. Acute transient changes in the mucosal
epithelium of both the colon and the rectum may occur with doses > 30–40 Gy. The
rectum is relatively radioresistant, but rectal bleeding may occur 6–12 months after
irradiation with fractionated doses totalling 60 Gy. The late changes include fibrosis,
shortening of the colon and strictures. As in other tissues, late changes in the
vasculature, such as endarteritis and fibrosis, are characteristic (Becciolini, 1987).
The survival curves for clonogenic cells of the jejunum and colon after irrradiation
have been determined by the method introduced by Withers and Elkind (1970), which
is based on the number of regenerating clones of crypt cells per cross-section of tissue
three to four days after exposure to graded doses. The D0 of the single-dose survival
curve is about 1.3 Gy of 250-kVp X-rays. When the single-dose and the multiple-dose
survival curves are separated, the ‘shoulder’ (see Figure 16, Overall introduction),
assumed to indicate the amount of repair, is characterized by a Dq value between 4 and
4.5 Gy. Dose–survival curves for clonogenic cells in solid tissues can be determined
experimentally only over a range of high doses, for example about 12–16 Gy in the
jejunum. The survival curves for low doses must be obtained by reconstruction from
data on fractionated doses.
4.2.6

Haematopoietic system

Death due to the acute radiation syndrome in the bone marrow is discussed in
section 4.1. Depending on the dose, the prodromal stage is followed by the gastro-
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intestinal syndrome; if the victim survives, the haematopoietic syndrome follows in
the second week, and death may occur within two to three weeks after exposure to
doses of 5.4–7.5 Gy and within four to six weeks after exposure to lower doses in the
lethal range. The probability of death from bone-marrow damage depends on the
treatment that is provided, more so than in any of the other syndromes. The prudent
use of cytokines and growth factors has markedly improved the prospect of survival,
although a fatal outcome becomes highly probable at doses ≥ 5.5 Gy. Survival of 10%
of the haematopoietic progenitor cells is usually sufficient to prevent death.
The radiation-induced loss of the functional elements of the blood and the
subsequent response depend on the cell type and the cell kinetics. The short lifespan
of the neutrophils and platelets is reflected in the decreases in their number before that
of the long-lived red cells. The radiosensitive subpopulations of lymphocytes are also
affected shortly after exposure. Within 8–10 days, the decreases in granulocytes and
platelets become critical, and, at doses in excess of 5 Gy, pancytopenia may follow
(Figure 14). Haemorrhage and infection may exacerbate the condition (Wald, 1971).
The bone marrow can withstand higher total doses of radiation when the dose rate
is lower, the dose is fractionated or the size of the radiation field is reduced. For
example, patients irradiated with single doses < 10 Gy on either the upper or the lower
half of the body can recover within about eight weeks. The effect is more severe after
irradiation of the upper half of the body, where about 60% of the active bone marrow
is found.
McCulloch and Till (1960) developed a technique for determining survival curves
of colony-forming units that contain progenitor cells capable of producing erythrocytes,
myelocytic elements and platelets. Erythrocytes predominated in the colonies that grew
in the spleens of irradiated mice transplanted with bone marrow. When the bonemarrow cells were irradiated in vivo, the D0 was 0.95 Gy, with a small shoulder on the
survival curve (extrapolation number (n), 1.5; see Figure 16, Overall introduction).
Both the D0 and n were higher when the cells were exposed in vitro. The survival curves
of colony-forming units in humans and mice are similar.
Information about the late effects of radiation on the bone marrow comes mainly
from studies of patients undergoing radiotherapy and, to a lesser extent, from reports
of accidental exposure. The decrease in progenitor cells may persist, and the duration
of depletion is dose-dependent; the counts of circulating blood cells, especially
lymphocytes, may be depressed for months. In general, accidental exposure to high
but sublethal doses is followed by recovery of the bone marrow, as was also observed
in the survivors of the atomic bombings. In the case of localized exposures to high
total doses, aplasia is followed by replacement of the bone marrow with fat cells and
fibrosis.
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Figure 14. Counts (percentage of normal) of platelets,
lymphocytes and neutrophils as a function of time after
exposure to and dose of radiation during accidents

From Wald (1971)

4.2.7

Central nervous system

The developing brain is most sensitive to radiation during gestation. As early as
1929, recognition of the fact that proliferating cells are more radiosensitive than
differentiated cells led Goldstein and Murphy (1929) to study children born to women
exposed to pelvic irradiation during pregnancy. They found some effects on the central
nervous system. Miller and Mulvihill (1956) reported that children exposed in utero
to atomic bomb radiation had small head sizes, an indication of damage to the central
nervous system.
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Observation of severe mental retardation and reduced intelligence quotients in
children exposed to radiation in utero indicated that the most sensitive periods are
8–15 and 16–25 weeks after fertilization (Otake & Schull, 1984, 1998). The number
of neurons increases rapidly during weeks 8–15 of gestation, and proliferation of the
neurons of the cerebral cortex is virtually complete by 16 weeks; by 26 weeks, the
neurons are differentiated. Accordingly, no cases of severe mental retardation have
been found among individuals exposed to radiation before 8 weeks or after 26 weeks
of gestation. Some cell proliferation continues in the brain, particularly in the cerebellum, during the first two years of life, and the proliferating neurons are radiosensitive. Glial cells, which proliferate actively during the early years of life, retain the
ability to divide. Loss of glial cells can lead to demyelinization. In the developing
brain, neurons not only proliferate but also migrate to specific sites. This migration
occurs mainly between weeks 7 and 10 and 13–15 of gestation and is virtually
complete at 16 weeks. Exposure to radiation during weeks 8–16 of gestation is thus
likely to interfere with this process. In a study with explants of the cerebral cortex
from rat embryos at day 16 of gestation, a dose as low as 0.1 Gy affected neuronal
migration (Fushiki et al., 1993).
Most of the information on the effects of radiation on the brain postnatally comes
from studies of patients—in particular, children treated for acute leukaemia. The
degree of radiosensitivity depends on the effect and the age at exposure. In the adult
brain, radiation-induced damage to the microvasculature is the major concern (for a
review, see Gutin et al., 1991). The acute central nervous syndrome (see section 4.1)
occurs with doses of 20–100 Gy, and the survival time is about two days or less, but
damage to the membranes and the vasculature rather than neuronal cell killing is
involved. In contrast, neurons can be induced to fire (as detected by electroencephalography) by doses as low as 0.01 Gy.
Four types of late effect of radiation in the central nervous system have been
described: leukoencephalopathy, mineralizing microangiopathy, cortical atrophy and
cerebral necrosis. Leukoencephalopathy is not strictly an effect of radiation as it is the
result of an interaction between radiation and methotrexate. It gives rise to demyelinization, multifocal necrosis and gliosis, but the grey matter and the basal ganglia are
spared. The histological changes are reflected by reduced mental ability, ataxia,
dementia and even death. Radiation doses of ≥ 20 Gy plus methotrexate will cause
these lesions, but fractionated radiotherapy with 18–24 Gy alone does not. Mineralizing microangiopathy affects the cerebral grey matter and less frequently the cerebellum. It is assumed to be due to damage to the microvasculature, which leads to
calcification, obstruction of the vessels and necrosis. Headaches, seizures, ataxia and
defective muscle control have been noted. The condition is seen in children treated
with a total dose of at least 20 Gy. Cortical atrophy, caused by focal necrosis with a
loss of neurons from all layers, occurs in about 50% of patients receiving more than
30 Gy of fractionated radiotherapy to the entire brain. Cerebral necrosis, which
involves an amorphous fibrin exudate, often in the junctional tissues between the
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white and grey matter, may appear 1–10 years after treatment. The incidence of
cerebral necrosis increases rapidly at fractionated doses > 45 Gy (UNSCEAR, 1993).
The tolerance doses for brain damage are thus not known, but it is clear that the
higher the dose per fraction the greater the probability of severe damage. In adults, a
dose of 50 Gy to the brain in 2-Gy fractions over six weeks is considered to be critical,
whereas the critical dose in children of three to five years of age is about 20% lower
and that for younger children is even lower.
4.2.8

Thyroid

Hypothyroidism is the commonest late deterministic effect of radiation on the
thyroid gland. It may be due to direct damage or, secondarily, to damage to the hypothalamic–pituitary axis (see UNSCEAR, 1993). Doses that are sufficient to affect
function are more likely to be received during internal exposure from radionuclides such
as 123I, 125I and 131I for therapeutic treatment or as a result of a radiation accident.
Although there is conflicting evidence about the effect of age at the time of exposure, it is likely that the very young are more radiosensitive, as is the case for the induction of thyroid cancer (Ron, 1996). The activity of thyroid-stimulating hormone is
frequently increased in children who have been irradiated for Hodgkin disease or brain
tumours if the dose to the thyroid reaches about 24 Gy (Oberfield et al., 1986), but no
increase was found after exposure to 15 Gy (Glatstein et al., 1971). Hypothyroidism
was found in 20% of long-term survivors among children with acute leukaemia who
received cranial or craniospinal irradiation with fractionated doses of a total of
18–25 Gy, the dose to the thyroid being about 3–8% of the total dose. No evidence of
hypothyroidism has been found in children exposed to < 1 Gy (UNSCEAR, 1993).
A study by DeGroot et al. (1983) indicated that chronic lymphocytic thyroiditis is relatively common in patients who received external irradiation in childhood. Hypothyroidism with increased serum levels of thyroid-stimulating hormone was found in
15% of patients who received < 30 Gy and in 68% of those who received higher doses
(Kaplan et al., 1983).
4.2.9

Eye

The ocular lens and the skin are the two tissues for which specific dose limits have
been set for the prevention of deterministic effects of radiation. The occupational dose
limits are 150 mSv year–1 and 500 mSv year–1, respectively. The effects of radiation
on these tissues were recognized soon after the discovery of X-rays. Much of the early
literature on radiogenic cataracts was reviewed by Bendel et al. (1978), and the
responses of the human eye were detailed by Merriam et al. (1972).
The lens is the most important radiosensitive structure in the eye, but it is not the
only tissue affected. Keratitis and oedema of the cornea can occur after exposure to
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single doses of about 10 Gy, and damage to the lachrymal gland, the retina and the
conjunctiva can be induced by higher doses (Merriam et al., 1972).
The development and progression of the effects of radiation on the ocular lens can
be studied by non-invasive techniques. While the mechanism of cataract induction by
radiation is not known, the evidence indicates that cataracts are caused by damage of
cells in the germinative zone, resulting in abnormal differentiation of the developing
lens fibres. The latent period from the time of exposure to the appearance of opacities
is consistent with the time required for the differentiation and migration of abnormal
fibres. The long-held hypothesis that cell killing is central to the formation of lens
opacities is being questioned, and damage to the genome of the epithelial cells has
been proposed as an underlying principle (Worgul et al., 1991). If this is so, cataract
induction is probably a stochastic process with a threshold for a clinically significant
lesion, and therefore differs from other deterministic effects. Like other deterministic
effects, its incidence and severity increase with the dose of radiation.
The early stage of radiation-induced cataract is marked by changes in the posterior
capsular area; subsequently, the anterior part of the lens is involved, and the posterior
lesion expands. Opacities of the lens may develop and then cease to progress, and
anecdotal accounts suggest that regression can occur. The latent period between
exposure and detection of a cataract is dose-dependent but ranges from six months to
several decades, with an average of two to three years (UNSCEAR, 1993).
Patients receiving radiotherapy are the main source of data for estimating the
threshold dose for cataract induction and the increase in incidence with dose (Merriam
et al., 1972). The threshold single dose was estimated to be about 2 Gy, and the
threshold for a dose fractionated over 3–13 weeks was estimated to be about 5.5 Gy.
Further evidence of an effect of fractionation comes from studies of patients irradiated
before bone-marrow transplantation: the incidence of cataract after a single dose of
10 Gy was 80%, while only 19% of patients who had received fractions of 2–4 Gy
over six or seven days (total dose, 12–15 Gy) developed cataracts (Deeg et al., 1984).
At low doses above the threshold, the opacities are minimal and become static. The
threshold dose for a progressive cataract is probably between 2.0 and 5.0 Gy.
In the survivors of the atomic bombings, the threshold dose for minimal opacities
was reported to be 0.6–1.5 Gy, although the results are confounded by exposure of the
survivors in Hiroshima not only to γ-rays but also to neutrons (see separate monograph; Otake & Schull, 1990). The data on radiation-induced cataracts in children
treated for cancer are also confounded because in many cases the treatment consisted
of a combination of radiotherapy and chemotherapy. Nevertheless, children appear to
be more susceptible than adults. The data for the atomic bomb survivors also indicate
age-dependency, the risk for cataract being two to three times higher in children under
the age of 15 at the time of exposure than in older persons (UNSCEAR, 1993).
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Radiation-sensitive disorders

Individuals who might be at enhanced risk for cancer caused by ionizing radiation
include patients suffering from disorders that are associated with increased sensitivity
to radiation at the cellular level. A paradigm of such disorders is xeroderma pigmentosum, in which enhanced sensitivity to the toxic effects of ultraviolet radiation (UV)
parallels an enhanced risk for skin cancer after exposure to UV. The molecular
mechanism underlying this phenomenon is reduced or absent repair of UV-induced
DNA lesions, resulting in an increased frequency of mutations in the genome of cells
from exposed parts of the body. These mutations can ultimately lead to cancer (see e.g.
IARC, 1992). On the basis of this example, an enhanced risk for cancer induced by
ionizing radiation might be expected in patients with a reduced capacity for repair of
DNA damage and a smaller risk in those with conditions that result in disturbances in
progression of the cell cycle. A further group of individuals who might be expected to
show enhanced susceptibility to radiogenic cancer are those who have mutations of
dominant tumour suppressor genes which are responsible for preventing the
expansion of potentially malignant (initiated) cells. If radiation were to increase the
number of these initiated cells, there would be an increased probability of their
progression to frank tumours (for discussion, see National Radiological Protection
Board, 1996).
4.3.1

Ataxia telangiectasia

The human genetic disorder ataxia telangiectasia is characterized by immunodeficiency, neurodegeneration, radiosensitivity and increased risks for developing a
number of leukaemias and lymphomas and solid tumours (Boder, 1985; Sedgwick &
Boder, 1991).
(a)

ATM gene and gene product

The ATM gene (‘mutated in ataxia telangiectasia’) was identified by Savitsky
et al. (1995). Full-length ATM cDNA was eventually cloned in two laboratories and
shown to be capable of correcting aspects of the radiosensitivity of cells from patients
with the disease as well as the defective cell-cycle checkpoints (Zhang et al., 1997;
Ziv et al., 1997). Analysis of the ATM gene in patients with ataxia telangiectasia
throughout the world showed over 300 mutations (see ataxia telangiectasia mutation
database—http://www.vmmc.org/vmrc/atm.htm; P. Concannon and R. Gatti).
The ATM gene product is a highly phosphorylated nucleoprotein of about 370 kDa,
which has a phosphatidylinositol 3-kinase (PI3) domain close to the C-terminus,
through which it is related to a family of proteins involved in DNA damage recognition
and/or cell cycle control (Hartley et al., 1995; Anderson & Carter, 1996; Bentley et al.,
1996; Cimprich et al., 1996). These proteins phosphorylate one or more substrates in
response to DNA damage to activate signal transduction pathways and/or recruit
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proteins to sites of DNA repair. In the case of ATM, substrates such as TP53, c-Abl,
RPA, mdm2 and PHAS-1 have been identified (Banin et al., 1998; Canman et al., 1998;
Khanna et al., 1998; Tibbetts et al., 1999).
Immunoblotting studies showed that the ATM protein is located predominantly in
the nucleus in proliferating cells (Chen & Lee, 1996; Keegan et al., 1996; Lakin et al.,
1996; Brown et al., 1997; Jung et al., 1997; Watters et al., 1997), although cell fractionation followed by immunoblotting revealed that 5–20% of ATM is in a microsomal
fraction (Lakin et al., 1996; Brown et al., 1997; Watters et al., 1997). Immunofluorescence studies confirmed that ATM is predominantly nuclear in fibroblasts, with
relatively uniform distribution throughout the nucleus, except for nucleoli (Watters
et al., 1997). A distinct pattern of punctate labelling was seen in the cytoplasm, and
immunoelectron microscopy showed that the protein is localized in 60–250-nm
vesicles (Watters et al., 1997) and co-localizes with β-adaptin to endosomes (Lim
et al., 1998).
(b)

ATM and cell-cycle checkpoint control

Cells from patients with ataxia telangiectasia are defective in activating both G1/S
and G2/M phase checkpoints after irradiation, and DNA synthesis is inhibited to a
lesser extent than in controls (Houldsworth & Lavin, 1980; Painter & Young, 1980;
Scott & Zampetti-Bosseler, 1982; Nagasawa & Little, 1983; Beamish & Lavin, 1994).
Kastan et al. (1992) demonstrated that the response of the TP53 tumour suppressor
protein in activating the G1/S checkpoint after irradiation was defective in cells from
patients with ataxia telangiectasia, and the induction of a number of p53 effector genes
was subsequently found to be reduced and/or delayed after irradiation (Canman et al.,
1994; Dulic et al., 1994; Artuso et al., 1995; Khanna et al., 1995). Thus, ATM is
initially activated in response to DNA damage by an unknown mechanism, which in
turn activates p53 (Shieh et al., 1997; Siliciano et al., 1997).
Cells from patients with ataxia telangiectasia are also characterized by radioresistant DNA synthesis (Houldsworth & Lavin, 1980; Painter & Young, 1980) and a
defective G2/M checkpoint after irradiation (Nagasawa & Little, 1983; Ford et al.,
1984; Rudolph et al., 1989). The reduced inhibition of DNA synthesis appears to be
due to the failure of these cells to recognize and respond to the damage. Hyperphosphorylation of replication protein A is induced after irradiation in normal cells but is
significantly delayed in cell lines from patients with ataxia telangiectasia (Liu &
Weaver, 1993). When cells from patients with ataxia telangiectasia are irradiated in G2
phase, they progress into mitosis with less delay than normal cells (Zampetti-Bosseler
& Scott, 1981), but when they are irradiated in G1 or S phase they progress through
these phases unhindered and block irreversibly in the subsequent G2/M phase
(Beamish & Lavin, 1994).
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Sensitivity to ionizing radiation

Clinical radiosensitivity in patients with ataxia telangiectasia was revealed when
adverse reactions were observed during treatment with X-rays and other agents
(Gotoff et al., 1967; Morgan et al., 1968; Feigin et al., 1970). Increased sensitivity to
radiation and radiomimetic agents was also demonstrated in vitro as reduced cell
survival (Taylor et al., 1975; Shiloh et al., 1982a; Morris et al., 1983; Shiloh et al.,
1983) and an increased frequency of chromosomal aberrations in cells from such
patients after exposure to ionizing radiation (Higurashi & Cohen, 1973; Cohen et al.,
1975; Rary et al., 1975). Defects in DNA repair in response to radiation damage were
not found in early studies (Vincent et al., 1975; Taylor et al., 1976; Fornace & Little,
1980; Lavin & Davidson, 1981; Shiloh et al., 1983), but a defect in potentially lethal
damage repair was observed (Weichselbaum et al., 1978; Cox et al., 1981; Arlett &
Priestley, 1983). Evidence was subsequently provided for a defect in DNA strandbreak repair in cells from patients with ataxia telangiectasia. Cornforth and Bedford
(1985) reported the existence of residual breaks in these cells, as demonstrated by
premature chromatin condensation 24 h after irradiation. Foray et al. (1997) demonstrated that approximately 10% of double-strand breaks in such cells remained unrepaired for up to 72 h after irradiation. The exact nature of the lesion recognized by
the ATM protein has not been identified, but it is likely to be some form of strand
interruption (Taylor et al., 1975; Chen et al., 1978; Shiloh et al., 1982b).
Since cells from patients with ataxia telangiectasia are defective in all cell-cycle
checkpoints after irradiation and since they eventually accumulate and die in G2/M, it
was suggested that these cell-cycle anomalies could account for the radiosensitivity of
these cells (Beamish & Lavin, 1994). The sensitivity is more likely to be due to a
defect in the recognition and repair of specific lesions in DNA, with consequent
effects on the cell cycle. Since radiosensitivity is observed in non-dividing cells from
patients with ataxia telangiectasia, a repair defect is probably involved, rather than
defective cell-cycle control (Jeggo et al., 1998). Lack of correlation between P53
status, G1/S phase arrest and radiosensitivity in a variety of human cells and the fact
that cells from p53–/– mice are more resistant to radiation (Lotem & Sachs, 1993;
Lowe et al., 1993; Clarke et al., 1994) would appear to eliminate defective cell-cycle
checkpoints as an explanation for sensitivy to radiation.
(d)

Cancers in patients with ataxia telangiectasia

A major hallmark of patients with ataxia telangiectasia is a predisposition to
develop a range of lymphoid malignancies (Boder & Sedgwick, 1963). Around 10%
of all such patients develop cancer, most of which are of the lymphoid type (Morrell
et al., 1986, 1990). The association between a defective thymus, immunodeficiency
and the high frequency of lymphoid malignancies initially suggested that these
tumours arose as a consequence of the immunodeficiency (Peterson et al., 1964;
Lévêque et al., 1966; Miller & Chatten, 1967), but the observations that the spectrum
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of malignancies was not confined to those resulting from immunodeficiency and that
chromosomal instability accompanied leukaemia in this syndrome provided an alternative explanation. Chromosomal rearrangements with specific breakpoints involving
primarily chromosomes 7 and 14 are observed in up to 10% of T-lymphocytes from all
patients with ataxia telangiectasia (Taylor et al., 1996). The breakpoints are largely
located in the vicinity of immunoglobulin heavy chain and TCR (T-cell receptor)
genes, preferentially involving four regions, 7p13, 7q33-35, 14q11-12 and 14q32
(Hecht & Hecht, 1985). Clones capable of proliferation can be generated from translocations involving TCR genes and non-immune genes or inversions of chromosome 14, and these clones have been shown to develop into leukaemias (Taylor &
Butterworth, 1986; Baer et al., 1987; Davey et al., 1988; Taylor et al., 1992).
The lymphoid malignancies in patients with ataxia telangiectasia are of both B-cell
and T-cell origin and include non-Hodgkin lymphoma, Hodgkin disease and several
forms of leukaemia (Spector et al., 1982; Hecht & Hecht, 1990). In a series of 119
patients with ataxia telangiectasia with neoplasms, 41% had non-Hodgkin lymphoma,
23% had leukaemia of any kind (usually acute lymphoblastic) and 10% had Hodgkin
disease (Hecht & Hecht, 1990). In a smaller study in the United Kingdom of 17
children with ataxia telangiectasia, seven had leukaemias and 10 had lymphomas. The
leukaemias were five T-cell acute lymphocytic leukaemias, a prolymphocytic
leukaemia and a T-cell chronic lymphocytic leukaemia (Taylor et al., 1996). In
contrast, young adult patients with ataxia telangiectasia developed abnormal
lymphocyte clones that converted with a high frequency into T-cell prolymphocytic
leukaemia (Matutes et al., 1991). Since the clonal expansions that give rise to
lymphoid tumours in patients with ataxia telangiectasia are characterized by specific
chromosomal breakpoints and rearrangements, it was considered likely that alterations
in genes and/or their expression would contribute to the malignant phenotype. The
breakpoints in chromosome 14 in patients with and without ataxia telangiectasia with
T-prolymphocytic leukaemia occur in the vicinity of the TCL-1 (T-cell leukaemia)
locus (Baer et al., 1987; Davey et al., 1988; Mengle-Gaw et al., 1988; Russo et al.,
1989; Virgilio et al., 1993). TCL-1 is expressed at high levels in leukaemia cells
characterized by rearrangements of chromosome 14, suggesting that it is deregulated
as a consequence of these changes (Virgilio et al., 1994). Transcriptional activation of
the Tcl-1 proto-oncogene in transgenic mice caused the appearance of proleukaemic Tcell expansion expressing Tcl-1, and leukaemia developed after a long latency
(Virgilio et al., 1998). These results suggest that TCL-1 plays an important role in the
initiation of T-cell prolymphocytic leukaemia.
Overall, therefore, patients who are homozygous for ATM are cancer-prone, and
their cells are hypersensitive to the induction of chromosomal damage and death by
radiation, but they are not hypersensitive to other end-points such as inhibition of
DNA synthesis and induction of HPRT mutations. There is no evidence that they are
prone to radiogenic cancer.
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ATM mutations in cancers in patients without ataxia telangiectasia

Clearly, the spectrum of leukaemias and lymphomas observed in patients with
ataxia telangiectasia also occurs in the general population, albeit at low frequency.
Since a higher incidence of these neoplasms is associated with loss of functional ATM,
it was thought possible that sporadic cases of leukaemia, such as the rare T-cell prolymphocytic leukaemia, might show mutations in the ATM gene. Vorechovsky et al.
(1997) used exon-scanning single-strand conformation polymorphism and described
ATM mutations in 17/37 patients with T-cell prolymphocytic leukaemia. The pattern
of mutations was complex, but most were missense mutations clustered in a region
corresponding to the PI3-kinase domain of ATM. The mutations were predicted to
interfere with either ATP binding or the catalytic activity of the ATM molecule. The
pattern of mutations differed from those in patients with ataxia telangiectasia, the
majority of which are predicted to give rise to truncated and unstable proteins (Gatti,
1998), and they did not tend to accumulate in specific regions of the molecule.
Stilgenbauer et al. (1997) demonstrated loss of the q21–23 region of chromosome
11 (11q21–23) in 13/24 patients with T-cell prolymphocytic leukaemia. In six cases in
which deletion of one ATM allele was shown, the second allele was also mutated and
predicted to cause either absence, premature truncation or alteration of the ATM gene
product. DNA fibre hybridization revealed structural lesions in both alleles of four
T-cell prolymphocytic leukaemia samples (Yuille et al., 1998). In a study of paired
leukaemic and non-leukaemic cells, loss of heterozygosity at 11q22–23, including the
ATM gene region, was detected in 10 of 15 cases. In cells from five T-cell prolymphocytic leukaemias with loss of heterozygosity, immunoblotting revealed that the ATM
protein was either absent or decreased in amount. These changes in ATM protein were
reflected in nonsense, aberrant splicing and missense mutations in the second allele
(Stoppa-Lyonnet et al., 1998). These studies suggest that ATM is a tumour suppressor
gene which, when inactivated, leads to the development of T-cell prolymphocytic
leukaemia.
A second leukaemia seen frequently in patients with ataxia telangiectasia is B-cell
chronic lymphocytic leukaemia (Taylor et al., 1996). Loss of heterozygosity in the
ATM gene was found in five of 36 cases (Starostik et al., 1998), and reduced ATM
protein (> 50% ) was seen in 34% (38/111) of cases of this cancer. Patients with this
deficiency had shorter survival times and more aggressive disease. Stankovic et al.
(1999) detected mutations in the ATM gene in six of 32 patients and reduced or absent
protein expression in eight of 20 tumours. There was no evidence of loss of heterozygosity in the region of the ATM gene, suggesting that the effect on ATM protein was
due to a mutation within the gene. Germ-line mutations were detected in two of the
six patients, indicating their ATM carrier status, whereas the frequency of ATM heterozygosity in the general population is 0.5–1% (Swift et al., 1991; Easton, 1994). DNA
sequence analysis revealed a mutated ATM gene in four of six patients with B-cell
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chronic lymphocytic leukaemia and an increased frequency of germ-line mutations
(Bullrich et al., 1999).
Loss of heterozygosity (loss of the wild-type allele leading to allelic imbalance) in
the region of 11q23 has been reported in tumours of the cervix (Hampton et al., 1994;
Bethwaite et al., 1995; Skomedal et al., 1999), ovary (Gabra et al., 1996), breast
(Kerangueven et al., 1997; Laake et al., 1997; Rio et al., 1998; Waha et al., 1998),
colon/rectum (Gustafson et al., 1994; Uhrhammer et al., 1998) and skin (melanoma)
(Herbst et al., 1995). While loss of heterozygosity in the 11q22–23 region is observed
in T-cell acute lymphocytic leukaemia and ovarian cancer, no mutations in ATM have
been reported in such cases (Takeuchi et al., 1998; Koike et al., 1999). These results
suggest that epigenetic regulation of the ATM gene may play an important role in
tumour development in some tissues. ATM is thus often mutated in some tumours that
occur frequently in patients with ataxia telangiectasia but not in all.
(f)

Radiosensitivity, ATM mutations and cancer risk in people
heterozygous for ATM

Since ataxia telangiectasia is an autosomal recessive disorder, the ATM phenotype
would not be expected to appear in gene carriers. Nevertheless, some penetrance does
appear in carriers, namely intermediate sensitivity of their cells to ionizing radiation
and increased risks for developing cancer and in particular breast cancer.
Radiosensitivity of people heterozygous for ATM was first described by Chen et al.
(1978), who used agar gel cloning and trypan blue exclusion to show that the
radiosensitivity of six ATM heterozygous lymphoblastoid cell lines was intermediate
between that of normal people and ATM homozygotes. Paterson and Smith (1979)
subsequently described enhanced radiosensitivity, as determined by colony forming
ability, and intermediate sensitivity to γ-radiation-induced DNA repair replication in
fibroblasts from ATM heterozygotes. Such persons were subsequently reported to have
greater radiosensitivity when taken as a group (Cole et al., 1988). Dahlberg and Little
(1995) demonstrated that the mean surviving fraction of irradiated control fibroblasts
was significantly greater than that of ATM heterozygotes. Intermediate sensitivity in
ATM heterozygotes has been shown in a number of other assays, including induction
of chromosomal aberrations (Waghray et al., 1990), production of micronuclei (Rosin
& Ochs, 1986), flow cytometric analysis (Rudolph et al., 1989; Lavin et al., 1992) and
by a cumulative labelling index (Nagasawa et al., 1987). Heterozygotes as a group
have been distinguished from controls by the radiosensitivity and accumulation of
cells in the G2 phase of the cell cycle (Shiloh et al., 1986; Sanford & Parshad, 1990).
A variety of measures of radiosensitivity distinguish ATM heterozygotes from
controls, but there is considerable variation among heterozygotes and significant
differences were found only when comparison was made between groups. None of the
assays was specific for the detection of ATM heterozygotes.
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Swift et al. (1991) concluded that diagnostic or occupational exposure to ionizing
radiation probably increases the risk for breast cancer in women heterozygous for
ATM. High doses of ionizing radiation, particularly before puberty, are known to
increase the risk for breast cancer, but it is not yet known whether mammography
leads to an increased risk for ATM carriers. A well-conducted mammographic examination involves an absorbed dose of about 0.3 cGy per breast, which, if applied
annually over 35 years (between 40 and 75 years of age), would give rise to a lifetime
radiation dose of 10.5 cGy—approximately the same as background radiation
(Norman & Withers, 1992). An exposure of this order at the age of 40 would be estimated to increase the number of deaths from breast cancer by approximately 1/2000
women, which is insignificant when compared with the normal lifetime risk of 1/9 for
breast cancer. If the increased sensitivity of ATM heterozygotes to radiogenic cancer
were to parallel the hypersensitivity of their cells to radiation killing and the induction
of chromosomal aberrations, i.e. an increase of 1.5–2-fold, a total dose of 10.5 cGy
would not be expected to increase the lifetime risk for breast cancer in this group
significantly. While the epidemiological studies point to a three- to fourfold increase
in the risk for breast cancer, it is uncertain whether this is associated with mutation of
the ATM gene.
(g)

Cancer risk in Atm–/– mice

Several murine models for ataxia telangiectasia have been developed by
disrupting the mouse homologue, Atm, by gene targeting (Barlow et al., 1996; Elson
et al., 1996; Xu et al., 1996; Herzog et al., 1998). Targeting led to loss of Atm protein,
since truncated forms are highly unstable. In another model, deletion of nine
nucleotides gave rise to a relatively stable, near full-length protein. Mice with a
disturbed Atm gene showed disease characteristics similar in many respects to those
of its human counterpart: growth retardation, mild neurological dysfunction, male and
female infertility, immunodeficiency, sensitivity to cell killing by radiation and a
predisposition to develop thymic lymphomas (Barlow et al., 1996; Elson et al., 1996;
Xu et al., 1996). In none of these studies in Atm–/– mice were the neurodegenerative
changes seen in patients with ataxia telangiectasia reproduced, nor the ataxia and other
abnormalities resulting from cerebellar changes. Kuljis et al. (1997) used electron
microscopy to demonstrate the degeneration of several types of neuron in the cerebellar cortex of two-month-old Atm–/– mice. This process was accompanied by glial
activation, deterioration of neutrophil structure and both presynaptic and postsynaptic
degeneration, similar to observations made in patients with ataxia telangiectasia. Most
Atm–/– mice also develop thymic lymphomas by three months of age (Barlow et al.,
1996; Elson et al., 1996). These lymphomas grow rapidly, metastasize and lead to
organ failure and death.
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Nijmegen breakage syndrome

A number of syndromes have been described that overlap with ataxia telangiectasia
in some of their clinical, cellular or molecular features (Byrne et al., 1984; Lange et al.,
1993). Nijmegen breakage syndrome is an autosomal recessive condition characterized
by immunodeficiency, chromosomal instability, sensitivity to cell killing by radiation
and predisposition to cancer (Weemaes et al., 1981; Shiloh, 1997). Documented cases of
malignancy have been reported in 42 patients, including 12 lymphomas, one glioma, one
rhabdomyosarcoma and one medulloblastoma (Van der Burgt et al., 1996), and a significantly increased incidence of malignant neoplasms has been observed among persons
heterozygous for the NBS (Nijmegen breakage syndrome) gene (Seemanová, 1990). The
clinical presentation of this syndrome includes microcephaly, distinctive facial
appearance, growth retardation and normal serum α fetoprotein, with none of the neurocutaneous manifestations seen in patients with ataxia telangiectasia (Chrzanowska et al.,
1995; Shiloh, 1997). The overwhelming majority of the 42 patients in the registry in
Nijmegen in 1996 were detected in eastern Europe, particularly in Poland and the Czech
Republic (Van der Burgt et al., 1996).
Mapping of the NBS gene to chromosome 8q21 confirmed that the disease is
genetically distinct from ataxia telangiectasia (Stumm et al., 1995; Komatsu et al.,
1996; Matsuura et al., 1997; Saar et al., 1997; Cerosaletti et al., 1998). The NBS1 gene
was cloned, and positional cloning showed a truncating mutation in patients with the
syndrome (Matsuura et al., 1998; Varon et al., 1998). The gene product was designated ‘nibrin’ or p95 (Carney et al., 1998).
Prior to its identification, nibrin/p95 was identified as part of a complex with four
other components: hMre11 (Petrini et al., 1995), hRad50 (Dolganov et al., 1996) and
two unidentified proteins of higher relative molecular mass. hMre11 and hRad50 are
highly conserved between yeast and humans; in yeast, the phenotype of mutants
includes hyper-recombination, sensitivity to DNA-damaging agents and DNA repair
deficiency (Ajimura et al., 1993; Game, 1993). This phenotype closely resembles that
seen in Nijmegen breakage syndrome, suggesting that these patients have a defect in
double-strand break repair. The hypothesis that hMre11 and hRad50 are involved in
double-strand break repair is supported by the co-localization of these proteins in
nuclear foci in response to breaks in DNA (Petrini et al., 1995; Dolganov et al., 1996).
While Mre11, Rad50 and p95 co-immunoprecipitate as part of the same complex,
Mre11 and Rad50 maintain a complex in the absence of p95 in cell extracts from
patients with Nijmegen breakage syndrome, although radiation-induced foci are not
evident.
These findings suggest that p95 is required for localization of the complex to
damaged DNA. The hMre11–hRad50–p95 complex has magnesium-dependent singlestrand DNA endonuclease and 5′→3′ exonuclease activities, which could be important
in recombination, repair and genetic instability (Lieber, 1997). Since the homologue
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of hMre11 in Saccharomyces cerevisiae has nuclease activity, it is likely that the
corresponding human protein is responsible for these cleavages (Cao et al., 1990).
Radiosensitivity is a uniform feature of Nijmegen breakage syndrome. The results
of cytogenetic analyses by Conley et al. (1986), Taalman et al. (1989), Barbi et al.
(1991) and Stoppa-Lyonnet et al. (1992), reviewed by Weemaes et al. (1994), showed
that the percentage of chromosome 7 and 14 rearrangements was significantly higher
in patients with this syndrome than in patients with ataxia telangiectasia. The hypersensitivity of cells from patients with Nijmegen breakage syndrome to X-rays and
bleomycin was demonstrated by Taalman et al. (1983) and Jaspers et al. (1988). The
D0 values of the survival curves were of the same order as those reported for cells
from patients with ataxia telangiectasia, and reduced inhibition of DNA synthesis after
irradiation was noted. The basis for the radiosensitivy appeared to be distinct from that
in cells from patients with ataxia telangiectasia, as fusion of these cells with cells from
patients with Nijmegen breakage syndrome fully abolished the X-ray hypersensitivy
of the former to cell killing (Jaspers et al., 1988).
A defect in the S phase checkpoint in cells from patients with Nijmegen breakage
syndrome was first described by Taalman et al. (1983), who showed that suppression
of DNA synthesis by ionizing radiation was less effective in these cells than in control
cells.
Abnormalities in the activation of the p53-inducible response to ionizing radiation
have been documented in Nijmegen breakage syndrome cells, with a reduced response
in fibroblast and lymphoblastoid lines after exposure to 5 Gy (Jongmans et al., 1997).
Studies of G1–S cell-cycle progression in Nijmegen breakage syndrome cells after
exposure to ionizing radiation produced conflicting results (Antoccia et al., 1997;
Jongmans et al., 1997; Sullivan et al., 1997; Tupler et al., 1997; Yamazaki et al.,
1998), which may be due in part to differences in the cell types being studied.
Increased accumulation in G2 phase after exposure to ionizing radiation has also been
reported (Seyschab et al., 1992; Antoccia et al., 1997; Jongmans et al., 1997).
4.3.3

Human severe combined immunodeficiency syndromes

Bosma et al. (1983) first described a mouse mutant which had no detectable B or
T lymphocytes. This severe combined immunodeficient (SCID) mouse was defective
in recombination of the immunoglobulin heavy chain and Tcr genes and hypersensitive to ionizing radiation (Kim et al., 1988; Biedermann et al., 1991; Budach et
al., 1992), due to defective repair of double-strand breaks in DNA (Biedermann et al.,
1991), in which DNA protein kinase is involved (Blunt et al., 1995; Araki et al.,
1997). To date, no human mutant in the catalytic subunit of DNA protein kinase has
been described, but cell lines deficient in this protein and sensitive to radiation have
been isolated from human tumours, including gliomas (Allalunis-Turner et al., 1995).
An extremely low level of ATM protein in these cells could also contribute to their
radiosensitivity (Chan et al., 1998), as dominant negative and anti-sense ATM
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constructs led to sensitization of normal control cells as a consequence of decreasing
endogenous levels of ATM (Morgan et al., 1997; Zhang et al., 1998).
Human SCID includes a spectrum of X-linked and autosomal recessive disorders
characterized by abnormalities in cellular and humoral immunity (Rosen et al., 1984;
Puck, 1994). These syndromes include X-linked SCID, adenosine deaminase deficiency, Swiss-type agammaglobulinaemia and atypical syndromes, Omenn syndrome,
purine nucleoside phosphorylase deficiency and immunodeficiency with short limb
dwarfism. SCID is usually classified into two general groups according to the presence
(B+ SCID) or absence (B– SCID) of B cells (Fischer, 1992). Some 70% of patients
represent the former group. The incidence of classical SCID is between one in 5 × 104
and one in 7.5 × 104 births; the disease is detected by the occurrence of severe
bacterial, viral and fungal infections and is fatal unless treated by bone-marrow transplantation. Some rare cases of SCID have been reported in which pre-B and mature B
cells are absent (Ichihara et al., 1988).
Little information has been reported on human SCID. Cavazzana-Calvo et al.
(1993) described increased sensitivity to radiation of granulocyte macrophage colonyforming units in three patients without mature T or B cells and a twofold sensitization
of the cells to X-rays. The D0 value of the survival curve for fibroblasts from one of
these patients was the same as that observed for granulocyte macrophages, indicating
that the basis for the radiosensitivity overlapped with the immune defect. In the same
study, increased sensitivity to radiation was also observed for granulocyte macrophages in a patient with Omenn syndrome, which includes a restricted T-cell repertoire
and no B cells, but cell survival was normal in a patient with X-linked SCID who
lacked only T cells. In a follow-up study, Nicolas et al. (1998) demonstrated increased
sensitivity to ionizing radiation in fibroblasts and bone-marrow precursor cells in
T– B– SCID patients. Sproston et al. (1997) described variable radiosensitivity of
fibroblasts in a variety of SCID disorders. SCID strains were significantly more
sensitive to radiation at both low- and high-dose rates. The cells most sensitive to
radiation were from patients with T– B– SCID (D0, 0.60 Gy), at a dose comparable to
that reported by Cavazzano-Calvo et al. (1993). Lymphoblastoid cells from two
patients with X-linked agammaglobulinaemia showed radiosensitivity equivalent to
that of cells from patients with ataxia telangiectasia (Huo et al. 1994). Overall, SCID
patients with no detectable B cells (30% of patients) are the most severely affected and
have abnormalities in immunoglobulin gene rearrangements (Schwarz et al., 1991;
Abe et al., 1994). These irregular rearrangements were subsequently shown to be due
to mutations in the V(D)J recombinases RAG1, RAG2 or both in approximately 50%
of B– SCID patients (McBlane et al., 1995; Akamatsu & Oettinger, 1998).
4.3.4

Adverse responses to radiotherapy

Severe chemosensitivity and acute radiation reactions were observed in a patient
being treated for acute lymphoblastic leukaemia (Plowman et al., 1990). Fibroblasts
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from this individual were found to be indistinguishable from cells from patients with
ataxia telangiectasia when exposed to ionizing radiation and were defective in repair of
double-strand breaks in DNA (Plowman et al., 1990; Badie et al., 1995, 1997). The
enhanced radiosensitivity was suggested to be due to a mutation in DNA ligase IV
(Riballo et al., 1999), as a patient was identified in whom DNA ligase was mutated in
a conserved motif encompassing the active site. The defective protein was severely
compromised in its ability to form a stable enzyme–adenylate complex. This individual, who appeared to be immunologically normal, had pronounced radiosensitivity,
indicating that apparently normal individuals exist in the population who are radiosensitive due to a DNA-repair deficiency and may therefore be predisposed to
leukaemia.
Individuals vary considerably in their ability to respond to radiation, as evidenced
by the range of severity of the reactions of normal tissues of cancer patients exposed
to radiotherapy; approximately 5% of patients show severe reactions (Norman et al.,
1988; Ribeiro et al., 1993). Data on the survival of fibroblasts in culture have not
predicted tissue sensitivity (West & Hendry, 1992; Budach et al., 1998); only the
adverse effects of radiotherapy in patients with ataxia telangiectasia (Gotoff et al.,
1967) were reflected in the hypersensitivity of the cells in culture to ionizing radiation
(Taylor et al., 1975; Chen et al., 1978).
Chromosomal radiosensitivity has been observed in a number of syndromes
characterized by a predisposition to cancer. Scott et al. (1998) drew attention to the
importance of this characteristic as a biomarker for cancer, although sensitivity in
these syndromes to various agents, including ionizing radiation, may not be the
mechanism for cancer development. Using an assay to detect radiation-induced chromosomal damage in lymphocytes in G2 phase, Scott et al. (1996) found that approximately 40% of an unselected series of breast cancer patients had elevated chromosomal radiosensitivity. Parshad et al. (1996) suggested that deficient DNA repair is a
predisposing factor in breast cancer. When G2/M cell-cycle arrest was determined
18–24 h after irradiation, lymphoblastoid cell lines from 22 of 108 breast cancer
patients were shown to be radiation-sensitive (Lavin et al., 1994), and in a rapid assay
for micronucleus formation in lymphocytes exposed to γ-rays with delayed mitogenic
stimulation, 12 of 39 breast cancer patients and 2 of 42 controls were found to be
hypersensitive to radiation (Scott et al., 1998). Thus, a substantial proportion of breast
cancer patients showed cells that were sensitive to radiation in vitro. Severe clinical
radiosensitivity, however, is observed in a considerably smaller proportion, approximately 5%, of breast cancer patients. Some of these patients may harbour a mutation
in the ATM gene, particularly since there is substantial evidence that the sensitivity of
at least some ATM heterozygotes to radiation is intermediate (Chen et al., 1978;
Shiloh et al., 1986; Rudolph et al., 1989; Waghray et al., 1990; Lavin et al., 1992). No
mutations were found in the ATM gene in 16 breast cancer patients with severe acute
reactions to radiotherapy (Appleby et al., 1997) or in 15 patients who had developed
severe late reactions to a standard radiotherapy schedule (Ramsay et al., 1998),
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although the method used in the latter study would have missed up to 30% of nontruncating mutations, including missense mutations (Gatti, 1998). About 10% of ATM
mutations are missense mutations. In this respect, it is of considerable interest that
several rare allelic substitutions in ATM were observed in patients with various cancers
but not ataxia telangiectasia (Vorechovsky et al., 1997). It is unclear whether these
changes affect the function of the ATM protein in such a way as to influence either
radiation sensitivity or cancer susceptibility.
4.3.5

Tumour suppressor gene disorders
(a)

Humans

The term ‘tumour suppressor gene’ has been used to describe genes involved in
growth control, differentiation and apoptosis, which undergo loss of function in the
development of cancer (Stanbridge, 1990). Mutation in these genes would be expected
to lead to a predisposition to cancer and a propensity to develop tumours in response
to radiotherapy, but not necessarily to increased sensitivity of cells in culture.
(i)
Retinoblastoma
Retinoblastoma is the most common intraocular malignancy in children and has
served as the prototypic example of genetic predisposition to cancer (see Knudson,
1984; Newsham et al., 1998). Loss of one germ-line copy of RB1 from all somatic
cells predisposes to cancer in a dominant fashion because of the high probability of the
loss of the remaining wild-type gene from a critical cell. It is estimated that 60% of
cases are non-hereditary and unilateral, 15% are hereditary and unilateral, and 25% are
hereditary and bilateral.
A significant proportion of children with the heritable bilateral form of retinoblastoma develop second cancers, most frequently bone and soft-tissue sarcoma. In an
analysis of the treatment of 151 patients who developed a second neoplasm more than
12 months after the first, the second malignancy was considered to be associated with
radiation in 61% of cases (Kingston et al., 1987). A dose–response relationship for the
induction of bone and soft-tissue sarcomas in patients with the heritable form of the
disease who were treated by radiotherapy has been documented. The relative risks for
soft-tissue sarcomas showed a step-wise increase for all dose categories and were
statistically significant at 10–29.9 Gy and 30–59.9 Gy. An increased risk for all
sarcomas combined was evident at doses > 5 Gy, rising to 10.7-fold at doses ≥ 60 Gy
(p < 0.05) (Wong et al., 1997). In a retrospective cohort study of mortality from second
tumours among 1603 long-term survivors of retinoblastoma, follow-up was complete
for 91% of the patients for a median of 17 years after diagnosis of the retinoblastoma.
Of the 305 deaths, 167 were from retinoblastoma and 96 were from second primary
tumours (relative risk, 30), with statistically significant excess mortality from second
primary cancers of bone, connective tissue and malignant melanoma and benign and
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malignant neoplasms of the brain and meninges. Radiotherapy for retinoblastoma
further increased the risk of dying from a second neoplasm (Eng et al., 1993).
(ii) Li–Fraumeni syndrome
Li–Fraumeni syndrome is a rare disorder with a high penetrance in respect of a
range of tumour types. It is often associated with a germ-line mutation in the p53
tumour suppressor gene (Malkin et al., 1990; Malkin, 1998). Patients with
Li–Fraumeni syndrome or with a similar familial pattern of cancer are at increased
risk for second cancers after irradiation, many of the neoplasms occurring in the
irradiated field. Patients with familial patterns of cancer similar to those of the
syndrome are found to form a significant fraction of those who develop bone sarcoma
or acute leukaemia after radiotherapy for rhabdomyosarcoma (Heyn et al., 1993).
(iii) Naevoid basal-cell carcinoma syndrome
The carcinogenic effects of ionizing radiation in patients with naevoid basal-cell
carcinoma syndrome were recognized more than 50 years ago when a five-year-old
boy was reported to have developed more than 1000 pigmented basal-cell lesions in
the irradiated field after radiotherapy for thyroid enlargement. DNA synthesis is
abnormally rapid in X-irradiated cells from such patients, and it has been suggested
that this might be related to the susceptibility to cancer after exposure to X-rays (Fujii
et al., 1997). Taylor et al. (1975) and Stacey et al. (1989) reported no difference in
survival between normal cells and those from patients with naevoid basal-cell
carcinoma syndrome after exposure to γ-rays. Children with this syndrome who were
treated for medulloblastoma developed multiple basal-cell carcinomas on irradiated
skin (Atahan et al., 1998; and see section 2.7).
(iv) BRCA1 and BRCA2
Mutations in a small number of highly penetrant autosomal dominant genes are
responsible for approximately 5% of breast and ovarian cancers (Szabo & King, 1995;
Stratton & Wooster, 1996; Easton, 1997). Mutations in two of these genes, BRCA1 and
BRCA2, lead to early-onset breast cancer (Futreal et al., 1994; Miki et al., 1994). In
families with multiple cases of both breast and ovarian cancer, BRCA1 mutations are
primarily responsible for the disposition, while they make a smaller contribution in
families with breast cancer only (Easton et al., 1993; Peto et al., 1996). The
prevalence of BRCA1 mutations has been estimated to be 1/800 in western
populations and that of BRCA2 to be less (Peto et al., 1996), although the prevalence
can be as high as 1/100 in some inbred populations (Friend, 1996). The BRCA1
protein co-localizes in S-phase nuclei of human fibroblasts with Rad51 and interacts
with this protein through a region encoded by exon 11 of BCRA1 (Scully et al., 1997).
It shares this property with BRCA2 (Sharan et al., 1997), which suggests that both
proteins are involved in DNA repair and maintenance of genome integrity. In support
of such a role, Gowen et al. (1998) demonstrated that Brca1–/– embryonic stem cells
are defective in transcription-coupled repair of oxidative DNA damage and are hyper-
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sensitive to ionizing radiation and hydrogen peroxide. Whether the sensitivity to
ionizing radiation arises as a consequence of a defect in transcription-coupled repair
or is due to defective strand-break repair through the Rad51 pathway or to a
combination of the two remains unclear. Further evidence for a role of the BRCA1
protein in DNA damage repair was reported by Husain et al. (1998), who showed that
BRCA1 is overexpressed in a cisplatin-resistant breast cancer cell line (MCF-7) and
that inhibition of BRCA1 with antisense vectors increased the sensitivity, decreased the
efficiency of DNA repair and enhanced the rate of apoptosis. Ramus et al. (1999)
showed that p53 mutations are significantly more frequent in ovarian tumours with
mutations in either BRCA1 or BRCA2 than in controls. These results support a model
of BRCA-induced tumorigenesis in which loss of cell-cycle checkpoint control
coupled with inefficient DNA repair is necessary for tumour development.
(v) Second tumours arising in response to radiotherapy
Second malignant neoplasms occur at a higher frequency than expected after prior
treatment with radiotherapy, particularly of childhood cancer (Tucker et al., 1984;
Hawkins et al., 1987; de Vathaire et al., 1989, 1999b). The studies of children with
naevoid basal-cell carcinoma syndrome after being treated for medulloblastoma,
discussed above, and other studies show that genetic background can influence the
process of carcinogenesis in response to radiation. A case–control study has been
reported in which 25 children from a cohort of 649 developed a second malignant
neoplasm in response to radiotherapy during the period 1953–85. Children with one
or more family relatives who had cancer had an odds ratio of 4.7 (95% CI, 1.3–17.1;
p = 0.02) for a second malignant neoplasm when compared with children who had no
family history of early-onset cancer. Thus, it is important to monitor children treated
with radiotherapy, especially when there is a family history of early-onset cancer
(Kony et al., 1997).
(b)

Experimental models

Several animal models have been used to mimic cancer-predisposing conditions in
humans in which radiation is implicated as a tumorigenic agent. These include inbred
strains susceptible to the development of tumours (Storer et al., 1988) and animals
with mutations in known tumour suppressor genes (Friedberg et al., 1998). In general,
strains with a high spontaneous frequency of solid tumours also show an increased
frequency of radiation-induced tumours (Storer et al., 1988; Kemp et al., 1994).
(i)
pr53 gene
Mutation of the p53 gene is among the most frequent genetic alterations in human
tumours (Hainaut et al., 1998). The TP53 protein is important in maintenance of a
normal cellular phenotype owing to its involvement in cell-cycle control, as a
promoter of DNA repair and programmed cell death (Ko & Prives, 1996). pr53 knockout mice provide a dramatic demonstration of the role of pr53 in experimental
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carcinogenesis: mice homozygous for a null pr53 allele develop tumours at very high
rates early in life, and the latent period for spontaneous tumours in pr53 heterozygotes
lies between that of the nulls and the wild types. The latent period for tumours in such
mice can be significantly reduced by exposure to ionizing radiation (Kemp et al.,
1994), and the mice develop lymphoid tumours. The principal effect of pr53 deficiency in the haematopoietic system of mice appears to be a constitutive abnormality
that gives rise to an approximately 20-fold increase in the frequency of stable aberrations in pr53 null mice and a 13-fold increase in pr53 heterozygotes. The induction of
stable aberrations was not increased by γ-rays, but pr53 deficiency resulted in excess
radiation-induced hyperploidy (> 10-fold the wild-type frequency) (Bouffler et al.,
1995).
(ii) Murine adenomatous polyposis coli gene
Min (multiple intestinal neoplasia) is a mutant allele of the murine Apc (adenomatous polyposis coli) locus that contains an N-ethyl-N-nitrosourea-induced nonsense
mutation at codon 850 (Su et al., 1992; Moser et al., 1995). Heterozygosity for this
mutation in the Min mouse is analogous to the genetic condition of familial
adenomatous polyposis in humans (Joslyn et al., 1991; Nishisho et al., 1991), in that
it predisposes to intestinal neoplasia. γ-Irradiation has been shown to increase the
number of intestinal adenomas per mouse (Luongo & Dove, 1996; Ellender et al.,
1997). While these tumours were not observed in irradiated or untreated wild-type
animals, the adenomas in the irradiated Min mice depended on the Min mutation, and
the exposure caused chromosomal deletions involving loss of the Apc gene (Luongo
& Dove, 1996).
(iii) Eker rat
The Eker rat strain is characterized by heterozygosity for a germ-line mutation in
the Tsc 2 tumour suppressor gene, which predisposes this animal to spontaneous renalcell carcinoma (Eker & Mossige, 1961). The corresponding mutation in humans is
associated with tuberous sclerosis syndrome and leads to an increased incidence of
renal cancers and of blastomas of the skin, heart and nervous system (Al-Saleem et al.,
1998). Exposure of Eker rats to 9 Gy of radiation caused an 11–12-fold increase in the
incidence of renal tumours. When comparison was made with wild-type rats, the
relative risk for developing renal-cell carcinomas after irradiation was 100-fold
greater in the mutant animals (Hino et al., 1993). This study has some deficiencies,
however, because the wild-type animals were monitored for only 11 months, a short
period for estimating life-time risk.
(iv) Brca2
Although disruption of the Brca2 gene in mice led to embryonic lethality, it was
possible to establish that Brca2 expression is transient and largely embryo-specific,
with transcripts particularly prevalent in tissues with a high mitotic index. Evidence
that the Brca2 protein might be involved in repair of damage to DNA stems from its
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ability to bind to the MmRad51 protein, a key component in the repair of doublestrand breaks in DNA. Furthermore, homozygous mutants in these genes show
developmental arrest at a similar stage, and their expression patterns are similar
(Sharan et al., 1997). In keeping with the radiosensitivity of MmRad51–/– embryos
(Lim & Hasty, 1996), exposure of blastocysts from Brca2–/– embryos to 4 Gy of γ-rays
led to complete ablation of the inner cell mass. It was not possible to distinguish
between Brca2+/– and wild-type embryos. Because of the involvement of Brca2 in
DNA repair and the sensitivity to irradiation of Brca2–/– embryos, it will be of interest
to determine whether heterozygous animals are susceptible to tumours.
4.4

Genetic and related effects

4.4.1

Humans

Evaluation of the hereditary effects associated with exposure of human populations
to ionizing radiation has been a major concern of UNSCEAR. Many approaches have
been used to formulate optimal predictions of the extent to which a given dose of
ionizing radiation will increase the naturally occurring rate of mutation of germ cells in
humans and how such an increase would affect the health of future generations.
(a)

Background radiation

The cytogenetic effects of chronic exposure to ionizing radiation have been
studied among populations in areas with high background levels of natural radiation
(see section 2.5.1). A group of 100 women aged 50–65 years living in Yangjiang
County, China, with an annual whole-body dose of 0.18–0.28 cGy were compared
with a control group of 100 women living in an area where the annual whole-body
dose was 0.06–0.09 cGy. Peripheral blood lymphocytes were collected from all of the
women and analysed for the presence of chromosomal aberrations. Overall and for
each category of stable and unstable chromosomal aberrations, women in the area with
high background radiation had more detectable abnormalities. The increase was
statistically significant for unstable aberrations (dicentrics and rings; p < 0.04) and for
the combination of stable and unstable aberrations (p < 0.02) (Wang et al., 1990b).
Similar results were obtained in another study in the same region among people in
a wider age group (15–65 years). The frequencies of dicentrics and rings were
significantly higher in lymphocytes of inhabitants of the area with high background
radiation than those from the area with low background exposure (p < 0.05). A higher
frequency of stable aberrations was also reported among students aged 15–16 years
(p < 0.01), and higher frequencies of stable and unstable aberrations were again found
among women aged 50–65 years (p < 0.05 for both categories) (Chen & Wei, 1991).
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Survivors of the atomic bombings

The data on the survivors of the atomic bombings of Hiroshima and Nagasaki
indicate that acute irradiation at moderate doses has a negligible adverse effect on the
health of subsequent generations. Any minor effect that may be produced is so small
that it is lost in the background noise of naturally occurring mutational effects: an
increase above this background has not been demonstrated even by the refined
epidemiological methods that have been used over the last five decades (Neel et al.,
1988; Neel, 1991; UNSCEAR, 1993). Information on the following types of adverse
effect has been accumulated: untoward pregnancy outcome (congenital malformations, stillbirths and neonatal deaths); deaths among children before reproductive age
(exclusive of those resulting from a malignant tumour); cancer before the age of 20;
increased frequencies of certain types of chromosomal abnormalities (balanced structural rearrangements, abnormalities in sex chromosomes); increased frequencies of
mutations affecting certain characteristics of proteins; altered sex ratios and impaired
physical development of children.
Although some changes in these effects were noted in comparison with a control
group, no statistically significant effect of parental irradiation has been found. The
average combined dose of acute ionizing radiation to the gonads received by the
parents was approximately 0.4 Sv (Neel et al., 1988, 1990), which is similar to the dose
that has been estimated to double the frequency of genetic effects in mice. This
suggests that humans may be less sensitive to the genetic effects of radiation than mice.
When it was assumed that some of the mutations did indeed result from the exposure
to radiation from the atomic bombings, a doubling dose of 1.7–2.2 Sv was calculated
(Neel et al., 1990; Sankaranarayanan, 1996), whereas the doubling dose for severe
genetic effects after long-term exposure was estimated to be approximately 4 Sv. The
notion that ionizing radiation must have some genetic effect was strengthened by the
observation of an increase in the frequency of chromosomal damage in the lymphocytes of atomic bomb survivors (Awa, 1997).
(c)

Chernobyl accident

(i)
Effects in somatic cells
The accident in 1986 at the Chernobyl nuclear power station in the Ukraine
resulted in acute irradiation from external and internal exposure to 131I, with a half-life
of eight days, and then to more stable isotopes, mainly 137Cs. Between 1986 and 1992,
peripheral blood samples were obtained from 102 workers who were on the site during
the Chernobyl emergency or arrived there shortly thereafter to assist in the clean-up
of radioactive contaminants and to isolate the damaged reactor. Blood was also taken
from 13 unexposed individuals. The samples were analysed by flow cytometry with
the allele-loss somatic mutation assay for glycophorin A (see Langlois et al., 1986).
The frequency of N/O variant red cells increased in proportion to the estimated
exposure to radiation of each individual. The dose–response function derived for this
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population closely resembled that determined previously for atomic bomb survivors
whose blood samples were obtained and analysed 40 years after exposure (Langlois et
al., 1993), which suggests comparable mutation induction per unit dose in these two
populations and long-term persistence of the mutational damage. Measurements on
multiple blood samples from each of 10 donors taken over seven years showed no
significant change in N/O variant cell frequency, confirming the persistence of
radiation-induced somatic mutations in long-lived bone-marrow stem cells (Jensen
et al., 1995).
A group of children exposed to the ionizing radiation released during the
Chernobyl accident had an appreciable number of chromosomal breaks and
rearrangements several years later, reflecting the persistence of the radiation-induced
damage. The results suggested that the children were still being exposed to radioactive
contamination from foods and other sources (Padovani et al., 1993). In a follow-up
study, 31 exposed children were compared with a control group of 11 children. All
underwent measurements with whole-body counters and conventional cytogenetic
analysis. The frequency of chromosomal aberrations in the exposed children was
significantly greater than that in the control group, confirming the earlier report that a
persistently abnormal cytogenetic pattern was still present many years after the
accident (Padovani et al., 1997).
A group of 125 workers involved in the initial clean-up operation (called ‘liquidators’, exposed mainly in 1986) and 42 people recovering from acute radiation
sickness of second- and third-degree severity were examined in 1992–93 for cytogenetic effects. Increased frequencies of unstable and stable markers of exposure to
radiation were found in all groups, showing a positive correlation with the initial
exposure even as long as six to seven years after the accident. In a study of the
mutagenic effects of long-term exposure to low levels of radiation, cytogenetic monitoring was also conducted among children, tractor drivers and foresters living in areas
of the Ukraine contaminated by radionuclides released after the Chernobyl accident.
All groups showed significantly increased frequencies of aberrant metaphases,
chromosomal aberrations (both unstable and stable) and chromatid aberrations, and
the number of aberrations in the children’s cells correlated to the duration of exposure
(Pilinskaya, 1996; see also section 2).
(ii) Heritable effects
After the Chernobyl accident, germ-line mutations at human minisatellite loci
were studied among children born in heavily polluted areas of the Mogilev district of
Belarus (Dubrova et al., 1996, 1997, 1998a,b). Many tandem-repeat minisatellite loci
have a high spontaneous germ-line mutation rate, which allows detection of induced
mutations in relatively small populations. Blood samples were collected from 79
families (father, mother, child) of children born between February and September
1994 whose parents had both lived in the Mogilev district since the time of the
Chernobyl accident. The control sample consisted of 105 unirradiated white families
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in the United Kingdom, the children being matched by sex to the exposed group of
offspring. The mutation frequency was found to be twice as high in the exposed
families as in the control group. When the exposed families were divided into those
that lived in an area with less than the median level of 137Cs surface contamination and
those that lived in more contaminated areas, the mutation rate in people in more contaminated areas was 1.5 times higher than that in those in the less contaminated areas.
Since the blood samples for the control group were collected in the United Kingdom,
it is conceivable that the increased mutation rate in the group in Mogilev might reflect
intrinsic differences in minisatellite instability between these two white populations.
It is also possible that the group in Mogilev was exposed to relatively high levels of
other environmental contaminants, such as heavy metals, in addition to radioactive
contamination.
(d)

Accident at Goiânia (Brazil)

A 137Cs radiotherapy source (51 × 1012 Bq) was abandoned at a private hospital
and picked up by a scrap dealer in Goiânia, Brazil, who destroyed the source capsule,
thus releasing the radioactive material. The highest individual dose from internally
deposited 137Cs was accumulated at an initial rate of 0.25 Gy h–1. The most highly
exposed group received doses of 4–7 Sv, one receiving up to 10 Sv. The collective
external dose amounted to 56 person–Sv and the internal dose to 4 person–Sv. Four
people died within six weeks; of 112 000 people monitored, 249 showed detectable
contamination, and 129 of them were found to have internal contamination and were
referred for medical care. In order to estimate the absorbed radiation dose, the initial
frequencies of chromosomal aberrations (dicentrics and rings) were determined in 110
exposed persons (Natarajan et al., 1991a,b; Ramalho & Nascimento, 1991; Ramalho
et al., 1991; Straume et al., 1991), and some were followed cytogenetically in a search
for parameters that could be used for retrospective radiation dosimetry. The
frequencies of translocations detected years after the accident by fluorescence in situ
hybridization were two to three times lower than the initial frequencies of dicentrics,
the differences being larger at higher doses (> 1 Gy) (Ramalho et al., 1995; Natarajan
et al., 1998; Ramalho et al., 1998). HPRT mutant frequencies were also monitored in
T lymphocytes of this population, but no convincing increase in the mutation rate was
detected (da-Cruz et al., 1996; Saddi et al., 1996; da-Cruz & Glickman, 1997;
Skandalis et al., 1997).
4.4.2

Experimental systems
(a)

Mutations in vivo

Mice have been the main source of information on the genetic effects of ionizing
radiation in mammals. Estimates of the spontaneous mutation rates for various genetic
end-points are listed in Table 41, and those of induced mutation rates per centigray for
the same end-points are given in Table 42, for both high and low dose rates of low-
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LET radiation. The results for visible recessive mutations (specific locus test) indicate
a conversion factor of 3 for acute to chronic irradiation (Russell & Kelly, 1982). This
is the factor that has often been used to account for the difference between acute and
protracted doses in humans, although a factor of 5–10 could equally well be proposed
in view of the data shown in Table 42. The main results given in the tables are
summarized in the text below.

Table 41. Estimated spontaneous mutation rates
(mouse, unless otherwise indicated)
Genetic end-point and sex

Spontaneous rate

Dominant lethal mutations
Both sexes

2 × 10–2–10 × 10–2 per gamete

Recessive lethal mutations
Both sexes

3 × 10–3 per gamete

Dominant visible mutations
Male
Skeletal
Cataract
Other
Female

3 × 10–4 per gamete
2 × 10–5 per gamete
8 × 10–6 per gamete
8 × 10–6 per gamete

Recessive visible mutations (seven-locus tester stock)
Male
8 × 10–6 per locus
2 × 10–6–6 × 10–6 per locus
Female
Reciprocal translocations (observed in meiotic cells)
Male
2 × 10–4–5 × 10–4 per cell
Mouse
Rhesus monkey
8 × 10–4 per cell
Heritable translocations
Male
Female

1 × 10–4–10 × 10–4 per gamete
2 × 10–4 per gamete

Congenital malformations (observed in utero in late gestation)
Both sexes
1 × 10–3–5 × 10–3 per gamete
Aneuploidy (hyperhaploids)
Female
Preovulatory oocyte
Less mature oocyte

2 × 10–3–15 × 10–3 per cell
3 × 10–3–8 × 10–3 per cell

From Committee on the Biological Effects of Ionizing Radiations
(BEIR V; 1990)
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Table 42. Estimated induced mutation rates per cGy (mouse,
unless otherwise indicated)
Genetic end-point, cell stage
and sex

Low-LET radiation (dose rate)
High

Low

Dominant lethal mutations
Postgonial, male
Gonial, male

10 × 10–4 per gamete
10 × 10–5 per gamete

5 × 10–4 per gamete
2 × 10–5 per gamete

Recessive lethal mutations
Postgonial, male
Gonial, male

1 × 10–4 per gamete
1 × 10–4 per gamete

Dominant visible mutations
Gonial, male
Skeletal
Cataract
Other
Postgonial, female

2 × 10–5 per gamete
5 × 10–7 per gamete
5–10 × 10–7 per gamete
5–10 × 10–7 per gamete
5–10 × 10–7 per gamete

Recessive visible mutations (specific locus test)
Postgonial, male
65 × 10–8 per locus
40 × 10–8 per locus
Postgonial, female
Gonial, male
22 × 10–8 per locus
Reciprocal translocations
Gonial, male
Mouse
Rhesus monkey
Marmoset
Human
Postgonial, female
Mouse

1–2 × 10–4 per cell
2 × 10–4 per cell
7 × 10–4 per cell
3 × 10–4 per cell

1 × 10–7 per gamete

1–3 × 10–8 per locus
7 × 10–8 per locus

1–2 × 10–5 per cell

2–6 × 10–4 per cell

Heritable translocations
Gonial, male
Postgonial, female

4 × 10–5 per gamete
2 × 10–5 per gamete

Congenital malformations
Postgonial, female
Postgonial, male
Gonial, male

2 × 10–4 per gamete
4 × 10–5 per gamete
2–6 × 10–5 per gamete

Aneuploidy (trisomy)
Postgonial, female
Preovulatory oocyte
Less mature oocyte

6 × 10–4 per cell
6 × 10–5 per cell

From Committee on the Biological Effects of Ionizing Radiations (BEIR V;
1990)
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(i)
Visible dominant mutations
The mutations detected in the F1 progeny of the irradiated generation comprise
skeletal abnormalities, abnormalities of the lens (cataracts) and other dominant
mutations.
The mutation rates for skeletal abnormalities in mice after single doses of X-rays
were estimated to be 1 × 10–5 per gamete per cGy for spermatogonia and 3 × 10–5 per
gamete per cGy for the post-spermatogonial cell stages (corrected for unirradiated
controls) (Ehling, 1965, 1966). Another study showed a mutation rate in mouse
spermatogonial cells of 2.3 × 10–5 per gamete per cGy induced by 137Cs γ-rays (Selby
& Selby, 1977) when the radiation was given in doses of 1–5 Gy separated by an
interval of 24 h. This procedure is often used to increase the mutation yield while
avoiding excessive cell killing (Russell, 1962).
In X- and γ-irradiated spermatogonia, the mutation rate for abnormalities of the lens
was 3–13 × 10–7 per gamete per cGy (Ehling, 1985; Graw et al., 1986). No difference
was observed between single and split-dose exposure. The mutation rate in post-spermatogonial stages appeared to be two- to fivefold higher than that in spermatogonia.
Other dominant mutations include those that result in changes in growth rate, coat
colour, limb and tail structure, eye and ear size, hair texture and histocompatibility. No
significant increase in mutation frequency at histocompatibility loci was detected in
irradiated sperm or spermatogonia (Kohn & Melvold, 1976; Dunn & Kohn, 1981).
This result could indicate reduced mutability of these loci or a greater susceptibility
for lethal mutations than expected on the basis of known mutation rates for visible
recessive mutations in mice.
The spontaneous rate of visible dominant mutations other than skeletal abnormalities
and cataracts is approximately 8 × 10–6 per gamete per generation (see Table 41). Protracted treatment with 60Co γ-rays yielded a spermatogonial mutation rate of 1.3 × 10–7
per gamete per cGy (Batchelor et al., 1966). In X-irradiated female mice, the induced
rates were between 5 × 10–7 and 10 × 10–7 per gamete per cGy for single doses of 2, 4
and 6 Gy (Lyon et al., 1979). Studies with a different marker stock suggested a mutation
rate as high as 3 × 10–6 per gamete per cGy, after two doses of 5 Gy of X-rays at a 24-h
interval (Searle & Beechey, 1985, 1986).
(ii) Dominant lethal mutations
Dominant lethal mutations are scored, essentially by their absence, in the F1
progeny of an irradiated generation. Thus, a deficiency in the number of offspring is
measured from conception to the time of weaning, i.e. as pre-implant or post-implant
losses and reductions in litter size. Dominant lethal mutations are attributed to the
induction of chromosomal aberrations that interfere with cell and tissue differentiation
during fetal growth. These aberrations are generally eliminated during mitotic cell
division and do not persist in stem-cell populations.
Post-gonial stage: In many studies, male mice were exposed to low-LET radiation
at a high dose rate and mated during the first four to five weeks after exposure in order
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to obtain offspring derived from germ cells exposed at the postgonial stage. In general,
mutation rates of about 10 × 10–4 per gamete per cGy were reported (Ehling, 1971;
Schröder, 1971; Grahn et al., 1979, 1984; Kirk & Lyon, 1984), while the control value
was 0.025–0.1 × 10–4 per gamete per cGy. At low dose rates of radiation, mutation
rates of 5 × 10–4 per gamete per cGy were observed (Grahn et al. 1979).
Few data are available on the induction of dominant lethal mutations in irradiated
female mice. In one study, the average mutation rate 1–28 days after irradiation was
similar to that seen in the male mice, 10 × 10–4 per gamete per cGy (Kirk & Lyon,
1982). In guinea-pigs, rabbits and hamsters, the rate of dominant lethal mutations in
males appeared to be lower than that in male mice, but those in females were similar
(Lyon, 1970; Cox & Lyon, 1975).
Stem-cell stage: Dominant lethal mutations generally do not persist in stem-cell
populations because of chromosomal imbalance; however, balanced chromosomal
translocations can be transmitted during the proliferative phase of gametogenesis, and
such gametes behave like dominant lethal mutations. The average rate of mutations
induced in spermatogonia by low-LET ionizing radiation at a high dose rate was
reported to be 9 × 10–5 per gamete per cGy (Lüning & Searle, 1971). The dose-rate
effect for γ-rays is significant, as the mutation rate fell to 3 × 10–5 per gamete per cGy
with weekly exposures from 1.4 × 10–4 per gamete per cGy with continuous lowintensity exposure (Grahn et al., 1979).
(iii) Recessive autosomal and sex-linked lethal mutations
Reviews of the rates of recessive autosomal lethal mutations in mice showed an
average of 1 × 10–4 per gamete per cGy (Searle, 1974; Lüning & Eiche, 1976), but no
information was available on the effects of dose rate.
The rate of sex-linked lethal mutations was first determined after the detection of
a large inversion of the X chromosome. Two doses of 5 Gy of X-rays at a 24-h interval
to the spermatogonia of mice gave a mutation rate of 3.7 × 10–6 per X chromosome
per cGy (Lyon et al., 1982).
(iv) Visible recessive mutations
Visible recessive mutations have been studied in the specific locus test (Russell,
1951) with seven stocks of mice bearing six coat-colour mutants and one structural
(ears) mutant. Irradiated wild-type male or female mice are crossed with stock bearing
these mutations, and new mutations at any of the marker loci are observed in the F1
progeny. The spontaneous mutation rate in the tester stock is 8–8.5 × 10–6 per locus,
based on pooled data from the three principal laboratories where this test is conducted,
for > 800 000 control F1 mice. Most of the radiation-induced mutations examined at
the molecular level appeared to be deletions (Bultman et al., 1991; Russell & Rinchik,
1993; Rinchik et al., 1994; Johnson et al., 1995; Shin et al., 1997).
The mutation rates induced in spermatogonia when male mice were exposed to
low-LET radiation at a high dose rate was 21.9 ± 1.9 × 10–8 per locus per cGy with
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single doses of 3–7 Gy and 7.3 ± 0.8 × 10–8 per locus per cGy with 0.35–9 Gy of low
dose-rate radiation (Russell & Kelly, 1982). In post-spermatogonial stages, the mutation rate reached 65–70 × 10–8 per locus per cGy in progeny conceived four weeks after
exposure of the male parent to 3 Gy of low dose-rate X-rays (Sega et al., 1978). The
mutation rate was increased by fractionation of 1 Gy into two equal doses at a 24-h
interval, but not by a larger number of fractions or a shorter interval (Russell, 1962).
The spontaneous rate of recessive visible mutations in female mice was estimated
to be 1.4 or 5.6 × 10–6 per locus, depending on whether two or eight spontaneous
events had been observed, as six events that occurred in one cluster could have been
treated as one event (Russell, 1977). Exposure of mature oocytes to single doses of
0.5–6 Gy of X-rays at 0.5 Gy min–1 gave a mutation rate of 39 × 10–8 per locus per
cGy in progeny conceived during the first week of exposure, whereas at lower dose
rates values of 1–3 × 10–8 per locus per cGy were observed. From these results it is
clear that the dose-rate factor—the ratio of the mutation rates at high and low dose
rates—for females is at least 10, whereas it is 3 for males (Lyon et al., 1979; Russell
1977; see Table 42).
(v) Somatic mutations
Mouse spot assay: X-Radiation induced somatic coat colour mutations in
C57BL × NB mice in a pioneering study by Russell and Major (1957). In a somewhat
more recent system, somatic mutations were induced when embryos heterozygous for
five recessive coat-colour genes from the cross C57BL/6 J Han × T-stock were Xirradiated with 1 Gy (Fahrig, 1975). The controls consisted of irradiated embryos
resulting from wild-type C57BL × C57BL matings, which are homozygous for the
genes under study, and untreated offspring of both matings. The colours of the spots
on the adult fur were due either to expression of the recessive genes or were white
because of cell killing. Irradiated offspring of the C57BL matings had only white
spots, which were always midventral. No spots were seen in untreated offspring of
either mating. After correction for the white midventral spots observed in C57BL
matings, the frequency of expression of a recessive colour gene after C57BL/6 J Han ×
T-stock matings was about 11% for embryos irradiated 11 days after conception and
about 1% for embryos irradiated 9 days after conception.
Loss of heterozygosity: Genetic alterations that result in loss of heterozygosity play
an important role in the development of cancer. The underlying mechanisms are
mitotic recombination, mitotic non-disjunction, gene conversion and deletion (Smith
& Grosovsky, 1993). Such events occur not only in genetically unstable cancer cells
but also in normal human and mouse somatic cells (Hakoda et al., 1991a,b). The
mechanisms of loss of heterozygosity have been studied in mice rendered heterozygous for the autosomal Aprt gene by gene targeting (Van Sloun et al., 1998), which
allows the study of mutations in both the Aprt and X-chromosomal Hprt loci in vivo.
Aprt+/– mice received up to 3 Gy whole-body irradiation with X-rays, and seven weeks
later the Hprt and Aprt mutant frequencies were determined in the same splenic T-lym-
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phocyte cell population. A dose-dependent increase was observed in Hprt mutant
frequency, but that for Aprt was no different from that of controls, even though clear
induction of mutations at the Aprt locus was observed after treatment with chemical
carcinogens. Molecular analysis indicated that 70% of these mutations were caused by
loss of heterozygosity. The hemizygous Hprt locus appeared to be a better target for
the recovery of X-ray-induced mutants than the heterozygous Aprt locus. This result
is unexpected, as X-rays induce predominantly multilocus deletions (Hutchinson,
1995), and deletion of an essential flanking gene from a hemizygous locus would be
more detrimental for the cell. The results also suggest that loss of heterozygosity
might not occur after ionizing irradiation, at least at the Aprt locus in mice (Wijnhoven
et al., 1998).
(vi) Minisatellite mutations
Tandem repeat minisatellite loci in mice frequently have a high rate of germline mutations, and exposure to radiation increases the germ-line rate at a doubling
dose comparable to that for other genetic end-points. The rate of induction cannot be
explained by the occurrence of initial radiation damage within the minisatellite
sequence, and suggests an unexpected mechanism involving radiation-induced
damage elsewhere in the genome (Dubrova et al., 1998a,b; Sadamoto et al., 1994).
Such minisatellite mutations have no known phenotypic effect or any direct relation
to carcinogenesis. Their importance is that they illustrate the amplification of
radiation-induced damage which results in the occurrence of mutation in a remote
DNA sequence (Morgan et al., 1996; Little et al., 1997; see also section (c), below).
(vii) Transgenic animals
The development of transgenic mutagenesis systems has made it possible to study
the mutagenic effects of ionizing radiation at both the molecular and the chromosomal
level in the same animal. The responses of Big Blue® LacI transgenic mice to ionizing
radiation were measured as induction of LacI mutations in the spleen. C57BL/6 Big
Blue® transgenic mice were exposed to 137Cs γ-rays at doses of 0.1–14 Gy and then
allowed expression times of 2–14 days. Mutant plaques were analysed by restriction
enzyme digestion. Of 34 mutations analysed, four were large-scale rearrangements,
three of which were deletions within the LacI gene, while the fourth was a deletion
that extended from within the α LacZ gene into downstream sequences. The other
mutants did not involve major deletions (Winegar et al., 1994).
The Big Blue® LacI transgenic mouse reporter system was also used to investigate
mutation induction in the testis, spleen and liver after whole-body irradiation of the
mice with 60Co γ-rays. The spontaneous mutation frequencies were 6–17 × 10–6. No
statistically significant induction of mutation was observed in testis or spleen 35 days
after exposure, although the mutation frequencies tended to be increased by
approximately 1.5-fold. In the liver, however, the mutation frequencies were elevated
approximately 4.5-fold after exposure to 1 Gy of 60Co γ-rays. When the data for all
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organs were pooled, the mutation frequency was doubled, but no other significant
increase was observed (Hoyes et al., 1998).
[The Working Group noted that neither of these systems would detect the large,
multilocus deletions that constitute the predominant radiation-induced mutations in
mammalian cells.]
(b)

Studies in vivo/in vitro

The dynamics of the process of carcinogenesis and of the contribution of the initial
carcinogenic insult to initiation and progression are difficult to study in intact animals
and virtually impossible to study in humans. The main obstacles to understanding the
fundamental processes involved in radiation-induced cancer in animal models until
recently included the long latency and the complexity of the neoplastic process. In an
effort to overcome these problems, animal models have been developed for the
identification, isolation and characterization of radiation-altered or radiation-initiated
cells from irradiated tissues shortly after exposure (Ethier & Ullrich, 1982; Clifton
et al., 1986; Adams et al., 1987; Gould et al., 1987). These ‘in-vivo/in-vitro’ systems
have been used to show that initiation of cells by ionizing radiation is a frequent event,
of the order of 10–2, which is much greater than would be expected if initiation were
the result of a simple mutation. Subsequent analysis of initiated cells and detailed
study of their progression led to the hypothesis that a critical early event in radiationinduced carcinogenesis is the induction of widespread genomic instability, which is
apparent from increased cytogenetic damage and increased mutation rates in the
progeny of irradiated cells many cell doublings after exposure (Ullrich & Ponnaiya,
1998). Support for this hypothesis comes from a number of observations.
In one model involving transplantation of mammary tissue or mammary cells into
syngeneic hosts (DeOme et al., 1978; Medina, 1979), a differential effect of ionizing
radiation was demonstrated on the growth of transplanted normal and hyperplastic
mammary tissue (Faulkin et al., 1983).
In an assay to determine the effects of exposure to γ-radiation at 0.5 or 1 Gy and
of the time that the cells remained in situ after the treatment, mammary epithelial cells
were isolated from BALB/cAnNBd mice at various times between 24 h and 52 weeks
after irradiation in vivo and assayed for the growth of epithelial foci in vitro. The cell
populations that emerged had increased growth potential in vitro and enhanced tumorigenic potential with increasing time in situ (Adams et al., 1987).
In order to determine the radiation-induced transformation frequencies in sensitive
BALB/C mice, in resistant C57BL mice and in resistant hybrid B6CF1 mice, independently of the host environment, ductal dysplasia was determined 10 or 16 weeks
after injection of mammary epithelial cells from γ-irradiated (1 Gy from a 137Cs
source) donor mice into gland-free fat pads of recipient mice. The variations in
radiation sensitivity of these mouse strains were shown to result from inherent differences in the sensitivity of the mammary epithelium to radiation-induced cell transformation (Ullrich et al., 1996).
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Cells of the EF42 cell line, derived from the mammary tissue of a female BALB/C
mouse four weeks after γ-irradiation (1 Gy from a 137Cs source), become neoplastic
with time in vitro and in vivo. Before acquisition of the neoplastic phenotype,
however, multiple mutations occur in p53. This finding suggests that the mutations are
not caused directly by the radiation treatment but arise several cell generations later
as a consequence of radiation-induced genomic instability (Selvanayagam et al.,
1995).
(c)

Cellular systems

(i)
Genomic instability
A characteristic of cancer cells is the presence of multiple mutations and chromosomal alterations. Although a single dose of ionizing radiation may induce a tumour,
there is virtually no possibility that the changes needed to result in a malignant cell
can be caused directly by a single exposure to the radiation. Nowell (1976) suggested
that the chromosomal aberrations in cancer cells are associated with genomic
instability. Loeb (1998) proposed that the acquisition of a mutator phenotype is central
to cancer induction, in particular the genomic changes in tumour progression.
Radiation has been shown to induce genomic instability, a characteristic of which
is the delay between exposure and the appearance of the effect, despite a number of
mitotic divisions. Early observations of delayed heritable effects included small
colony size of irradiated cells in vitro and a persistent reduction in the size of the cells
that continued to grow in vitro (Sinclair, 1964).
The first report of delayed development of chromosomal aberrations was that of
Weissenborn and Streffer (1988, 1989), who found that new aberrations were
expressed in the second and third mitoses after exposure of one-cell mouse embryos
to X-rays or neutrons. Pampfer and Streffer (1989) showed that irradiation of an
embryo at the zygote stage induced genomic instability that later became apparent as
chromatid and chromosome fragments in fibroblasts of fetal skin. In addition, delayed
reduction in plating efficiency (Seymour et al., 1986; Chang & Little, 1992) and
delayed chromosomal alterations (Kadhim et al., 1992, 1994, 1995; Marder &
Morgan, 1993; Sabatier et al., 1994) have been reported. Kadhim et al. (1992) found
that α-particles were markedly more effective than X-rays in inducing delayed
chromosomal aberrations in murine and human haematopoietic cells. In these experiments, 40–60% of the cells had chromosomal aberrations although only 10% of the
surviving cells had been traversed by α-particles, indicating some indirect or ‘bystander’ effect. Marder and Morgan (1993) concluded that radiation-induced genomic
instability probably results from deletion of a gene or genes responsible for genomic
integrity.
Ponnaiya et al. (1997) showed that chromatid-type gaps and breaks appear in
human epithelial MCF-10A cells as a delayed effect of irradiation. The aberrations
were not found until about 20–35 cell population doublings after exposure to γ-rays.
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The large number of cell doublings required to reveal genomic instability after exposure to X- or γ-rays may explain the reports of an absence of delayed chromosomal
changes after exposure to low-LET radiation. There appears to be a LET-dependent
difference in the time course of expression of radiation-induced genomic instability.
In mice, an association has been found between the probability of radiationinduced chromatid-type aberrations and susceptibility for induction of mammary
cancer. Ullrich and Ponnaiya (1998) showed that BALB/c mice were more sensitive
than C57BL/6 mice to induction of mammary cancer by radiation and also to the
induction of delayed chromatid-type aberrations.
A possible role of genomic imprinting in the development of genomic instability
and radiation-induced mutations was discussed by Schofield (1998). Genomic
imprinting usually depends on post-replication modification of DNA, such as
methylation, which regulates which of the two alleles of a gene is expressed or
suppressed, depending on the gamete from which it was inherited. Thus, a cell
becomes hemizygous for the expression of certain key genes. For example, in radiosensitive mice that are predisposed to gastroschisis, its induction is closely linked to a
region on chromosome 7 in which a number of genes for imprinting are located.
Genomic instability is thus apparently associated with the development of the malformation: it occurs only in the predisposed mouse strain and is transmitted to the next
generation. Genomic instability therefore contributes to radiation-induced carcinogenesis and to other effects such as malformations.
The evidence for the induction by radiation of chromosomal instability is
compelling, but the susceptibility of cell lines is clearly influenced by their genetic
background. Neither the target, which appears to be large, nor the mechanism(s) of
induction has been identified unequivocally. The probability of induction depends on
the LET of the radiation; dose-dependence has been reported (Limoli et al., 1999).
Delayed appearance of hprt mutations has also been demonstrated after exposure to
low-LET radiation in vitro in several systems (Little et al., 1990; Harper et al., 1997;
Loucas & Cornforth, 1998).
The possibility that radiation-induced genomic instability contributes to radiationinduced carcinogenesis has important mechanistic implications. The characteristic
delay between the event that initiates genomic instability and its expression is consistent with the long latent period between exposure to radiation and the appearance of a
tumour. Better understanding of this phenomenon will be required before the implications of genomic instability for extrapolation of epidemiological findings to lowlevel exposures are fully understood.
(ii) Cell transformation
Ionizing radiation was one of the first agents to be used in cell transformation
systems (Borek & Sachs, 1966), and there is now an extensive literature (reviewed by
Hall & Hei, 1985; Kakunaga & Yamasaki, 1985; Hall & Hei, 1990; Suzuki, 1997). The
initial studies were carried out with primary Syrian hamster embryo cells, a fibroblast
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cell system that has the advantage that the effects of radiation on initial immortalization
(or transformation) and the other changes required for neoplastic transformation can be
studied. Because of technical problems with these primary cells, the C3H/10T½ cell
line developed by Reznikoff et al. (1973a,b) has been used more extensively. Very high
transformation frequencies were obtained in C3H/10T½ and C3H/3T3 cells when the
frequencies were expressed per initial number of cells plated (Terzaghi & Little, 1976),
indicating that even dishes with very few cells would eventually yield a neoplastically
transformed clone. The actual neoplastic transformation process appears to be delayed
and a change occurs in a large proportion of cells even after very low doses, so that
there is a finite probability that one of their descendants will have a transformed phenotype (Kennedy et al., 1980). This may be an expression of induced genetic instability,
and its mechanism is still obscure.
Human primary cells have proven very difficult to transform neoplastically.
Human keratinocytes (Rhim et al., 1990, 1993) and bronchial cells (Hei et al., 1994)
immortalized by SV40 and papilloma virus, respectively, have been used to study
neoplastic transformation. These systems have the advantage that the cells are human
and epithelial, but they are immortalized and therefore do not allow study of the initial
change in the carcinogenic process.
In a human hybrid cell system, HeLa × skin fibroblasts, the appearance of
transformed foci is associated with apoptosis which begins about eight days after irradiation. The authors suggested that the instability process has two relevant outcomes:
induction of apoptotic death and neoplastic transformation of a small subset of
survivors. These survivors were shown to have lost fibroblast chromosomes 11 and
14, and the authors suggested that tumour suppressor gene loci might be located on
these chromosomes. The yield of transformants was found to be modulated by serum
batch and this was correlated with the extent of delayed death, possibly reflecting
altered expression of the induced genetic instability (Mendonca et al., 1995, 1998a,b).
The results obtained with the human hybrid system can be as difficult to
understand as those from earlier systems. For example, cells exposed to a dose of
1 cGy (which is too low to induce either cell killing or neoplastic transformation) and
held for 24 h at 37 °C before plating, showed fewer transformants on subsequent incubation than unirradiated cells (Redpath & Antoniono, 1998). This confirmed an earlier
result with a specific clone of C3H/10T½ cells (Azzam et al., 1996).
Little work has been done to elucidate the type of initial radiation damage that
leads ultimately to cell transformation. Obe et al. (1992) argued that double-strand
DNA breaks are the critical lesion, citing the results of Zajac-Kaye and Ts’o (1984),
who showed that application of DNase I in liposomes to Syrian hamster embryo cells
led to foci of transformed cells that gave rise to tumours when injected into newborn
hamsters, and the work of Bryant and Riches (1989) who treated C3H/10T½ cells with
the restriction enzyme PvuII in the presence of inactivated Sendai virus and observed
that the cells became morphologically altered.
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While cell transformation systems may be useful for revealing the potential of
radiation to induce changes that may be associated with carcinogenesis, it is not clear
how some of the observations obtained in vitro should be extrapolated to the situation
in vivo.
(iii) Chromosomal damage
Three classes of chromosomal aberration are known to occur in somatic and germ
cells: numerical aberrations, chromosomal breaks and structural rearrangements
(Savage, 1976, 1979). Numerical and structural aberrations are associated with congenital abnormalities and neoplasia in humans. Numerical aberrations in germ cells
occur as a result of nondisjunction during female gametogenesis. In normal somatic
cells, the frequency of changes in chromosome number is low and difficult to estimate,
but in cancer cells such changes are rather common (Holliday, 1989). A single-strand
break induced before DNA replication gives rise to a chromosomal break at the
following mitosis. When breakage occurs after the S phase or during G2, it will be
observed as a chromatid break, but many such breaks rejoin rapidly and go unnoticed.
Single-strand breaks, both chromosomal and chromatid, are readily induced by ionizing
radiation, and their number increases linearly with dose. Unrepaired breaks generally
result in cell death in normal (as opposed to transformed) cells.
Structural chromosomal rearrangements are the result of inappropriate joining of
radiation-induced breaks at one or more sites. They comprise simple unstable forms
such as rings and dicentrics, simple stable forms including inversions, interstitial
deletions and translocations, and also more complex combinations. The conventional
assumption has been that two sites of radiation damage are necessary to produce
simple exchange aberrations, either linearly with dose by a single track or proportional
to the square of the dose by pairs of tracks (ICRP, 1991a; see also section 3.4, Overall
introduction). Alternatively, some evidence suggests that simple chromosomal
exchanges result from single tracks, due to recombination with undamaged DNA, and
that multiple-track damage can lead to more complex chromosomal aberrations
(Goodhead et al., 1993; Chadwick & Leenhouts, 1998; Griffin et al., 1998). The
ability of X- and γ-radiation to induce all types of chromosomal damage has been
documented extensively (see UNSCEAR, 1988; Committee on the Biological Effects
of Ionizing Radiations (BEIR V), 1990; UNSCEAR, 1993). Dose–response curves for
dicentrics, the most useful aberration for dosimetric purposes, were reported by Lloyd
and Purrott (1981).
Although ionizing radiation induces more DNA single-strand breaks than doublestrand breaks, several observations indicate that double-strand breaks of variable
complexity are the major lesions responsible for the induction of chromosomal aberrations. Direct evidence that simple double-strand breaks can lead to chromosomal
aberrations comes from experiments in which restriction endonucleases were
introduced into cells. Although restriction enzymes produce only simple double-strand
breaks (with blunt or cohesive ends), the induction of chromosomal aberrations was
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efficient and the observed aberration patterns were similar to those induced by
ionizing radiation (Bryant, 1984; Natarajan & Obe, 1984). The structural chromosomal aberrations seen at metaphase are of two types: chromosome-type aberrations
and chromatid-type aberrations. Ionizing radiation induces chromosome-type aberrations in cells exposed in G0 or G1 phase of the cell cycle and chromatid-type aberrations in cells exposed in the S or G2 phase (Savage, 1976).
Since human T lymphocytes have a long lifetime—a small proportion survive for
decades—and the rate of replacement is rather slow, the frequency of structural
chromosomal aberrations can serve as an indicator of the dose received by the exposed
individual. In early work, the frequency of dicentric chromosomes at the first metaphase after stimulation of human T cells was determined. With the introduction of
fluorescent in situ hybridization and chromosome-specific probes, it became possible
to quantify the frequency of chromosomal translocations accurately (Natarajan et al.,
1996), and these approaches were used to estimate past exposure during radiation
accidents (see section 4.4.1; Natarajan et al., 1991a,b; UNSCEAR, 1993; Natarajan
et al., 1998). The development of additional chromosome arm-specific probes as well
as specific probes for telomeres allowed detailed analysis of the spectrum of ionizing
radiation-induced chromosomal aberrations in humans cells in vivo as well as in vitro
(Natarajan et al., 1996; Boei et al., 1997, 1998a,b).
(iv) Mutagenicity
Ionizing radiation has held a special place in mutation research ever since Muller
(1927) demonstrated that X-rays induce hereditary effects in the fruit fly, Drosophila
melanogaster. His was the first report on the induction of germ-cell mutations by a
toxic, exogenous agent. Since that time, many studies have shown that ionizing
radiation is mutagenic in essentially all experimental systems in which it has been
examined (see extensive reviews of UNSCEAR, 1988; Committee on the Biological
Effects of Ionizing Radiations (BEIR V), 1990; UNSCEAR, 1993).
In most mammalian systems, the predominant mutations induced by ionizing
radiation are deletions, which range in size from extensive regions visible by
microscopy to single nucleotides. Southern blotting, a technique used frequently for
detecting deletions, is sensitive for deletions of more than about 100 nucleotides
(Southern, 1975).
Base-pair substitution mutations have been shown to be induced by ionizing
radiation in bacteria (Bridges et al., 1967), mediated by the same SOS system that is
involved in mutation induction by ultraviolet light and most other DNA damaging
agents (Bridges et al., 1968). The mutation rates at various loci ranged from 1.5 ×
10–11 to 1.5 × 10–10 per cell per cGy. While such rates are readily measured in bacteria,
mammalian cells are much more sensitive to the lethal effect of radiation; thus, a
mutation rate of the order of 10–10 per cell per cGy would cause increases in the mutation frequency that are too small to be measured at doses at which cell survival is
sufficiently good.
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The first demonstration of the mutagenic action of ionizing radiation in
mammalian cells was Hprt deficiency in Chinese hamster cells (Bridges et al., 1970).
The observation has since been confirmed and extended (for a review, see Thacker,
1992). Various mammalian somatic cell systems have been used to compare the
spectrum of radiation-induced mutations with that of spontaneous mutations. The
genetic loci most commonly used for mutation analysis in human cells are those
encoding HPRT (Albertini et al., 1982), adenine-phosphoribosyltransferase (APRT;
Grosovsky et al., 1986), a histocompatibility gene (HLA-A; Janatipour et al., 1988),
thymidine kinase (TK; Yandell et al., 1990) and dihydrofolate reductase (DHFR;
Urlaub & Chasin, 1980). Another method for detecting mutations in humans is an
assay of loss of the allele for glycophorin A, a surface protein of erythrocytes
(Langlois et al., 1986). Ionizing radiation does not significantly increase the frequency
of ouabain-resistant mutants, which are believed to be due to base-pair substitutions
(Thacker et al., 1978).
Depending on the test system used, 80–97% of the spontaneous HPRT and APRT
mutations are base-pair changes. The percentages are only 50–60% at the HLA-A locus
and 5–20% at the TK locus because mitotic recombination contributes substantially to
the spontaneous mutation spectra at these loci. With a few exceptions, most radiationinduced mutations in cultured cells are deletions and other gross changes that are
visible in Southern-blot patterns: at the Hprt or HPRT locus, mutations of this type
constitute 70–90% of those in Chinese hamster ovary cells, 50–85% of those in TK6
human lymphoid cells and 50–75% of those in human T lymphocytes, and deletions
constitute 60–80% of TK mutations in the TK6 cell line, 80% at the HLA-A locus in T
lymphocytes and 100% at the Dhfr locus in Chinese hamster ovary cells. Of the
radation-induced changes in Aprt in Chinese hamster ovary cells, only 16–20%
consisted of deletions or other changes. Mutations that do not show aberrant Southern
blot patterns may, of course, still be small deletions (Sankaranarayanan, 1991).
The results of a study in which Hprt and Aprt mutations were analysed after
exposure of two Chinese hamster ovary cell lines (Aprt+/– and Aprt+/0, respectively) to
ionizing radiation strongly suggested that radiation-induced mutational events often
consist of deletions of more than 40 kilobases (the length of the Hprt gene) and that
the difference in the frequency at the two loci in the two types of cell lines was due to
the presence of essential sequences close the respective target genes, a deletion of
which would be lethal to the cell (Bradley et al., 1988).
Spontaneous and induced Aprt deficiencies were studied in the mouse P19H22
embryonal carcinoma cell line, which contains two distinct chromosome 8 homologues, one derived from Mus domesticus and the other from M. musculus. The cell line
also contains a deletion for the M. musculus Aprt allele, which is located on chromosome 8. The large majority (> 95%) of the spontaneous and γ-radiation-induced
mutants showed Aprt gene loss, indicating that relatively large deletions had occurred
and that homozygosity for these regions is not a lethal event. Loss of heterozygosity for
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adjacent markers was found to be a common event in cells with Aprt gene loss (Turker
et al., 1995).
In Chinese hamster ovary K1 cells and 10T5 cells, a K1 derivative containing the
bacterial gene xanthine-guanine phosphoribosyl transferase (Gpt), mutants were
analysed at the Gpt, Hprt and Tk loci. After X-irradiation, the mutation rates at the Tk
and Gpt loci were 8–10 times higher than that at the Hprt locus. The greater sensitivity
of the Tk locus compared to that of the Hprt locus to mutation induction by ionizing
radiation is likely to be due, at least in part, to the recovery of an additional class of
mutants, possibly ones containing larger mutational events giving rise to small
colonies. Approximately half of the X-ray-induced Tk mutants were small-colony
mutants (Schwartz et al., 1991).
Reduction of the radiation dose rate generally diminishes the severity of the biological effect per unit dose. The influence of dose rate on the mutagenicity of ionizing
radiation has been investigated extensively in cultured cells. In his review, Thacker
(1992) concluded that the results of studies in cells and animals indicated that a
reduction in dose rate could reduce mutagenic effectiveness by a factor of 2–4, with
some notable exceptions. Changing the dose rate of low-LET radiation had no effect
in certain cell types, such as human TK6 cells and certain repair-deficient rodent cell
lines or for certain types of mutation. Thacker (1992) concluded that, insofar as it was
possible, there was no deviation from linearity in the dose–response relationship
measured at low doses and low dose rates, but the errors were inevitably large in such
measurements.
(v) DNA damage
Ionizing radiation may act directly on the cellular molecules or indirectly through
water molecules. The high energy (typically megavolts) of an incident particle or
electromagnetic wave ultimately results in a large number of small energy deposits
(typically 60–100 eV), each of which provides energy for one or a small number of
ionizations. As a result, electrons, charged and neutral radicals and non-radical species
are generated. In aqueous media these are eaq−, •H, •OH, Haq+ and H2O2, and they react
with nearby molecules in a very short time, leading to breakage of chemical bonds or
oxidation of the affected molecules. The hydroxyl radical in particular is highly
reactive and is also the most active mutagen generated by ionizing radiation.
The major effects of ionizing radiation on DNA are the induction of base damage,
breaks of either single strands or both strands and more complex combinations.
Double-strand breaks and damage of varying complexity are considered to be biologically more important because repair of this type of damage is much more difficult,
and erroneous rejoining of broken ends may occur (see e.g. Sikpi et al., 1992; Jenner
et al., 1993; Goodhead, 1994; Prise, 1994; Löbrich et al., 1995, 1998). These so-called
‘misrepairs’ may result in mutations, chromosomal aberrations or cell death. The
types, frequencies and extent of repair of these lesions depend on the dose, the dose
rate and the LET of the radiation. Most cells can survive a dose of about 1.5 Gy low-
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LET radiation, despite the fact that hundreds of DNA strand breaks are induced in each
cell. This means that repair processes play an important role in the cellular response
to radiation (see e.g. Cole et al., 1988).
The active oxygen species produced when ionizing radiation interacts with water
are comparable to those that are generated continuously by the metabolic processes of
aerobic organisms. Double-stranded DNA breaks may be produced, but rarely, by the
active oxygen species associated with metabolism. Instead, oxidative damage is
induced in individual nucleotides. In some cases, this leads to the removal of a base,
which results in an apurinic or apyrimidinic site. These sites, if not removed by the
relevant endonuclease repair system, can be mutagenic because an incorrect nucleotide will be incorporated into the opposite strand (Schaaper et al., 1982).
Free radical-induced DNA damage associated with exposure to ionizing radiation
may give rise to a number of oxidized purines, of which 7H-8-oxoguanine and 7H-8oxoadenine predominate. In a detailed quantum-mechanical study to assess the tautomeric preferences of the bases in aqueous solution, the 6,8-diketo form of guanine and
the 6-amino-8-keto form of adenine were the major species. The estimated free
energies of hydration indicate that mutagenically significant amounts of minor tautomeric forms exist in the aqueous phase and may be responsible for induction of both
transversion and transition mutations (Venkateswarlu & Leszczynski, 1998).
Minor oxidative lesions induced in DNA by exposure to ionizing radiation are 5hydroperoxymethyl-2′-deoxyuridine and its decomposition products 5-hydroxymethyl2′-deoxyuridine and 5-formyl-2′-deoxyuridine. The first compound was a more potent
mutagen than the other two in Salmonella typhimurium, the TA100 strain being the most
sensitive (Patel et al., 1992).
Because of the ubiquitous presence of nucleotide damage resulting from endogenously generated active oxygen species, living organisms have evolved a
comprehensive array of DNA repair systems to deal with such damage (see Friedberg
et al., 1995). At low doses of radiation, the yield of active oxygen species would be
small in comparison with those occurring spontaneously, and most of the resulting
nucleotide damage (base damage and single-strand breaks) would be expected to be
removed by repair processes. This is consistent with the accumulated evidence that
multiple damaged sites, including double-strand breaks, are responsible for the effects
of ionizing radiation on DNA (Goodhead, 1988; see also section 3.4, Overall introduction). Such damage presents a severe and often insurmountable challenge to the
cellular repair systems. Because of the non-homogeneity of the energy deposition and
the ensuing clustered damage, the effects of radiation are quite different from those
induced by endogenously generated active oxygen species.
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Summary of Data Reported and Evaluation

Exposure data

The greatest exposure of the general population to X-rays and γ-rays comes from
natural terrestrial radiation. The next most significant source is the use of X-rays and
radiopharmaceuticals in various diagnostic and therapeutic procedures. Exposures
from the atmospheric testing of nuclear weapons have diminished, and only small
contributions to the collective human dose are made by the generation of electrical
energy by nuclear reactors, by accidental releases from nuclear facilities and radioactive devices and by occupational exposure during medical uses, commercial nuclear
fuel cycles, nuclear industrial sources, military activities and the clean-up of nuclear
or radiation accidents. The latter contributions are important, however, as they can
result in significant exposure of groups of individuals.
The most important exposures to X- and γ-rays from the point of view of the determination of cancer risk in humans are from the past use of atomic weapons and from
the medical uses of radiation.
With regard to the overall exposure of the population, the variation in individual
doses over time, place and conditions of exposure makes it difficult to summarize
mean individual doses accurately, although some indications are possible. Most exposures are measured in units of absorbed dose (Gy) in individual organs, but they are
compared in units of effective dose (Sv) in order to account for effects in all the
organs, which differ in radiosensitivity (and for differences in radiation quality when
appropriate). The average annual effective dose from X- and γ-rays from natural
sources is about 0.5 mSv, with elevated values up to about 5 mSv. Medical procedures
in developed countries result in an annual effective dose of about 1–2 mSv, of which
about two-thirds comes from diagnostic radiography. Possible exposures in medicine
vary widely, however, ranging from several hundred millisieverts from frequent
diagnostic procedures to several sieverts from therapeutic procedures. The annual
effective doses to monitored workers are commonly in the range of 1–10 mSv.
5.2

Human carcinogenicity data

The carcinogenic effects of ionizing radiation in human populations have been
studied extensively. Evidence for causal associations comes primarily from epidemiological studies of survivors of the atomic bombings in Japan and patients exposed to
radiation for medical reasons. Epidemiological studies of populations exposed to
lower doses of radiation were considered but were determined not to be informative
for this evaluation.
In epidemiology, associations between exposure and disease are most often
accepted as causal when there is consistency across many studies conducted by different investigators using different methods; when the association is strong; and when
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there is evidence of a dose–response gradient, with risk increasing as the level of exposure increases. These three important causal criteria are satisfied for exposure to
radiation and the induction of cancer.
Perhaps most important is that the association between radiation and cancer has
been found consistently in many different populations exposed at different times and
in different countries throughout the world. Among survivors of the atomic bombings
in Hiroshima and Nagasaki, who were exposed primarily to γ-rays, excess numbers of
cases of leukaemia and other cancers have been observed up to 45 years after
exposure. Excess numbers of cases of leukaemia and other cancers have also been
observed among patients treated with X-rays or γ-rays for malignant or benign
diseases. Important evidence comes from studies of women in 15 countries who were
irradiated for cervical cancer and persons who were irradiated for ankylosing spondylitis in the United Kingdom. Excess risks for cancer were also found among children
irradiated for an enlarged thymus gland in the USA, for ringworm of the scalp in Israel
and for skin haemangioma in Sweden. Increased numbers of breast cancers have been
observed in patients in Canada and the USA who received frequent chest fluoroscopic
X-rays for tuberculosis. There are well over 100 studies of patient populations in
which excess numbers of cancers have been linked to radiotherapy. Pioneering
medical radiologists practising shortly after the discovery of X-rays in 1895 had
increased rates of leukaemia and other cancers in studies conducted in the United
Kingdom, the USA and, later, in China.
Strong associations between exposure to radiation and several types of cancer
have been reported. Exposure to radiation at sufficiently high doses has increased the
risk of developing leukaemia by over fivefold. Even higher relative risks have been
reported for thyroid cancer following irradiation during childhood. Greater than twofold increases in the risk for breast cancer have been seen after irradiation before the
menopause.
Since in many studies the dose of radiation received by individuals was estimated
with considerable accuracy, dose–response relationships could be evaluated. An
increase in the risk for leukaemia with increasing dose was seen among atomic bomb
survivors over a broad range of doses and among patients given radiotherapy for
cervical cancer. Dose–response relationships for thyroid cancer have been demonstrated following irradiation in childhood for various conditions and among atomic
bomb survivors. Dose–response relationships for breast cancer have been demonstrated among atomic bomb survivors, women treated for acute post-partum mastitis
and benign breast conditions and patients who received many chest fluoroscopies.
A dose–response relationship was also demonstrated for the combined category of all
cancers among the survivors of the atomic bombings.
The level of cancer risk after exposure to X-rays or γ-rays is modified by a number
of factors, in addition to radiation dose, including the age at which exposure occurs,
the length of time over which the radiation is received and the sex of the exposed
person. The level of cancer risk also varies with time since exposure. The sensitivity
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of tissues to the carcinogenic effects of ionizing radiation differs widely. Cancers that
appear to be readily inducible by X- and γ-rays include leukaemia, breast cancer in
women exposed before the menopause, cancer of the thyroid gland among people
exposed during childhood and some gastrointestinal tumours, including those of the
stomach and colon. Some tissues in which cancer is induced only rarely or at
relatively high doses include bone, soft tissue, uterus, skin and rectum. A number of
cancers, such as chronic lymphocytic leukaemia, have not been linked to exposure to
X- or γ-rays.
While there is some variation in the level of risk for specific cancers seen in epidemiological studies of populations exposed to X- and γ-rays, the consistency of the
association, the strength of the association and the dose–response relationships all
provide strong evidence that X-rays and γ-rays cause cancer in humans.
5.3

Animal carcinogenicity data

X-Rays and γ-rays have been tested for carcinogenicity at various doses and under
various conditions in mice, rats, rabbits, dogs and rhesus monkeys. They have also
been tested by exposure of mice and dogs in utero and by parental exposure of mice.
In adult animals, the incidences of leukaemia and of a variety of neoplasms
including mammary, lung and thyroid tumours were increased in a dose-dependent
manner with both types of radiation. When sufficient data were available over a range
of doses and dose rates, the dose–response relationship was generally consistent with
a linear–quadratic model, while lowering the dose rate resulted in a diminution of the
quadratic portion of the curve. The effects of fractionation of the dose were highly
dependent on fractionation size. Most importantly, low dose fractions were equivalent
to low dose rates with respect to carcinogenic effectiveness.
Prenatal exposure of mice to X-rays in two studies and to 60Co γ-rays in one study
and of dogs to 60Co γ-rays at late fetal stages resulted in significant increases in the
incidences of lung and liver tumours in mice and malignant lymphoma, haemangiosarcoma and mammary carcinoma in dogs. Exposure at early fetal stages, however,
did not increase the incidence of tumours in the offspring of either species. Parental
effects in mice appear to depend on the strain tested. Parental exposure of mice of four
strains to X-rays resulted in increased incidences of lung tumours and leukaemia in
the offspring; however, studies with two other strains of mice showed no increase in
the incidence of neoplasms.
5.4

Other relevant data

Exposure to radiation may result in effects on tissues and organs that are known
as deterministic effects, which are distinct from cancer and genetic effects, known as
stochastic effects. Deterministic effects increase in both incidence and severity with
increasing dose and are not recognized below a threshold dose. The dose-dependent
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increase in severity and the fact that the damage must reach a critical or threshold level
to be detected distinguish deterministic effects from stochastic effects, for which, by
convention for radiation protection purposes, there is no threshold and which do not
increase in severity with increasing dose.
Deterministic effects, in general, result from cell killing. In the case of rapidly
proliferating tissues, such as the gastrointestinal and haematopoietic systems, the
effects may be early, occurring within a matter of days to a few weeks after high doses
at high dose rates. Doses that kill critical numbers of clonogenic or stem cells may
result in loss of the integrity of tissues and death. The loss of cells may be severe but
not lethal, and in both cases the damage to these and other proliferating cell systems
is reflected in clinical syndromes that result from impairment of organ function.
Depending on the rates of cell renewal, radiation-induced damage is expressed at
different times. In humans, death from damage to the gut may occur within about 10
days, whereas death from damage to the pulmonary system may occur only after six
months. The information about deterministic effects comes from studies of humans
exposed accidentally, to the atomic bombs or to radiotherapy. Much of the understanding of the underlying mechanisms and kinetics comes from studies in experimental animals. The need to understand deterministic effects led to studies of cell
kinetics and the development of methods of studying cell survival and repair and the
recovery of stem cells in vivo in the major tissues. Tissues affected early after exposure to radiation may also show late effects months or years after irradiation. Other
tissues, such as those of the central nervous system and kidney, do not show effects
until quite late after irradiation. Clinically, the former class of tissues is called ‘early
responding’ and the latter, ‘late responding’.
The damage that appears late may result from lesions incurred at the time of
exposure but which are not expressed for many months. If the cells are renewed slowly
and die only when attempting mitosis, the timing of the critical damage reflects the
cell renewal rate. The function of some cell populations is affected indirectly by
damage to blood vessels and by the fibrosis that replaces damaged tissue.
The success of radiotherapy depends on the differential between the killing of
cancer cells and of cells of normal tissues. Recovery of normal tissues depends on
repair of sublethal damage and repopulation. Fractionation of the dose increases the
probability of recovery of the normal tissue more than recovery of the cancer cells.
The total dose, the dose per fraction and the interval between fractions influence the
effect of fractionation. The probability of late effects is determined mainly by the dose
per fraction. Lowering the dose rate also reduces the effect. The degree and time of
expression of injury vary among tissues and organs, depending on the radiosensitivity
of the stem cells, which varies by a factor of about 2, and cell renewal rates, which
vary many-fold. Cell survival is influenced by many genes, especially those concerned
with repair of sublethal damage and also by p53, a tumour suppressor gene. Data on
cell survival are frequently fitted by the so-called linear–quadratic model.

X-RADIATION AND γ-RADIATION

303

In the two large populations that received total-body irradiation—the atomic bomb
survivors and patients receiving bone-marrow transplantation—the rates of noncancer adverse effects in a number of organs, including the lens, increased at about
1 Sv.
Radiation-induced deterministic effects were first reported in the skin, and effects
such as erythema are still used as an indicator of individual patients’ reponse to
radiation.
When the radiation field is restricted, as in the case of radiotherapy, and the doses
are fractionated, many tissues can maintain their integrity and function even when
receiving total doses up to 20–30 Gy; however, the gonads, the lens of the eye and the
developing brain are highly radiosensitive.
Cellular hypersensitivity to radiation is shown in several (primarily two) rare,
heritable cancer-prone disorders of DNA processing, but evidence that such individuals are prone to radiogenic cancer is lacking. Some normal members of the general
population, including persons heterozygous for the ATM gene, can be made more
sensitive to cell killing and induction of chromosomal damage by exposure to
radiation. There is no evidence that they are at increased risk for radiogenic cancer.
Individuals heterozygous for tumour suppressor gene mutations would be expected to
be hypersensitive to both radiogenic and spontaneous cancer, and this hypothesis is
borne out by the results of several studies in humans and experimental animals.
The induction of chromosomal aberrations, particularly dicentrics, in human lymphocytes has been well established in vitro and has been used as a biological
dosimeter in a variety of situations of exposure in which induction of aberrations has
occurred. The persons exposed include inhabitants of areas with a high background
level of natural radiation, survivors of the atomic bombings, workers involved in
cleaning-up after the accident at the Chernobyl nuclear reactor in Chernobyl, Ukraine,
and people accidentally exposed to a discarded source of 137Cs in Goiânia, Brazil. An
increase in the number of minisatellite mutations has been reported in the children of
parents living in a region heavily polluted by the Chernobyl accident. The lack of
availability of appropriate local controls and possible confounding by heavy metal
pollution indicate that this result should be treated with some caution.
Most of the data available on effects in mammals come from experiments with
mice. The effects of ionizing radiation can be divided into two categories: those in
germ cells, which become visible in the offspring of exposed mice, and those in
somatic cells, determined directly in the exposed animals. X- and γ-radiation induce
dominant lethal mutations, recessive autosomal mutations and sex-linked recessive
lethal mutations. The germ cells have been most extensively studied, and a clear
picture is available of the sensitivity of the germ cells of male mice during the various
stages of development. The rate of germ-cell minisatellite mutations in mice was
increased after exposure to ionizing radiation, with a doubling dose comparable to that
for other genetic end-points. Recessive coat-colour mutations were seen in mice when
embryos were treated with X-rays in utero two and nine days after conception.
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Mutations were also induced by ionizing radiation in somatic cells of exposed mice,
both in endogenous genes (Hprt and Aprt) of T lympocytes isolated from the spleen
and in transgenic mice carrying a marker gene in which mutation rates can be determined in all cells of the body, provided enough DNA can be isolated from the organ
or cell type of interest. Ionizing radiation was reported not to induce loss of heterozygosity at the Aprt locus in mice.
A number of in-vivo/in-vitro systems have been developed in which mammary,
thyroid and tracheal cells are isolated and examined after exposure of the whole
animal or are exposed in vitro and introduced into the whole animal. Studies with these
systems have shown that: (i) X- and γ-radiation initiate many more cells than tumours
develop; (ii) strain differences in susceptibility for radiation-induced mammary
cancers are related to the sensitivity of the cells more than to host factors; and (iii) the
late changes in chromosomes and multiple mutations in the p53 tumour suppressor
gene associated with the development of neoplasms suggest that genomic instability
is an early event induced by radiation.
Chromosomal aberrations, gene mutations and reduced plating efficiency have
been shown to occur in various systems many cell generations after exposure to
radiation, indicating the induction of persistent genomic instability.
Ionizing radiation induces neoplastic transformation in vitro in mammalian cells,
including human cells. While this indicates a potential for carcinogenicity, it is not
clear to what extent these observations made in vitro can be extrapolated to the
situation in vivo.
Ionizing radiation induces gene mutations in a wide variety of cellular systems.
The predominant mutations are deletions resulting in gene inactivation. Chromosomal
aberrations are induced in all eukaryotic systems that have been examined.
Although ionizing radiation can give rise to many different types of nucleotide
damage in DNA through the active oxygen species that it generates, double-stranded
DNA breaks and more complex lesions are believed to be largely responsible for its
biological effects.
5.5

Evaluation

There is sufficient evidence in humans for the carcinogenicity of X-radiation and
γ-radiation.
There is sufficient evidence in experimental animals for the carcinogenicity of
X-radiation and γ-radiation.
Overall evaluation
X-radiation and γ-radiation are carcinogenic to humans (Group 1).
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NEUTRONS
1.

Exposure Data

Exposure to neutrons can occur from the nuclear fission reactions usually associated with the production of nuclear energy, from cosmic radiation in the natural
environment and from sources in which reactions in light target nuclei are used. The
main exposures are related to occupation, medical irradiation and cosmic rays.
1.1

Occurrence

The occurrence and characteristics of neutrons are described in detail in the Overall
introduction. Neutrons are uncharged particles that interact with the nuclei of atoms,
whereas X- and γ-radiation interact primarily with orbital electrons. The spectrum of
exposure to neutrons depends on their source, which is ultimately the atomic nucleus.
The nuclear constituents are tightly bound, and several million electron volts are
required to free a neutron from most nuclei.
Neutrons can be released in several ways, resulting in human exposure. In the interaction of high-energy cosmic radiation with the earth’s atmosphere, neutrons are
ejected at high energy from the nuclei of molecules in the air. In the fission or fusion of
nuclei, nuclear energy is released and many neutrons are produced. Neutrons produced
by fusion have more energy (∼14 MeV) than those released upon nuclear fission.
Fission neutrons (with energy up to several million electron volts) are themselves initiators of the fission event, but their energy must be reduced by collisions with a moderating medium (usually water or graphite) to allow a chain reaction to proceed.
Neutrons in the environment of reactors therefore have very little energy. Neutrons
produced by nuclear explosions and those that drive breeder reactors have more energy,
but not as much as the neutrons resulting from interactions with cosmic radiation.
A third way in which neutrons can be released is by collision of charged particles with
a lithium or beryllium target, when part of the neutron binding energy in the nucleus of
lithium or beryllium is converted into kinetic energy of 14–66 MeV. Radionuclides and
ion accelerators that emit α-particles are used to initiate these reactions, and the
neutrons emitted are used for radiography and radiotherapy.
The mean free path of neutrons in tissues varies with their energy from a fraction to
several tens of centimeters. Since neutrons are uncharged, they do not interact directly
with orbital electrons in tissues to produce the ions that initiate the chemical events
–363–

364

IARC MONOGRAPHS VOLUME 75

leading to cell injury. Rather, they induce ionizing events in tissues mainly by elastic
collision with the hydrogen nuclei of the tissue molecules; the recoiling nucleus (charged
proton) is the source of ionizing events. As about half of the neutron’s energy is given to
the proton on each collision, the low-energy neutrons provide an internal source of lowenergy protons deep within body tissues. The low-energy protons form densely ionizing
tracks (high linear energy transfer (LET)) which are efficient in producing biological
injury. The ICRP (1991) therefore defined weighting factors for estimating the risks
associated with exposure to neutrons which are larger than those for X- or γ-radiation.
Neutrons with an energy of about 1 MeV are judged to be the most injurious (see Table 2
of the Overall introduction). After approximately 20–30 collisions with hydrogen, a
1-MeV neutron will come into equilibrium with ambient material and will continue to
scatter, both losing and gaining energy in collision until nuclear absorption occurs,
usually when hydrogen gives up 2.2-MeV of γ-radiation. Neutrons with > 50 MeV of
energy interact mainly with large nuclei (e.g. C, N, O, Ca) in tissue in violent events,
producing many low-energy charged particles with a broad distribution of LET
(Figure 1; Wilson et al., 1995), and can produce secondaries such as α-particles, protons,
deuterons and other neutrons. With increasing energy, the frequency of neutron-induced
nuclear disintegration, which produces high-LET α-particles, increases. Exposure to
high-energy neutrons is thus quite distinct from exposure to low-energy neutrons, in
which only a single recoil proton with LET extending to 100 keV μm–1 is formed. The
initial LET values of recoil protons are less than about 30 keV μm–1 and increase to
about 100 keV μm–1 as the protons come to a stop. At 100 keV μm–1, the spatial separation of the ionizing events is about 2 nm, comparable to the diameter of the DNA helix,
therefore increasing the probability of double-strand breaks in DNA. All neutrons in the
course of their interaction with matter generate γ-radiation.
1.2

Relative biological effectiveness

The difference in effectiveness between two radiation qualities, for example, neutrons
and γ-radiation, is expressed as the relative biological effectiveness (RBE), which is
defined as the ratio of the doses of the two types of radiation that are required to produce
the same level of a specified effect. The ratio of the effect of neutrons per unit dose to that
of reference low-LET radiation is greater than unity (ICRP, 1984). The reference radiation
used has conventionally been X-radiation, but since many experimental and clinical data
are derived from studies of the effects of γ-radiation, either X-radiation or γ-radiation can
be used as the reference. The effects of X-radiation and γ-radiation at very low doses may,
however, be significantly different. While this difference may be important in determining
the RBE of stochastic events, it should not be of concern in the case of deterministic
effects because of the higher doses required to induce most such effects.
A major disadvantage of RBEs is that they vary not only with radiation quality but
also with dose, dose rate and dose fractionation, mainly because these factors affect the
response to the reference radiation but only slightly, if at all, the response to neutrons.
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Figure 1. Distribution of linear energy transfer
produced by a 1-GeV neutron in tissue, and the
spectrum of decay of α-particles from 239Pu for
comparison

From Wilson et al. (1995)

The only singular RBE for any specific effect is the maximum RBE (RBEM for stochastic effects and RBEm for deterministic effects). In the case of stochastic effects, the
RBEM is defined as the ratio of the initial and linear slopes of the dose–response curves
for the reference radiation and the radiation under study.
RBEs are based on the assumption that the effects of different types or qualities of
radiation may differ quantitatively but not qualitatively. Since most deterministic
effects depend on cell killing, the assumption that the nature of the induced effect is
independent of radiation quality seems justified. In the case of heavy ions, the validity
of this assumption has not been proven unequivocally.
The survival curves of cells exposed to neutrons in vitro appear to be linear on a
semi-logarithmic plot, with little or no evidence of a shoulder and with a steeper
curve, reflected in a lower D0 value, than for low-LET radiations (Figure 2; see
section 5.1 of the Overall introduction). The slope of the survival curve decreases and
the RBE increases with decreasing neutron energy. The effectiveness of the neutrons
is maximal at about 400 keV. The lack or the marked reduction of the shoulder of the
survival curve reflects a greatly reduced or even completely absent ability to repair
sublethal damage after exposure to neutrons (Barendsen, 1990). This lack of repair
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Figure 2. Cell survival after exposure to radiation
with low and high linear energy transfer (LET) as
a function of dose

D1, indicated here for low-LET radiation only, is the dose required
to reduce the survival to 37%; n is the extrapolation number; and
Dq is the ‘quasi-threshold’ dose, which, like n, is a measure of the
shoulder on the low-LET survival curve. D0 is the reciprocal of
the slope of the linear portion of the curves. Note that the curve
for high-LET radiation is steeper than that for low-LET radiation
(D0 is smaller) and that there is a shoulder on the low-LET curve.

results in little or no reduction in effectiveness when the neutron dose is fractionated
or when the dose rate is reduced.
The dose–effect relationship of early-responding tissues can be predicted from the
responses of the relevant clonogenic cells. There is no apparent difference in the ability
of tissues to repopulate after exposure to neutrons, apart from a greater reduction in the
number of proliferative cells per unit dose of neutrons than with low-LET radiation.
The RBE increases with increasing LET and reaches a maximum, in the case of cell
killing and mutagenesis, at LET values of about 100–200 keV μm–1. At higher LET
values, the effectiveness decreases. In 1990, a revision of the relationship between the
radiation quality factor, which is based on RBEs, and the LET for stochastic effects was
introduced which took into account the decrease in effectiveness of radiations with a
very high LET. The relationship between RBE and LET for deterministic effects has
not been codified explicitly, and the use of quality factors is restricted to stochastic
effects. For deterministic effects, the influence of radiation quality is taken into account
by using RBEs to adjust the absorbed doses (ICRP, 1990).
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RBEs for deterministic effects are derived from the ratios of the threshold doses
for neutron and reference radiation or of the doses required to induce a selected level
of effect. Since deterministic effects have thresholds by definition, use of the ratio of
the threshold doses seems a reasonable approach for determining RBEs. In 1990,
however, an ICRP task group introduced the concept of RBEm, which is comparable
to the RBEM for stochastic effects. The group suggested that singular RBE values for
neutrons and other high-LET radiations could be obtained from the linear–quadratic
model used to describe the survival curves of the cells responsible for the maintenance
of tissues. In the case of deterministic effects, the threshold dose lies on the curved
portion of the dose–response curve. Since, in general, deterministic effects result from
the killing of a critical number of cells and assuming that the dose–response curve for
cell killing can be described by a linear–quadratic model, it is theoretically possible to
derive the initial slope of the response. Thus, a RBEm can be obtained for specific endpoints in specific tissues for which there are adequate data on dose–response relationships for different α:β ratios (see ICRP, 1990, for the method of deriving RBEm). This
approach is, of course, totally dependent on the validity of the linear–quadratic model
at low doses at which effects cannot be measured.
The clinical importance of the difference between the effects of neutrons and lowLET radiations on normal tissues was revealed by the high incidence of tissue damage
during the early use of neutrons to treat cancer. The effectiveness of fractionated
neutrons is underestimated if it is based on the effects of single doses and if the difference in the repair of slowly dividing tissues is not taken into account.
1.3

Exposure

1.3.1

Natural sources

The effective dose equivalent rates of cosmic rays are discussed in the Overall introduction (section 4.4.1), in which the rates were evaluated on the basis of measurements
with neutron spectrometers, tissue equivalent ion chambers and nuclear emulsion
detectors augmented by Monte Carlo calculations. Dose equivalence is derived by
summing dose contributions and weighting by LET-dependent quality factors. The ratio
of the estimated neutron dose equivalent rate to the total dose equivalent rate according
to the parametric atmospheric radiation model is shown for various altitudes in Figure 3.
It can be seen that 40–65% of the dose equivalent at ordinary aircraft altitudes is due to
neutrons, depending on the latitude and longitude of the flight trajectory. The fraction of
neutrons depends on altitude, being nearly negligible at sea level and contributing over
half of the exposure at aircraft flight altitudes. The fraction varies little over most of the
altitudes at which aircraft operate. Since most commercial flights are at relatively high
latitudes, approximately 60% of the dose equivalent is due to neutrons.
Although consistent measurements were made over most geomagnetic latitudes and
altitudes during solar cycle 20 which started in October 1964, many of the individual
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Figure 3. Fraction of dose equivalent due to neutrons at
various altitudes, at minimum solar energy (1965)

NEUTRONS

Figure 3 (contd)

From Wilson et al. (1995); H, equivalent dose
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components were not resolved because of instrumental limitations at that time. Most of
the neutron spectrum therefore depends on theoretical calculations of proton interactions
with the atmosphere (Hajnal & Wilson, 1992; National Council on Radiation Protection
and Measurements, 1995). Early measurements of the atmospheric neutron spectrum are
shown in Figure 4. Hess et al. (1961) measured the neutron spectrum in a bismuth fission
chamber with a boron fluoride counter, supplemented by a model spectrum. Korff et al.
(1979) used a liquid scintillator spectrometer (see section 2.1.1 in Overall introduction)
sensitive mainly to 1–10-MeV neutrons with analysis assuming a simple power law
spectrum. [The Working Group noted that the data of Korff et al. (1979) are for a higher
altitude than those of Hess et al. (1961).] Hewitt et al. (1980) used a Bonner sphere setup (see section 2.1.1 in Overall introduction) at subsonic flight altitudes and analysed the
data after assuming a simplified spectral analysis. Their results confirm the importance
of high-energy neutrons, although the exact nature of the spectrum remains uncertain
owing to limitations of the analytical methods. Nakamura et al. (1987) used a Bonner
sphere set-up at much lower latitudes and multiplied their results by three for a comparison of spectral shape. Incomplete knowledge of the neutron spectrum thus makes the
present estimates uncertain (National Council on Radiation Protection and Measurements, 1995).
Figure 4. Neutron spectra measured at 17.46°° N at
23.5 km by Hajnal and Wilson (1992) and that derived
theoretically by Hess et al. (1961)

NEUTRONS

371

Estimates of dose equivalent rates for exposure to radiation from natural sources
are available in a number of publications, but only a few give separate values for the
contributions of neutrons. Bagshaw et al. (1996) reported that the average rate on
long-haul flights from London to Tokyo was 3 μSv h–1 for neutrons; an additional
3 μSv h–1 for other components gave a total of 6 μSv h–1. Table 1 shows the dose equivalent rates derived with a high-pressure ion chamber and a simplified form of a
Bonner sphere, in relation to altitude and latitude (Akatov, 1993). Although the quality
of the ionizing dose is not given, it can be seen that the neutron dose equivalent rate
represents half or more of the exposure.

Table 1. Atmospheric dose equivalent rates measured on board a
Tupolev-144 aeroplane during March–June 1977 (near solar minimum)
Altitude
(km)

Latitudes (° N)
40–45

13
14
15
16
17
18

46–58

65–72

Ionizing
(μGy h–1)

Neutrons
(μSv h–1)

Ionizing
(μGy h–1)

Neutrons
(μSv h–1)

Ionizing
(μGy h–1)

Neutrons
(μSv h–1)

2.3
2.6
2.8
2.9
3.0
3.1

2.6
3.0
3.0
3.2
3.5
3.4

2.9
3.2
3.4
3.5
3.7
3.8

4.2
5.0
5.4
5.8
6.1
5.5

3.5
4.1
4.7
5.2
–
–

5.0
5.9
6.7
7.6
–
–

From Akatov (1993)

In estimating the collective dose equivalent, UNSCEAR (1993) assumed 3 × 109
passenger hours in flight during 1985 and an annual average rate of 2.8 μSv h–1
(∼1.6 μSv h–1 of neutrons) resulting in a collective dose equivalent of 8400 person–Sv
(5040 person–Sv of neutrons). By 1997, air travel had grown to 4.3 × 109 passenger
hours in flight (ICAO, 1999) leading to a collective dose equivalent of 12 000 person–
Sv (7200 person–Sv of neutrons).
1.3.2

Medical uses

The medical use of neutrons is limited, as no therapeutic benefit has been noted
when compared with conventional radiotherapy; however, neutrons are used to a
limited extent in external beam therapy and boron neutron capture therapy.
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Nuclear explosions

In the reassessment of the radiation dosimetry associated with the atomic
bombings of Hiroshima and Nagasaki, Japan (see Overall introduction, section 4.1.1;
Fry & Sinclair, 1987), the estimated dose of neutrons was reduced in both cities, particularly in Hiroshima, where the new value was only 10% of the previously estimated
level. The neutron doses were now so small (only 1–2% of the total dose in Hiroshima
and less in Nagasaki) that direct estimates of the risk for cancer associated with exposure to neutrons were no longer reliable. The neutron dosimetry is once again under
review and may be revised (National Council on Radiation Protection and Measurements, 1997; Rühm et al., 1998).
1.3.4

Occupational exposure

Occupational exposure to neutrons occurs mainly in the nuclear industry. Compilations have been made of the exposure of nuclear workers in the United Kingdom for
the years 1946–88 (Carpenter et al., 1994) and of those in the USA for the years
1970–80 (Environmental Protection Agency, 1984). In the United Kingdom compilation, the upper limit of the neutron component was estimated to be 3% of the total
exposure (Table 2). The estimates are uncertain because neutron dosimetry was implemented in fuel processing plants only in 1960, a few workers worked at reactors where
there was a significant energetic neutron component for which the dosimetry is
inadequate, and there were systematic under- and over-recordings when the dosimetry
read-outs were below threshold of detection or the dosimeter was in some way inoperative. The average annual dose equivalent for all workers in the United Kingdom was
reduced from 12.5 mSv year–1 (neutrons, < 0.4 mSv year–1) in the early 1950s to
< 2.5 mSv year–1 (neutrons, < 0.1 mSv year–1) in 1985. The average cumulative doses

Table 2. Upper limits of estimated cumulative exposure to neutrons
of radiation workers, by last site of employment, United Kingdom,
1946–88
Employer

No. of
exposed
individuals

Cumulative
whole-body
dose equivalent
(mSv)

Collective
dose equivalent
(person–Sv)

Atomic Energy Authority
Atomic Weapons Establishment
British Nuclear Fuels, Sellafield

21 344
9 389
10 028

1.2
0.3
4.0

26
3.1
40

Total

40 761

1.7

69.1

From Carpenter et al. (1994)
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were highest at the Sellafield nuclear fuel processing plant, where 22 workers had
single annual doses > 250 mSv (neutrons, > 7.5 mSv year–1), seven of whom had
doses > 500 mSv year–1 (neutrons, > 15 mSv year–1).
Occupational exposure to neutrons in the USA in 1980 based on data for 1977–84
are shown in Table 3. It was estimated that such exposure had decreased by a factor
of two between 1970 and 1980 due to improved protection (Klement et al., 1972;
Environmental Protection Agency, 1984).

Table 3. Estimated exposure to neutrons of radiation workers in the
United States, 1980
Employer

No. of
exposed
individuals

Average annual
effective dose
equivalent
(mSv)

Collective
effective dose
equivalent
(person–Sv)

Department of Energy contractors
Nuclear power stations
US Navy

25 000a
1 100
12 000

2.6
0.5
0.24

64
0.6
2.9

Total

38 100

1.8

67.5

From National Council for Radiation Protection and Measurements (1987)
a
Total number of workers

Staff involved in radiotherapy with neutrons are exposed mainly to γ- and β-rays
due to activation of the room and equipment. The dose rates are well below 1 μGy h–1
and are not detectable by personal dosimetry (Smathers et al., 1978; Finch & Bonnett,
1992; Howard & Yanch, 1995).
Neutron sources are used to chart progress in the search for gas and oil resources.
The exposure of oil-well loggers has been monitored with film (Fujimoto et al., 1985)
and nuclear track detectors (Inskip et al., 1991). Canadian workers were exposed to
1–2 mSv year–1 (Fujimoto et al., 1985), whereas Chinese workers monitored for three
months had very low doses of neutrons, only seven of the 1344 workers having doses
above the threshold of detection (0.02 mGy) (Inskip et al., 1991).
The exposure of commercial aircraft crews to neutrons depends not only on the
flight route (see section 1.3.1) but also on the number of flight hours, which may be
as many as 1000 per year. Hughes and O’Riordan (1993) estimated that long-haul
crews are airborne for 600 h year–1, while short-haul crews log only 400 h year–1; they
therefore used an average value of 500 h year–1. Bagshaw et al. (1996) estimated that
crews who fly both ultra-long-haul and long-haul flights fly for 600 h year–1, while
those who fly only ultra-long-haul flights fly for up to 900 h year–1. Oksanen (1998)
found that the annual average number of flight hours of cabin crews was 673 h, while
that of the technical crew was 578 h, with a range of 293–906 h year–1. Air crews have
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additional exposure during off-duty flights in returning to a home base, which are estimated to account for 20% of the actual flight hours logged.
Hughes and O’Riordan (1993) estimated an average dose equivalent of 3 mSv
year–1 (neutrons, ~1.8 mSv year–1) for crews on United Kingdom airlines and 6 mSv
year–1 (neutrons, ~3.6 mSv year–1) for near-polar flights. Montagne et al. (1993)
estimated that the average exposure of Air France long-haul pilots was 2–3 mSv year–1
(neutrons, ~1.2–1.8 mSv year–1). Wilson et al. (1994) estimated that the exposure of
domestic crews in Australia in 1982–83 was 1–1.8 mSv year–1 (neutrons,
~0.6–1.1 mSv year–1), while crews of international flights received 3.8 mSv year–1
(neutrons, ~2.3 mSv year–1). Preston (1985) proposed an average dose equivalent of
9.2 μSv h–1 (neutrons, ~5.5 μSv h–1) in British Airways operation of the Concorde in
1979, with a maximum observed rate of 38.1 μSv h–1 (neutrons, ~23 μSv h–1). The
average exposure of the technical crew was 2.8 mSv year–1 (neutrons, ~1.7 mSv
year–1 ) and that of the cabin crew was 2.2 mSv year–1 (neutrons, ~1.3 mSv year–1).
Similar differences (20–30%) between the exposures of personnel on the flight deck
and in the cabin were observed by Wilson et al. (1994). Differences of up to 20%
between aircraft type were also observed.
1.4

Summary

The average effective dose of neutrons received by the world population per year
was estimated to be 80 μSv by UNSCEAR (1993). Assuming a 75-year life span, the
average lifetime dose would be 6.0 mSv. The highest average lifetime effective dose
of neutrons (67.5 mSv) is found in the high-altitude city (3900 m) of La Paz, Bolivia.
Table 4 gives the individual and collective lifetime doses for a number of populations.
The atomic bombings of Hiroshima and Nagasaki are estimated to have contributed
not more than 2% of the total exposure of the survivors, as estimated from the total
exposure of 24 000 person–Sv of 86 752 persons and the total exposure of 4 Sv of the
‘worst-case’ survivors. Insufficient information was available to estimate the individual average exposure of nuclear workers over a working lifetime. The maximal
known lifetime exposure of contractors of the Department of Energy in the USA was
estimated on the basis of a 50-year career. The collective dose of the world’s nuclear
workers is based on the assumption that workers in the United Kingdom and the USA
represent 20% of such workers. UNSCEAR (1993) estimated that the average total
exposure of the world population from air travel was 2 μSv year–1, of which 60% is to
neutrons, although the maximal individual exposure due to air travel depends mainly
on flight duration. The collective dose for crew members is based on the assumption
that there are five crew members for every 100 passengers.

Table 4. Exposure to neutrons of major exposed human populations
Population

Exposure path

Individual lifetimea
dose (mSv)
Average

Maximum

Collective
dose
(person–Sv
per year)

6.0

67.5

4.64 × 105

Variation

Large

World (5800 million)

Natural sources (cosmic
radiation)

Tumour therapy

Collateral irradiation of healthy
tissue

Survivors of atomic bombs

Fission neutrons

< 5.5

< 80.0

< 480

Nuclear workersb

Civilian and military nuclear fuel
cycle

44.4

130c

350d

Aircrews, courrierse

Flying at high altitude, cosmic
secondary neutrons

30

46

320

Higher on flights over earth
poles

Airline passengers

Flying at high altitude, cosmic
fusion neutrons

0.09

–

7200

Higher on flights over earth
poles

Highly skewed distribution

NEUTRONS

Relatively more important
at lower exposures (?)

From UNSCEAR (1993)
a
75 years
b
50-year career
c
Department of Energy contractors in the USA
d
Workers in the United Kingdom and the USA assumed to represent 20% of all nuclear workers
e
30 years
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2.

Studies of Cancer in Humans

Until the system for estimating the doses received by the survivors of the atomic
bombings in Japan was revised in 1986 (DS86), it was reported consistently that the
incidence of cancers after exposure to similar doses was higher among the survivors
in Hiroshima than among those in Nagasaki (Kato & Schull, 1982). The bomb
dropped on Hiroshima was composed of uranium and that dropped on Nagasaki of
plutonium, but it was believed that the design of the two weapons had resulted in
greater exposure to neutrons in Hiroshima. For many years, differences in cancer rates
and in the frequency of chromosomal aberrations in circulating lymphocytes were
attributed to differences in the quality of radiation, and attempts to separate the effects
of neutrons and γ-rays were made by comparing the rates in Hiroshima with those in
Nagasaki (Committee on the Biological Effects of Ionizing Radiations (BEIR I),
1972). On the basis of these calculations, neutrons were estimated to be about 20 times
more carcinogenic than γ-radiation, although it was recognized that a wide range of
values was possible.
During the early 1980s, the dosimetry of the radiation from the atomic bombs was
reassessed (Fry & Sinclair, 1987; Roesch, 1987a,b). The estimated neutron doses delivered to both cities were now considered to be so small (only 1–2% of the total dose
in Hiroshima and less in Nagasaki) that estimates of the risks for cancer associated
with exposure to neutrons were not reliable (Jablon, 1993; Little, 1997). The change
in the estimates of doses to the Japanese atomic bomb survivors thus meant that there
was no longer a useful database of human exposures for estimating the carcinogenic
risks of exposure to neutrons.
Some workers in the nuclear industry are occasionally exposed to neutrons, but the
number of such workers is too small and the doses are generally too low for any
meaningful estimate of risk. In addition, these workers were also exposed to higher
doses of γ-radiation. In studies of patients treated with neutrons (Catterall et al., 1975,
1977; Hübener et al., 1989; Richard et al., 1989; Kolker et al., 1990; MacDougall
et al., 1990; Silbergeld et al., 1991; Stelzer et al., 1991; Laramore et al., 1993; Russell
et al., 1993), the numbers of survivors and those developing second cancers are small,
and the dosimetry is very complex (Geraci et al., 1982). Other complicating factors
include the killing of cells at the high doses used, scattering of low doses and
contaminating exposures to γ-rays. High-energy linear accelerators for medical use
produce low levels of neutrons through the photonuclear effect, and a dose of the order
of 1 cGy is possible (Hall et al., 1995); however, the dose is again too low—in contrast
to the dose used for tumour treatment, of the order of 6000 cGy—to allow
quantification of the risk for second cancers attributable to neutrons. Epidemiological
studies of air crew, pilots and flight attendants have been initiated because of their
exposure to neutrons from cosmic rays during frequent high-altitude flights (Blettner
et al., 1998; Boice et al., 1999). The annual exposure of air crew is about 1–2 mSv,
which, even after a career of 30 years, is still too low a dose to allow detection, much
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less quantification, of a cancer excess by epidemiological means. In addition, the dosimetry is complex and this population is also exposed directly to ionizing radiation,
making it difficult to evaluate the effects of neutrons.

3.

Studies of Cancer in Experimental Animals

Neutrons have been studied in order to compare their carcinogenicity with that of
low-LET radiations such as X-radiation and γ-radiation, not only to improve understanding of the risks of exposure to neutrons but also to test biophysical models and
their applicability to radiation-induced cancer. This section does not give a comprehensive presentation of all studies in animals. The studies in mice summarized below
are those which have provided data on dose–response relationships and on the effects
of fractionation and dose rate at low doses of neutrons. The results of experiments in
other species provide evidence that the results in mice are not unique.
3.1

Adult animals

3.1.1

Mouse

Groups of 21–114 male and 31–197 female non-inbred RF/Un mice, 10 weeks of
age, were exposed to 0–9.3 Gy of whole-body irradiation with 1-MeV or 5-MeV
neutrons [source and γ-radiation component not specified] at dose rates of 0.04–
114 mGy day–1 and 0.00003–850 mGy min–1. The animals were allowed to die naturally or were killed when moribund, at which time all animals were necropsied. Only
selected lesions were examined histopathologically, as needed, to confirm diagnosis.
In the control group of 301 unirradiated females and 115 unirradiated males, neoplasms occurred in about 64% of females and 47% of males. The incidence of myeloid
leukaemia was markedly increased by acute exposure, passing through a maximum at
2 Gy and declining at higher doses (Table 5). Chronic irradiation at up to 5.7 Gy also
enhanced the incidence, but this declined after exposure to 9.3 Gy. The incidence of
reticulum-cell neoplasms, in contrast to those of myeloid leukaemia and thymic
lymphoma, decreased with the increased doses delivered at a high rate. Of the unirradiated control mice, 11–14% had pulmonary tumours (adenomas); in treated mice,
however, the incidences decreased with increasing dose. The incidence of ovarian
tumours (granulosa-cell tumours, luteomas, tubular adenomas and haemangiomas)
was statistically significantly increased (p < 0.05) only at the lowest dose of 16 mGy
at a rate of 0.00003 mGy min–1 [statistical method not specified]. The incidences of
solid tumours other than of the lung and ovary were increased in the irradiated
animals, but the numbers were reported to be insufficient to establish a quantitative
dose–effect relationship. The relative biological effectiveness (RBE; see section 1.2)
for the induction of myeloid leukaemia was 16 with daily and chronic exposure as

Mean
accumulated
dose (Gy)

–
0.00003
0.00021
0.0015
0.00022
0.0007
0.0004
0.033
0.0062
0.0012
0.0043
0.0037
0.0034
0.0062
0.0099
0.033
0.0033
0.0185
0.0099
0.0275
0.0171
0.0098
0.0207
0.0185
0.083

No. of
mice

Mean age
at death
(days)

Myeloid
leukaemia
(%)

Thymic
lymphoma
(%)

Ovarian
tumours
(%)

Pulmonary
tumours
(%)

Other solid
tumours
(%)

301
111
97
79
99
117
129
50
100
148
90
60
120
197
49
85
123
50
49
58
49
120
186
50
50

582
584
549
558
566
558
549
533
544
578
522
523
471
464
509
464
489
451
370
324
431
398
301
363
189

3
5
8
6
7
3
4
4
8
4
8
7
9
12
5
15
14
15
8
20
9
17
12
23
2

12
11
11
9
7
8
12
8
11
11
19
10
21
19
27
20
12
41
39
25
40
35
45
25
20

2
19
2
4
4
5
1
0
4
2
4
9
2
3
14
5
6
4
2
2
9
1
2
0
0

11
15
10
13
11
14
12
12
15
17
4
17
12
14
5
7
17
7
8
4
13
10
6
16
2

3
4
1
2
3
4
2
2
4
4
3
0
7
4
5
4
4
2
0
0
4
3
2
0
0
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Females
0
0.016
0.12
0.15
0.16
0.16
0.27
0.28
0.30
0.31
0.33
0.68
0.75
0.94
0.96
0.98
1.69
2.10
2.11
2.39
2.91
3.90
4.61
5.70
9.30

Average
dose rate
(mGy min–1)
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Table 5. Time to death and incidences of tumours in various organs of RF/Un mice exposed to fast neutrons

Table 5 (contd)
Average
dose rate
(mGy min–1)

Females (contd)
2.03
2.60
3.60
4.43

850
850
850
850

Males
0
0.17
0.29
1.20
1.30
1.72
2.22
2.70
3.32

–
0.0012
0.0029
0.0243
850
850
850
850
850

No. of
mice

Mean age
at death
(days)

Myeloid
leukaemia
(%)

Thymic
lymphoma
(%)

Ovarian
tumours
(%)

31
60
98
82

382
304
360
342

20
16
10
9

23
10
23
16

10
7
8
7

115
77
69
21
27
48
114
103
79

548
561
482
502
460
436
428
413
408

3
8
17
29
33
34
38
30
23

1
1
1
5
7
11
4
5
9

Pulmonary
tumours
(%)

Other solid
tumours
(%)

0
4
4
2

0
0
2
1

14
17
17
19
11
11
7
8
13

2
1
1
5
0
2
1
3
4

NEUTRONS

Mean
accumulated
dose (Gy)

From Upton et al. (1970)
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compared with acute exposure (Upton et al., 1970). [The Working Group noted that
the tumour incidences were not analysed for competing causes of death. Since a large
fraction of the irradiated mice died early from myeloid leukaemia, such an analysis for
solid tumours is essential.]
A total of 3265 female RFM/Un mice, 12 weeks of age, received whole-body irradiation with neutrons at doses of 0.048, 0.096, 0.192, 0.24, 0.47, 0.94 or 1.88 Gy at
rates of 50 or 250 mGy min–1 or 10 mGy day–1. A reactor was used to deliver the high
dose rate, and the low dose rate was produced from a 1.1-mg 252Cf source surrounded
by a depleted 238U sphere (Storer et al., 1979). The ratios of neutrons:γ-rays were 7:1
for the reactor and 3:1 for the 252Cf source. A control group of 648 mice was available.
The animals were followed for life, and tumours were diagnosed histologically.
A positive dose–response relationship for thymic lymphoma was observed at all doses
up to 1.0 Gy at both dose rates; at the highest dose, the low dose rate was more
effective (Table 6). At low doses, a weak dependence on rate was observed. Increased
incidences of thymic lymphoma, lung adenoma and endocrine tumours were seen at
doses as low as 0.24 Gy. The highest dose of radiation at the low rate (10 mGy day–1)
appeared to induce thymic lymphomas more efficiently than irradiation at the high
dose rate (250 mGy min–1). The incidence of ovarian tumours was lower at all doses
given at the low rate than at the high rate. After exposure to doses of 0.24–0.47 Gy,
the RBE for thymic lymphoma was 3–4 in relation to acute exposure to 137Cs γ-rays,
and the induction of mammary tumours also appeared to be more sensitive to
neutrons; however, no apparent effect of dose or dose rate was reported over the dose
range used. Because of the relatively large carcinogenic effect, the authors concluded
that the γ-radiation component had little or no effect on the dose–response relationship
observed (Ullrich et al., 1976).
The dose–response relationships for the induction of lung tumours were studied in
592 female RFM/Un mice, 10–12 weeks of age, given thoracic exposure to 0.05–
1.5 Gy of fission neutrons at a rate of 50–250 mGy min–1 and compared with 88
controls. When the mice were killed nine months after irradiation, the relationship
between the number of lung tumours per mouse and doses up to 0.25 Gy was linear,
or a threshold model with a linear response above the threshold was reported. The
RBE increased with decreasing dose from 25 at 0.25 Gy to 40 at 0.10 Gy in relation
to acute exposure to X-rays (Ullrich et al., 1979). In another study (Ullrich, 1980),
mice of the same strain were irradiated with 0, 0.1, 0.15, 0.2, 0.5, 1.0 or 1.5 Gy as
either single doses or two equal doses separated by 24-h or 30-day intervals. The
animals were observed until nine months of age. Dose fractionation had no effect on
lung tumour induction at any dose.
In a study with female BALB/c/AnNBd mice, 296 control and 3258 irradiated mice,
12 weeks of age, received whole-body exposure to fission spectrum neutrons at doses of
0, 0.048, 0.096, 0.192, 0.24, 0.47, 0. 94 or 1.88 Gy at a dose rate of 50 or 250 mGy min–1
or 10 mGy day–1. The animals were observed for life, and the induced tumours were
examined histologically. The tumours that were most sensitive to induction by neutrons
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Table 6. Incidences of neoplasms in female RFM/Un mice after neutron irradiation at various doses and rates
Dose rate

Type of neoplasm

Incidence (%)
0

50 mGy
min–1

Thymic lymphoma
Lung adenoma
Endocrine tumours

7.3
24
7.0
0

0.048 Gy
11
10
5.2
0.24 Gy

0.096 Gy
11
24
11
0.47 Gy

0.192 Gy
20
30
50
0.94 Gy

0.47 Gy
33
46
54
1.88 Gy

250 mGy
min–1

Thymic lymphoma
Reticulum-cell sarcoma
Myeloid leukaemia
Other leukaemias
Lung adenoma
Ovarian tumours
Pituitary tumours
Harderian gland tumours
Uterine tumours
Mammary tumours
Other solid tumours

4.6
62
0
6.4
31
0
3.9
0
1.3
2.6
3.9

24
53
0.56
6.9
42
20
7.9
13
11
8.0
14

30
53
5.3
7.5
45
25
29
28
25
8.4
24

40
52
1.3
7.7
53
52
21
35
27
10
20

39
31
0.62
9.6
16
39
16
6.3
19
3.9
26

10 mGy
day–1

Thymic lymphoma
Reticulum-cell sarcoma
Myeloid leukaemia
Other leukaemias
Lung adenoma
Ovarian tumours
Pituitary tumours
Harderian gland tumours
Uterine tumours
Mammary tumours
Other solid tumours

–
–
–
–
–
–
–
–
–
–
–

18
64
0
4.4
48
2.3
11
11
4.8
7.3
21

25
58
2.4
2.9
48
8.7
11
20
17
7.6
14

43
48
0.27
3.1
53
22
19
25
21
5.4
21

63
45
0.26
4.2
32
24
2.5
4.5
18
8.9
12

From Ullrich et al. (1976)

were malignant lung adenocarcinomas, mammary adenocarcinomas and ovarian
tumours, and increases in the incidences of these three types of tumours were observed
after exposure to doses of neutrons as low as 50–100 mGy at a high dose rate (Table 7;
Ullrich et al., 1977).
Groups of 140–182 female BALB/c/AnNBd mice, 12 weeks of age, received a
single whole-body exposure to 0.025, 0.05, 0.10, 0.20, 0.50 or 2.0 Gy of fission
neutrons at a dose rate of 50–250 mGy min–1. The animals were studied for life, and
tumours were examined histologically. A group of 263 controls was available. The
ovary was very sensitive to the induction of tumours (granulosa-cell tumours, luteomas
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Table 7. Incidences of leukaemias and solid tumours in neutron-irradiated female BALB/c mice
Dose
(Gy)

Thymic
lymphoma
(%)

Reticulum-cell
sarcoma
(%)

Lung adenoma
(%)

Lung
adenocarcinoma
(%)

Mammary
tumours
(%)

Ovarian
tumours
(%)

Control
50 mGy min–1

0
0.048
0.096
0.192
0.47
0.24
0.47
0.94
1.88
0.24
0.47
0.94
1.88

1.1 ± 0.6
1.0 ± 0.9
2.1 ± 1.4
2.2 ± 1.6
2.8 ± 1.7
1.8 ± 0.8
2.4 ± 0.7
4.1 ± 1.3
4.5 ± 1.2
2.1 ± 1.2
2.3 ± 0.9
2.9 ± 1.0
6.1 ± 1.6

41 ± 4.1
39 ± 6.6
32 ± 6.5
30 ± 5.8
27 ± 4.6
29 ± 4.6
32 ± 6.4
26 ± 5.4
21 ± 3.6
38 ± 4.5
36 ± 4.8
36 ± 4.1
28 ± 6.2

26 ± 4.5
11 ± 5.4
13 ± 6.2
17 ± 4.9
28 ± 4.6
25 ± 4.5
27 ± 5.4
30 ± 4.9
23 ± 3.3
28 ± 5.1
23 ± 5.1
22 ± 4.0
13 ± 2.6

13 ± 3.4
27 ± 4.8
39 ± 5.1
19 ± 5.1
22 ± 4.7
19 ± 4.8
23 ± 5.1
19 ± 5.7
13 ± 5.2
13 ± 4.6
27 ± 5.7
32 ± 5.5
43 ± 5.7

7 ± 1.6
7 ± 2.6
25 ± 4.5
18 ± 5.0
17 ± 5.6
17 ± 2.4
19 ± 3.7
17 ± 3.9
15 ± 5.4
14 ± 2.9
17 ± 3.7
19 ± 3.8
45 ± 5.3

6 ± 2.1
7 ± 4.1
11 ± 4.6
20 ± 4.9
49 ± 4.0
37 ± 4.6
57 ± 5.4
62 ± 3.5
39 ± 5.5
7 ± 2.9
10 ± 3.7
19 ± 4.2
21 ± 5.1

250 mGy min–1

10 mGy day–1

From Ullrich et al. (1977); incidences are means ± SE.
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and tubular adenomas), the incidence increasing from 2% in controls to 76% after
exposure to 0.50 Gy; at 2.0 Gy, the incidence was 56%. For mammary adenocarcinomas, a linear dose–response relationship was reported up to a dose of 0.50 Gy, from
8% in controls to 25%. For lung adenocarcinomas, a convex upward curve was seen
over the dose range 0–0.50 Gy. In the dose range 0.1–0.2 Gy, the dose–response curve
for the induction of lung and mammary tumours appeared to ‘bend over’. The percentage incidences of lung and mammary adenocarcinomas and ovarian tumours are given
in Table 8 (Ullrich, 1983).

Table 8. Incidences of solid tumours in female BALB/c
mice after fission neutron irradiation
Dose
(Gy)

No. of
animals

Lung
adenocarcinoma
(%)

Mammary
adenocarcinoma
(%)

Ovarian
tumours
(%)

0
0.025
0.05
0.10
0.20
0.50
2.0

263
140
160
160
167
182
182

15 ± 2.4
17 ± 3.7
21 ± 4.3
18 ± 4.0
30. ± 6.1
37 ± 6.9
27 ± 6.1

8 ± 1.7
11 ± 2.9
17 ± 3.8
18 ± 4.2
20 ± 4.7
25 ± 5.5
8 ± 3.2

2 ± 1.0
3 ± 1.4
7 ± 2.1
10 ± 2.6
16 ± 3.7
76 ± 3.0
56 ± 3.8

From Ullrich (1983); incidences are means ± SE.

In the same model, the effects of dose rate and of dose fractionation on the carcinogenic effects of fission spectrum neutrons were examined for doses of 0, 0.025, 0.05,
0.10, 0.20 or 0.50 Gy in 263 controls and 140–191 animals in the various irradiated
groups. Whole-body irradiation was given as a single dose or split at 24-h or 30-day
intervals at dose rates of 10–250 mGy min–1, depending on the total dose. The incidence of ovarian tumours was not altered by fractionation, but lowering the dose rate
reduced the incidence of ovarian tumours and enhanced the frequency of mammary
tumours at doses as low as 0.025 Gy (Ullrich, 1984).
A total of 1814 male RFM/Un mice, 10 weeks of age, were exposed by wholebody irradiation to 0.05, 0.1, 0.2, 0.4 or 0.8 Gy of fission neutrons at a rate of
0.25 Gy min–1. The radiation facility was the same as that used in previous studies. A
group of 602 controls was available. The lifetime incidence of myeloid leukaemia was
increased in a dose-related manner from 0.8 ± 0.4 in controls to 2.1 ± 0.5 at 0.05 Gy,
2.6 ± 0.7 at 0.1 Gy, 4.8 ± 1.3 at 0.2 Gy, 7.5 ± 2.2 at 0.4 Gy and 14.9 ± 3.8% at 0.8 Gy.
In comparison with acute 137Cs γ-radiation, the RBE for myeloid leukaemia was 2.8
(Ullrich & Preston, 1987).
Radiation-induced late somatic effects and the shapes of the dose–response curves
after graded doses of 1.5-MeV fission neutrons at 0.17, 0.36, 0.71, 1.07, 1.43, 1.79 or
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2.14 Gy were reported in 360 male BC3F1 [(C57BL/Cne × C3H/HeCne) F1] mice,
three months of age, after whole-body irradiation. The γ-ray component represented
about 12.5% of the total dose. A control group of 561 male mice was available. A
significant decrease in the mean life span was observed at 0.36 Gy and with increasing
doses from 1.07 to 2.14 Gy (p < 0.001, Student’s t test). Myeloid leukaemia, malignant
lymphoma and solid tumours including cancers of the lung, liver and soft tissues were
observed. A significant increase in the incidence of myeloid leukaemia was reported
at doses of 0.71 to 1.79 Gy (p < 0.001, χ2 test) when compared with controls (0%).
A significant decrease in the incidence of malignant lymphoma was observed after
exposure to 1.43–2.14 Gy. The incidences of solid tumours were significantly
(p < 0.05) increased even at doses of 0.36–1.79 Gy when compared with controls
(31%). The incidence of myeloid leukaemia fit a curvilinear model, and the RBE at
the lowest dose of 0.17 Gy was about 4 with reference to an acute dose of 250-kVp
X-rays (Covelli et al., 1989).
The thoraxes of 474 male and 464 female SAS/4 albino outbred mice, three
months of age, were exposed locally to 0.10, 0.25, 0.5, 0.75, 1, 2, 3 or 4 Gy of fast
neutrons (mean energy, 7.5 MeV, with 3% γ-rays, beryllium target) at a rate of
1.06 Gy min–1; the rest of the body was shielded. At the time of irradiation, the mice
were anaesthetized with 57 mg (kg bw)–1 sodium pentobarbitone. A group of 219 male
and 210 female controls was available. After 12 months of irradiation, the animals
were necropsied. Histologically, the lung tumours appeared to be a mixture of benign
encapsulated adenomas and malignant invasive adenocarcinomas. The dose–response
curve for animals of each sex was ‘bell shaped’ and steeply linear up to 1 Gy, peaked
between 1 and 3 Gy and sharply declined at 4 Gy. In females, the incidences of lung
tumours were 9% at 0 Gy (control) and 17.5, 24.1, 25.5, 27.9, 30.5, 33.9, 29.5 and
15.5% at the respective doses; in males, the percentage incidences were 16.5
(controls), 28.3, 32.7, 27.6, 29.1, 41.5, 42.2, 44.9 and 20.0%, respectively. The RBE
for doses < 1 Gy of neutrons in comparison with < 3 Gy of 200-kVp acute X-ray exposure was 7.1 for females and 4.5 for males (Coggle, 1988).
Groups of 60 female (C57BL/6N × C3H/He) F1 (B6C3F1) mice, seven to eight
weeks of age, were exposed by whole-body irradiation to a dose of 0.27 Gy at
0.059 mGy min–1 or 2.7 Gy at 0.53 mGy min–1 from 252Cf fission neutrons (mean
energy, 2.13 MeV; 35% γ-ray contamination). A group of 60 age-matched females was
used as controls. The carcinogenic effects were examined 750 days after irradiation by
gross observation and histopathologically. Both doses induced significantly higher
incidences of neoplasms in the ovary, pituitary gland, Harderian gland, liver,
mammary gland and reticulum cells (at 2.7 Gy only) and of lipoma (at 0.27 Gy only)
(χ2 test). No RBE was reported. There was no significant increase in the incidences of
tumours in the lung, uterus and vagina, adrenal gland, soft tissue, bone, pancreas,
stomach or thyroid gland, or of haemangiosarcoma or leukaemia after exposure to
0.27 or 2.7 Gy. More frequent development of multiple tumours was reported in the
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neutron-irradiated animals in comparison with animals exposed to γ-rays (60Co, 137Cs)
(Seyama et al., 1991).
In a study of the influences of strain and sex on the development of tumours, 190
male and 151 female B6C3F1 hybrid (C57BL × C3H), 65 male and 60 female C3B6F1,
117 male and 112 female C57BL/6N and 156 male and 139 female C3H/HeN mice, six
weeks of age, were exposed by whole-body irradiation to 0 (control), 0.125, 0.5 or 2 Gy
of 252Cf neutrons at a rate of 6–8 mGy min–1 (mean energy, 2.13 MeV; γ-ray component, 35%) and were observed up to 13 months of age. Tumours were identified histopathologically. The total tumour incidence was high in C3H/HeN, moderate in B6C3F1
and C3B6F1 and low in C57BL/6N mice (Table 9) because of high frequencies of liver
tumours in males and ovarian tumours in females. A dose-dependent increase in liver
tumours was reported in both males and females of all strains but the increase was
greater in males than in females. Ovarian tumours were more frequent in C3H/HeN
mice, followed by B6C3F1, C3B6F1 and C57BL/6N. Of the strains and hybrids,
B6C3F1, C57BL/6N and C3H/HeN were the most sensitive to low doses around
0.50 Gy (Ito et al., 1992; Takahashi et al., 1992).
In a series of experiments during the period 1971–86, thousands of male and
female B6C3F1 mice were exposed by whole-body irradiation to single or fractionated
doses of fission neutrons. The effects on survival were reported by Ainsworth et al.
(1975), Thomson et al. (1985a,b, 1986) and Thomson and Grahn (1988). In a report
on tumour induction, several thousand male and female B6CF1 (C57BL/6 × BALB/c)
mice, 110 ± 7 days of age, were exposed to 0–2.4 Gy of fission neutrons, as single
doses, 24 equal doses once weekly or 60 equal doses once weekly. The mean energy
was 0.85 MeV; 2.5% of the dose was due to γ-radiation and 0.1% was thermal
neutrons. A total of 901 age-matched males and 1199 age-matched females were used
as controls. All the mice were followed for life, and the tumours were identified histopathologically. Most of those found in both control and irradiated mice were lymphoreticular, vascular and pulmonary tumours. About 85% of the irradiated mice died
with or from one or more neoplasms. Dose-dependent increases in the incidence of
lymphoreticular, lung, liver, Harderian gland and ovarian tumours were observed. The
connective tissues showed less sensitivity to radiation-induced cancers than epithelial
tissues, and the latter showed RBE values of 75 or greater with reference to chronic
exposure to γ-rays (Grahn et al., 1992).
A total of 742 male BC3F1 mice, three months of age, were exposed to five equal
daily fractions of fission neutrons with a mean neutron energy of 4 MeV and a 12%
γ-ray component, to yield cumulative doses of 0.025, 0.05, 0.1, 0.17, 0.25, 0.36, 0.535
and 0.71 Gy, given at a rate of 4 mGy min–1. A group of 193 controls was available.
The animals were kept for life, and tumours were examined grossly and histopathologically. The incidence of myeloid leukaemia showed a significant positive trend
(Peto’s test) at doses of 0–0.17 Gy and up to 0.36 Gy. The incidence of epithelial
tumours was increased significantly (p < 0.001) at doses from 0.17 Gy, those of liver
and lung tumours at doses from 0.025 Gy, that of skin tumours from 0.36 Gy and that
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Table 9. Strain and sex differences in the incidence of 252Cf neutron-induced tumours in mice
Reference

Dose
(Gy)

Effective
no. of mice

Survival rate
(%)

Liver
tumours
(%)

Lymphoma
(%)

Adrenal
tumours
(%)

23
32
31
31

82
100
97
91

0
6.3
3.2
9.7

0
9.4
3.2
16

25
30
31
26

89
94
97
81

0
3.3
0
3.8

16
13
19
15

0
0
3.2
12

43
28
37
48

78
88
95
79

40
61
70
71

2.3
0
14
6.3

2.3
3.6
19
4.2

35
29
40
35

100
91
100
79

11
0
18
31

2.9
0
13
2.9

0
0
0
15

Ovarian
tumours
(%)

C57BL/6N
Male
0
0.125
0.50
2.0

0
0
0
3.2

Female
0
0.125
0.50
2.0

12
20
9.7
0

C3H/HeN
Male
0
0.125
0.50
2.0
Female
0
0.125
0.50
2.0

66
35
94
85
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Ito et al.
(1992)

Strain and sex

Table 9 (contd)
Reference

Ito et al.
(1992)
(contd)

Dose
(Gy)

Strain and sex

Effective
no. of mice

Survival rate
(%)

Liver
tumours
(%)

Lymphoma
(%)

Adrenal
tumours
(%)

34
31

100
97

12
55

0
3.2

0
0

33
27

97
84

0
19

0
3.7

0
30

53
24
24
30
30
29

96
100
100
94
94
91

3.8
13
21
37
43
62

63
29
30
29

95
91
94
91

3.2
3.4
6.7
28

Ovarian
tumours
(%)

C3B6F1
Male
0
2.0
C3B6F1
Female

Takahashi
et al. (1992)

6.1
0

B6C3F1
Male
0
0.03
0.06
0.125
0.50
2.0

Not studied

NEUTRONS

0
2.0

0
0
0
3.3
0
0

Female
0
0.125
0.50
2.0

0
3.4
6.7
21

4.8
28
80
62
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of soft-tissue tumours only at the highest dose, 0.71 Gy. The total numbers of solid
tumours in the lung, liver, gastrointestinal tract, adrenal gland, kidney, soft tissues,
mammary gland, urinary bladder, vascular system, bone, Harderian gland, skin and
salivary gland were 33, 41, 25, 28, 24, 24, 26, 20 and 27 at the respective doses. There
were no differences in survival or tumour incidence between this study at 4 mGy min–1
(Di Majo et al., 1994) and a previous report (Di Majo et al., 1990) in which dose rates
of 50 and 250 mGy min–1 were used. In a subsequent study, it was shown that male
CBA/Cne mice were more susceptible to tumour induction than females (Di Majo
et al., 1996).
A total of 4689 male and female hybrid B6CF1 (C57BL/6 Bd × BALB/c Bd) mice,
16 weeks of age, were exposed to fission neutrons at doses of 0.06, 0.12, 0.24 or 0.48
Gy in 24 weekly fractions of 0.0025 Gy, 12 fractions of 0.01 Gy every two weeks, six
fractions of 0.04 Gy every four weeks or three fractions of 0.16 Gy every eight weeks.
A group of 398 male and 396 female controls was available. The animals were
observed for life, and tumours were identified histopathologically. The survival and
the incidences of most neoplasms increased with dose in the low-dose range
(Table 10). Fractionation of the neutron dose did not affect the magnitude of the
response at equal total doses (Storer & Fry, 1995).
3.1.2

Rat

Most of the studies of the carcinogenicity of neutrons in rats have addressed the
effects on the mammary gland (Table 11). The tumour incidence was shown to be
influenced by strain and hormonal status (Clifton et al., 1975, 1976a,b; Shellabarger
et al., 1978; Jacrot et al., 1979; Shellabarger et al., 1982, 1983). The most comprehensive studies are summarized below.
A total of 312 adult female Sprague-Dawley/ANL rats, two to three months of age,
were exposed by whole-body irradiation to single doses of 0 (control), 0.05, 0.10–0.12,
0.18–0.22, 0.35, 0.5, 1.5 or 2.5 Gy of fission neutrons (10–15% γ-ray contamination, see
Vogel, 1969). The animals were observed for life, and mammary tumours were examined histologically. At the end of the study, the percentages of rats with mammary
tumour were 48, 78, 85, 73, 80, 84, 87 and 76% at the different doses, respectively. Of
the 126 mammary tumours in 223 rats irradiated with 0.05–2.5 Gy, 66% were benign (67
fibroadenomas, four fibromas, one fibrolipoma, eight adenofibromas and three cystadenomas), and 34% were malignant (13 sarcomas and 30 carcinomas). The RBE in
relation to an acute dose of 250-kVp X-rays was 20–60. In a comparison of partial and
whole–body exposures to a dose of 0.35 Gy of neutrons, 28 animals received irradiation
of one mammary gland at a mean energy of 540 ± 50 keV and 15 animals were exposed
to 0.35 Gy of fission neutrons with a mean energy of about 1 MeV. Palpable mammary
tumours (mostly fibroadenomas) developed in 75% of those receiving partial irradiation
and 80% of those given whole-body exposure (Vogel & Zaldivar, 1972).

Table 10. Survival and incidences of tumours in various organs of BCF1 mice exposed to single or fractionated doses of fission
neutrons
Dose
(Gy)

No. of
animals

Mean
survival
(days)

Incidence (%)
Lung
carcinoma

Reticulumcell
carcinoma

Other lymphoma and
leukaemia

Fibrosarcoma

Vascular
tissue

Liver
tumour

Breast
carcinoma

Osteosarcoma

Ovarian
tumour

Other
epithelial

Single doses
398
396
393
397
398

913
888
875
870
848

32
31
28
36
39

17
22
23
25
24

2.8
2.8
3.2
2.5
3.5

Females
0
0.025
0.05
0.1
0.2

396
386
389
391
390

938
943
926
895
866

13
12
12
15
21

35
32
39
41
46

12
9.3
14
12
13

Males
0
24 × 0.0025 = 0.06
12 × 0.01 = 0.12
4 × 0.06 = 0.24
3 × 0.16 = 0.48

398
193
191
196
199

913
875
825
825
777

32
36
41
43
60

17
20
26
3.1
43

2.8
3.0
11
2.8
7.5

29
36
47
49
67

Females
0
24 × 0.0025 = 0.06
12 × 0.01 = 0.12
4 × 0.06 = 0.24
3 × 0.16 = 0.48

396
194
190
192
194

938
926
894
841
800

13
17
13
23
33

35
42
48
56
68

12
10
15
20
22

6.6
7.1
11
16
11

29
32
36
32
49
6.6
5.7
8.3
7.6
5.5

6.8
6.4
4.9
5.8
6.8
6.1
6.2
8.8
9.4
7.5

8.3
9.7
11
12
13
0.51
1.6
1.5
2.9
2.8

–
–
–
–
–
9.1
9.0
7.4
10
9.6

–
–
–
–
–
0.76
0.52
0.60
0.94
1.7

–
–
–
–
–

NEUTRONS

Males
0
0.025
0.05
0.1
0.2

1.3
2.6
2.4
5.7
11

Fractionated doses
8.3
5.9
9.2
11
15

–
–
–
–
–

6.1
4.4
4.8
14
3.3

0.51
–
2.6
12
11

9.1
4.9
8.4
12
12

–
–
–
–
–
0.76
0.65
1.4
0.93
3.3

–
–
–
–
–

1.3
3.6
4.5
11
17

1.3
1.9
3.2
5.0
11

389

From Storer & Fry (1995); –, no tumours

6.8
2.7
4.5
6.0
8.5
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Table 11. Mammary tumours in rats and mice after exposure to neutrons
Species and
strain

Dose
(Gy)

SpragueDawley/
ANL rat

0
0.05
0.10–0.12
0.18–0.22
0.35
0.50
1.50
2.50

Fischer rat

0
0.50

SpragueDawley rat

0
0.01
0.04
0.16
0.64

SpragueDawley rat

0
0.25
0.5
0.10
0.20
0.40

SpragueDawley rat

0
0.5 + 0.5
0.10
0.10 + 0.10
0.20
0.35 + 0.35
0.70

SpragueDawley rat

0
0.6

Wistar/
Furth rat

0
0.48
0.089
0.195

Mean
energy
(MeV)

No. of
animals
with
tumours

Incidence
of tumours
(%)

Reference

89
27
34
41
25
31
31
34

43
21
29
30
20
26
27
26

48
78
86
73
80
84
87
76

Vogel &
Zaldivar
(1972)

Not
reported

24
24

2
17

8
71

Clifton et al.
(1976a)

0.43

167
182
89
68
45

20
28
16
21
26

12
15
18
31
58

Shellabarger
(1976)

14.5

31
30
30
25
25
25

2
0
6
6
6
17

6.5
0
20
24
40
68

Montour et al.
(1977)

1.2

62
40
38
29
29
35
37

2
6
10
15
10
22
20

3
15
26
52
34
63
54

Vogel (1978)

14.8

60
38

1
4

1.7
11

Jacrot et al.
(1979)

2.0

18
16
16
16

0
1
0
0

0
6.3
0
0

1

No. of
animals

Yokoro et al.
(1980)
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Table 11 (contd)
Species and
strain

Dose
(Gy)

Mean
energy
(MeV)

SpragueDawley rat

0
0.02
0.08
0.32
0
0.05
0.15
0.50
0
0.05
0.2
0.8
0
0.15
0.50
1.5
0
0.05
0.2
0.8
0
0.15
0.5
1.5

0.5

WAG/Rij
rat

BN/Bi rat

BALB/c
mouse

0
0.25
0.5
0.10
0.20
0.50
2.00

15

0.5

15

0.5

15

1

No. of
animals

No. of
animals
with
tumours

Incidence
of tumours
(%)

Reference

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

Not
reported

30
15
53
63
30
40
65
90
27
20
33
53
27
35
58
56
8
11
19
44
8
22
56
78

Broerse et al.
(1987)

263
140
160
160
167
182
182

Not
reported

7.9
11
17
18
20
25
8.4

Ullrich (1983,
1984)

Groups of 110 female Sprague-Dawley rats, two months of age, were exposed to
single doses of 0.1, 0.2 or 0.7 Gy or to split doses of 0.05 + 0.05, 0.1 + 0.1 and 0.35 +
0.35 Gy at 24-h intervals; 62 rats served as unirradiated controls. The radiation was
235U fission neutrons with a mean energy of 1.2 MeV and a neutron:γ-ray ratio of
approximately 7:1. Induction of mammary tumours was examined 11 or 12 months
after irradiation [mode of examination not given]. Mammary tumours were reported in
2/62 controls, 10/38 at the single dose of 0.1 Gy and 6/40 given split exposure, in 10/29
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at the single dose of 0.2 Gy and 15/29 given split exposure, in 20/37 at the single dose
of 0.7 Gy and 22/35 given split exposure. No significant difference was seen in the incidence of mammary tumours with the single and the paired neutron doses (Vogel, 1978).
Groups of 15 and 34 female Long-Evans/Simonsen, 14 and 36 female SpragueDawley/Harlan, 15 and 34 female Buffalo/Simonsen, 14 and 36 female Fischer 344/
Simonsen and 14 and 36 female Wistar-Lewis/Simonsen rats, two months of age,
received whole-body irradiation with a single dose of 0 (control) or 0.5 Gy of fission
neutrons (see Vogel, 1969). One year after irradiation, mammary tumours were identified histopathologically. The Long-Evans and Sprague-Dawley strains were the most
sensitive, Buffalo and Fischer rats were moderately sensitive, and Wistar-Lewis rats
were quite resistant to radiation-induced mammary tumours, the incidences being 56,
56, 29, 26 and 5.5% in exposed rats of the five strains, respectively (Table 12). This
result strongly suggested a genetic predisposition in neutron-induced mammary tumorigenesis in rats (Vogel & Turner, 1982).
Groups of 20 (intermediate and high dose) or 40 (control and low dose) female
WAG/Rij, BN/BiRij and Sprague-Dawley rats, eight weeks of age, were exposed by
whole-body irradiation to single or fractionated doses of monoenergetic neutrons of
0.5, 4 or 15 MeV. In subsequent experiments, the numbers of animals in these groups
were increased to 40 and 60, respectively. The animals were observed for life, and
tumours were identified by gross and histopathological observation. The three strains
developed different types of tumours and showed marked differences in susceptibility
for mammary tumorigenesis. The RBE of the 0.5-MeV energy neutrons in relation to
acute exposure to 300-kVp X-rays was 15 for the induction of adenocarcinomas and
13 for fibroadenomas in WAG/Rij rats and 7 for the induction of fibroadenomas in
Sprague-Dawley rats (Broerse et al., 1986, 1987). [The Working Group noted that the
numbers of animals in each group were not clearly stated.]
A total of 135 female Sprague-Dawley rats, 35–40 days of age, were exposed to
doses of 0.025, 0.05, 0.1, 0.2 or 0.4 Gy of 14.5-MeV energy neutrons produced by a
35-MeV deuteron beam. A group of 31 controls was available. Mammary tumours
were identified histopathologically as adenocarcinoma, fibroadenoma (including
adenofibroma) and fibrosarcoma. By 11 months after exposure, 2/31 unirradiated rats
had developed single fibroadenomas, whereas 42 mammary tumours were reported in
39/135 irradiated rats. The incidence increased with dose, from 0/30 to 6/30, 6/25,
6/25 and 17/25. Six of the rats that died within 11 months after irradiation had
mammary tumours. Three rats died with neoplasms at other sites: lymphocytic type
lymphosarcoma (0.4 Gy at seven months), osteogenic sarcoma (0.4 Gy at 11 months)
and myxosarcoma (0.25 Gy at 11 months). The RBE increased from 5 at 0.4 Gy to
13.8 at 0.25 Gy, when compared with γ-rays (Montour et al., 1977). [The Working
Group noted that the γ-ray source was not described.]
A total of 551 adult female Sprague-Dawley rats were exposed to 0.43-MeV
neutrons at doses of 0 (167 controls), 1, 4, 16 or 64 mGy and the incidences of
mammary tumours were examined histologically up to the age of 14 months. At the

Table 12. Mammary tumours in five strains of rat after single whole-body exposure to 0.5 Gy of fission
neutrons
No. of rats with
mammary
tumours/no. of
unirradiated rats

No. of rats with
mammary
tumours/no. of
irradiated rats

All mammary
tumours
(%)

Fibroadenomas
and adenofibromas
(%)

Adenocarcinomas
(%)

Regressed
tumours
(%)

Long-Evans/Simonsen
Sprague-Dawley/Harlan
Buffalo/Simonsen
Fischer-344/Simonsen
Wistar-Lewis/Simonsen

0/15
0/14
1/15
0/15
0/14

19/34
20/36
10/34
9/35
2/36

56
56
29
26
5.5

11
8
7
6
0

5
8
3
1
1

0
1
0
0
1

NEUTRONS

Strain

From Vogel & Turner (1982)
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end of the study, exposure to 1 mGy was found to have induced a higher incidence
(15%) of adenocarcinomas and all other tumours than in the controls (12%). The
incidences at the other doses were 18% at 4 mGy, 31% at 16 mGy and 58% at 64 mGy.
The first tumours appeared five months after exposure to 1 mGy, three months after
4 mGy, four months after 16 mGy and two months after 64 mGy; in controls, the first
tumour appeared at eight months. RBEs of about 100 for the low doses and about 8
for the high doses were reported with reference to an acute dose of 250-kVp
X-irradiation (Shellabarger, 1976).
The role of prolactin in the induction of mammary tumours after low-dose wholebody irradiation with fission neutrons was examined in groups of 16–18 female
Wistar/Furth rats, seven weeks of age, that were exposed to 0 (control), 0.048, 0.089
or 0.195 Gy of neutrons (mean energy, 2.0 Mev) [γ-ray component not specified]. To
promote the development and growth of radiation-induced mammary tumours from
dormant initiated cells, prolactin-secreting pituitary tumours (MtT.W95) were grafted
subcutaneously 25 days after irradiation. In a further experiment, MtT.W95 were
grafted only in tumour-free animals 12 months after irradiation. The rats died naturally
or were killed when moribund, and mammary tumours were identified histologically
as adenocarcinoma or fibroadenoma. Only 1/48 rats developed mammary tumours
after neutron irradiation alone, while 20/48 rats developed mammary tumours when
MtT.W95 were grafted 25 days after irradiation. The incidences at each dose were
6/16, 5/15 and 9/17, respectively. When MtT.W95 were grafted in tumour-free animals
12 months after irradiation, the incidences were 4/15, 3/15 and 4/15 at the respective
doses (Yokoro et al., 1980, 1987).
A total of 767 male and female Sprague-Dawley rats, three months of age, were
exposed by whole-body irradiation to fission neutrons at doses of 0.012, 0.02, 0.06,
0.1, 0.3, 0.5 (irradiation period, one day), 1.5, 2.3 (irradiation period, 14 days), 3.9
(irradiation period, 23 days), 5.3 or 8 Gy (irradiation period, 42 days) from a neutron
reactor (1.6 MeV; neutron:γ-ray ratio, 3:1) and were observed for the induction of
pulmonary neoplasms for life. Tumours were identified histopathologically. The lung
tumours included bronchogenic carcinomas, bronchoalveolar carcinomas, lung carcinomas, adenomas and sarcomas. The numbers of animals with lung carcinomas were
dose-dependent up to doses of 2.3 Gy, with a reduced mean survival. The numbers of
animals with lung carcinoma or adenomas also increased at doses up to 2.3 Gy, but
decreased at higher doses. An apparent life-shortening was observed at higher doses
(Table 13) (Chmelevsky et al., 1984). [The Working Group noted that no data were
given on controls.]
A total of 596 male Sprague-Dawley rats, three months of age, were exposed by
whole-body irradiation to fission neutrons at 0.016 (mean of the two doses, 0.012 and
0.02), 0.08 (0.06 and 0.10) or 0.40 (0.32 and 0.49) Gy with a mean energy of 1.6 MeV
(neutron:γ-ray ratio, 3:1). The duration of exposure was 20 h at 0.016 Gy and 22 h at
the other doses. A group of 579 controls was available. The animals were observed for
life. Lung carcinomas (bronchogenic and bronchoalveolar) and lung sarcomas were

Table 13. Pulmonary tumours in Sprague-Dawley rats after exposure to fission neutrons
Reference

Chmelevsky
et al. (1984)

Irradiation
period

No of
animals

No. of
animals
examined

Mean
survival
(days)

No. of animals with lung carcinomas
Total

Bronchogenic

Bronchoalveolar

No. of
animals
with lung
sarcomas

NR

NR

1
3
1
5
3
11
10
–
3

1
–
–
2
2
3
1
–
1
–

1
1
1
3
1
5
3

1
3
2
–
–
2
2

0
0.012
0.02
0.06
0.1
0.3
0.5
1.5
2.3
3.9
5.3
8

1 day
1 day
1 day
1 day
1 day
1 day
14 days
14 days
23 days
42 days
42 days

NR
150
150
80
78
75
75
40
60
20
19
20

NR
148
149
77
75
71
72
94
99
20
19
20

NR
752
741
679
669
584
525
487
450
390
340
240

NR
4
2
4
6
9
10
14
18
–
4
2

NR
3
1
1
5
4
7
5
9
–
2
1

0
0.012
0.02
0.06
0.10
0.32
0.49

20 h
20 h
22 h
22 h
22 h
22 h

586
150
150
80
78
75
75

579
149
149
77
75
72
74

754
757
742
679
669
583
522

5
4
2
4
6
9
10

4
3
1
1
5
4
7

NEUTRONS

Lafuma et al.
(1989)

Dose
(Gy)

NR, not reported
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identified by gross and histological examination. As shown in Table 13, increased incidences of animals with bronchogenic or bronchoalveolar carcinomas were observed.
The RBE was 30–40 at the dose of 0.1 Gy and > 50 at the dose of 0.016 Gy in relation
to acute 60Co γ-irradiation (Lafuma et al., 1989).
A group of 114 female Wistar rats, three to four months of age, were irradiated
locally in the region of the liver with 0.2 Gy of neutrons at 14-day intervals for up to
two years, for a total of 50 fractions and a total dose of 10 Gy and were observed for
life. A group of 114 controls was available. The first liver tumour appeared one year
after the beginning of irradiation. At the end of the study, 45 irradiated animals had
liver tumours. Of the 83 liver tumours that were classified histologically, 14 were
hepatocellular adenomas, 18 were hepatocellular carcinomas, 28 were bile-duct
adenomas, nine were bile-duct carcinomas, one was a haemangioma and five were
haemangiosarcomas; eight animals had Kupffer-cell sarcomas (Spiethoff et al., 1992).
3.1.3

Rabbit

A total of 20 male and 18 female adult Dutch rabbits, 7–18 months of age, were
irradiated ventro-dorsally with doses of 1.8–5.5 Gy of fission neutrons of about
0.7 MeV mean energy at a dose rate of about 23 Gy h–1 with γ-ray contamination of
about 2.7 Gy h–1. A control group of 17 rabbits was available. The rabbits were kept
for life (six to nine years) and were killed when moribund. Full autopsies were carried
out, and the tissues were studied histologically. The mean age at death was significantly lower after the doses of 3.7 Gy and 4.1–5.5 Gy (Student’s t test). Increased
incidences of subcutaneous fibrosarcomas were observed, with 0/17 in controls, 4/15
at 1.8 Gy, 10/16 at 3.7 Gy and 5/7 at 4.1–5.5 Gy. Osteosarcomas were found in 0, 1,
2 and 2 rabbits in the respective groups, and basal-cell tumours of the skin were found
in 0, 10, 5 and 1 rabbits, respectively. The RBE for neutrons in relation to acute γ-irradiation was estimated to be 3–3.5 (Hulse, 1980).
3.1.4

Dog

A total of 46 male beagle dogs, one year of age, were exposed to fast neutrons with
a mean energy of 15 MeV in one of three dose-limiting normal tissues, spinal cord,
lung and brain. The radiation was given in four fractions per week for five weeks to
the spinal cord, for six weeks to the lung or for seven weeks to the brain. A group of
11 controls was available. The animals were observed for life, and tumours were identified grossly and microscopically. No tumours were reported in the unirradiated
controls. Nine neoplasms developed within the irradiated fields in seven dogs
receiving fast neutrons, comprising a haemangiosarcoma of the heart (10 Gy to the
hemithorax region), an oligodendroglioma and a glioblastoma in the left basal nuclei
(13.33 Gy to the brain), an osteosarcoma in the subcutis, an adenocarcinoma of the
lung and a haemangiosarcoma of the heart (15 Gy to the hemithorax region), a neuro-
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fibroma of the cervical nerve (17.5 Gy to the spinal cord), an osteosarcoma of the
vertebrae and a myxofibrosarcoma of the subcutis (26.25 Gy to the spinal cord). The
incidence of neoplasia was 15%, and the latent period for radiation-induced cancers
varied from 1 to 4.5 years (Bradley et al., 1981).
3.1.5

Rhesus monkey

Nine rhesus monkeys (Macaca mulatta), three years of age, were exposed by
whole-body irradiation to neutrons (235U; energy, 1 MeV) at doses of 2.3, 3.5, 3.8, 4.1
or 4.4 Gy at a rate of 0.08 Gy min–1 [γ-ray component unspecified]. A few hours after
irradiation, the monkeys were grafted intravenously with 2–4 × 108 autologous bonemarrow cells (in Hank balanced salt solution) per kg bw. A group of 21 monkeys
served as unirradiated controls. Between 4 and 10 years after irradiation, seven
animals died with various malignant tumours, including glomus tumours in the pelvis,
scrotum and subcutis, sarcomas or osteosarcomas in the humerus, osteosarcomas in
the calvaria and papillary cystadenocarcinoma of the kidney and cerebral astrocytoma
and glioblastoma. Benign tumours (islet-cell adenoma, subcutis haemangioma and
skin fibroma) were also reported. No malignancies were observed in the 21 untreated
controls. A RBE of approximately 4 was reported in relation to an acute dose of 300kVp X-radiation. The latency for death with neoplastic disease after irradiation with
fission neutron was 7 years (Broerse et al., 1981, 1991).
3.1.6

Relative biological effectiveness

As shown in Table 14, neutrons were generally more carcinogenic than X-rays and
γ-rays. Additional studies not described in the text are included in the Table.
3.2

Prenatal exposure

Mouse: Groups of pregnant female BC3F1 [(C57BL/Cne × C3H/HeCne) F1] mice
were exposed to 0, 0.09, 0.27, 0.45 or 0.62 Gy of fission neutrons (mean energy, about
0.4 MeV; γ-ray contamination, about 12% of the total dose; minimum and maximum
fast neutron dose rates, about 0.049 and 0.248 Gy min–1) on day 17 of gestation and
were allowed to deliver their offspring, which were observed for life. Liver tumours
were examined histologically. A total of 379 offspring were necropsied. The incidences of liver adenomas and carcinomas were increased to 11, 31, 29 and 52% with
the respective neutron doses but decreased to 18% after exposure to the highest dose
of 0.62 Gy (Table 15). An RBE of 28 at 0.09 Gy was reported in relation to an acute
dose of 250-kVp X-radiation (Di Majo et al., 1990; Covelli et al., 1991a,b).

Strain

Effect

Dose
(Gy)

Energy
(MeV)

RBE

Reference

Mouse

RF/Un

Myeloid leukaemia
Thymic lymphoma
Lung tumour
Lung tumour
Lung adenocarcinoma
Mammary tumour
Myeloid leukaemia
Lymphoreticular tumour
Lung tumour
Decreased survival
Myeloid leukaemia
Decreased survival
Lung tumour (male )
Lung tumour (female)
Liver tumoura
Liver tumourb
Liver tumour (male)
Liver tumour (female)
Decreased survival (male)
Decreased survival (female)
Harderian gland tumour (male)
Harderian gland tumour (female)
Malignant lymphoma (male)
Myeloid leukaemia (male)
Malignant tumour

0.001
0.001
0.25
0.10
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.01
<1
<1
0.09
0.17
0–2.0
0–2.0
0–0.4
0–0.4
0–0.4
0–0.4
0–0.4
0–0.4
0.125–1

1 and 5
1 and 5
NR

1.8
3.3
25
40
19
33
13
2–5
23–24
15
2.8
12
4.5
7.4
28
13
15
2.5
24
8.6
20
9.5
11
2.3
5-8

Upton et al. (1970)

RFM
BALB/c
CBA/H
B6C3F1

RFM
BC3F1
SAS/4
BC3F1
B6C3F1
CBA/Cne

C57BL/Cnb

NR
NR
~0.85

NR
1.5
7.5
7.5
0.4
0.4
2.13
2.13
0.4
0.4
0.4
0.4
0.4
0.4
3.1

Ullrich et al. (1979)
Ullrich (1983)
Mole (1984)
Thomson et al. (1985b)

Ullrich & Preston (1987)
Covelli et al. (1988)
Coggle (1988)
Di Majo et al. (1990)
Takahashi et al. (1992)
Di Majo et al. (1996)

Maisin et al. (1996)
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Table 14. Relative biological effectiveness (RBE) of neutrons for various end-points, in relation to dose and
energy

Table 14 (contd)
Species

Strain

Effect

Dose
(Gy)

Energy
(MeV)

RBE

Reference

Rat

Sprague-Dawley

Mammary tumour
Mammary tumour
Mammary tumour
Mammary tumour
Mammary fibroadenoma
Mammary adenocarcinoma
Mammary adenocarcinoma
Mammary fibroadenoma
Mammary fibroadenoma
Lung carcinoma
Lung carcinoma

0.001–0.04
0.016–0.064
0.4
0.025
0.001
0.001
0.001
0.001
0.001
0.016
0.1

0.43
0.43
14.5
14.5
2.43
2.43
0.5
0.5
0.5
1.6–2.1
1.6–2.1

100
8
5
14
50
100
15
13
7
50
30–40

Shellabarger (1976)

All tumours

1.8–5.5

2.5

3–3.5

Hulse (1980)

All tumours

2–4

1

4

Broerse et al. (1981)

Sprague-Dawley

Sprague-Dawley
Sprague-Dawley
Rabbit

Dutch

Rhesus
monkey

Shellabarger et al. (1980)
Shellabarger et al. (1982)
Broerse et al. (1986)

Lafuma et al. (1989)

NEUTRONS

Sprague-Dawley
ACI
WAG/Rij

Montour et al. (1977)

NR, not reported
a
Irradiation on day 17 of gestation
b
Irradiation at three months of age
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Table 15. Incidences of liver tumours in male BC3F1
mice exposed in utero to a whole-body dose of fission
neutrons
Dose
(Gy)

0
0.09
0.27
0.45
0.62

No. of mice
autopsied

230
49
42
25
33

No. of mice with tumours
Adenoma

Carcinoma

24
15
9
10
5

2
0
3
3
1

Incidence (%)

11
31
29
52
18

From Di Majo et al. (1990)

3.3

Parental exposure

Mouse: Groups of male C3H mice, seven weeks of age, were exposed by wholebody irradiation to neutrons (252Cf; mean energy, 2.13 MeV) at total doses of 0, 0.5, 1
or 2 Gy and were mated two weeks or three months later with unexposed C57BL
females. On day 18 of gestation, some pregnant mice were killed to detect dominant
lethal mutations. The incidence of dominant lethal mutations increased in a dosedependent manner only after postmeiotic exposure, at two weeks. The other pregnant
mice were allowed to deliver, and a total of 387 offspring were killed at the age of 14.5
months. Although tumours were found in various organs, only the incidence of liver
tumours correlated with exposure to 252Cf radiation, and these tumours were examined
histologically. As shown in Table 16, the numbers of liver tumours per male offspring
of male mice exposed to 0.50 or 1 Gy 252Cf at either the postmeiotic or the spermatogonial stage were significantly higher than those in unirradiated controls. No increase
in the incidence of liver tumours was observed in female offspring. The offspring of
male parents irradiated with 2 Gy two weeks before mating did not survive more than
two days after birth (Takahashi et al., 1992; Watanabe et al., 1996).

4.

4.1

Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms
Transmission and absorption in biological tissues

The interaction of neutrons with biological material cannot be discussed outside
the context of ionizing radiation in general, and the reader is referred to the Overall
introduction for a fuller discussion. Neutrons with the lowest energy distribution, in
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Table 16. Incidences of liver tumours in F1 offspring of male C3H mice exposed to 252Cf neutrons
and mated with unexposed C57BL mice two weeks
or three months after irradiation
Paternal
dose
(Gy)

Sex of
offspring

Two weeks
(postmeiotic)

Three months
(spermatogonial)

No. of
mice

Liver
tumours
(%)

No. of
mice

Liver
tumours
(%)

33
20
22
19

9.1
30.0
22.9
5.3

18
24
14

5.6
0
0

0
0.5
1
2

Male

31
44
39
0

3.2
43.2*
15.4

0
0.5
1
2

Female

30
58
35
0

3.3
1.7
0

From Takahashi et al. (1992); Watanabe et al. (1996); *p < 0.01

thermal equilibrium with their surroundings, are called ‘thermal neutrons’ and typically have an energy < 0.5 eV. Neutrons with energies between 0.5 and 100 eV are
known as ‘epithermal’, or ‘resonance’ neutrons. Neutrons with energies up to about
500 keV are usually considered ‘intermediate’ in energy, and neutrons above 500 keV
are called ‘fast’. Most neutrons emerging from a fission reaction are fast, but in a
reactor their energies are slowed down (moderated) to thermal energies to allow a
chain reaction to proceed. The neutron energy spectrum outside a reactor is typically
dominated by intermediate energy neutrons. The distribution of energy from neutrons
in tissue is different from that from X- or γ-radiation. At low doses, only a small
fraction of cells in a tissue is traversed. For example, l cGy of 1-MeV neutrons will
traverse about one in 20 cells, whereas low-LET radiation may give rise to five
traversals per cell (see Overall introduction, section 3.1).
Techniques for measuring exposure to neutrons are described in the Overall introduction (section 2.1.1).
4.2

Adverse effects other than cancer

Less information is available about the deterministic effects in humans of neutron
radiation than of low-LET radiation because fewer patients are treated with neutrons
than with low-LET radiation. Although there was a neutron component present in the
radiation released by the nuclear explosion at Hiroshima, the effects of neutrons alone
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are difficult to separate out accurately. The information about the biological effects of
neutrons is derived from studies of patients treated with neutrons of various energies
and from experimental studies with animals exposed to neutrons of similar energies
and to fission neutrons (for reviews see UNSCEAR, 1982; ICRP, 1990, 1991; Engels
& Wambersie, 1998).
4.2.1

Modifying factors

A characteristic property of neutrons is that their effects are modified considerably
less by dose rate, dose fractionation, oxygenation and cell cycle stage than are the
effects of low-LET radiations.
(a)

Dose rate and fractionation

In the case of dose rate and fractionation, the difference between neutrons and
low-LET radiation can be attributed to the difference in the capability of the exposed
cells to repair the damage induced by the different radiation qualities. With increasing
LET, the size of the shoulder on the survival curve decreases and the slope increases.
The characteristic reappearance of a shoulder, which is observed with fractionated
exposure to low-LET radiation, is either much less pronounced or absent with
neutrons. The reduction in repair appears to become maximal as the LET approaches
100 keV μm–1.
(b)

Effect of oxygen

In general, cells and tissues are more radiosensitive when exposed to low-LET
radiation in the presence of oxygen than under hypoxic conditions. The ‘oxygen
enhancement ratio’ is the ratio of the doses required to produce a given level of a specific
effect in the presence and absence of oxygen. The ratio for photons is in the range of
2.5–3.0. With increasing LET values above 60 keV μm–1, the oxygen enhancement ratio
for survival of human kidney cells decreases until it becomes 1 at LETs of about
180 keV μm–1 and higher. It was the low oxygen enhancement ratio that encouraged use
of neutrons in cancer therapy (Field & Hornsey, 1979).
(c)

Cell cycle

Radiosensitivity varies with the age of a cell, with maximum resistance to cell
killing late in S phase. The variation in radiosensitivity is less for neutrons than for
low-LET radiation. In synchronized Chinese hamster cells exposed to neutrons, the D0
for S-phase cells was about 25% higher than that for cells in G1, whereas with
X-radiation the difference was nearly 90% (Sinclair, 1968). In clonogenic cells of the
jejunal crypt, the variation in cell survival throughout the cycle was about 30% greater
with γ-radiation than with 50-MeV neutrons (Withers et al., 1974).
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Effects in normal tissues

There is considerable sparing of tissues after exposure to low-LET radiation
because they can recover from sublethal damage; markedly less sparing is seen with
exposure to neutrons. Since exposure frequently involves a number of relatively small
dose fractions, the RBE for damage to tissues may be relatively high. Furthermore,
slow repair may occur in slowly dividing or late-responding tissues after low-LET but
not after high-LET radiation. Table 17 shows the RBEm values (see section 1.2),
calculated on the basis of the linear–quadratic model, for a number of representative
end-points in tissues. The RBEm values are higher and the α:β ratios are lower for the
late-responding tissues than for the early-responding tissues, which have more rapid
cell renewal. In reviewing their experience of the radiosensitivity of tissues in patients
undergoing neutron radiotherapy, Laramore and Austin-Seymour (1992) stressed the
steepness of the dose–response curves for the induction of damage to normal tissue,
which renders the therapeutic window rather narrow.
(a)

Skin

The responses of mouse skin to high- and low-LET radiations are qualitatively
similar, as are the time courses of the effects. The influence of the neutron energy is
reflected in the RBE, which is about 7–8 for 2–3-MeV neutrons and about 3–5 for
15–25-MeV neutrons (Denekamp et al., 1984). The RBE for late effects (3.2–3.4) is
greater than that for early effects in pig skin exposed to γ-rays or 50-MeV (Be)
neutrons (Withers et al., 1977).
(b)

Gastrointestinal tract

(i)
Oesophagus
Death within 8–40 days due to either obstruction or perforation of the oesophagus
can occur in mice exposed to high doses of neutrons to the thorax. Geraci et al. (1976)
reported an RBE of 1.9 for 8-MeV neutrons generated by bombarding a beryllium
source with 22-MeV deuterons. Phillips et al. (1974) obtained an RBE of 4 with 15MeV monoenergetic neutrons.
(ii) Small intestine
The murine crypt microcolony assay (Withers & Elkind, 1970) has been used to
determine the RBE of single and fractionated doses of neutrons. Gueulette et al.
(1996) reported RBE values for single doses of fast neutrons used for therapy at seven
facilities in five countries, determined from the doses of each neutron source that
resulted in 20 crypt microcolonies per circumference of the small intestine relative to
the dose of 60Co γ-radiation that caused the same effect. The RBEs were 1.5–2.2.
Withers et al. (1993) reported RBE values in mice of 3.2–4.6 for neutrons produced
by cyclotrons with deuteron energies of 16, 22, 35 and 50 MeV. Composite survival
curves for crypt clonogenic cells after exposure to single doses were constructed from
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Tissue

End-point

Species

Neutron
energy
(MeV)

α:β (Gy)
photons

RBEm

Reference

Skin
Haematopoeitic system

Moist desquamation
LD50 at 30 days

Human
Mouse

7.5
14.0

10.0
5.0

4.5
2.0

Respiratory system
Central nervous system
Kidney

LD50 at > 30 days
Late effects
Late effects

Mouse
Rat
Mouse

7.5
14.0
7.5

3.0
3.0
2.2

6.8
7.2
8.6

Field & Hornsey (1979)
Broerse & Barendsen
(1973)
Field & Hornsey (1979)
Van der Kogel (1985)
Joiner & Johns (1988)
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Table 17. Maximum values of relative biological effectiveness (RBEm) for tissue damage induced by
β ratios of the dose–response relationships for reference radiation (X- or γ-rays)
fast neutrons and α:β
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data obtained with multiple fractions, and RBEs were calculated from the ratio of the
α values for each neutron energy and γ-radiation. These ratios were considered to be
RBEm values. The RBE increased with decreasing neutron energy, which is consistent
with the results of other studies (Hall et al., 1979; see ICRP, 1990).
(c)

Haematopoietic system

The effects of neutrons and comparisons of their effectiveness with that of lowLET radiation have been determined from survival curves for progenitor cells, such as
colony forming cells in the haematopoietic system, or from dose–response relationships for lethality expressed as LD50 at 30 days. Broerse et al. (1978) determined an
RBE of about 2.0 for the occurrence of bone-marrow syndrome in rhesus monkeys
exposed to fission neutrons. In studies of the effects of neutrons and mixed-field
radiation in large animals in the 1950s and 1960s (see Alpen, 1991 for review), the
RBE for fast neutrons, based on the LD50 at 30 days in dogs and goats, was about 1.0.
In contrast, the RBEs for lethality in small rodents were about 2.0–2.5. Two factors
are important: the characteristic effects of radiation are less affected by body mass in
small animals than in large animals, and the RBE of neutrons for lethality is based on
damage to the gut in rodents whereas the bone-marrow syndrome predominates in
large animals such as dogs.
Accidental exposures and the atomic bombing of Hiroshima exposed humans to a
mixture of fission neutrons and γ-radiation. The effect of mixed radiation on the
haematopoietic syndrome has been studied in dogs (MacVittie et al., 1991) in which
the RBE for the LD50 at 30 days was about 1.7 on the basis of midline doses of 60Co
γ-radiation relative to mixed neutron and γ-radiation, the neutrons having an average
energy of 0.85 MeV. The RBE based on the D0 for granulocyte–macrophage colonyforming cells harvested from rib and pelvic bone-marrow aspirates 24 h after exposure
of the dogs was reported to be about 2.
In a study of the survival of canine bone-marrow progenitor cells after exposure
in vitro to 60Co γ-radiation and fission neutrons (mean energy, 0.85 MeV), the D0
values were about 77 cGy and 28 cGy, respectively, giving an RBE of about 2.8. The
higher RBE of fission neutrons is consistent with neutron energy-dependence and with
the RBE values of 1–2 reported for higher neutron energies. The RBE values for
effects on the haematopoietic system are generally lower than those for solid tissues,
which is consistent with the relatively small amounts of sublethal damage and repair
in bone-marrow cells exposed to γ-radiation. The D0 of the survival curve after γ-irradiation of bone-marrow progenitor cells isolated from dogs exposed in vivo to 7.0 cGy
of γ-rays per day for 500 or 1000 days was reported to be significantly higher (2–2.5fold) than that of cells from unirradiated dogs, whereas the increase in radioresistance
to neutrons was much smaller. The mechanism of the acquired resistance is not known
(Seed & Kaspar, 1991).
The determination of RBEs in deep tissues of large animals, including humans,
requires accurate estimation of the doses of neutrons and of the reference radiation at
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the target tissue. In the experiment of MacVittie et al. (1991), the neutron:γ-radiation
ratio was 5.4:1 in air but 1.7:1 at midline. The absorbed dose to the bone marrow and
the resultant change in the neutron:γ ratio are not known. Inhomogeneity of the dose
to the bone marrow is a confounding factor.
The effects of single and fractionated doses and low dose rates of fission neutrons
on the survival of colony-forming units in the bone marrow were studied in B6CF1
mice. The RBE was 2.6 for inactivation by a single dose but somewhat higher for
fractionated doses. When mice were exposed to 0.96 Gy of neutrons or 2.47 Gy of γradiation in nine fractions, the populations of colony-forming units in femur cells had
not returned to control levels by three months, but this sustained depression of
progenitor cells contrasted with the number of circulating leukocytes, which was
maintained at a normal level by some compensatory mechanism (Ainsworth et al.,
1989).
(d)

Central nervous system

The brain is considered to be relatively radioresistant, but damage to normal tissue
has been a limiting factor in the treatment of brain tumours with neutron radiotherapy.
In a small number of patients treated with 15.6 Gy of 16-MeV neutrons, severe injury
and progressive dementia occurred. When the contaminating γ-radiation dose was
included, the total dose was about 17.6 Gy. Damage to the vasculature was thought to
account for lesions in normal brain tissue. A neutron dose of about 13 Gy can cause
changes such as cerebral oedema (UNSCEAR, 1982).
Van der Kogel et al. (1982) described a so-called early type of damage that takes
about five to six months to develop after exposure to low-LET radiation. The target is
the glial cells responsible for myelinization. Late injury to the vasculature develops
within two to five years after single doses of low-LET radiation. Similar lesions and
particularly the earlier type of damage occur after neutron irradiation. RBEm values of
about 5–7 have been estimated for 7.5-MeV and 14-MeV neutrons (Van der Kogel,
1985), and values of 6–10 were determined for degeneration of the white matter
(White & Hornsey, 1980; Hornsey et al., 1981).
(e)

Reproductive system

The effects of neutrons on the testis and in particular on the survival of type B
spermatogonia, a highly radiosensitive cell type, have been reported. D0 values of
about 28 cGy for γ-radiation and 4–9 cGy for neutrons were observed (Hornsey et al.,
1977). Loss of testicular weight as a function of the dose of high-LET radiation and
the survival of various types of spermatogonia have been used to assess the effects of
neutrons (for references to individual studies see UNSCEAR, 1982; ICRP, 1990).
The effectiveness of 1-MeV, 2.3-MeV and 5.6-MeV fast neutrons in killing type B
spermatogonia in mice was determined by scoring the number of preleptotene spermatocytes 48 h after the start of irradiation, because the surviving type B spermatogonia
would have developed to this stage at that time. A decrease in the number of sperma-
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tocytes was considered to indicate accurately the loss of spermatogonia to the spermatogenesis process. D0 values were determined from the loss of spermatogonia as a
function of neutron and X-radiation dose. The survival curves were exponential. The
RBEm values were 5.7 for fission neutrons of 1.0 MeV mean energy and 4.6 and 3.0
for the 2.5-MeV and 5.6-MeV neutrons, respectively (Gasinska et al., 1987).
(f)

Renal system

Stewart et al. (1984) used local irradiation of the kidney in mice to determine RBE
values for changes in urine output, isotope clearance and haematocrit induced by
single and multiple fractions of 3-MeV neutrons. The repair capacity of the kidney
was very limited: the RBE for a single dose of about 6 Gy was approximately 2.4 and
increased to 4.5–5.1 with eight fractions of about 1 Gy of neutron radiation.
(g)

Respiratory system

Damage to the lung induced by neutron radiation occurs both early, described as
pneumonitis, and late after exposure, in the form of fibrosis. In contrast to most other
tissues, the lung does not show significant differences in the RBE values for early and
late effects. The RBE values based on the LD50 60–180 days after exposure of mice
to 7.5-MeV neutrons were reported to be 1.5 after single doses and about 3.4 after 15
fractions (Hornsey et al., 1975). Parkins et al. (1985) studied the effects of irradiation
of the mouse thorax with up to 20 fractions of 3-MeV neutrons or 240-kVp Xradiation on relative breathing rate and found an RBEm value of about 7.
(h)

Ocular lens

The effects of neutrons on the lens in humans and experimental animals were
reviewed by Medvedovsky and Worgul (1991), who reported that neutron-induced
changes in the lens are indistinguishable from those produced by low-LET radiation,
but neutrons are quantitatively more effective, the incidence being higher and the
latent period shorter per unit dose. Reduction of the dose rate has little or no influence
on the effectiveness of neutrons to induce cataracts.
The induction and development of lens opacities depend on how much of the total
volume of the lens is irradiated and on the dose, the age at exposure and the radiation
quality. The effectiveness of neutrons depends on their energy, the most effective
energy being ≤ 1 MeV. The induction of various types of lenticular lesions has been
used to assess the effect of radiation for the purposes of radiation protection, in order
to prevent the induction of cataracts.
(i)
Cataracts in humans
Some of the physicists involved in testing the cyclotron developed cataracts
(Abelson & Kruger, 1949). Although the doses were not measured precisely, it was
estimated that the lens opacities occurred as a result of exposure to < 1 Gy of mixed
γ- and neutron radiation. If this estimate is correct, the threshold dose was one-half to
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one-fifth that estimated for γ-radiation alone, which would indicate an appreciable
RBE for the neutron component.
Data on the induction of cataracts in humans by high-LET radiation come from
two sources. Roth et al. (1976) reported on the incidence of cataracts in patients
treated with 7.5-MeV neutrons and found slight, permanent loss of vision in patients
exposed to a total dose of 2.2 Gy in 12 fractions, with an RBE estimated to be about
2.5. The second source of information on the effects of neutrons on the eye is studies
of the survivors of the atomic bombings, who have been examined for over three
decades. The estimated threshold doses to the eye were reported to be 0.06 Gy
(95% CI, 0–0.16) of neutrons and 0.73 Gy (95% CI, 0–1.39) of γ-rays, and the RBE
was calculated to be approximately 32 (95% CI, 12–89) (Otake & Schull, 1990).
Concern has been raised about errors in the dosimetry for this population in general
but about the neutron component of the radiation released during the nuclear explosion
over Hiroshima in particular (see section 1.3.3). The risk for cataract per unit dose was
studied in persons who reported epilation after the atomic bombing and in those with
no epilation, in two studies. The authors of one study attributed the difference between
the two groups of survivors to a 48% random error in the dose estimates (Neriishi
et al., 1995), while the others concluded that it was not possible to decide whether the
differences in the frequency of cataracts was due to differences in individual radiosensitivity or to random errors in the dose estimate (Otake et al., 1996). Because of
these uncertainties, the data for experimental animals are important.
(ii) Cataracts in experimental animals
Bateman et al. (1972) reported high RBE values for radiation-induced lens
opacities in mice on the basis of the presence of flecks and other minor changes, which
also occurred in unirradiated mice but at later ages. Neutrons thus shortened the latency
to the appearance of these lesions. Data for 430-keV neutrons suggested that the
relationship of the RBE to the neutron dose (Dn) in grays could be described as:
RBE = 4 1+1.5/Dn .
At the lowest dose, the RBE was about 100.
Di Paola et al. (1978), using similar techniques, obtained RBE values of 9–21 with
decreasing doses of 14-MeV neutrons from 0.38 to 0.01 Gy.
Despite differences in the methods of scoring lenticular opacities, Worgul et al.
(1996) noted a reasonable degree of agreement in the results for neutron-induced
cataracts in most species. They suggested that the RBE for cataractogenesis increases
from < 10 at doses ≥ 1 Gy to > 100 at doses ≤ 10 mGy. The commonly used RBE of
20 is not consistent with their results for very low doses, because at a neutron dose of
2 mGy the RBE could be estimated to exceed 250. There is no evidence that the RBE
for clinically significant cataracts in humans reaches such high values.
It has become possible to detect very small radiation-induced lesions in the lens, and
the estimates of threshold dose have become thresholds of detection. For the purposes of
radiation protection, it is the threshold dose for clinically significant opacities (some loss
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of vision) that is important. Fortunately, the treatment of cataracts has become so
effective that the impact of radiation-induced cataracts has been reduced greatly. The
experimental data for the induction of lenticular lesions by radiation are some of the best
available for examining the relationship between RBE and dose and for testing the
validity and consistency of models of the action of radiation. Lesions in the ocular lens
can be assessed quantitatively at much lower doses of radiation than is the case for most,
if not all, other tissues.
4.3

Radiation-sensitivity disorders

High-LET ionizing radiation kills mammalian cells more efficiently per unit dose
than does X-radiation or γ-radiation (Cox et al., 1977a,b; Barendsen, 1985; Goodhead,
1988). Studies of the relationship between the RBE of various forms of radiation and
energy deposition in cells can provide additional insight into the mechanisms of the
early events in carcinogenesis, such as DNA damage and mutations. It is of interest,
therefore, to consider the response to neutron radiation of cells in persons with
syndromes such as ataxia telangiectasia, who are known to be sensitive to X-radiation
and γ-radiation.
Hypersensitivity to low-LET ionizing radiation is a common characteristic of cells
from patients with the chromosomal breakage syndrome ataxia telangiectasia (Taylor
et al., 1975; Chen et al., 1978; Cox et al., 1978; see the monograph on ‘X-radiation
and γ-radiation’, section 4.3.1). Cells from such patients have also been reported to be
more sensitive than control cells to high-LET radiation, but the difference in sensitivity decreased as the LET of the radiation increased (Cox, 1982). Other characteristics
of cells from patients with this syndrome include reduced inhibition of DNA synthesis
after exposure to γ-radiation (Edwards & Taylor, 1980; Houldsworth & Lavin, 1980;
Ford & Lavin, 1981) or to X-radiation (Painter & Young, 1980; De Wit et al., 1981)
and greater and more prolonged accumulation of cells in the G2 phase of the cell cycle
after irradiation (Imray & Kidson, 1983; Ford et al., 1984; Bates & Lavin, 1989).
Exposure of control lymphoblastoid cell lines and cell lines from patients with
ataxia telangiectasia to neutrons of a mean energy of 1.7 MeV affects cell survival and
the incorporation of [3H]thymidine into DNA. In addition, neutrons influence the progression of cells through the cell cycle. While high-LET radiation was considerably
more effective in killing cells from the patients than from controls, the relative
sensitivity of the two cell types was variable in the case of low-LET radiation. While
fibroblasts from patients with ataxia telangiectasia were hypersensitive to X-radiation
and γ-radiation, their radiosensitivity to α-particles was comparable to that of control
cells (Lücke-Huhle et al., 1982). In a later study, Lücke-Huhle (1994) failed to
observe increased killing by densely ionizing α-particles of cells from these patients
when compared with control cells, indicating that the RBE for inactivation of cells
from patients with ataxia telangiectasia is much less dependent on ionization density
than that of control cells, for which it reaches a maximum of approximately 4 at a LET
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value of 100 keV μm–1 (Cox et al., 1977a,b). In fibroblasts from these patients, the
maximum RBE was ≤ 2 at 100 keV μm–1 (Cox, 1982). These data suggest that the
lesions induced in DNA by high-LET radiation are inefficiently repaired in both cell
types and the two can be distinguished only on the basis of DNA damage induced by
low-LET radiation, which is readily repairable in controls. In a study with two
lymphoblastoid cell lines from patients with ataxia telangiectasia, fast neutrons (mean
energy, 1.7 MeV) were considerably more effective than γ-rays in inducing cell death.
Fast neutrons inhibited DNA synthesis to the same extent in cells from patients with
this syndrome as in those from controls (radioresistant DNA synthesis), but the longterm delay in G2/M phase was greater in the cells from the patients, as was observed
after γ-irradiation (Bates & Lavin, 1989). Thus, a correlation between G2/M delay and
cell killing was seen in these lymphoblastoid cells, regardless of the LET value of the
radiation (Houldsworth et al., 1991); this was not the case with fibroblasts from these
patients (Lücke-Huhle et al., 1982).
In keeping with the data on the survival of fibroblasts, marked differences in the
rejoining kinetics of γ-radiation-induced double-strand breaks in DNA were found
between control cells and those from patients with ataxia telangiectasia, but similar
kinetics of rejoining of these breaks was observed after exposure to 241Am α-particles
(Coquerelle et al., 1987). When the production of micronuclei was determined in
lymphocytes from such patients after irradiation, the increase over that in control cells
was less pronounced after exposure to neutrons than after exposure to γ-rays (Vral
et al., 1996).
4.4

Genetic and related effects

4.4.1

Humans

Chromosomal aberrations were examined in lymphocytes from eight men aged
24–56 who were exposed during a criticality accident to mixed γ-radiation and fission
neutrons at doses estimated to range from 0.23 to 3.65 Gy. The neutrons contributed
about 26% of the total dose. Five of the men received doses that were estimated to
exceed 2.3 Gy, and the three others received lower doses. The blood samples were
drawn about 2.5 years after the irradiation; blood from five unirradiated subjects was
used as a control. Only chromatid-type aberrations were found in the controls. In the
subjects exposed to the higher doses, the frequency of aneuploid cells was 7–23%, and
gross aberrations, such as rings, dicentrics and minutes, were found in 2–20% of the
cells. The men who received doses of 0.23–0.69 Gy also had abnormalities but at a
much lower frequency (Bender & Gooch, 1962). Analysis of blood samples from the
same persons 3.5 years after exposure showed that they still had chromosomal aberrations but in most cases at a somewhat lower frequency (Bender & Gooch, 1963).
Chromosomal aberrations in peripheral blood cells were scored in a study of 17
patients who received tumour therapy with 14-meV neutrons at a rate of about
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0.2 Gy min–1 with a distance of 80 cm between the source and the skin. Treatment
consisted either of daily doses of 0.65–0.80 Gy or of 12 exposures of 1.3 Gy in three
fractions per week. The doses of contaminating γ-rays were 5–15% depending on the
field size and the depth of the tumour. The intercellular distribution of dicentric chromosomes showed predominantly overdispersion. A positive correlation was found for
dicentrics with a total skin dose of 0.8–15.6 Gy, and for total chromosome-type
damage (dicentrics, centric rings and excess acentrics). The authors concluded that
there was a significant correlation with therapeutic dose, despite the complex
influences of biological and physical factors on the aberration yield (Schmid et al.,
1980).
[The reports summarized below became available after the meeting of the
Working Group, although members of the Group were aware of the existence of some
of these publications. In view of their importance for the evaluation, they are included
in the monograph for completeness.
[The men studied by Bender and Gooch (1962, 1963) were further examined 7
(Goh, 1968), 8 and 10.5 (Goh, 1975) and 16 and 17 years (Littlefield & Joiner, 1978)
after the accident. At 16–17 years, six of the men still had residual chromosomal
aberrations; three men who had received the high doses had the highest frequency, and
the two who had been exposed to the highest dose had around 10% aberrant cells.
[In a criticality accident in 1965 in Mol, Belgium, a man received doses to the
bone marrow estimated to be 500 cGy of γ-radiation and 50 cGy of neutrons. Only 24
mitoses good enough for analysis were obtained. The aberrations included deletions,
translocations, dicentrics and rings; some cells had two or even three dicentrics. On
the basis of results available at the time on cells exposed in vitro, the total dose (mean
homogeneous equivalent dose) corresponding in effect to low-LET radiation was estimated to be 470–500 cGy, in good agreement with the physical estimates (Jammet
et al., 1980).
[An accident in Vinca, Yugoslavia, in 1958 resulted in the exposure of six persons
to neutrons and γ-radiation. More than 50% of the dose was estimated to be neutrons,
and the doses were estimated to be 165–227 cGy of neutrons and 158–209 cGy of γrays. Five years after the accident, the frequency of structural aberrations in the peripheral lymphocytes was 8–28% (Pendic & Djordjevic, 1968). Nineteen years after the
accident, the frequency of aberrations in four men had declined somewhat to 10–22%
(Pendic et al., 1980).
[The persistence of chromosomal aberrations in patients who received fractionated neutron therapy (average bone-marrow dose, < 100 to > 1000 cGy) to tumours
located at various sites was evaluated recently (Littlefield et al., 2000). Neutroninduced dicentrics and rings disappeared from the peripheral circulation within the
first three years after exposure, while translocations persisted for more than 17 years.]
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Experimental systems
(a)

Mutations in vivo

(i)
Germ-cell mutations
Visible dominant mutations: In mice, the spontaneous rate for visible dominant
mutations is approximately 8 × 10–6 per gamete per generation. Exposure to fission
neutrons (mean energy, 0.7 MeV) gave rise to a spermatogonial mutation rate of
25.5 × 10–5 per gamete per Gy (Batchelor et al., 1966).
Dominant lethal mutations: When male mice were exposed to fission neutrons
four to five weeks before mating with untreated females (postgonial stage), the rate of
dominant lethal mutations was approximately 25 × 10–2 per gamete per Gy (Grahn
et al., 1979). When males were irradiated in the stem-cell stage, no effect of dose rate
was observed after single or weekly exposures to neutrons, both of which gave a dominant lethal mutation rate of 40 × 10–3 per gamete per Gy (Grahn et al., 1979).
Experimental evidence of the nature of radiosensitive targets in immature (resting)
mouse oocytes led to new experimental designs that permitted measurement of
radiation-induced genetic damage in these cells. Such damage has been detected after
exposure to monoenergetic 0.43-MeV neutrons, and the genetic sensitivity of the
immature oocytes has been compared with that of maturing oocytes. Recoil protons
from 0.43-MeV neutrons produce short ionization tracks (mean, 2.6 μm) and can
therefore deposit energy in the DNA without simultaneously traversing and damaging
the hypersensitive plasma membrane. With these neutrons, dose–response relationships were obtained for both chromosomal aberrations and dominant lethal mutations
in oocytes from females irradiated 8–12 weeks earlier, when the oocytes were immature. The intrinsic mutational sensitivity of immature mouse oocytes appeared to be
similar to that of maturing oocytes (Straume et al., 1991).
Recessive visible mutations: In male mice, irradiation of post-spermatogonial
stages with neutrons at doses of up to 1 Gy resulted in recessive visible mutation rates
of 100–150 × 10–6 per locus per Gy, with no effect of dose rate (Russell, 1965). In
female mice, a rate of 145 × 10–6 per locus per Gy was reported for this type of
mutation after single doses of fission neutrons (0.3, 0.6 and 1.2 Gy) (Russell, 1972).
Specific locus mutations: One system for studying mutation induction in mice
comprises a series of 12 genes, most of which affect coat colour, six or seven of which
are usually tested as a group (Cattanach, 1971). Neutrons show an inverse dose-rate
effect, low dose rates of high doses being much more effective. In contrast to spermatogonia, oocytes are difficult to analyse for mutations (Batchelor et al., 1969). A
complicating factor is the time of conception after irradiation: with neutrons at low
dose rates, mutations could be recovered in litters conceived within seven weeks of
irradiation, but later litters had no mutations (Russell 1967).
Comparison of the effects of high-LET and low-LET radiation: Male B6CF1 mice
were exposed to once-weekly doses of either fission neutrons or 60Co γ-radiation for
up to one year and mated periodically to screen for the induction of dominant lethal
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mutations. The doses of neutrons were 0.0013–0.027 Gy week–1 and those of γradiation were 0.05–0.32 Gy week–1. Data on both pre- and postimplantation fetal
deaths were obtained. Age- and time-dependent factors made no consistent, significant contribution to the mutation rate; such factors could include changes in radiosensitivity and in spontaneous rates and any cumulative damage to the stem-cell population. Direct comparison of these data with data for males exposed to single doses
confirmed that weekly neutron irradiation was significantly more effective than single
doses in inducing postimplantation fetal losses, whereas single doses of γ-rays were
more effective than the same dose divided into weekly fractions. The RBE of neutrons
increased from 5 to 12 for single and weekly doses. The rates of preimplantation loss,
although significant, were not considered to be a sensitive measure of genetic injury
at the low doses used (Grahn et al., 1986).
Young adult male B6CF1 mice were exposed to single whole-body doses of fission
neutrons or 60Co γ-radiation. Post-spermatogonial dominant lethal mutations, the incidence of reciprocal chromosomal translocations in spermatogonia, the incidence of
abnormal epididymal sperm four to six weeks after exposure, and testicular weight
loss three to six weeks after exposure were measured. The responses to neutron doses
of 0.01–0.4 Gy and γ-radiation doses of 0.23–1.45 Gy were analysed in detail,
although more limited data from a fourfold higher dose range were integrated into the
analysis. Significant effects were seen at 0.01 and 0.025 Gy of neutrons, consistent
with extrapolation from higher doses, with the exception of dominant lethal mutations, which occurred in significant excess of expectation. The dose–response
relationships were linear or linear–quadratic, depending on the end-point, radiation
quality and dose range. For translocation frequencies, the D2 term in the linear–
quadratic dose–response function (see section 5, Overall introduction) was negative
for neutron and positive for γ-ray irradiations. The RBE values for testicular weight
loss and abnormal sperm were between 5 and 6 over the full dose range and were
between 7 and 9 at lower doses (< 0.1 Gy) for translocations. The RBE values for
postimplantation loss and total dominant lethal rates were 5–6 at doses > 0.1 Gy and
10–14 at doses < 0.1 Gy. The values for preimplantation loss were between 15 and 25
at doses > 0.1 Gy and possibly higher < 0.1 Gy. The authors suggested that the
unusual results at the lower doses may be explained by variation in cell sensitivity, cell
selection, probability of neutron traversal per cell, variance of magnitude of the energy
deposition events, dose rate and DNA repair (Grahn et al., 1984).
Male mice heterozygous for the Rb(11.13)4Bnr translocation were irradiated for
14.5 min with either 0.15 Gy of fission neutrons or 0.6 Gy of X-rays. These mice are
known to show high levels of spontaneous autosomal non-disjunction (20–30%) after
anaphase I. The effects of the irradiation on this process were determined in air-dried
preparations of primary and secondary spermatocytes. The induced effects were
studied at intervals of 2 and 3 h after the start of the irradiation and assessed by scoring:
univalents in primary spermatocytes; deletions, aneuploid chromosome counts and
precocious centromere separation in secondary spermatocytes; and chromatid gaps and
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breaks in both cell types. The two types of radiation induced comparable levels of chromosomal damage. The RBE value for neutrons relative to X-rays was calculated to be
5.4 for the meiosis I stage and 3.3 for the meiosis II stage. According to the authors, the
significantly higher incidence of cells showing damage at meiosis II than at diakinesis/
meiosis I does not indicate a difference in radiation sensitivity, but is the consequence
of the different chromosomal processes taking place during the time between irradiation and fixation (Nijhoff & de Boer, 1980).
(ii) Somatic mutations
Hprt: Mutation induction was measured at the Hprt locus in splenic lymphocytes
of B6CF1 mice 56 days after whole-body irradiation with fission-spectrum neutrons.
Lymphocytes were cultured for 12–16 days in the presence of 5 × 104 feeder cells
(syngeneic lymphocytes irradiated with 50 Gy γ-radiation). Animals were exposed to
either single doses of neutrons (1.5 Gy) or fractionated doses delivered over two
weeks (0.25 Gy × 6; total, 1.5 Gy). The frequency of Hprt mutant induction by the
single 1.5-Gy dose was 5.98 ± 1.51 × 10–5 (SE). Multiple doses of neutrons (total,
1.5 Gy) gave rise to a mutation frequency of 8.71 ± 5.39 × 10–5 (SE) (Kataoka et al.,
1993).
Oncogenes: Point mutations at codon 12 of the K-Ras oncogene were analysed by
an ‘enriched’ polymerase chain reaction method in 25-year-old paraffin-embedded
samples of normal lung tissue and lung adenocarcinoma tissue from mice that had
been exposed to radiation. Significantly more K-Ras codon-12 mutations (100%) were
observed in normal lung tissue from mice exposed 24 times to once-weekly neutron
radiation than in normal lung tissue from sham-irradiated mice (50%; p < 0.05). Lung
adenocarcinomas from these irradiated mice also had a significantly higher frequency
of point mutations in codon 12 of K-Ras than lung adenocarcinomas from mice
exposed to γ-radiation once a week for 24 or 60 weeks (50%), but the higher frequency
was not significantly different from that in spontaneous lung adenocarcinomas from
mice (75%; p > 0.05). Sequencing of two of the mutants revealed a K-Ras 13(Asp)
point mutation (Zhang & Woloschak, 1998). [The Working Group noted that it cannot
be concluded that the codon-12 mutations were induced by the radiation or arose in
clones initially transformed by the radiation.]
N-Ras mutations were examined in DNA samples extracted from the spleens of
CBA/Ca mice that had developed myeloid leukaemia after exposure to radiations of
various qualities. Seventeen cases of myeloid leukaemia comprising five cases of
neutron-induced and 12 cases of photon (three γ-radiation and nine X-radiation)induced myeloid leukaemia were included, with 12 DNA samples from the bonemarrow cells of control mice. Mobility shifts revealed by polymerase chain reaction
and single-strand conformational polymorphism indicated mutations only in exon II of
the N-Ras gene. Such mutations were more prevalent in samples from mice exposed
to fast neutrons. Silent point mutations, i.e. base transitions at the third base of codons
57, 62 or 70, were present only in mice that had developed myeloid leukaemia after
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exposure to fast neutrons. The higher frequency of N-Ras mutations in neutroninduced myeloid leukaemia suggested that fast neutrons are more effective in inducing
genomic instability at the N-Ras region of the genome. More importantly, N-Ras
mutations appear not to be the initiating event in radiation leukaemogenesis. This
conclusion was supported by the finding of N-ras mutations only in mice with an
overt leukaemic phenotype and not in animals with minimal tissue infiltration of
leukaemic cells, suggesting that the disease may be present before the N-Ras mutations (Rithidech et al., 1996).
A protocol was developed to induce thymic lymphomas in RF/J mice efficiently
by a single acute dose of neutron radiation. Activated Ras genes were detected in 4 of
24 of the tumours analysed. One of the tumours contained a K-Ras gene activated by
a point mutation in codon 146. Activating Ras mutations at position 146 have not
previously been detected in any known human or animal tumour. The spectrum of Ras
mutations detected in neutron radiation-induced thymic lymphomas was different
from that seen in thymic lymphomas induced by γ-radiation in the same strain of mice
(Sloan et al., 1990). A novel K-ras mutation in codon 146 was also found in thymic
lymphomas induced by neutrons (Corominas et al., 1991).
(iii) Cytogenetic effects
Sister chromatid exchanges were scored in bone-marrow cells from three-monthold rats as a function of time after exposure to 2 Gy of whole-body radiation with
1-MeV fission neutrons. This dose reduced the mean survival time to 445 days after
irradiation and induced more than one tumour per animal; by 200 days after irradiation, all of the animals bore tumours at autopsy, but the bone-marrow was not a
significant target for tumour induction. In controls, the mean number of sister chromatid exchanges per cell remained constant from 3 to 24 months of age (2.38 per cell;
SD, 0.21), but irradiation induced two distinct increases in the frequency: the first
occurred during the days following exposure and the second between days 150 and
240. Thereafter, the values levelled off at 3.37 per cell (SD, 0.39) until day 650.
Between the two increases (i.e. days 15–150), the number of sister chromatid
exchanges dropped to control values. Analysis of the distribution per cell showed that
the changes were not confined to a particular cell population. These results suggest
that, in irradiated rats, the second increase in sister chromatid exchange coincides with
tumour growth, whereas the first increase may be due to DNA damage that is rapidly
repaired (Poncy et al., 1988).
A modified mouse splenocyte culture system was standardized and used to evaluate the induction of micronuclei and chromosomal aberrations for the purposes of
biological dosimetry after exposure to X-radiation and fission neutrons in vivo and/or
in vitro. After irradiation with 1-MeV fission neutrons in vivo and culturing of mouse
splenocytes, linear dose–response curves were obtained for the induction of micronuclei and chromosomal aberrations. The lethal effects of neutrons were shown to be
significantly greater than those of a similar dose of X-radiation. The RBE was 6–8 in
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a dose range of 0.25–3 Gy for radiation-induced asymmetrical exchanges (dicentrics
and rings) and about 8 for micronuclei in a dose range of 0.25–2 Gy (Darroudi et al.,
1992).
The induction of reciprocal translocations in rhesus monkey stem-cell spermatogonia was studied by analysing primary spermatocytes at metaphase. The animals
were exposed to 1 Gy of γ-radiation at dose rates of 140 or 0.2 mGy min–1 or to
0.25 Gy of 2-MeV neutrons at 36 mGy min–1. Reduction of the dose rate from 140 to
0.2 mGy min–1 did not lower the frequency of recovered translocations from 0.43%
induced by the γ-radiation. The RBE for neutrons in relation to X-radiation was 2.1,
which is clearly lower than the value of 4 obtained for mice (Van Buul, 1989).
(b)

Cellular systems

(i)
DNA damage
Radiolysis of water results in numerous products; the most reactive and the most
damaging to DNA is the •OH radical. This radical either abstracts •H from deoxyribose and bases or reacts with the bases of all nucleotides. Consequential to these
reactions, conformational changes occur in DNA, which lead to the generation of
lesions. These lesions include single- and double-strand breaks and modifications of
deoxyribose and bases (some of these are alkali-labile sites that are revealed as singlestrand breaks after alkaline treatment), intrastrand and interstrand cross-links and
DNA–protein cross-links (Burns & Sims, 1981). The RBE of neutrons (in relation to
γ-radiation) for generation of these lesions is often higher than 2.5, but there is no
qualitative difference in the results of exposure to these types of radiation.
Irradiation of pBR322 plasmid DNA in solution with neutrons or γ-radiation
resulted in half the yield of single-strand breaks and a 1.5-times higher yield of
double-strand breaks with neutrons as compared with γ-rays (Spotheim-Maurizot
et al., 1990, 1996). Scavenging of •OH radicals with ethanol inhibited all neutroninduced single-strand breaks but only 85% of the double-strand breaks, whereas with
γ-irradiation the formation of both single- and double-strand breaks was completely
inhibited. The results suggest at least three different origins for neutron-induced
double-strand breaks. The occurrence of around 30% of these breaks can be explained
by a radical transfer mechanism, as proposed by Siddiqi and Bothe (1987), for γradiation. In this model, a radical site is transferred from a sugar moiety of the cleaved
strand to the complementary intact strand, which occurs with a probability of about
6%. Around 55% of neutron-induced double-strand breaks may be due to the nonrandom distribution of radicals in high-density tracks of the secondary particles of
neutrons, which results in a simultaneous attack of the two strands by •OH radicals.
The first two processes are both •OH-mediated and are therefore sensitive to ethanol.
The direct effect of fast neutrons and their secondaries (recoil protons, α-particles and
recoil nuclei) can account for the remaining 15% of double-strand breaks, which are
not inhibited by scavengers (Spotheim-Maurizot et al., 1990). Consistent with this
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view, Pogozelski et al. (1999) found that the decrease in yields of strand breaks in
plasmid pBR322 with increasing •OH scavenging capacities was not as pronounced
for fission neutrons as for γ-rays. In contrast, damage to restriction fragments or oligodeoxyribonucleotides induced by fission neutrons can be almost completely
suppressed by thiols (Savoye et al., 1997; Swenberg et al., 1997).
In an 80-base-pair DNA fragment exposed to fast neutrons, the probability of
strand breakage at a given nucleotide site was not determined by the nature of the
nucleotide but by its flanking sequence. The sequence-dependence is due to variations
in the accessibility of the H4′ and H5′ atoms. Fitting the experimental results with the
calculated reaction probabilities suggested that a C4′-centred radical develops into a
strand break three times more efficiently than a C5′-centred radical, and that half of
the breaks occur via the 4′ path and half via the 5′ path (Sy et al., 1997).
DNA lesions induced by fast neutrons in L5178Y mouse lymphoma cells were
classified into three types on the basis of their repair profiles: rapidly repaired breaks
(half-time, 3–5 min), slowly repaired breaks (70 min) and unrepairable breaks. The
rates of repair of the first two types of break were almost the same as those of corresponding damage induced by low-LET radiation. Neutrons induced less rapidly
repaired damage, a nearly equal amount of slowly repaired damage and more
unrepairable damage when compared with equal doses of γ-radiation or X-radiation
(Sakai et al., 1987).
The induction and repair of breaks was studied by alkaline elution (Kohn &
Grimek-Ewig, 1973) of DNA from Chinese hamster V79 and human P3 epithelial
teratocarcinoma cells after exposure to fission-spectrum neutrons (mean energy, 0.85
MeV) and 60Co γ-radiation in the biological dose range. The fission-spectrum neutrons
induced fewer direct single-strand breaks per gray of absorbed dose than γ-radiation
(Peak et al., 1989). Measurements of cell survival had already indicated incomplete
recovery of the cells after exposure to neutrons (Hill et al., 1988). Whereas most
single-strand breaks caused by exposure to fission-spectrum neutrons can be rapidly
repaired by both hamster and human cell lines, a small but statistically significant
fraction (about 10%) of the single-strand breaks induced by exposure to 6 Gy of
neutrons was refractory to repair. In contrast, all measurable single-strand DNA
breaks induced by 3 Gy of γ-radiation were rapidly repaired (Peak et al., 1989).
Neutron irradiation has been reported to cause single-strand breaks, with RBEs
varying from 0.3 to nearly 2 in assays with various cellular and extracellular systems
and neutron energies (see, e.g. Van der Schans et al., 1983; Prise et al., 1987; Vaughan
et al., 1991). The RBEs for double-strand break induction by neutrons are usually
about 1, although higher values have been reported. The breaks differ from those
induced by γ-rays mainly in the fact that they are less readily repaired, as described
below.
Monolayers of L-929 mouse fibroblasts were irradiated with fast neutrons or 250kVp X-rays and treated simultaneously with dinitrophenol to prevent the DNA strands
from rejoining; single-strand breaks induced in DNA were measured by the alkaline
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sucrose sedimentation method. The RBE for single-strand breaks was about 1.6, which
is essentially the same as that measured from cell survival (Moss et al., 1976).
The effects on cellular viability and the kinetics of induction and repair of DNA
strand breaks in HeLa cells were examined after exposure to a thermal neutron beam
and compared with those after γ-irradiation. The survival curve had no initial shoulder.
The RBEs of the neutron radiation were 2.2 for cell killing (ratio of D0 values), 1.8
and 0.9 for single-strand breaks measured by alkaline sedimentation and alkaline
elution, respectively, and 2.6 for double-strand breaks, determined by neutral elution
(Bradley & Kohn, 1979). No difference was observed between thermal neutrons and
γ-rays in respect of the repair kinetics of single- and double-strand breaks. It was
suggested that the effect of the intracellular nuclear reaction, 14N(n,p)14C, is mainly
responsible for the high RBE values observed (Maki et al., 1986).
The effects of 2.3-MeV (mean energy) neutrons and 250-kVp X-rays on cell
survival and DNA double-strand break induction and repair (measured by neutral
elution) were investigated in Chinese hamster V79 cells. The lethal effects of neutrons
were shown to be significantly greater than those of a similar dose of X-rays (RBE,
3.55 at 10% survival), but the RBE for double-strand break induction, in a dose range
of 10–50 Gy, was 1. Radiation-dependent differences were found in the pattern of
repair. A fast and a slow repair component were seen in both cases, but the former was
reduced after neutron irradiation. Since the amount of slow repair was similar in the
two cases, proportionally more unrejoined breaks were seen after exposure to
neutrons. The results were similar when the elutions were conducted at pH 9.6 and pH
7.2 (Fox & McNally, 1988).
DNA double-strand break induction and rejoining, measured by field-inversion gel
electrophoresis, were compared by cell survival in mutant (XR-V15B) and wild-type
parental (V79B) hamster cell lines after low-dose neutron and X-irradiation. Neutrons
did not induce more double-strand breaks than X-rays. Even with low doses of
neutrons, a visible increase was found in the formation of a smaller subset of DNA
fragments, which arise only after very high doses of X-rays. In both cell lines, doublestrand breaks induced by neutrons were rejoined more slowly than those induced by
X-radiation. At long repair times (4 and 17 h), there were no significant differences
between neutrons and X-rays in the fractions of unrejoined double-strand breaks. The
authors proposed that neutron-induced double-strand breaks have a higher probability
of becoming lethal because they are more likely to be misrepaired during the slow
stage of rejoining (Kysela et al., 1993).
Irradiation of viable CHO AA8 cells on ice with 4–25 Gy of either 60Co γ-radiation
or d(20 MeV)Be neutrons (mean energy, 7.5 MeV) produced similar resistance to
rewinding of nuclear DNA supercoils after treatment with ethidium bromide. The
recovery from the effects of 12 Gy of either radiation was also similar, leaving no
detectable residual damage. The discrepancy between these data and the reduced
ability of neutrons to produce DNA breaks, as defined by the alkaline elution assay, is
explained by the discontinuous deposition of energy associated with neutron irra-
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diation. A microdosimetric analysis suggested that neutron radiation interacts with
DNA at sites that are on average 5–10 times further apart than those that interact with
γ-radiation. The long DNA sequences that result from neutron irradiation are consequently eluted inefficiently during alkaline elution, giving a reported RBE of approximately 0.3. Restrictions in the rewinding of individual supercoils are not dependent on
the inter-ionization distance and thus give rise to an RBE of approximately 1. Furthermore, the complete removal of DNA damage, as measured by this technique, supports
the hypothesis that the toxicity of neutrons is associated with incorrect, not incomplete, rejoining of the DNA molecule (Vaughan et al., 1991).
The relative sensitivity of Chinese hamster ovary cells to fast neutrons and γ-rays
was studied with a panel of mutants characterized by defects in the nucleotide excision
repair pathway. These could be further subdivided into mutants that were defective in
nucleotide excision repair alone, in base excision repair alone, in DNA-dependent
protein kinase-mediated DNA double-strand break repair or in the distinct but
overlapping pathway for the repair of DNA cross-links. None of the mutants defective
in nucleotide excision repair showed different sensitivities to fast neutrons and γradiation. In contrast, deficiency in the base excision repair pathway resulted in
significant primary sensitization to both types of radiation (2.0-fold to γ-radiation and
1.8-fold to neutrons). Deficiency in the double-strand break repair pathway mediated
by DNA-protein kinase resulted in marked but again similar primary sensitization to
γ-radiation (4.2-fold) and neutrons (5.1-fold). Thus, none of the repair pathways examined showed a preferential role in the repair of damage induced by low-LET and
intermediate-LET radiations; this resulted in an essentially consistent RBE of
approximately 2 in the cell lines studied (Britten & Murray, 1997).
(ii) Chromosomal aberrations
Many studies have been performed of radiation-induced chromosomal aberrations
in mammalian cells—often human lymphocytes. Comparisons of the effects of
radiation have often been based on the number of dicentric chromosomes induced,
although premature chromosome condensation is also an end-point for comparison.
The RBEs of neutron irradiation have been determined for dicentrics or for dicentrics
plus centric rings in human lymphocytes isolated from peripheral blood exposed to
neutrons with different energies (Table 18). Analysis of dicentrics revealed RBE
values of 5, 6 and 14 for neutrons of mean energy 21, 14 and 6.5 MeV, respectively,
produced on a beryllium target [9Be(d,n)10B] (Fabry et al., 1985).
The yield of chromatid-type aberrations induced by either fission neutrons or Xradiation can be potentiated by post-irradiation treatment with hydroxyurea and caffeine
when the cells are irradiated in G2; however, the frequencies of neutron-induced
chromatid-type aberrations are not potentiated by treatment with cytosine arabinoside,
except at the highest dose used. In contrast, chromatid aberrations induced by Xradiation were strongly potentiated by cytosine arabinoside. These results indicate that
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Table 18. Relative biological effectiveness (RBE) of neutrons for chromosome-type dicentrics (or dicentrics plus centric
rings) induced in human peripheral lymphocytes irradiated in vitro (reference radiation, 60Co γ-rays; constant dose
rate, 0.5 Gy min–1; Lloyd et al., 1975)
Source

α,n)4He
H(α
Russian Federation
(NG–150M)

Absorbed dose rate
(Gy min–1)

Sampling time

RBE for
2.0–0.02
aberrations
per cell

RBEm

Reference

~ 14.1
~ 15.0 (γ < 4%)
~ 14.7 (γ ~ 7.5%)
~ 14.9 (γ ~ 3%)

–
0.12
0.30
0.25

–
48 h
48 h
48 h (O2)
(N2)

1.2–5.9a
1.1–3.6
1.7–6.6
2.2–6.6
1.2–2.1

14.5
9.0
16.7
16.2
4.3

Sasaki (1971)
Bauchinger et al. (1975)
Lloyd et al. (1976)
Prosser & Stimpson (1981)

14.7 (γ < 10%)

0.36–1.85

50–52 h

1.7–3.8

9.0

Sevan’kaev et al. (1979a,b)

~ 20

~ 0.50

1.4–11.3

29.2

~ 7.6 (γ < 10%)

0.30

52–72 h (with
BrdU)
48 h

2.1–11.9

30.4

Barjaktarovic & Savage
(1980)
Lloyd et al. (1976)

3

d, Be
Harwell, England
(VEC)
Hammersmith, England
(cyclotron)
Louvain, Belgium
(cyclotron)
Japan

~ 6.2 (γ low)

0.05

48–53 h

1.0–8.3

21.5

Biola et al. (1974)

~ 2.03

–

–

2.2–17.4a

43.3

Sasaki (1971)

Li/Be
Russian Federation
(KG-2.5 accelerator)

~ 0.04 (γ < 7%)
~ 0.09 (γ < 4%)

0.01
0.03

50–52 h

2.4–6.8
1.1–10.8

16.5
28.0

Sevan’kaev et al. (1979a,b)
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d, T
Japan
Germany
Glasgow, Scotland
Harwell, England

Neutron energy
(MeV)

Table 18 (contd)
Source

Absorbed dose rate
(Gy min–1)

Sampling time

RBE for
2.0–0.02
aberrations
per cell

RBEm

Reference

Max, ~ 10 (γ very
high + thermal)
Max ~ 10
(γ ~ 30–50%)
Max ~ 1.5 (γ ~ 5%)

–

2.8–22.3

57.4

Biola et al. (1974)

2.7–21.6

55.7

Biola et al. (1974)

0.12

46–53 h (data
corrected for γ)
46–53 (data
corrected for γ)
46–53 h

2.0–16.1

41.3

Biola et al. (1974)

Max ~ 3

–

52 h

0.8–6.5

16.9

Todorov et al. (1973)

~ 0.9 (γ < 10%)
~ 0.85 (γ ~ 3%)

0.03
0.06

48 h
48–50 h

2.2–18.0
2.3–18.3a

46.4
45.6

Lloyd et al. (1976)
Carrano (1975)

~ 0.85 (γ < 5%)

0.06–2.6

50–52 h

2.8–19.9

51.1

Sevan’kaev et al. (1979a,b)

~ 0.7 (γ ~ 10%)

0.50

48 h

2.6–20.6

53.2

Lloyd et al. (1976)

~ 0.7 (γ ~ 10%)

0.50

48–56 h

2.6–21

54.1

Scott et al. (1969)

~ 0.7 (γ ~ 15%)

48–46 h
48 h

2.5–20.4
3.1–25.2
2.6–22.2

52.2
65.0
57.1

Scott et al. (1969)

~ 0.4 (γ ~ 10%)

0.0005
0.0011
0.002–0.07

Vulpis et al. (1978)

~ 0.35 (γ < 5%)

0.04–0.4

50–52 h

4.1–32.6

83.9

Sevan’kaev et al. (1979a,b)

Thermal (γ < 5%)

0.005

50–52 h

1.3–20.6

53.3

Sevan’kaev et al. (1979a,b)

0.03–0.07

NEUTRONS

Fission
France
(CEA/Crac)
France
(CEN/Triton)
France
(CEN/Harmonie)
Sofia, Bulgaria
(IRT-2000)
Aldermaston, England
Argonne, USA
(JANUS)
Russian Federation
(BR-10)
Harwell, England
(BEPO)
Harwell, England
(BEPO)
Harwell, England
(GIEEP)
Italy
(TAPIRO)
Russian Federation
(BR-10)
Russian Federation
(BR-10)

Neutron energy
(MeV)

421

422

Source

Neutron energy
(MeV)

Absorbed dose rate
(Gy min–1)

Sampling time

RBE for
2.0–0.02
aberrations
per cell

RBEm

Reference

National Radiological
Protection Board
(252Cf)

~ 2.13 MeV

0.12–0.17

48 h

1.8–14.8

38.2

Lloyd et al. (1978)

Adapted from Savage (1982)
a
Dicentrics plus centric rings
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Table 18 (contd)
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neutrons produce a smaller proportion of lesions, the repair of which can be inhibited by
this compound, than X-radiation (Antoccia et al., 1992).
Several radiosensitive Chinese hamster cell lines have been studied to explore the
relationship between radiation-induced DNA lesions and chromosomal aberrations.
The frequency of radiation-induced aberrations in Xrs mutants, which are deficient in
double-strand break repair, was higher than in control cells. In a radiosensitive
hamster cell line (V-C4), which has no detectable defect in double-strand break repair,
the frequencies of X-radiation-induced aberrations are higher than those found in
wild-type V79 cells. After treatment with fission neutrons, however, the frequency of
aberrations is similar to that in V79 cells, indicating that V-C4 cells are defective in
repair of X-radiation-induced lesions other than double-strand breaks. Apparently,
these other lesions may also lead to aberrations (Natarajan et al., 1993).
Chromosomal aberrations were scored in BHK21 C13 Syrian hamster fibroblasts
exposed in stationary phase to 60Co γ-rays, 250-kV X-rays, 15-MeV neutrons or
neutrons of a mean energy of 2.1 MeV produced from the 9Be(d,n)10B reaction. No
detectable difference was seen in the responses to 60Co γ-rays and 250-kV X-rays. The
RBE for the production of dicentrics, based on the ‘one hit’ component of the
response, was 5 ± 2 for the 15-MeV neutrons and 12 ± 5 for the 2.1-MeV neutrons
(Roberts & Holt, 1985).
Micronucleus formation induced by neutrons has been studied in a number of cell
types, including human blood lymphocytes and two-cell mouse embryos exposed in
late G2 phase (Molls et al., 1981; Mill et al., 1996; Vral et al., 1996).
There is now substantial evidence that ionizing radiation can induce genomic instability in the form of chromosomal aberrations which appear several cell generations
after irradiation. When the progeny of neutron-irradiated human epithelial MCF-10A
cells were examined for chromosomal aberrations 5–40 population doublings after
irradiation, an increase in the frequency of chromatid-type gaps and breaks was
observed, but no such effect was observed for chromosome-type aberrations. Neutronirradiated cells showed consistently increased frequencies of aberrations when compared with unirradiated control cells at all times examined, indicating that neutrons can
cause chromosomal instability (Ponnaiya et al., 1997).
(iii) Interchromosomal versus intrachromosomal aberrations
Many attempts have been made to identify specific biomarkers of radiation as the
causal agent of biological effects in cells and tissues. The search has included the
examination of chromosomal aberrations for what has been termed a chromosomal
‘fingerprint’ that would indicate the type of radiation responsible for the aberration.
Brenner and Sachs (1994) observed that high-LET radiation, in particular α-particles
or fission neutrons, produces a remarkably low ratio of interchromosomal to intrachromosomal aberrations, which is two to three times lower than the ratio recorded
after X- or γ-irradiation. The authors proposed use of this ratio as a fingerprint for
exposure to high-LET radiation.
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The two types of aberration are illustrated in Figure 5. Exchange-type chromosomal
aberrations are interchromosomal if the DNA double-strand breaks that are the initial
cause of the lesion occur on different chromosomes. If the double-strand breaks are on
different arms of the same chromosome, the lesion is intrachromosomal. If the doublestrand breaks were random and all the double-strand breaks were equally likely to
interact with one another, the ratio F of the interchromosomal to intrachromosomal
aberrations would be 90, assuming that all chromosome arms were of equal length.
Since chromosome arms are not of equal length and there is an increased probability of
interaction between double-strand breaks that are close together, the F value is lower
and is indicative of lesions induced by low-LET radiations, such as X- and γ-radiation.
High-LET radiations, which are densely ionizing because of the inhomogeneity of the
energy deposition, induce double-strand breaks that are even closer than those
produced by X- or γ-radiation, increasing the yield of intrachromosomal aberrations
and resulting in a smaller F value. On the basis of many reports of the induction of
chromosomal aberrations in humans and other experimental data, it was suggested that
the F value for densely ionizing radiation was about 6 and that this was significantly
lower than the values for X- and γ-radiation and for chemical clastogenic agents. If
valid, this approach for determining F ratios would have potential use in epidemiological studies, such as those on atomic bomb survivors and persons exposed to radon,
in establishing the type of radiation involved (Brenner & Sachs, 1994).
Other authors have both supported (Sasaki et al., 1998) and disputed (Bauchinger
& Schmid, 1997, 1998) this hypothesis. The report of a workshop set up to examine
the use of F values concluded that: (1) there was some evidence to suggest that ratios
of different chromosomal aberrations might be used as a biomarker of exposure to
high-LET radiations; (2) there are large interlaboratory differences in F values for the
same type of radiation; (3) despite these variations, F values do not depend on dose or
LET at doses above 1 Gy; (4) further studies are required to establish if F values can
be used to identify a causal relationship between the observed chromosomal aberrations and specific exposure to radiation. It was suggested that the ratio of intrachromosomal intra-arm to interchromosomal aberrations (designated the H ratio) should be
examined as a possible fingerprint of exposure to high-LET neutrons (Nakamura
et al., 1998).
(iv) Gene mutations
Since mutation of a given gene is a relatively rare event, the majority of systems for
studying radiation-induced mutations involve placing an irradiated cell population
under selective pressure so that only the mutant cells are able to survive and can be enumerated. Mutation of genes in a hemizygous (single copy) or heterozygous (two copies
but only one active) state is usually studied, to enable measurement. Commonly used
mutation systems are based on the loss of enzyme activity, e.g. the enzyme HPRT,
which renders cells resistant to the drug 6-thioguanine, the enzyme TK, which confers
resistance to trifluorothymidine and the enzyme APRT which confers resistance to
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Figure 5. Interchromosomal and intrachromosomal, inter-arm
aberrations resulting from ionizing radiations of different quality

Adapted from Brenner & Sachs (1994)
Each cross represents an ionization cluster of sufficient localization and multiplicity to
produce a double-strand DNA break. Panel (a) shows interchromosomal aberrations
resulting, in the case shown here, from two independent, sparsely ionizing radiation
tracks. This aberration could also result from two double-strand breaks caused by a
single radiation track. Panel (b) shows intrachromosomal, inter-arm aberrations resulting, in the case shown here, from a single, densely ionizing radiation track.
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8-azaadenine and 2-aminopurine (see section 4.4.2 in the monograph on X- and
γ-radiation). The Hprt gene is located on the X chromosome, while the Tk and Aprt
genes are on autosomes and must therefore be used in a hemi- or heterozygous state.
The effects of the dose rate of high-LET radiation on mouse L5178Y cells were
reported (Nakamura & Sawada, 1988) after exposure to 252Cf (2.13-MeV neutrons). At
the high dose rate of 1.2 cGy min–1, 252Cf irradiation produced a linear induction of
Hprt mutants at relatively low doses but showed reduced effectiveness at higher doses.
At the lower dose rate of 0.16 cGy min–1, the initial slope for mutant induction
(9 × 10–7 per cGy) was approximately the same as that at the higher dose rate, but the
induction curve did not appear to ‘turn over’ at higher doses. Dose-dependent values
for the RBE of high-LET radiation in excess of 10 were found for the low-dose rate in
a comparison of neutrons from 252Cf with 60Co γ-radiation.
Human B-lymphoblastoid TK6 cells were used to examine the effectiveness of 4.2MeV (230Pu, Be) neutrons at dose rates of 0.00014–0.04 cGy min–1 for up to 20 days.
Neutrons at dose rates < 0.0014 cGy min–1 were more effective at inducing mutants
than were higher dose rates. The RBE of these low dose rates, relative to 100-kV Xrays, can be calculated to be about 10. When TK6 cells were exposed to beams ranging
in atomic number from 20Ne to 40Ar over an energy range of 330–670 MeV per atomic
mass unit (amu), mutation induction was evaluated for both the TK and the HPRT loci
for a subset of these beams. The results obtained with the 20Ne ions of 425 MeV per
amu (LET, 32 keV μm–1) and 28Si ions of 670 MeV per amu (LET, 50 keV μm–1)
closely resembled those obtained after brief exposure to (230Pu, Be) neutrons. Alterations in DNA structure within the TK locus of mutants induced by neutrons and by 40Ar
ions were similar and were dominated by allele loss. Multi-locus deletions inclusive of
the c-erbA1 locus were common among the TK-deficient mutants induced by these
densely ionizing radiations (Kronenberg & Little, 1989; Kronenberg, 1991).
A system involving human–hamster hybrid cells was developed by Waldren et al.
(1979) from a stable hybrid containing the Chinese hamster genome and one copy of
the human chromosome 11. The loss of several markers on this chromosome can be
determined, and even complete loss of the chromosome is not lethal. This system has
been used to measure mutant frequencies after irradiation with neutrons of various
energies (0.33–14 MeV), at doses up to 200 cGy. Significant increases in mutant
frequency were found at doses as low as 10 cGy, and dose-dependent RBEs of up to
30—for the 0.33-MeV neutrons—were calculated in comparison with 137Cs γ-radiation
(Hei et al., 1988).
Fast neutrons produced by proton bombardment of a beryllium target in a cyclotron were used to examine the energy dependence of the induction of mutants at the
Hprt and Tk loci in V79 Chinese hamster cells. The beams of neutrons were produced
from protons with 46, 30, 20 and 14 MeV of energy. Gradually increasing cytotoxic
and mutagenic effects of the neutrons were noted as the energy decreased. The
frequency of induced mutants at the Tk gene was higher than at the Hprt gene. In a
human epithelium teratocarcinoma cell line (P3), the mutation frequency at the HPRT

NEUTRONS

427

locus, as in V79 cells, increased 2.5–4 fold with decreasing neutron energy (Zhu &
Hill, 1994; Sharma & Hill, 1996).
A 1-Gy fission neutron dose from a 252Cf source induced a maximal Hprt mutation
frequency in synchronized L5178Y mouse lymphoma cells when delivered immediately
after release from G2/M block, whereas the maximal response to 60Co γ-radiation was
found in G1 (Tauchi et al., 1993).
The biological effectiveness for mutation induction at the Hprt locus in confluent
cultures of mouse m5S cells exposed to fission neutrons from 252Cf, relative to γradiation, was increased from 4.9 to 7.4 when the dose rate was reduced from 1.8 to
0.12 cGy min–1. The changes in RBE were due mainly to a reduction in the effect of γradiation. The authors noted that their observations contrast with reports of proliferating cell cultures and suggested that they could be ascribed to the cell growth
conditions used in their experiments (Komatsu et al., 1993).
The toxic and mutagenic effects of X-rays and neutrons were compared in the
Chinese hamster ovary cell line K1-BH4 and its transformant, AS52, which lacks the
normal Hprt gene but instead contains a single autosomally integrated copy of the
bacterial equivalent, the gpt gene. X-radiation and neutrons appeared to be equitoxic
in the two cell lines, but both were 10 times more mutagenic to the gpt gene in AS52
cells than to the Hprt gene of K1-BH4 cells. The apparent hypermutability of AS52
cells probably results from better recovery of multi-locus deletion mutants in AS52
cells than in K1-BH4 cells, rather than a higher yield of induced mutants (Hsie et al.,
1990).
Chinese hamster ovary cells were exposed to thermal neutrons, and the mutation
frequency at the Hprt locus was determined. The Kyoto University Research Reactor,
which produces thermal neutrons with a very low level of contaminating γ-rays and
fast neutrons, was used as the source of radiation. The cells were irradiated in the
presence or absence of boric acid. Thermal neutron irradiation was 2.5 times as mutagenic as γ-radiation without boron. In the presence of boron, however, thermal neutron
radiation was 4.2–4.5 times as mutagenic as γ-radiation. When the mutation frequency
was plotted against the surviving fraction, greater mutagenicity was observed in the
presence than in the absence of boron, suggesting that the enhancement of thermal
neutron-induced mutation with boron is strongly associated with α-particles released
by the 10B(n,α)7Li reaction (Kinashi et al., 1997).
(v) Cell transformation
Ionizing radiation of low LET is an effective inducer of cell transformation in
various systems (see section 4.4.2 in the monograph on X- and γ-radiation). A large
number of studies have also been conducted with neutrons, which are even more
effective than X- or γ-rays. The RBE values relative to X- or γ-radiation depend on the
energy of the neutrons. Miller et al. (1989) examined the effect of low absorbed doses
of monoenergetic neutrons with energies of 0.23–13.7 MeV on transformation in
asynchronous mouse C3H10T1/2 cells. The dose–response curves were linear or
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nearly linear for the various neutron energies and curvilinear for the reference X-rays.
The RBE values were found to decrease with increasing dose for both cell transformation and survival. The maximal values varied from 13 for 5.9-MeV neutrons to 35
for 0.35-MeV neutrons. Rather lower RBE values were reported in a study with less
pure neutron sources (Balcer-Kubiczek & Harrison, 1983): the maximum observed
RBE for reactor fission neutrons (with 8–20% γ-ray component) was 3.8, and that for
cyclotron neutrons (8% γ-ray component) was 1.2. A subsequent study on fission
neutrons at various dose rates gave an RBE for cell transformation of 3 at a high dose
rate (0.1 Gy min–1) and 10 at the lowest dose rate studied (0.005 Gy min–1) (BalcerKubiczek et al., 1988). In mouse mS5 cells, 252Cf neutrons showed RBE values for cell
transformation of 3.3–5.1, depending on the dose rate (1.8–0.12 cGy min–1) (Komatsu
et al., 1993).
The claim of Hill et al. (1984a,b) that neutron-induced transformation in the
C3H10T1/2 system was enhanced by a factor of about 9 at low dose rates triggered
much work on dose rates and dose fractionation with respect to the so-called ‘inverse
dose rate’ problem. The effect was confirmed in the same system by several authors
(see e.g. Miller et al., 1990) and flatly denied by others (Balcer-Kubiczek et al., 1988,
1991; Saran et al., 1991; Balcer-Kubiczek et al., 1994; Saran et al., 1994). Syrian
hamster embryo cells were also reported to show the effect (Jones et al., 1989), and an
inverse dose-rate effect of 2.9 was reported for the human hybrid system (HeLa × skin
fibroblasts), with fission neutrons of an average energy of 0.85 MeV (Redpath et al.,
1990); however, no effect was found in confluent cultures of mouse m5S cells
(Komatsu et al., 1993). Several authors reported that the effect is specific to particular
sources or energies of neutrons (Elkind, 1991; Miller & Hall, 1991), and there is still
some confusion in the area (Masuda, 1994; Brenner et al., 1996). Explanations of the
inverse dose-rate effect have involved cell proliferation during irradiation and the
postulated existence of a hypersensitive ‘window’ in the cell cycle (Elkind, 1991).
In experiments with synchronized mouse C3H10T1/2 cells, Miller et al. (1995)
found that the G1 phase of the cell cycle (4–6 h after mitotic ‘shake-off’) was the most
sensitive to neutron-induced oncogenic transformation, in contrast to what has been
observed with X-radiation where the peak was 14–16 h after ‘shake-off’, reflecting
mostly G2 cells. Less variation in the response during the cell cycle was seen for
neutrons than for X-rays (Redpath et al., 1995; Pazzaglia et al., 1996).
It is not clear what molecular changes induced by neutrons are responsible for cell
transformation. In 5.9-MeV neutron-transformed foci of C3H10T1/2 cells, chromosomal aberrations have been found, but there were no N-ras or K-ras mutations
(Freyer et al., 1996), and it was reported that human keratinocytes transformed by
neutrons do not contain mutations in either RAS or p53 (Thraves et al., 1994).
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Summary of Data Reported and Evaluation

Exposure data

Exposure to neutrons normally occurs from a mixed irradiation field in which
neutrons are a minor component. The exceptions are exposure of patients to neutron
radiotherapy beams and exposures of aircraft passengers and crew. In high-altitude
cities, neutrons can constitute as much as 25% of cosmic background radiation.
A measure of the societal burden is the annual neutron collective dose per year–1. Those
values would be 4.6 × 105 person–Sv year–1 for the world population exposed at ground
level, 350 person–Sv year–1 for nuclear workers and 7500 person–Sv year–1 for the
passengers and crews of aircraft. The individual average lifetime effective dose of
neutrons has been estimated to be 6 mSv for the world population exposed at ground
level and 30 mSv for aircrews. The maximal lifetime doses of neutrons are estimated
to be 68 mSv for the population of the high-altitude city of La Paz, Bolivia, 46 mSv for
long-haul pilots and up to 130 mSv for the small proportion of nuclear workers exposed
to neutrons.
5.2

Human carcinogenicity data

There are no epidemiological data adequate to evaluate whether neutrons are
carcinogenic to humans.
5.3

Animal carcinogenicity data

Neutrons have been tested at various doses and dose rates with wide ranges of
mean energy from various sources (reactors, 252Cf, 235U) for carcinogenicity in mice,
rats, rabbits, dogs and rhesus monkeys. Fission-spectrum neutrons were used in most
of these studies. Neutrons were also tested for carcinogenicity in mice exposed prenatally and in mice after male parental exposure.
In adult animals, the incidences of leukaemia and of ovarian, mammary, lung and
liver tumours were increased in a dose-related manner, although the incidence often
decreased at high doses. While a γ-ray component was present in the exposure in most
studies, it was generally small, and the carcinogenic effects observed could clearly be
attributed to the neutrons. Prenatal and parental exposure of mice resulted in increased
incidences of liver tumours in the offspring.
In general, there was no apparent reduction in tumour incidence after exposure to
low doses at a low dose rate, but enhancement of tumour incidence was often
observed with high doses at a 1ow dose rate. In virtually all studies, neutrons were
more effective in inducing tumours than were X-radiation or γ-radiation when compared on the basis of absorbed dose.
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Other relevant data

Neutrons are uncharged particles that are penetrating and interact with atomic
nuclei, generating densely ionizing charged particles, such as protons, α-particles and
nuclear fragments, and sparsely ionizing γ-radiation. The densely ionizing particles
produce a spectrum of molecular damage that overlaps with that induced by sparsely
ionizing radiation, but they are more effective in causing biological damage because
they release more of their energy in clusters of ionizing events, giving rise to more
severe local damage.
Comparison of the effects of neutrons with those of X- and γ-radiation is based on
the assumption that the effects are the same qualitatively and differ only quantitatively.
The assumption is reasonable with regard to deterministic effects because they are, in
general, caused by cell killing. Neutrons are more effective than X- and γ-radiation in
causing both early and late deterministic effects. The effectiveness of neutrons is
dependent on their kinetic energy and decreases with increasing energy up to about
15 MeV. The effects of neutrons are much less dependent on dose rate, fractionation,
cell cycle stage and oxygenation than those of X-radiation and γ-radiation. The relative
biological effectiveness of neutrons for the induction of deterministic effects is greater
than 1 but not as high as those estimated for induction of cancer in experimental
animals. For single doses of 1–5-MeV fast neutrons, the relative biological effectiveness values range from 4 to 12, except in the haematopoietic system for which the
values are 2–3. The relative biological effectiveness is higher for later-responding
tissues than for early-responding tissues.
For individual cells also, neutron energy is an important factor in the stochastic
effectiveness of neutrons. The ability of surviving cells to proliferate and increase cell
populations does not appear to depend on the quality of radiation; however, because
of the greater effectiveness of neutrons per unit dose, the surviving population is
smaller and a longer time is required for the proliferation rate to recover. This may be
critical in maintenance of the integrity of a tissue.
Cells from patients with ataxia telangiectasia are hypersensitive to cell killing and
to induction of micronuclei by fast neutrons, although the degree of hypersensitivity
is less pronounced than for sparsely ionizing radiation.
The spectrum of DNA damage from neutrons includes clustered damage of
substantial complexity and consequently reduced repairability. Neutrons are comparable to X- and γ-radiation in producing double-strand breaks, but neutron-induced
DNA lesions in mammalian cells are less readily repaired than those produced by
sparsely ionizing radiation.
Neutrons are very efficient at inducing transformation in rodent and human
cellular systems. The relative biological effectiveness of neutrons has been reported to
vary from 3 to 35; whether (or under what conditions) the efficiency of neoplastic
transformation is greater at low dose rates remains unclear.
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Chromosomal aberrations (including rings, dicentrics and acentric fragments) were
induced in the circulating lymphocytes of people exposed in an accident involving
release of neutrons in a nuclear plant and in the lymphocytes of patients exposed during
neutron therapy. In the former study, there was also an increase in the frequency of
numerical aberrations. Within the limits of the studies, the effect was found to be dosedependent.
Gene mutations and chromosomal aberrations are induced in mammalian cells many
times more efficiently by neutrons than by the same absorbed dose of X- or γ-radiation.
Fission neutrons have been shown to induce germ-line mutations in mice, including
visible dominant mutations, dominant lethal mutations, visible recessive mutations and
specific locus mutations. When compared with sparsely ionizing radiation on the basis
of absorbed dose, fission neutrons are many-fold more effective. Neutrons have been
shown to induce Hprt mutations in splenic lymphocytes of mice. Point mutations in KRas and N-Ras oncogenes were found in malignant tissue from mice exposed to
neutrons, but the mutations cannot be directly ascribed to the exposure. Neutrons have
been shown to induce sister chromatid exchange, dicentrics and rings in mice and
reciprocal translocations in rhesus monkey stem-cell spermatogonia.
5.5

Evaluation

There is inadequate evidence in humans for the carcinogenicity of neutrons.
There is sufficient evidence in experimental animals for the carcinogenicity of
neutrons.
Overall evaluation
Neutrons are carcinogenic to humans (Group 1).
In making the overall evaluation, the Working Group took into consideration the
following:
• When interacting with biological material, fission neutrons generate protons,
and the higher-energy neutrons used in therapy generate protons and αparticles. α-Particle-emitting radionuclides (e.g. radon) are known to be
human carcinogens. The linear energy transfer of protons overlaps with that
of the lower-energy electrons produced by γ-radiation. Neutron interactions
also generate γ-radiation, which is a human carcinogen.
• Gross chromosomal aberrations (including rings, dicentrics and acentric
fragments) and numerical chromosomal aberrations are induced in the lymphocytes of people exposed to neutrons.
• The spectrum of DNA damage induced by neutrons is similar to that induced
by X-radiation but contains relatively more of the serious (i.e. less readily
repairable) types.
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•
•

Every relevant biological effect of γ- or X-radiation that has been examined
has been found to be induced by neutrons.
Neutrons are several times more effective than X- and γ-radiation in inducing
neoplastic cell transformation, mutation in vitro, germ-cell mutation in vivo,
chromosomal aberrations in vivo and in vitro and cancer in experimental
animals.
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GLOSSARY

GLOSSARY
Absorbed dose: mean energy imparted by ionizing radiation to an irradiated medium
per unit mass, expressed in grays (Gy)
Activity: amount of radioactivity of a radionuclide defined as the mean number of
decays per unit time
α-particle: two neutrons and two protons bound as a single particle that is emitted
from the nucleus of certain radioactive isotopes in the process of decay or disintegration; a positively charged particle indistinguishable from the nucleus of a
helium atom
α-radiation: α-particles emerging from radioactive atoms
α-rays: stream of α-particles
Ankylosing spondylitis: arthritis of the spine
Background radiation: amount of radiation to which a population is exposed from
natural sources, such as terrestrial radiation due to naturally occurring radionuclides in the soil, cosmic radiation originating in outer space and naturally
occurring radionuclides deposited in the human body
β-particle: charged particle emitted from the nucleus of an atom, with mass and
charge equal to those of an electron
β-rays: stream of β-particles
Brachytherapy: method of radiation therapy in which an encapsulated source or
group of sources is used to deliver β- or γ-radiation at a distance of a few centimeters, by surface, intracavitary or interstitial application
Bremsstrahlung: secondary photon radiation produced by deceleration of charged
particles passing through matter
Collective dose: sum of individual doses received over a given time by a specified
population from exposure to a specified source of radiation
Collective dose commitment: infinite time integral of the product of the size of a
specified population and the per caput dose rate to a given organ or tissue for that
population
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Collective effective dose equivalent: product of the number of exposed individuals
and their average effective dose equivalent, expressed in person–sieverts
Commited dose equivalent: dose to some specific organ or tissue over 50 years after
intake of radioactive material by an individual
Committed effective dose equivalent: committed dose equivalent for a given organ
multiplied by a weighting factor
Cosmic radiation or cosmic rays: radiation of very high energy reaching the earth
from outer space or produced in the earth’s atmosphere by particles from outer
space; part of background radiation
Criticality: term used in reactor physics to describe the situation in which the number
of neutrons released by nuclear fission is exactly balanced by the number being
absorbed (by the fuel and poisons) and escaping the reactor core. A reactor is said
to be ‘critical’ when it achieves a self-sustaining nuclear chain reaction, as when it
is operating.
Cumulative dose: total dose resulting from repeated exposure to radiation
Deterministic effect: health effect, the severity of which varies with dose and for
which a threshold is believed to exist; e.g. radiation-induced cataract (also called a
non-stochastic effect) (see Stochastic effect)
D0: reciprocal of the final slope of the curve of cell survival as a function of dose,
representing cell killing due to multiple events
Dose: a general term denoting the quantity of radiation or energy absorbed
Dose equivalent: quantity that expresses all kinds of radiation on a common scale for
calculating the effective absorbed dose
Dose fractionation: delivery of a given dose of radiation as several smaller doses,
separated by intervals of time
Dose protraction: spreading out of a radiation dose over time by continuous delivery
at a lower dose rate
Dose rate: absorbed dose delivered per unit time
Effective attributable risk (EAR): reduced attributable risk, such as the fraction of
total deaths from lung cancer that would be eliminated by reducing exposure to
radon
Effective dose: sum of equivalent doses, weighted by the appropriate tissue weighting
factors, in all the tissues and organs of the body
Electromagnetic radiation: travelling wave motion resulting from changing electric
or magnetic fields; familiar types range from X-rays and γ-rays of short wavelength, through the ultraviolet, visible and infrared regions to radar and radio waves
of relatively long wavelength
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Electron: subatomic charged particle. Negatively charged electrons are parts of stable
atoms. Both negatively and positively charged electrons may be expelled from the
radioactive atom when it disintegrates (see also β-particle).
Electron volt (eV): unit of energy; 1 eV is equivalent to the energy gained by an
electron in passing through a potential difference of 1 V.
Equivalent dose: obtained by weighting the absorbed dose in an organ or tissue by a
weighting factor that reflects the biological effectiveness of the radiation that
produces ionization within the tissue
Excess relative risk (ERR): model that describes the risk imposed by exposures as a
multiplicative increment to the excess disease risk above the background rate of
disease
Fall-out: radioactive debris from a nuclear detonation or other source
Fast neutron: neutron with kinetic energy greater than that of its surroundings when
released during fission (see Thermal neutron)
Fission product: element or compounds resulting from nuclear fission
Flux: term applied to the amount of some types of particle (e.g. neutrons, α-radiation)
or energy (e.g. photons, heat) crossing a unit area per unit time; expressed as
number of particles or energy per square centimeter per second
γ-radiation or γ-rays: short-wavelength electromagnetic radiation of nuclear origin;
similar to X-radiation but emitted at very specific energies characteristic of the
decaying atoms
Gray (Gy): unit of absorbed dose of radiation (1 Gy = 1 J kg–1)
Half thickness or half-value layer: thickness of a specified material that, when introduced into the path of a given beam of radiation, reduces its intensity to one-half
of its original value
High-LET radiation (see also Linear energy transfer): heavy, charged particles such
as protons and α-particles that produce dense ionizing events close together on the
scale of a cellular nucleus
Ion: atomic particle, atom or chemical radical bearing an electric charge, either negative or positive
Ionization: process by which a neutral atom or molecule acquires a positive or negative charge
Ionization density: number of ion pairs per unit volume
Ionization path (track): trail of ion pairs produced by ionizing radiation in its
passage through matter
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Ionization radiation: radiation sufficiently energetic to dislodge electrons from an
atom thereby causing an ion pair; includes X-radiation and γ-radiation, electrons
(β-particles), α-particles (helium nuclei) and heavier charged atomic nuclei
Isotope: nuclide with same number of protons in its nuclei as another nuclide, and
hence the same atomic number, but differing in the number of neutrons and therefore in the mass number
Kerma (kinetic energy released in matter): unit of exposure that represents the
kinetic energy transferred to charged particles per unit mass of irradiated medium
when indirectly ionizing (uncharged) particles, such as photons or neutrons,
traverse the medium. If all of the kinetic energy is absorbed ‘locally’, the kerma is
equal to the absorbed dose.
Lineal energy: quotient of e over l where e is the energy imparted to the matter in a
volume of interest by an energy deposition event and l is the mean chord length in
that volume
Linear energy transfer (LET): average amount of energy lost per unit of particle
track length. Low LET is characteristic of electrons, X-rays and γ-rays; high LET
is characteristic of protons and α-particles.
Linear model (linear dose–effect model): expresses an effect (e.g. mutation or
cancer) as a proportional (linear) function of dose.
Linear–quadratic model (linear–quadratic dose–effect model): expresses an effect
(e.g. mutation or cancer) as a function of two components, one directly proportional to the dose (linear term) and one proportional to the square of the dose
(quadratic term); the linear term predominates at lower doses and the quadratic
term at higher doses.
Low-LET radiation: light, charged particles such as electrons or X-rays and γ-rays
that produce sparse ionizing events far apart on the scale of a cellular nucleus
Monte Carlo calculation: method for evaluation of a probability distribution by
means of random sampling
Neutron: elementary particle that is a constituent of all atomic nuclei except that of
normal hydrogen; has no electric charge and a mass only very slightly greater than
that of the proton. Outside the nucleus, the neutron decays, with a half-life of 12
min, into a proton, an electron and a neutrino. Upon collision with atomic nuclei,
neutrons generate recoil protons, which are a source of high-LET radiation.
Nuclear fission: splitting of an atomic nucleus into at least two other nuclei and
release of a relatively large amount of energy. Two or three neutrons are usually
released during this type of nuclear transformation.
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Nuclear fusion: event in which at least one heavier, more stable nucleus is produced
from two lighter, less stable nuclei. Reactions of this type are responsible for
enormous releases of energy, such as that of stars.
Nuclear medicine: use of very small amounts of radioactive materials or radiopharmaceuticals to diagnose and treat disease
Nuclide: species of atom characterized by the constitution of its nucleus and hence by
the number of protons, the number of neutrons, and the energy content
Orbital electron capture: process in which a proton of a nucleus is transformed into
a neutron, by capturing an orbital electron accompanied by emission of a neutrino,
the captured electron being replaced by one of the other shell electrons causing
emission of characteristic radiation
Phantom: anthropomorphic representation of the human body’s characteristics in
terms of radiation attenuation, physical morphology and geometry; used to calibrate radiation detection systems for measuring radioactive material in the human
body
Photon: quantum of electromagnetic radiation that has zero rest mass and energy
equal to the product of the frequency of the radiation and Planck’s constant; generated when a particle with an electric charge changes its momentum, in collisions
between nuclei or electrons and in the decay of certain atomic nuclei and particles
Proportional counter: radiation instrument in which an electronic detection system
receives pulses that are proportional to the number of ions formed in a gas-filled
tube by ionizing radiation
Proton: Stable elementary particle with electric charge equal in magnitude to that of
the electron but of opposite sign and with mass 1836.12 times greater than that of
the electron. The proton is a hydrogen ion (i.e. a normal hydrogen atomic nucleus)
and a constituent of all other atomic nuclei.
Radiation shielding (see also Shielding factor): reduction of radiation by interposing
a shield of absorbing material between any radioactive source and a person, work
area or radiation-sensitive device
Radioactivity: property of some nuclides of spontaneously emitting particle or γradiation, emitting X-radiation after orbital electron capture or undergoing
spontaneous nuclear fission
Radionuclide: radioactive species of an atom characterized by the constitution of its
nucleus; in nuclear medicine, an atomic species emitting ionizing radiation and
capable of existing for a measurable time, so that it may be used to image organs
and tissues
Radiosensitivity: relative susceptibility of cells, tissues, organs and organisms to the
injurious action of radiation
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Recoil: motion imparted to a particle as a result of interaction with radiation or as a
result of a nuclear transformation
Recoil proton: product of the elastic collision of a neutron with an atomic nucleus;
source of high-LET radiation
Reference man: person with the anatomical and physiological characteristics of an
average individual which is used in calculations of internal dose (also called
‘Standard man’).
Relative biological effectiveness (RBE): factor used to compare the biological effectiveness of absorbed radiation doses due to different types of radiation; more specifically, the experimentally determined ratio of an absorbed dose of a radiation in
question to that of a reference radiation required to produce an identical biological
effect in a particular experimental organism or tissue
Shielding factor: ratio of the detector response at a location behind a shield on which
radiation is incident to the detector response at the same location without the
presence of the shield; a measure of the effectiveness of the shield
Specific energy: actual energy per unit mass deposited per unit volume in a given
event; a stochastic quantity as opposed to the average value over a larger number
of instances (i.e. the absorbed dose)
Stochastic effect: effect that occurs by chance, generally without a threshold level of
dose, whose probability is proportional to the dose and whose severity is independent of the dose. In the context of radiation protection, the main stochastic effects
are cancer and genetic effects.
Target volume: (i) volume containing those tissues that are to be irradiated to a
specified absorbed dose according to a specified time–dose pattern. For curative
treatment, the target volume consists of the demonstrated tumour(s), if present, and
any other tissue with presumed tumour; (ii) volume of a discrete biological entity
(i.e. chromosome strand, bacterium, gene, virus) in which the effect of radiation is
primarily seen
Telangiectasia: dilatation of the capillary vessels and very small arteries
Teletherapy: radiation treatment administered from a source at a distance from the
body; usually γ-ray beams from radionuclide sources
Terrestrial radiation: portion of natural background radiation that is emitted by
naturally occurring radioactive materials, such as uranium, thorium and radon in
the earth
Thermal neutron: neutron that has (by collision with other particles) reached an
energy state equal to that of its surroundings, typically on the order of 0.025 eV
(electron volts) (see Fast neutron)
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Thermoluminescent detector: small device used to measure radiation as the amount
of visible light emitted from a crystal in the detector when exposed to ionizing
radiation
Thermonuclear: adjective referring to the process in which very high temperatures
are used to bring about the fusion of light nuclei, such as those of the hydrogen isotopes deuterium and tritium, with the accompanying liberation of energy
Threshold dose: minimal absorbed dose that will produce a detectable degree of any
given effect
Track (see Ionization path)
Weighting factor (wT): multiplier of the equivalent dose to an organ or tissue used for
radiation protection purposes to account for different sensitivities of different
organs and tissues to the induction of stochastic effects of radiation
X-radiation or X-rays: penetrating electromagnetic radiation whose wavelength is
shorter than that of visible light; usually produced by bombarding a metallic target
with fast electrons in a high vacuum; in nuclear reactions, it is customary to refer to
photons originating in the nucleus as γ-radiation and those originating in the extranuclear part of the atom as X-radiation. Dose of X-rays is expressed in kVp, the
maximum (p for peak) applied voltage (kV) that an X-ray machine can produce.

CUMULATIVE CROSS INDEX TO IARC MONOGRAPHS ON
THE EVALUATION OF CARCINOGENIC RISKS TO HUMANS
The volume, page and year of publication are given. References to corrigenda are
given in parentheses.
A
A-α-C
Acetaldehyde

40, 245 (1986); Suppl. 7, 56 (1987)
36, 101 (1985) (corr. 42, 263);
Suppl. 7, 77 (1987); 71, 319 (1999)

Acetaldehyde formylmethylhydrazone (see Gyromitrin)
Acetamide
Acetaminophen (see Paracetamol)
Acridine orange
Acriflavinium chloride
Acrolein

7, 197 (1974); Suppl. 7, 389 (1987);
71, 1211 (1999)
16, 145 (1978); Suppl. 7, 56 (1987)
13, 31 (1977); Suppl. 7, 56 (1987)
19, 479 (1979); 36, 133 (1985);
Suppl. 7, 78 (1987); 63, 337 (1995)
(corr. 65, 549)
39, 41 (1986); Suppl. 7, 56 (1987);
60, 389 (1994)
19, 47 (1979); Suppl. 7, 56 (1987);
71, 1223 (1999)
19, 86 (1979); Suppl. 7, 56 (1987)
19, 73 (1979); Suppl. 7, 79 (1987);
71, 43 (1999)
19, 91 (1979); Suppl. 7, 56 (1987)

Acrylamide
Acrylic acid
Acrylic fibres
Acrylonitrile
Acrylonitrile-butadiene-styrene copolymers
Actinolite (see Asbestos)
Actinomycin D (see also Actinomycins)
Actinomycins
Adriamycin
AF-2
Aflatoxins

Suppl. 7, 80 (1987)
10, 29 (1976) (corr. 42, 255)
10, 43 (1976); Suppl. 7, 82 (1987)
31, 47 (1983); Suppl. 7, 56 (1987)
1, 145 (1972) (corr. 42, 251);
10, 51 (1976); Suppl. 7, 83 (1987);
56, 245 (1993)

Aflatoxin B1 (see Aflatoxins)
Aflatoxin B2 (see Aflatoxins)
Aflatoxin G1 (see Aflatoxins)
Aflatoxin G2 (see Aflatoxins)
Aflatoxin M1 (see Aflatoxins)
Agaritine
Alcohol drinking
Aldicarb
Aldrin
Allyl chloride

31, 63 (1983); Suppl. 7, 56 (1987)
44 (1988)
53, 93 (1991)
5, 25 (1974); Suppl. 7, 88 (1987)
36, 39 (1985); Suppl. 7, 56 (1987);
71, 1231 (1999)
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Allyl isothiocyanate
Allyl isovalerate
Aluminium production
Amaranth
5-Aminoacenaphthene
2-Aminoanthraquinone
para-Aminoazobenzene
ortho-Aminoazotoluene
para-Aminobenzoic acid
4-Aminobiphenyl
2-Amino-3,4-dimethylimidazo[4,5-f]quinoline (see MeIQ)
2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (see MeIQx)
3-Amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (see Trp-P-1)
2-Aminodipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-2)
1-Amino-2-methylanthraquinone
2-Amino-3-methylimidazo[4,5-f]quinoline (see IQ)
2-Amino-6-methyldipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-1)
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (see PhIP)
2-Amino-3-methyl-9H-pyrido[2,3-b]indole (see MeA-α-C)
3-Amino-1-methyl-5H-pyrido[4,3-b]indole (see Trp-P-2)
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole
2-Amino-4-nitrophenol
2-Amino-5-nitrophenol
4-Amino-2-nitrophenol
2-Amino-5-nitrothiazole
2-Amino-9H-pyrido[2,3-b]indole (see A-α-C)
11-Aminoundecanoic acid
Amitrole
Ammonium potassium selenide (see Selenium and selenium compounds)
Amorphous silica (see also Silica)
Amosite (see Asbestos)
Ampicillin
Anabolic steroids (see Androgenic (anabolic) steroids)
Anaesthetics, volatile
Analgesic mixtures containing phenacetin (see also Phenacetin)
Androgenic (anabolic) steroids
Angelicin and some synthetic derivatives (see also Angelicins)
Angelicin plus ultraviolet radiation (see also Angelicin and some
synthetic derivatives)
Angelicins
Aniline
ortho-Anisidine
para-Anisidine
Anthanthrene
Anthophyllite (see Asbestos)
Anthracene

36, 55 (1985); Suppl. 7, 56 (1987);
73, 37 (1999)
36, 69 (1985); Suppl. 7, 56 (1987);
71, 1241 (1999)
34, 37 (1984); Suppl. 7, 89 (1987)
8, 41 (1975); Suppl. 7, 56 (1987)
16, 243 (1978); Suppl. 7, 56 (1987)
27, 191 (1982); Suppl. 7, 56 (1987)
8, 53 (1975); Suppl. 7, 390 (1987)
8, 61 (1975) (corr. 42, 254);
Suppl. 7, 56 (1987)
16, 249 (1978); Suppl. 7, 56 (1987)
1, 74 (1972) (corr. 42, 251);
Suppl. 7, 91 (1987)

27, 199 (1982); Suppl. 7, 57 (1987)

7, 143 (1974); Suppl. 7, 57 (1987)
57, 167 (1993)
57, 177 (1993)
16, 43 (1978); Suppl. 7, 57 (1987)
31, 71 (1983); Suppl. 7, 57 (1987)
39, 239 (1986); Suppl. 7, 57 (1987)
7, 31 (1974); 41, 293 (1986) (corr.
52, 513; Suppl. 7, 92 (1987)
42, 39 (1987); Suppl. 7, 341 (1987);
68, 41 (1997)
50, 153 (1990)
11, 285 (1976); Suppl. 7, 93 (1987)
Suppl. 7, 310 (1987)
Suppl. 7, 96 (1987)
40, 291 (1986)
Suppl. 7, 57 (1987)
Suppl. 7, 57 (1987)
4, 27 (1974) (corr. 42, 252);
27, 39 (1982); Suppl. 7, 99 (1987)
27, 63 (1982); Suppl. 7, 57 (1987);
73, 49 (1999)
27, 65 (1982); Suppl. 7, 57 (1987)
32, 95 (1983); Suppl. 7, 57 (1987)
32, 105 (1983); Suppl. 7, 57 (1987)
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Anthranilic acid
Antimony trioxide
Antimony trisulfide
ANTU (see 1-Naphthylthiourea)
Apholate
para-Aramid fibrils
Aramite®
Areca nut (see Betel quid)
Arsanilic acid (see Arsenic and arsenic compounds)
Arsenic and arsenic compounds
Arsenic pentoxide (see Arsenic and arsenic compounds)
Arsenic sulfide (see Arsenic and arsenic compounds)
Arsenic trioxide (see Arsenic and arsenic compounds)
Arsine (see Arsenic and arsenic compounds)
Asbestos

Atrazine
Attapulgite (see Palygorskite)
Auramine (technical-grade)
Auramine, manufacture of (see also Auramine, technical-grade)
Aurothioglucose
Azacitidine
5-Azacytidine (see Azacitidine)
Azaserine
Azathioprine
Aziridine
2-(1-Aziridinyl)ethanol
Aziridyl benzoquinone
Azobenzene
AZT (see Zidovudine)
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16, 265 (1978); Suppl. 7, 57 (1987)
47, 291 (1989)
47, 291 (1989)
9, 31 (1975); Suppl. 7, 57 (1987)
68, 409 (1997)
5, 39 (1974); Suppl. 7, 57 (1987)

1, 41 (1972); 2, 48 (1973);
23, 39 (1980); Suppl. 7, 100 (1987)

2, 17 (1973) (corr. 42, 252);
14 (1977) (corr. 42, 256); Suppl. 7,
106 (1987) (corr. 45, 283)
53, 441 (1991); 73, 59 (1999)
1, 69 (1972) (corr. 42, 251);
Suppl. 7, 118 (1987)
Suppl. 7, 118 (1987)
13, 39 (1977); Suppl. 7, 57 (1987)
26, 37 (1981); Suppl. 7, 57 (1987);
50, 47 (1990)
10, 73 (1976) (corr. 42, 255);
Suppl. 7, 57 (1987)
26, 47 (1981); Suppl. 7, 119 (1987)
9, 37 (1975); Suppl. 7, 58 (1987);
71, 337 (1999)
9, 47 (1975); Suppl. 7, 58 (1987)
9, 51 (1975); Suppl. 7, 58 (1987)
8, 75 (1975); Suppl. 7, 58 (1987)

B
Barium chromate (see Chromium and chromium compounds)
Basic chromic sulfate (see Chromium and chromium compounds)
BCNU (see Bischloroethyl nitrosourea)
Benz[a]acridine
Benz[c]acridine
Benzal chloride (see also α-Chlorinated toluenes and benzoyl chloride)
Benz[a]anthracene
Benzene

32, 123 (1983); Suppl. 7, 58 (1987)
3, 241 (1973); 32, 129 (1983);
Suppl. 7, 58 (1987)
29, 65 (1982); Suppl. 7, 148 (1987);
71, 453 (1999)
3, 45 (1973); 32, 135 (1983);
Suppl. 7, 58 (1987)
7, 203 (1974) (corr. 42, 254); 29,
93, 391 (1982); Suppl. 7, 120
(1987)
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Benzidine
Benzidine-based dyes
Benzo[b]fluoranthene
Benzo[j]fluoranthene
Benzo[k]fluoranthene
Benzo[ghi]fluoranthene
Benzo[a]fluorene
Benzo[b]fluorene
Benzo[c]fluorene
Benzofuran
Benzo[ghi]perylene
Benzo[c]phenanthrene
Benzo[a]pyrene
Benzo[e]pyrene
1,4-Benzoquinone (see para-Quinone)
1,4-Benzoquinone dioxime
Benzotrichloride (see also α-Chlorinated toluenes and benzoyl chloride)
Benzoyl chloride (see also α-Chlorinated toluenes and benzoyl chloride)
Benzoyl peroxide
Benzyl acetate
Benzyl chloride (see also α-Chlorinated toluenes and benzoyl chloride)
Benzyl violet 4B
Bertrandite (see Beryllium and beryllium compounds)
Beryllium and beryllium compounds

Beryllium acetate (see Beryllium and beryllium compounds)
Beryllium acetate, basic (see Beryllium and beryllium compounds)
Beryllium-aluminium alloy (see Beryllium and beryllium compounds)
Beryllium carbonate (see Beryllium and beryllium compounds)
Beryllium chloride (see Beryllium and beryllium compounds)
Beryllium-copper alloy (see Beryllium and beryllium compounds)
Beryllium-copper-cobalt alloy (see Beryllium and beryllium compounds)
Beryllium fluoride (see Beryllium and beryllium compounds)
Beryllium hydroxide (see Beryllium and beryllium compounds)
Beryllium-nickel alloy (see Beryllium and beryllium compounds)
Beryllium oxide (see Beryllium and beryllium compounds)
Beryllium phosphate (see Beryllium and beryllium compounds)
Beryllium silicate (see Beryllium and beryllium compounds)
Beryllium sulfate (see Beryllium and beryllium compounds)
Beryl ore (see Beryllium and beryllium compounds)
Betel quid

1, 80 (1972); 29, 149, 391 (1982);
Suppl. 7, 123 (1987)
Suppl. 7, 125 (1987)
3, 69 (1973); 32, 147 (1983);
Suppl. 7, 58 (1987)
3, 82 (1973); 32, 155 (1983);
Suppl. 7, 58 (1987)
32, 163 (1983); Suppl. 7, 58 (1987)
32, 171 (1983); Suppl. 7, 58 (1987)
32, 177 (1983); Suppl. 7, 58 (1987)
32, 183 (1983); Suppl. 7, 58 (1987)
32, 189 (1983); Suppl. 7, 58 (1987)
63, 431 (1995)
32, 195 (1983); Suppl. 7, 58 (1987)
32, 205 (1983); Suppl. 7, 58 (1987)
3, 91 (1973); 32, 211 (1983)
(corr. 68, 477); Suppl. 7, 58 (1987)
3, 137 (1973); 32, 225 (1983);
Suppl. 7, 58 (1987)
29, 185 (1982); Suppl. 7, 58 (1987);
71, 1251 (1999)
29, 73 (1982); Suppl. 7, 148 (1987);
71, 453 (1999)
29, 83 (1982) (corr. 42, 261);
Suppl. 7, 126 (1987); 71, 453 (1999)
36, 267 (1985); Suppl. 7, 58 (1987);
71, 345 (1999)
40, 109 (1986); Suppl. 7, 58 (1987);
71, 1255 (1999)
11, 217 (1976) (corr. 42, 256); 29,
49 (1982); Suppl. 7, 148 (1987);
71, 453 (1999)
16, 153 (1978); Suppl. 7, 58 (1987)
1, 17 (1972); 23, 143 (1980)
(corr. 42, 260); Suppl. 7, 127
(1987); 58, 41 (1993)

37, 141 (1985); Suppl. 7, 128 (1987)
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Betel-quid chewing (see Betel quid)
BHA (see Butylated hydroxyanisole)
BHT (see Butylated hydroxytoluene)
Bis(1-aziridinyl)morpholinophosphine sulfide
Bis(2-chloroethyl)ether
N,N-Bis(2-chloroethyl)-2-naphthylamine
Bischloroethyl nitrosourea (see also Chloroethyl nitrosoureas)
1,2-Bis(chloromethoxy)ethane
1,4-Bis(chloromethoxymethyl)benzene
Bis(chloromethyl)ether
Bis(2-chloro-1-methylethyl)ether
Bis(2,3-epoxycyclopentyl)ether
Bisphenol A diglycidyl ether (see also Glycidyl ethers)
Bisulfites (see Sulfur dioxide and some sulfites, bisulfites and
metabisulfites)
Bitumens
Bleomycins (see also Etoposide)
Blue VRS
Boot and shoe manufacture and repair
Bracken fern
Brilliant Blue FCF, disodium salt
Bromochloroacetonitrile (see also Halogenated acetonitriles)
Bromodichloromethane
Bromoethane
Bromoform
1,3-Butadiene

1,4-Butanediol dimethanesulfonate
n-Butyl acrylate
Butylated hydroxyanisole
Butylated hydroxytoluene
Butyl benzyl phthalate
β-Butyrolactone
γ-Butyrolactone
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9, 55 (1975); Suppl. 7, 58 (1987)
9, 117 (1975); Suppl. 7, 58 (1987);
71, 1265 (1999)
4, 119 (1974) (corr. 42, 253);
Suppl. 7, 130 (1987)
26, 79 (1981); Suppl. 7, 150 (1987)
15, 31 (1977); Suppl. 7, 58 (1987);
71, 1271 (1999)
15, 37 (1977); Suppl. 7, 58 (1987);
71, 1273 (1999)
4, 231 (1974) (corr. 42, 253);
Suppl. 7, 131 (1987)
41, 149 (1986); Suppl. 7, 59 (1987);
71, 1275 (1999)
47, 231 (1989); 71, 1281 (1999)
71, 1285 (1999)

35, 39 (1985); Suppl. 7, 133 (1987)
26, 97 (1981); Suppl. 7, 134 (1987)
16, 163 (1978); Suppl. 7, 59 (1987)
25, 249 (1981); Suppl. 7, 232
(1987)
40, 47 (1986); Suppl. 7, 135 (1987)
16, 171 (1978) (corr. 42, 257);
Suppl. 7, 59 (1987)
71, 1291 (1999)
52, 179 (1991); 71, 1295 (1999)
52, 299 (1991); 71, 1305 (1999)
52, 213 (1991); 71, 1309 (1999)
39, 155 (1986) (corr. 42, 264
Suppl. 7, 136 (1987); 54, 237
(1992); 71, 109 (1999)
4, 247 (1974); Suppl. 7, 137 (1987)
39, 67 (1986); Suppl. 7, 59 (1987);
71, 359 (1999)
40, 123 (1986); Suppl. 7, 59 (1987)
40, 161 (1986); Suppl. 7, 59 (1987)
29, 193 (1982) (corr. 42, 261);
Suppl. 7, 59 (1987); 73, 115 (1999)
11, 225 (1976); Suppl. 7, 59
(1987); 71, 1317 (1999)
11, 231 (1976); Suppl. 7, 59
(1987); 71, 367 (1999)
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C
Cabinet-making (see Furniture and cabinet-making)
Cadmium acetate (see Cadmium and cadmium compounds)
Cadmium and cadmium compounds

Cadmium chloride (see Cadmium and cadmium compounds)
Cadmium oxide (see Cadmium and cadmium compounds)
Cadmium sulfate (see Cadmium and cadmium compounds)
Cadmium sulfide (see Cadmium and cadmium compounds)
Caffeic acid
Caffeine
Calcium arsenate (see Arsenic and arsenic compounds)
Calcium chromate (see Chromium and chromium compounds)
Calcium cyclamate (see Cyclamates)
Calcium saccharin (see Saccharin)
Cantharidin
Caprolactam

Captafol
Captan
Carbaryl
Carbazole
3-Carbethoxypsoralen
Carbon black

Carbon tetrachloride

Carmoisine
Carpentry and joinery
Carrageenan
Catechol
CCNU (see 1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea)
Ceramic fibres (see Man-made mineral fibres)
Chemotherapy, combined, including alkylating agents (see MOPP and
other combined chemotherapy including alkylating agents)
Chloral
Chloral hydrate
Chlorambucil
Chloramphenicol
Chlordane (see also Chlordane/Heptachlor)
Chlordane/Heptachlor

2, 74 (1973); 11, 39 (1976)
(corr. 42, 255); Suppl. 7, 139
(1987); 58, 119 (1993)

56, 115 (1993)
51, 291 (1991)

10, 79 (1976); Suppl. 7, 59 (1987)
19, 115 (1979) (corr. 42, 258);
39, 247 (1986) (corr. 42, 264);
Suppl. 7, 390 (1987); 71, 383
(1999)
53, 353 (1991)
30, 295 (1983); Suppl. 7, 59 (1987)
12, 37 (1976); Suppl. 7, 59 (1987)
32, 239 (1983); Suppl. 7, 59
(1987); 71, 1319 (1999)
40, 317 (1986); Suppl. 7, 59 (1987)
3, 22 (1973); 33, 35 (1984);
Suppl. 7, 142 (1987); 65, 149
(1996)
1, 53 (1972); 20, 371 (1979);
Suppl. 7, 143 (1987); 71, 401
(1999)
8, 83 (1975); Suppl. 7, 59 (1987)
25, 139 (1981); Suppl. 7, 378
(1987)
10, 181 (1976) (corr. 42, 255); 31,
79 (1983); Suppl. 7, 59 (1987)
15, 155 (1977); Suppl. 7, 59
(1987); 71, 433 (1999)

63, 245 (1995)
63, 245 (1995)
9, 125 (1975); 26, 115 (1981);
Suppl. 7, 144 (1987)
10, 85 (1976); Suppl. 7, 145
(1987); 50, 169 (1990)
20, 45 (1979) (corr. 42, 258)
Suppl. 7, 146 (1987); 53, 115
(1991)

CUMULATIVE INDEX
Chlordecone
Chlordimeform
Chlorendic acid
Chlorinated dibenzodioxins (other than TCDD) (see also
Polychlorinated dibenzo-para-dioxins)
Chlorinated drinking-water
Chlorinated paraffins
α-Chlorinated toluenes and benzoyl chloride
Chlormadinone acetate

Chlornaphazine (see N,N-Bis(2-chloroethyl)-2-naphthylamine)
Chloroacetonitrile (see also Halogenated acetonitriles)
para-Chloroaniline
Chlorobenzilate
Chlorodibromomethane
Chlorodifluoromethane

Chloroethane
1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (see also Chloroethyl
nitrosoureas)
1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea (see also
Chloroethyl nitrosoureas)
Chloroethyl nitrosoureas
Chlorofluoromethane
Chloroform

Chloromethyl methyl ether (technical-grade) (see also
Bis(chloromethyl)ether)
(4-Chloro-2-methylphenoxy)acetic acid (see MCPA)
1-Chloro-2-methylpropene
3-Chloro-2-methylpropene
2-Chloronitrobenzene
3-Chloronitrobenzene
4-Chloronitrobenzene
Chlorophenols (see also Polychlorophenols and their sodium salts)
Chlorophenols (occupational exposures to)
Chlorophenoxy herbicides
Chlorophenoxy herbicides (occupational exposures to)
4-Chloro-ortho-phenylenediamine
4-Chloro-meta-phenylenediamine
Chloroprene
Chloropropham
Chloroquine
Chlorothalonil
para-Chloro-ortho-toluidine and its strong acid salts
(see also Chlordimeform)
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20, 67 (1979); Suppl. 7, 59 (1987)
30, 61 (1983); Suppl. 7, 59 (1987)
48, 45 (1990)
15, 41 (1977); Suppl. 7, 59 (1987)
52, 45 (1991)
48, 55 (1990)
Suppl. 7, 148 (1987); 71, 453
(1999)
6, 149 (1974); 21, 365 (1979);
Suppl. 7, 291, 301 (1987);
72, 49 (1999)
71, 1325 (1999)
57, 305 (1993)
5, 75 (1974); 30, 73 (1983);
Suppl. 7, 60 (1987)
52, 243 (1991); 71, 1331 (1999)
41, 237 (1986) (corr. 51, 483);
Suppl. 7, 149 (1987); 71, 1339
(1999)
52, 315 (1991); 71, 1345 (1999)
26, 137 (1981) (corr. 42, 260);
Suppl. 7, 150 (1987)
Suppl. 7, 150 (1987)
Suppl. 7, 150 (1987)
41, 229 (1986); Suppl. 7, 60
(1987); 71, 1351 (1999)
1, 61 (1972); 20, 401 (1979);
Suppl. 7, 152 (1987); 73, 131
(1999)
4, 239 (1974); Suppl. 7, 131 (1987)

63, 315 (1995)
63, 325 (1995)
65, 263 (1996)
65, 263 (1996)
65, 263 (1996)
Suppl. 7, 154 (1987)
41, 319 (1986)
Suppl. 7, 156 (1987)
41, 357 (1986)
27, 81 (1982); Suppl. 7, 60 (1987)
27, 82 (1982); Suppl. 7, 60 (1987)
19, 131 (1979); Suppl. 7, 160
(1987); 71, 227 (1999)
12, 55 (1976); Suppl. 7, 60 (1987)
13, 47 (1977); Suppl. 7, 60 (1987)
30, 319 (1983); Suppl. 7, 60 (1987);
73, 183 (1999)
16, 277 (1978); 30, 65 (1983);
Suppl. 7, 60 (1987); 48, 123 (1990)
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Chlorotrianisene (see also Nonsteroidal oestrogens)
2-Chloro-1,1,1-trifluoroethane
Chlorozotocin
Cholesterol
Chromic acetate (see Chromium and chromium compounds)
Chromic chloride (see Chromium and chromium compounds)
Chromic oxide (see Chromium and chromium compounds)
Chromic phosphate (see Chromium and chromium compounds)
Chromite ore (see Chromium and chromium compounds)
Chromium and chromium compounds (see also Implants, surgical)

21, 139 (1979); Suppl. 7, 280
(1987)
41, 253 (1986); Suppl. 7, 60
(1987); 71, 1355 (1999)
50, 65 (1990)
10, 99 (1976); 31, 95 (1983);
Suppl. 7, 161 (1987)

2, 100 (1973); 23, 205 (1980);
Suppl. 7, 165 (1987); 49, 49 (1990)
(corr. 51, 483)

Chromium carbonyl (see Chromium and chromium compounds)
Chromium potassium sulfate (see Chromium and chromium compounds)
Chromium sulfate (see Chromium and chromium compounds)
Chromium trioxide (see Chromium and chromium compounds)
Chrysazin (see Dantron)
Chrysene
3, 159 (1973); 32, 247 (1983);
Suppl. 7, 60 (1987)
Chrysoidine
8, 91 (1975); Suppl. 7, 169 (1987)
Chrysotile (see Asbestos)
CI Acid Orange 3
57, 121 (1993)
CI Acid Red 114
57, 247 (1993)
CI Basic Red 9 (see also Magenta)
57, 215 (1993)
Ciclosporin
50, 77 (1990)
CI Direct Blue 15
57, 235 (1993)
CI Disperse Yellow 3 (see Disperse Yellow 3)
Cimetidine
50, 235 (1990)
Cinnamyl anthranilate
16, 287 (1978); 31, 133 (1983);
Suppl. 7, 60 (1987)
CI Pigment Red 3
57, 259 (1993)
CI Pigment Red 53:1 (see D&C Red No. 9)
Cisplatin (see also Etoposide)
26, 151 (1981); Suppl. 7, 170
(1987)
Citrinin
40, 67 (1986); Suppl. 7, 60 (1987)
Citrus Red No. 2
8, 101 (1975) (corr. 42, 254);
Suppl. 7, 60 (1987)
Clinoptilolite (see Zeolites)
Clofibrate
24, 39 (1980); Suppl. 7, 171
(1987); 66, 391 (1996)
Clomiphene citrate
21, 551 (1979); Suppl. 7, 172
(1987)
Clonorchis sinensis (infection with)
61, 121 (1994)
Coal dust
68, 337 (1997)
Coal gasification
34, 65 (1984); Suppl. 7, 173 (1987)
Coal-tar pitches (see also Coal-tars)
35, 83 (1985); Suppl. 7, 174 (1987)
Coal-tars
35, 83 (1985); Suppl. 7, 175 (1987)
Cobalt[III] acetate (see Cobalt and cobalt compounds)
Cobalt-aluminium-chromium spinel (see Cobalt and cobalt compounds)
Cobalt and cobalt compounds (see also Implants, surgical)
52, 363 (1991)
Cobalt[II] chloride (see Cobalt and cobalt compounds)

CUMULATIVE INDEX
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Cobalt-chromium alloy (see Chromium and chromium compounds)
Cobalt-chromium-molybdenum alloys (see Cobalt and cobalt compounds)
Cobalt metal powder (see Cobalt and cobalt compounds)
Cobalt naphthenate (see Cobalt and cobalt compounds)
Cobalt[II] oxide (see Cobalt and cobalt compounds)
Cobalt[II,III] oxide (see Cobalt and cobalt compounds)
Cobalt[II] sulfide (see Cobalt and cobalt compounds)
Coffee
51, 41 (1991) (corr. 52, 513)
Coke production
34, 101 (1984); Suppl. 7, 176
(1987)
Combined oral contraceptives (see Oral contraceptives, combined)
Conjugated equine oestrogens
72, 399 (1999)
Conjugated oestrogens (see also Steroidal oestrogens)
21, 147 (1979); Suppl. 7, 283
(1987)
Contraceptives, oral (see Oral contraceptives, combined;
Sequential oral contraceptives)
Copper 8-hydroxyquinoline
15, 103 (1977); Suppl. 7, 61 (1987)
Coronene
32, 263 (1983); Suppl. 7, 61 (1987)
Coumarin
10, 113 (1976); Suppl. 7, 61 (1987)
Creosotes (see also Coal-tars)
35, 83 (1985); Suppl. 7, 177 (1987)
meta-Cresidine
27, 91 (1982); Suppl. 7, 61 (1987)
para-Cresidine
27, 92 (1982); Suppl. 7, 61 (1987)
Cristobalite (see Crystalline silica)
Crocidolite (see Asbestos)
Crotonaldehyde
63, 373 (1995) (corr. 65, 549)
Crude oil
45, 119 (1989)
42, 39 (1987); Suppl. 7, 341
Crystalline silica (see also Silica)
(1987); 68, 41 (1997)
Cycasin (see also Methylazoxymethanol)
1, 157 (1972) (corr. 42, 251); 10,
121 (1976); Suppl. 7, 61 (1987)
Cyclamates
22, 55 (1980); Suppl. 7, 178 (1987);
73, 195 (1999)
Cyclamic acid (see Cyclamates)
Cyclochlorotine
10, 139 (1976); Suppl. 7, 61 (1987)
Cyclohexanone
47, 157 (1989); 71, 1359 (1999)
Cyclohexylamine (see Cyclamates)
Cyclopenta[cd]pyrene
32, 269 (1983); Suppl. 7, 61 (1987)
Cyclopropane (see Anaesthetics, volatile)
Cyclophosphamide
9, 135 (1975); 26, 165 (1981);
Suppl. 7, 182 (1987)
Cyproterone acetate
72, 49 (1999)

D
2,4-D (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, occupational exposures to)
Dacarbazine
Dantron
D&C Red No. 9
Dapsone
Daunomycin

15, 111 (1977)
26, 203 (1981); Suppl. 7, 184
(1987)
50, 265 (1990) (corr. 59, 257)
8, 107 (1975); Suppl. 7, 61 (1987);
57, 203 (1993)
24, 59 (1980); Suppl. 7, 185 (1987)
10, 145 (1976); Suppl. 7, 61 (1987)
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DDD (see DDT)
DDE (see DDT)
DDT

Decabromodiphenyl oxide
Deltamethrin
Deoxynivalenol (see Toxins derived from Fusarium graminearum,
F. culmorum and F. crookwellense)
Diacetylaminoazotoluene
N,N′-Diacetylbenzidine
Diallate
2,4-Diaminoanisole
4,4′-Diaminodiphenyl ether
1,2-Diamino-4-nitrobenzene
1,4-Diamino-2-nitrobenzene

5, 83 (1974) (corr. 42, 253);
Suppl. 7, 186 (1987); 53, 179
(1991)
48, 73 (1990); 71, 1365 (1999)
53, 251 (1991)

8, 113 (1975); Suppl. 7, 61 (1987)
16, 293 (1978); Suppl. 7, 61 (1987)
12, 69 (1976); 30, 235 (1983);
Suppl. 7, 61 (1987)
16, 51 (1978); 27, 103 (1982);
Suppl. 7, 61 (1987)
16, 301 (1978); 29, 203 (1982);
Suppl. 7, 61 (1987)
16, 63 (1978); Suppl. 7, 61 (1987)
16, 73 (1978); Suppl. 7, 61 (1987);
57, 185 (1993)

2,6-Diamino-3-(phenylazo)pyridine (see Phenazopyridine hydrochloride)
2,4-Diaminotoluene (see also Toluene diisocyanates)
16, 83 (1978); Suppl. 7, 61 (1987)
2,5-Diaminotoluene (see also Toluene diisocyanates)
16, 97 (1978); Suppl. 7, 61 (1987)
ortho-Dianisidine (see 3,3′-Dimethoxybenzidine)
Diatomaceous earth, uncalcined (see Amorphous silica)
Diazepam
13, 57 (1977); Suppl. 7, 189
(1987); 66, 37 (1996)
Diazomethane
7, 223 (1974); Suppl. 7, 61 (1987)
Dibenz[a,h]acridine
3, 247 (1973); 32, 277 (1983);
Suppl. 7, 61 (1987)
Dibenz[a,j]acridine
3, 254 (1973); 32, 283 (1983);
Suppl. 7, 61 (1987)
Dibenz[a,c]anthracene
32, 289 (1983) (corr. 42, 262);
Suppl. 7, 61 (1987)
Dibenz[a,h]anthracene
3, 178 (1973) (corr. 43, 261);
32, 299 (1983); Suppl. 7, 61 (1987)
Dibenz[a,j]anthracene
32, 309 (1983); Suppl. 7, 61 (1987)
7H-Dibenzo[c,g]carbazole
3, 260 (1973); 32, 315 (1983);
Suppl. 7, 61 (1987)
Dibenzodioxins, chlorinated (other than TCDD)
(see Chlorinated dibenzodioxins (other than TCDD))
Dibenzo[a,e]fluoranthene
32, 321 (1983); Suppl. 7, 61 (1987)
Dibenzo[h,rst]pentaphene
3, 197 (1973); Suppl. 7, 62 (1987)
Dibenzo[a,e]pyrene
3, 201 (1973); 32, 327 (1983);
Suppl. 7, 62 (1987)
Dibenzo[a,h]pyrene
3, 207 (1973); 32, 331 (1983);
Suppl. 7, 62 (1987)
Dibenzo[a,i]pyrene
3, 215 (1973); 32, 337 (1983);
Suppl. 7, 62 (1987)
Dibenzo[a,l]pyrene
3, 224 (1973); 32, 343 (1983);
Suppl. 7, 62 (1987)
Dibenzo-para-dioxin
69, 33 (1997)
Dibromoacetonitrile (see also Halogenated acetonitriles)
71, 1369 (1999)

CUMULATIVE INDEX
1,2-Dibromo-3-chloropropane

1,2-Dibromoethane (see Ethylene dibromide)
Dichloroacetic acid
Dichloroacetonitrile (see also Halogenated acetonitriles)
Dichloroacetylene
ortho-Dichlorobenzene
meta-Dichlorobenzene
para-Dichlorobenzene
3,3′-Dichlorobenzidine
trans-1,4-Dichlorobutene
3,3′-Dichloro-4,4′-diaminodiphenyl ether
1,2-Dichloroethane
Dichloromethane
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15, 139 (1977); 20, 83 (1979);
Suppl. 7, 191 (1987); 71, 479
(1999)
63, 271 (1995)
71, 1375 (1999)
39, 369 (1986); Suppl. 7, 62
(1987); 71, 1381 (1999)
7, 231 (1974); 29, 213 (1982);
Suppl. 7, 192 (1987); 73, 223 (1999)
73, 223 (1999)
7, 231 (1974); 29, 215 (1982);
Suppl. 7, 192 (1987); 73, 223 (1999)
4, 49 (1974); 29, 239 (1982);
Suppl. 7, 193 (1987)
15, 149 (1977); Suppl. 7, 62
(1987); 71, 1389 (1999)
16, 309 (1978); Suppl. 7, 62 (1987)
20, 429 (1979); Suppl. 7, 62
(1987); 71, 501 (1999)
20, 449 (1979); 41, 43 (1986);
Suppl. 7, 194 (1987); 71, 251
(1999)

2,4-Dichlorophenol (see Chlorophenols; Chlorophenols,
occupational exposures to; Polychlorophenols and their sodium salts)
(2,4-Dichlorophenoxy)acetic acid (see 2,4-D)
2,6-Dichloro-para-phenylenediamine
39, 325 (1986); Suppl. 7, 62 (1987)
1,2-Dichloropropane
41, 131 (1986); Suppl. 7, 62
(1987); 71, 1393 (1999)
1,3-Dichloropropene (technical-grade)
41, 113 (1986); Suppl. 7, 195
(1987); 71, 933 (1999)
Dichlorvos
20, 97 (1979); Suppl. 7, 62 (1987);
53, 267 (1991)
Dicofol
30, 87 (1983); Suppl. 7, 62 (1987)
Dicyclohexylamine (see Cyclamates)
Dieldrin
5, 125 (1974); Suppl. 7, 196 (1987)
Dienoestrol (see also Nonsteroidal oestrogens)
21, 161 (1979); Suppl. 7, 278
(1987)
Diepoxybutane (see also 1,3-Butadiene)
11, 115 (1976) (corr. 42, 255);
Suppl. 7, 62 (1987); 71, 109 (1999)
Diesel and gasoline engine exhausts
46, 41 (1989)
Diesel fuels
45, 219 (1989) (corr. 47, 505)
Diethyl ether (see Anaesthetics, volatile)
Di(2-ethylhexyl)adipate
29, 257 (1982); Suppl. 7, 62 (1987)
Di(2-ethylhexyl)phthalate
29, 269 (1982) (corr. 42, 261);
Suppl. 7, 62 (1987)
1,2-Diethylhydrazine
4, 153 (1974); Suppl. 7, 62 (1987);
71, 1401 (1999)
Diethylstilboestrol
6, 55 (1974); 21, 173 (1979)
(corr. 42, 259); Suppl. 7, 273
(1987)
Diethylstilboestrol dipropionate (see Diethylstilboestrol)
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Diethyl sulfate

Diglycidyl resorcinol ether

Dihydrosafrole
1,8-Dihydroxyanthraquinone (see Dantron)
Dihydroxybenzenes (see Catechol; Hydroquinone; Resorcinol)
Dihydroxymethylfuratrizine
Diisopropyl sulfate
Dimethisterone (see also Progestins; Sequential oral contraceptives)
Dimethoxane
3,3′-Dimethoxybenzidine
3,3′-Dimethoxybenzidine-4,4′-diisocyanate
para-Dimethylaminoazobenzene
para-Dimethylaminoazobenzenediazo sodium sulfonate
trans-2-[(Dimethylamino)methylimino]-5-[2-(5-nitro-2-furyl)vinyl]-1,3,4-oxadiazole
4,4′-Dimethylangelicin plus ultraviolet radiation (see also
Angelicin and some synthetic derivatives)
4,5′-Dimethylangelicin plus ultraviolet radiation (see also
Angelicin and some synthetic derivatives)
2,6-Dimethylaniline
N,N-Dimethylaniline
Dimethylarsinic acid (see Arsenic and arsenic compounds)
3,3′-Dimethylbenzidine
Dimethylcarbamoyl chloride
Dimethylformamide
1,1-Dimethylhydrazine
1,2-Dimethylhydrazine
Dimethyl hydrogen phosphite
1,4-Dimethylphenanthrene
Dimethyl sulfate
3,7-Dinitrofluoranthene
3,9-Dinitrofluoranthene
1,3-Dinitropyrene
1,6-Dinitropyrene
1,8-Dinitropyrene
Dinitrosopentamethylenetetramine
2,4-Dinitrotoluene
2,6-Dinitrotoluene
3,5-Dinitrotoluene
1,4-Dioxane
2,4′-Diphenyldiamine
Direct Black 38 (see also Benzidine-based dyes)
Direct Blue 6 (see also Benzidine-based dyes)

4, 277 (1974); Suppl. 7, 198
(1987); 54, 213 (1992); 71, 1405
(1999)
11, 125 (1976); 36, 181 (1985);
Suppl. 7, 62 (1987); 71, 1417
(1999)
1, 170 (1972); 10, 233 (1976)
Suppl. 7, 62 (1987)

24, 77 (1980); Suppl. 7, 62 (1987)
54, 229 (1992); 71, 1421 (1999)
6, 167 (1974); 21, 377 (1979))
15, 177 (1977); Suppl. 7, 62 (1987)
4, 41 (1974); Suppl. 7, 198 (1987)
39, 279 (1986); Suppl. 7, 62 (1987)
8, 125 (1975); Suppl. 7, 62 (1987)
8, 147 (1975); Suppl. 7, 62 (1987)
7, 147 (1974) (corr. 42, 253);
Suppl. 7, 62 (1987)
Suppl. 7, 57 (1987)
Suppl. 7, 57 (1987)
57, 323 (1993)
57, 337 (1993)
1, 87 (1972); Suppl. 7, 62 (1987)
12, 77 (1976); Suppl. 7, 199
(1987); 71, 531 (1999)
47, 171 (1989); 71, 545 (1999)
4, 137 (1974); Suppl. 7, 62 (1987);
71, 1425 (1999)
4, 145 (1974) (corr. 42, 253);
Suppl. 7, 62 (1987); 71, 947 (1999)
48, 85 (1990); 71, 1437 (1999)
32, 349 (1983); Suppl. 7, 62 (1987)
4, 271 (1974); Suppl. 7, 200
(1987); 71, 575 (1999)
46, 189 (1989); 65, 297 (1996)
46, 195 (1989); 65, 297 (1996)
46, 201 (1989)
46, 215 (1989)
33, 171 (1984); Suppl. 7, 63
(1987); 46, 231 (1989)
11, 241 (1976); Suppl. 7, 63 (1987)
65, 309 (1996) (corr. 66, 485)
65, 309 (1996) (corr. 66, 485)
65, 309 (1996)
11, 247 (1976); Suppl. 7, 201
(1987); 71, 589 (1999)
16, 313 (1978); Suppl. 7, 63 (1987)
29, 295 (1982) (corr. 42, 261)
29, 311 (1982)
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Direct Brown 95 (see also Benzidine-based dyes)
Disperse Blue 1
Disperse Yellow 3
Disulfiram
Dithranol
Divinyl ether (see Anaesthetics, volatile)
Doxefazepam
Droloxifene
Dry cleaning
Dulcin
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29, 321 (1982)
48, 139 (1990)
8, 97 (1975); Suppl. 7, 60 (1987);
48, 149 (1990)
12, 85 (1976); Suppl. 7, 63 (1987)
13, 75 (1977); Suppl. 7, 63 (1987)
66, 97 (1996)
66, 241 (1996)
63, 33 (1995)
12, 97 (1976); Suppl. 7, 63 (1987)

E
Endrin
Enflurane (see Anaesthetics, volatile)
Eosin
Epichlorohydrin

5, 157 (1974); Suppl. 7, 63 (1987)
15, 183 (1977); Suppl. 7, 63 (1987)
11, 131 (1976) (corr. 42, 256);
Suppl. 7, 202 (1987); 71, 603
(1999)
47, 217 (1989); 71, 629 (1999)

1,2-Epoxybutane
1-Epoxyethyl-3,4-epoxycyclohexane (see 4-Vinylcyclohexene diepoxide)
3,4-Epoxy-6-methylcyclohexylmethyl 3,4-epoxy-6-methyl11, 147 (1976); Suppl. 7, 63
cyclohexane carboxylate
(1987); 71, 1441 (1999)
cis-9,10-Epoxystearic acid
11, 153 (1976); Suppl. 7, 63
(1987); 71, 1443 (1999)
Epstein-Barr virus
70, 47 (1997)
d-Equilenin
72, 399 (1999)
Equilin
72, 399 (1999)
Erionite
42, 225 (1987); Suppl. 7, 203
(1987)
Estazolam
66, 105 (1996)
Ethinyloestradiol
6, 77 (1974); 21, 233 (1979);
Suppl. 7, 286 (1987); 72, 49 (1999)
Ethionamide
13, 83 (1977); Suppl. 7, 63 (1987)
Ethyl acrylate
19, 57 (1979); 39, 81 (1986);
Suppl. 7, 63 (1987); 71, 1447
(1999)
Ethylene
19, 157 (1979); Suppl. 7, 63
(1987); 60, 45 (1994); 71, 1447
(1999)
Ethylene dibromide
15, 195 (1977); Suppl. 7, 204
(1987); 71, 641 (1999)
Ethylene oxide
11, 157 (1976); 36, 189 (1985)
(corr. 42, 263); Suppl. 7, 205
(1987); 60, 73 (1994)
Ethylene sulfide
11, 257 (1976); Suppl. 7, 63 (1987)
Ethylene thiourea
7, 45 (1974); Suppl. 7, 207 (1987)
2-Ethylhexyl acrylate
60, 475 (1994)
Ethyl methanesulfonate
7, 245 (1974); Suppl. 7, 63 (1987)
N-Ethyl-N-nitrosourea
1, 135 (1972); 17, 191 (1978);
Suppl. 7, 63 (1987)
Ethyl selenac (see also Selenium and selenium compounds)
12, 107 (1976); Suppl. 7, 63 (1987)
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Ethyl tellurac
Ethynodiol diacetate

Eugenol
Evans blue

12, 115 (1976); Suppl. 7, 63 (1987)
6, 173 (1974); 21, 387 (1979);
Suppl. 7, 292 (1987); 72, 49
(1999)
36, 75 (1985); Suppl. 7, 63 (1987)
8, 151 (1975); Suppl. 7, 63 (1987)

F
Fast Green FCF
Fenvalerate
Ferbam
Ferric oxide
Ferrochromium (see Chromium and chromium compounds)
Fluometuron
Fluoranthene
Fluorene
Fluorescent lighting (exposure to) (see Ultraviolet radiation)
Fluorides (inorganic, used in drinking-water)
5-Fluorouracil
Fluorspar (see Fluorides)
Fluosilicic acid (see Fluorides)
Fluroxene (see Anaesthetics, volatile)
Foreign bodies
Formaldehyde

2-(2-Formylhydrazino)-4-(5-nitro-2-furyl)thiazole
Frusemide (see Furosemide)
Fuel oils (heating oils)
Fumonisin B1 (see Toxins derived from Fusarium moniliforme)
Fumonisin B2 (see Toxins derived from Fusarium moniliforme)
Furan
Furazolidone
Furfural
Furniture and cabinet-making
Furosemide
2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide (see AF-2)
Fusarenon-X (see Toxins derived from Fusarium graminearum,
F. culmorum and F. crookwellense)
Fusarenone-X (see Toxins derived from Fusarium graminearum,
F. culmorum and F. crookwellense)
Fusarin C (see Toxins derived from Fusarium moniliforme)

16, 187 (1978); Suppl. 7, 63 (1987)
53, 309 (1991)
12, 121 (1976) (corr. 42, 256);
Suppl. 7, 63 (1987)
1, 29 (1972); Suppl. 7, 216 (1987)
30, 245 (1983); Suppl. 7, 63 (1987)
32, 355 (1983); Suppl. 7, 63 (1987)
32, 365 (1983); Suppl. 7, 63 (1987)
27, 237 (1982); Suppl. 7, 208
(1987)
26, 217 (1981); Suppl. 7, 210
(1987)

74 (1999)
29, 345 (1982); Suppl. 7, 211
(1987); 62, 217 (1995) (corr. 65,
549; corr. 66, 485)
7, 151 (1974) (corr. 42, 253);
Suppl. 7, 63 (1987)
45, 239 (1989) (corr. 47, 505)

63, 393 (1995)
31, 141 (1983); Suppl. 7, 63 (1987)
63, 409 (1995)
25, 99 (1981); Suppl. 7, 380 (1987)
50, 277 (1990)

G
γ-radiation
Gasoline

75, 121 (2000)
45, 159 (1989) (corr. 47, 505)
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Gasoline engine exhaust (see Diesel and gasoline engine exhausts)
Gemfibrozil
Glass fibres (see Man-made mineral fibres)
Glass manufacturing industry, occupational exposures in
Glasswool (see Man-made mineral fibres)
Glass filaments (see Man-made mineral fibres)
Glu-P-1
Glu-P-2
L-Glutamic acid, 5-[2-(4-hydroxymethyl)phenylhydrazide]
(see Agaritine)
Glycidaldehyde
Glycidyl ethers
Glycidyl oleate
Glycidyl stearate
Griseofulvin
Guinea Green B
Gyromitrin
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66, 427 (1996)
58, 347 (1993)

40, 223 (1986); Suppl. 7, 64 (1987)
40, 235 (1986); Suppl. 7, 64 (1987)

11, 175 (1976); Suppl. 7, 64
(1987); 71, 1459 (1999)
47, 237 (1989); 71, 1285, 1417,
1525, 1539 (1999)
11, 183 (1976); Suppl. 7, 64 (1987)
11, 187 (1976); Suppl. 7, 64 (1987)
10, 153 (1976); Suppl. 7, 391
(1987)
16, 199 (1978); Suppl. 7, 64 (1987)
31, 163 (1983); Suppl. 7, 391
(1987)

H
Haematite
Haematite and ferric oxide
Haematite mining, underground, with exposure to radon
Hairdressers and barbers (occupational exposure as)
Hair dyes, epidemiology of
Halogenated acetonitriles
Halothane (see Anaesthetics, volatile)
HC Blue No. 1
HC Blue No. 2
α-HCH (see Hexachlorocyclohexanes)
β-HCH (see Hexachlorocyclohexanes)
γ-HCH (see Hexachlorocyclohexanes)
HC Red No. 3
HC Yellow No. 4
Heating oils (see Fuel oils)
Helicobacter pylori (infection with)
Hepatitis B virus
Hepatitis C virus
Hepatitis D virus
Heptachlor (see also Chlordane/Heptachlor)
Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocyclohexanes

Hexachlorocyclohexane, technical-grade (see Hexachlorocyclohexanes)

1, 29 (1972); Suppl. 7, 216 (1987)
Suppl. 7, 216 (1987)
1, 29 (1972); Suppl. 7, 216 (1987)
57, 43 (1993)
16, 29 (1978); 27, 307 (1982);
52, 269 (1991); 71, 1325, 1369,
1375, 1533 (1999)
57, 129 (1993)
57, 143 (1993)

57, 153 (1993)
57, 159 (1993)
61, 177 (1994)
59, 45 (1994)
59, 165 (1994)
59, 223 (1994)
5, 173 (1974); 20, 129 (1979)
20, 155 (1979); Suppl. 7, 219
(1987)
20, 179 (1979); Suppl. 7, 64 (1987);
73, 277 (1999)
5, 47 (1974); 20, 195 (1979)
(corr. 42, 258); Suppl. 7, 220
(1987)
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Hexachloroethane
Hexachlorophene
Hexamethylphosphoramide
Hexoestrol (see also Nonsteroidal oestrogens)
Hormonal contraceptives, progestogens only
Human herpesvirus 8
Human immunodeficiency viruses
Human papillomaviruses
Human T-cell lymphotropic viruses
Hycanthone mesylate
Hydralazine
Hydrazine
Hydrochloric acid
Hydrochlorothiazide
Hydrogen peroxide
Hydroquinone
4-Hydroxyazobenzene
17α-Hydroxyprogesterone caproate (see also Progestins)
8-Hydroxyquinoline
8-Hydroxysenkirkine
Hypochlorite salts

20, 467 (1979); Suppl. 7, 64 (1987);
73, 295 (1999)
20, 241 (1979); Suppl. 7, 64 (1987)
15, 211 (1977); Suppl. 7, 64
(1987); 71, 1465 (1999)
Suppl. 7, 279 (1987)
72, 339 (1999)
70, 375 (1997)
67, 31 (1996)
64 (1995) (corr. 66, 485)
67, 261 (1996)
13, 91 (1977); Suppl. 7, 64 (1987)
24, 85 (1980); Suppl. 7, 222 (1987)
4, 127 (1974); Suppl. 7, 223
(1987); 71, 991 (1999)
54, 189 (1992)
50, 293 (1990)
36, 285 (1985); Suppl. 7, 64
(1987); 71, 671 (1999)
15, 155 (1977); Suppl. 7, 64
(1987); 71, 691 (1999)
8, 157 (1975); Suppl. 7, 64 (1987)
21, 399 (1979) (corr. 42, 259)
13, 101 (1977); Suppl. 7, 64 (1987)
10, 265 (1976); Suppl. 7, 64 (1987)
52, 159 (1991)

I
Implants, surgical
Indeno[1,2,3-cd]pyrene
Inorganic acids (see Sulfuric acid and other strong inorganic acids,
occupational exposures to mists and vapours from)
Insecticides, occupational exposures in spraying and application of
Ionizing radiation (see Neutrons, γ- and X-radiation)
IQ
Iron and steel founding
Iron-dextran complex
Iron-dextrin complex
Iron oxide (see Ferric oxide)
Iron oxide, saccharated (see Saccharated iron oxide)
Iron sorbitol-citric acid complex
Isatidine
Isoflurane (see Anaesthetics, volatile)
Isoniazid (see Isonicotinic acid hydrazide)
Isonicotinic acid hydrazide
Isophosphamide
Isoprene

74, 1999
3, 229 (1973); 32, 373 (1983);
Suppl. 7, 64 (1987)

53, 45 (1991)
40, 261 (1986); Suppl. 7, 64
(1987); 56, 165 (1993)
34, 133 (1984); Suppl. 7, 224
(1987)
2, 161 (1973); Suppl. 7, 226 (1987)
2, 161 (1973) (corr. 42, 252);
Suppl. 7, 64 (1987)

2, 161 (1973); Suppl. 7, 64 (1987)
10, 269 (1976); Suppl. 7, 65 (1987)

4, 159 (1974); Suppl. 7, 227 (1987)
26, 237 (1981); Suppl. 7, 65 (1987)
60, 215 (1994); 71, 1015 (1999)
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Isopropanol
Isopropanol manufacture (strong-acid process)
(see also Isopropanol; Sulfuric acid and other strong inorganic
acids, occupational exposures to mists and vapours from)
Isopropyl oils
Isosafrole
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15, 223 (1977); Suppl. 7, 229
(1987); 71, 1027 (1999)
Suppl. 7, 229 (1987)

15, 223 (1977); Suppl. 7, 229
(1987); 71, 1483 (1999)
1, 169 (1972); 10, 232 (1976);
Suppl. 7, 65 (1987)

J
Jacobine
Jet fuel
Joinery (see Carpentry and joinery)

10, 275 (1976); Suppl. 7, 65 (1987)
45, 203 (1989)

K
Kaempferol
Kaposi’s sarcoma herpesvirus
Kepone (see Chlordecone)

31, 171 (1983); Suppl. 7, 65 (1987)
70, 375 (1997)

L
Lasiocarpine
Lauroyl peroxide
Lead acetate (see Lead and lead compounds)
Lead and lead compounds (see also Foreign bodies)

Lead arsenate (see Arsenic and arsenic compounds)
Lead carbonate (see Lead and lead compounds)
Lead chloride (see Lead and lead compounds)
Lead chromate (see Chromium and chromium compounds)
Lead chromate oxide (see Chromium and chromium compounds)
Lead naphthenate (see Lead and lead compounds)
Lead nitrate (see Lead and lead compounds)
Lead oxide (see Lead and lead compounds)
Lead phosphate (see Lead and lead compounds)
Lead subacetate (see Lead and lead compounds)
Lead tetroxide (see Lead and lead compounds)
Leather goods manufacture
Leather industries
Leather tanning and processing
Ledate (see also Lead and lead compounds)
Levonorgestrel

10, 281 (1976); Suppl. 7, 65 (1987)
36, 315 (1985); Suppl. 7, 65
(1987); 71, 1485 (1999)
1, 40 (1972) (corr. 42, 251); 2, 52,
150 (1973); 12, 131 (1976);
23, 40, 208, 209, 325 (1980);
Suppl. 7, 230 (1987)

25, 279 (1981); Suppl. 7, 235
(1987)
25, 199 (1981); Suppl. 7, 232
(1987)
25, 201 (1981); Suppl. 7, 236
(1987)
12, 131 (1976)
72, 49 (1999)
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Light Green SF
d-Limonene
Lindane (see Hexachlorocyclohexanes)
Liver flukes (see Clonorchis sinensis, Opisthorchis felineus and
Opisthorchis viverrini)
Lumber and sawmill industries (including logging)
Luteoskyrin
Lynoestrenol

16, 209 (1978); Suppl. 7, 65 (1987)
56, 135 (1993); 73, 307 (1999)

25, 49 (1981); Suppl. 7, 383 (1987)
10, 163 (1976); Suppl. 7, 65 (1987)
21, 407 (1979); Suppl. 7, 293
(1987); 72, 49 (1999)

M
Magenta

Magenta, manufacture of (see also Magenta)
Malathion
Maleic hydrazide
Malonaldehyde
Malondialdehyde (see Malonaldehyde)
Maneb
Man-made mineral fibres
Mannomustine
Mate
MCPA (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, occupational exposures to)
MeA-α-C
Medphalan
Medroxyprogesterone acetate

Megestrol acetate
MeIQ
MeIQx
Melamine
Melphalan
6-Mercaptopurine
Mercuric chloride (see Mercury and mercury compounds)
Mercury and mercury compounds
Merphalan
Mestranol

Metabisulfites (see Sulfur dioxide and some sulfites, bisulfites
and metabisulfites)
Metallic mercury (see Mercury and mercury compounds)

4, 57 (1974) (corr. 42, 252);
Suppl. 7, 238 (1987); 57, 215
(1993)
Suppl. 7, 238 (1987); 57, 215
(1993)
30, 103 (1983); Suppl. 7, 65 (1987)
4, 173 (1974) (corr. 42, 253);
Suppl. 7, 65 (1987)
36, 163 (1985); Suppl. 7, 65
(1987); 71, 1037 (1999)
12, 137 (1976); Suppl. 7, 65 (1987)
43, 39 (1988)
9, 157 (1975); Suppl. 7, 65 (1987)
51, 273 (1991)
30, 255 (1983)
40, 253 (1986); Suppl. 7, 65 (1987)
9, 168 (1975); Suppl. 7, 65 (1987)
6, 157 (1974); 21, 417 (1979)
(corr. 42, 259); Suppl. 7, 289
(1987); 72, 339 (1999)
Suppl. 7, 293 (1987); 72, 49 (1999)
40, 275 (1986); Suppl. 7, 65
(1987); 56, 197 (1993)
40, 283 (1986); Suppl. 7, 65 (1987)
56, 211 (1993)
39, 333 (1986); Suppl. 7, 65 (1987);
73, 329 (1999)
9, 167 (1975); Suppl. 7, 239 (1987)
26, 249 (1981); Suppl. 7, 240
(1987)
58, 239 (1993)
9, 169 (1975); Suppl. 7, 65 (1987)
6, 87 (1974); 21, 257 (1979)
(corr. 42, 259); Suppl. 7, 288
(1987); 72, 49 (1999)
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Methanearsonic acid, disodium salt (see Arsenic and arsenic compounds)
Methanearsonic acid, monosodium salt (see Arsenic and arsenic
compounds
Methotrexate
26, 267 (1981); Suppl. 7, 241
(1987)
Methoxsalen (see 8-Methoxypsoralen)
Methoxychlor
5, 193 (1974); 20, 259 (1979);
Suppl. 7, 66 (1987)
Methoxyflurane (see Anaesthetics, volatile)
5-Methoxypsoralen
40, 327 (1986); Suppl. 7, 242
(1987)
8-Methoxypsoralen (see also 8-Methoxypsoralen plus ultraviolet
24, 101 (1980)
radiation)
8-Methoxypsoralen plus ultraviolet radiation
Suppl. 7, 243 (1987)
Methyl acrylate
19, 52 (1979); 39, 99 (1986);
Suppl. 7, 66 (1987); 71, 1489
(1999)
5-Methylangelicin plus ultraviolet radiation (see also Angelicin
Suppl. 7, 57 (1987)
and some synthetic derivatives)
2-Methylaziridine
9, 61 (1975); Suppl. 7, 66 (1987);
71, 1497 (1999)
Methylazoxymethanol acetate (see also Cycasin)
1, 164 (1972); 10, 131 (1976);
Suppl. 7, 66 (1987)
Methyl bromide
41, 187 (1986) (corr. 45, 283);
Suppl. 7, 245 (1987); 71, 721
(1999)
Methyl tert-butyl ether
73, 339 (1999)
Methyl carbamate
12, 151 (1976); Suppl. 7, 66 (1987)
Methyl-CCNU (see 1-(2-Chloroethyl)-3-(4-methylcyclohexyl)1-nitrosourea)
Methyl chloride
41, 161 (1986); Suppl. 7, 246
(1987); 71, 737 (1999)
1-, 2-, 3-, 4-, 5- and 6-Methylchrysenes
32, 379 (1983); Suppl. 7, 66 (1987)
N-Methyl-N,4-dinitrosoaniline
1, 141 (1972); Suppl. 7, 66 (1987)
4,4′-Methylene bis(2-chloroaniline)
4, 65 (1974) (corr. 42, 252);
Suppl. 7, 246 (1987); 57, 271
(1993)
4,4′-Methylene bis(N,N-dimethyl)benzenamine
27, 119 (1982); Suppl. 7, 66 (1987)
4,4′-Methylene bis(2-methylaniline)
4, 73 (1974); Suppl. 7, 248 (1987)
4,4′-Methylenedianiline
4, 79 (1974) (corr. 42, 252);
39, 347 (1986); Suppl. 7, 66 (1987)
4,4′-Methylenediphenyl diisocyanate
19, 314 (1979); Suppl. 7, 66
(1987); 71, 1049 (1999)
2-Methylfluoranthene
32, 399 (1983); Suppl. 7, 66 (1987)
3-Methylfluoranthene
32, 399 (1983); Suppl. 7, 66 (1987)
Methylglyoxal
51, 443 (1991)
Methyl iodide
15, 245 (1977); 41, 213 (1986);
Suppl. 7, 66 (1987); 71, 1503
(1999)
Methylmercury chloride (see Mercury and mercury compounds)
Methylmercury compounds (see Mercury and mercury compounds)
Methyl methacrylate
19, 187 (1979); Suppl. 7, 66
(1987); 60, 445 (1994)
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Methyl methanesulfonate
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7, 253 (1974); Suppl. 7, 66 (1987);
71, 1059 (1999)
27, 205 (1982); Suppl. 7, 66 (1987)
4, 183 (1974); Suppl. 7, 248 (1987)

2-Methyl-1-nitroanthraquinone
N-Methyl-N′-nitro-N-nitrosoguanidine
3-Methylnitrosaminopropionaldehyde [see 3-(N-Nitrosomethylamino)propionaldehyde]
3-Methylnitrosaminopropionitrile [see 3-(N-Nitrosomethylamino)propionitrile]
4-(Methylnitrosamino)-4-(3-pyridyl)-1-butanal [see 4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal]
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone [see 4-(-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone]
N-Methyl-N-nitrosourea
1, 125 (1972); 17, 227 (1978);
Suppl. 7, 66 (1987)
N-Methyl-N-nitrosourethane
4, 211 (1974); Suppl. 7, 66 (1987)
N-Methylolacrylamide
60, 435 (1994)
Methyl parathion
30, 131 (1983); Suppl. 7, 392
(1987)
1-Methylphenanthrene
32, 405 (1983); Suppl. 7, 66 (1987)
7-Methylpyrido[3,4-c]psoralen
40, 349 (1986); Suppl. 7, 71 (1987)
Methyl red
8, 161 (1975); Suppl. 7, 66 (1987)
Methyl selenac (see also Selenium and selenium compounds)
12, 161 (1976); Suppl. 7, 66 (1987)
Methylthiouracil
7, 53 (1974); Suppl. 7, 66 (1987)
Metronidazole
13, 113 (1977); Suppl. 7, 250
(1987)
Mineral oils
3, 30 (1973); 33, 87 (1984)
(corr. 42, 262); Suppl. 7, 252
(1987)
Mirex
5, 203 (1974); 20, 283 (1979)
(corr. 42, 258); Suppl. 7, 66 (1987)
Mists and vapours from sulfuric acid and other strong inorganic acids
54, 41 (1992)
Mitomycin C
10, 171 (1976); Suppl. 7, 67 (1987)
MNNG (see N-Methyl-N′-nitro-N-nitrosoguanidine)
MOCA (see 4,4′-Methylene bis(2-chloroaniline))
Modacrylic fibres
19, 86 (1979); Suppl. 7, 67 (1987)
Monocrotaline
10, 291 (1976); Suppl. 7, 67 (1987)
Monuron
12, 167 (1976); Suppl. 7, 67
(1987); 53, 467 (1991)
MOPP and other combined chemotherapy including
Suppl. 7, 254 (1987)
alkylating agents
Mordanite (see Zeolites)
Morpholine
47, 199 (1989); 71, 1511 (1999)
5-(Morpholinomethyl)-3-[(5-nitrofurfurylidene)amino]-27, 161 (1974); Suppl. 7, 67 (1987)
oxazolidinone
Musk ambrette
65, 477 (1996)
Musk xylene
65, 477 (1996)
Mustard gas
9, 181 (1975) (corr. 42, 254);
Suppl. 7, 259 (1987)
Myleran (see 1,4-Butanediol dimethanesulfonate)
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N
Nafenopin
1,5-Naphthalenediamine
1,5-Naphthalene diisocyanate
1-Naphthylamine
2-Naphthylamine
1-Naphthylthiourea
Neutrons
Nickel acetate (see Nickel and nickel compounds)
Nickel ammonium sulfate (see Nickel and nickel compounds)
Nickel and nickel compounds (see also Implants, surgical)

Nickel carbonate (see Nickel and nickel compounds)
Nickel carbonyl (see Nickel and nickel compounds)
Nickel chloride (see Nickel and nickel compounds)
Nickel-gallium alloy (see Nickel and nickel compounds)
Nickel hydroxide (see Nickel and nickel compounds)
Nickelocene (see Nickel and nickel compounds)
Nickel oxide (see Nickel and nickel compounds)
Nickel subsulfide (see Nickel and nickel compounds)
Nickel sulfate (see Nickel and nickel compounds)
Niridazole
Nithiazide
Nitrilotriacetic acid and its salts
5-Nitroacenaphthene
5-Nitro-ortho-anisidine
2-Nitroanisole
9-Nitroanthracene
7-Nitrobenz[a]anthracene
Nitrobenzene
6-Nitrobenzo[a]pyrene
4-Nitrobiphenyl
6-Nitrochrysene
Nitrofen (technical-grade)
3-Nitrofluoranthene
2-Nitrofluorene
Nitrofural
5-Nitro-2-furaldehyde semicarbazone (see Nitrofural)
Nitrofurantoin
Nitrofurazone (see Nitrofural)
1-[(5-Nitrofurfurylidene)amino]-2-imidazolidinone
N-[4-(5-Nitro-2-furyl)-2-thiazolyl]acetamide
Nitrogen mustard
Nitrogen mustard N-oxide

24, 125 (1980); Suppl. 7, 67 (1987)
27, 127 (1982); Suppl. 7, 67 (1987)
19, 311 (1979); Suppl. 7, 67
(1987); 71, 1515 (1999)
4, 87 (1974) (corr. 42, 253);
Suppl. 7, 260 (1987)
4, 97 (1974); Suppl. 7, 261 (1987)
30, 347 (1983); Suppl. 7, 263
(1987)
75, 361 (2000)

2, 126 (1973) (corr. 42, 252); 11,
75 (1976); Suppl. 7, 264 (1987)
(corr. 45, 283); 49, 257 (1990)
(corr. 67, 395)

13, 123 (1977); Suppl. 7, 67 (1987)
31, 179 (1983); Suppl. 7, 67 (1987)
48, 181 (1990); 73, 385 (1999)
16, 319 (1978); Suppl. 7, 67 (1987)
27, 133 (1982); Suppl. 7, 67 (1987)
65, 369 (1996)
33, 179 (1984); Suppl. 7, 67 (1987)
46, 247 (1989)
65, 381 (1996)
33, 187 (1984); Suppl. 7, 67
(1987); 46, 255 (1989)
4, 113 (1974); Suppl. 7, 67 (1987)
33, 195 (1984); Suppl. 7, 67
(1987); 46, 267 (1989)
30, 271 (1983); Suppl. 7, 67 (1987)
33, 201 (1984); Suppl. 7, 67 (1987)
46, 277 (1989)
7, 171 (1974); Suppl. 7, 67 (1987);
50, 195 (1990)
50, 211 (1990)
7, 181 (1974); Suppl. 7, 67 (1987)
1, 181 (1972); 7, 185 (1974);
Suppl. 7, 67 (1987)
9, 193 (1975); Suppl. 7, 269 (1987)
9, 209 (1975); Suppl. 7, 67 (1987)
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1-Nitronaphthalene
2-Nitronaphthalene
3-Nitroperylene
2-Nitro-para-phenylenediamine (see 1,4-Diamino-2-nitrobenzene)
2-Nitropropane
1-Nitropyrene
2-Nitropyrene
4-Nitropyrene
N-Nitrosatable drugs
N-Nitrosatable pesticides
N′-Nitrosoanabasine
N′-Nitrosoanatabine
N-Nitrosodi-n-butylamine
N-Nitrosodiethanolamine
N-Nitrosodiethylamine

N-Nitrosodimethylamine
N-Nitrosodiphenylamine
para-Nitrosodiphenylamine
N-Nitrosodi-n-propylamine
N-Nitroso-N-ethylurea (see N-Ethyl-N-nitrosourea)
N-Nitrosofolic acid
N-Nitrosoguvacine
N-Nitrosoguvacoline
N-Nitrosohydroxyproline
3-(N-Nitrosomethylamino)propionaldehyde
3-(N-Nitrosomethylamino)propionitrile
4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal
4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone
N-Nitrosomethylethylamine
N-Nitroso-N-methylurea (see N-Methyl-N-nitrosourea)
N-Nitroso-N-methylurethane (see N-Methyl-N-nitrosourethane)
N-Nitrosomethylvinylamine
N-Nitrosomorpholine
N′-Nitrosonornicotine
N-Nitrosopiperidine
N-Nitrosoproline
N-Nitrosopyrrolidine
N-Nitrososarcosine
Nitrosoureas, chloroethyl (see Chloroethyl nitrosoureas)
5-Nitro-ortho-toluidine
2-Nitrotoluene
3-Nitrotoluene
4-Nitrotoluene
Nitrous oxide (see Anaesthetics, volatile)
Nitrovin

46, 291 (1989)
46, 303 (1989)
46, 313 (1989)
29, 331 (1982); Suppl. 7, 67
(1987); 71, 1079 (1999)
33, 209 (1984); Suppl. 7, 67
(1987); 46, 321 (1989)
46, 359 (1989)
46, 367 (1989)
24, 297 (1980) (corr. 42, 260)
30, 359 (1983)
37, 225 (1985); Suppl. 7, 67 (1987)
37, 233 (1985); Suppl. 7, 67 (1987)
4, 197 (1974); 17, 51 (1978);
Suppl. 7, 67 (1987)
17, 77 (1978); Suppl. 7, 67 (1987)
1, 107 (1972) (corr. 42, 251);
17, 83 (1978) (corr. 42, 257);
Suppl. 7, 67 (1987)
1, 95 (1972); 17, 125 (1978)
(corr. 42, 257); Suppl. 7, 67 (1987)
27, 213 (1982); Suppl. 7, 67 (1987)
27, 227 (1982) (corr. 42, 261);
Suppl. 7, 68 (1987)
17, 177 (1978); Suppl. 7, 68 (1987)
17, 217 (1978); Suppl. 7, 68 (1987)
37, 263 (1985); Suppl. 7, 68 (1987)
37, 263 (1985); Suppl. 7, 68 (1987)
17, 304 (1978); Suppl. 7, 68 (1987)
37, 263 (1985); Suppl. 7, 68 (1987)
37, 263 (1985); Suppl. 7, 68 (1987)
37, 205 (1985); Suppl. 7, 68 (1987)
37, 209 (1985); Suppl. 7, 68 (1987)
17, 221 (1978); Suppl. 7, 68 (1987)

17, 257 (1978); Suppl. 7, 68 (1987)
17, 263 (1978); Suppl. 7, 68 (1987)
17, 281 (1978); 37, 241 (1985);
Suppl. 7, 68 (1987)
17, 287 (1978); Suppl. 7, 68 (1987)
17, 303 (1978); Suppl. 7, 68 (1987)
17, 313 (1978); Suppl. 7, 68 (1987)
17, 327 (1978); Suppl. 7, 68 (1987)
48, 169 (1990)
65, 409 (1996)
65, 409 (1996)
65, 409 (1996)
31, 185 (1983); Suppl. 7, 68 (1987)
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Nivalenol (see Toxins derived from Fusarium graminearum,
F. culmorum and F. crookwellense)
NNA (see 4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal)
NNK (see 4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone)
Nonsteroidal oestrogens
Norethisterone

Norethisterone acetate
Norethynodrel

Norgestrel
Nylon 6
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Suppl. 7, 273 (1987)
6, 179 (1974); 21, 461 (1979);
Suppl. 7, 294 (1987); 72, 49
(1999)
72, 49 (1999)
6, 191 (1974); 21, 461 (1979)
(corr. 42, 259); Suppl. 7, 295
(1987); 72, 49 (1999)
6, 201 (1974); 21, 479 (1979);
Suppl. 7, 295 (1987); 72, 49 (1999)
19, 120 (1979); Suppl. 7, 68 (1987)

O
Ochratoxin A

Oestradiol

Oestradiol-17β (see Oestradiol)
Oestradiol 3-benzoate (see Oestradiol)
Oestradiol dipropionate (see Oestradiol)
Oestradiol mustard
Oestradiol valerate (see Oestradiol)
Oestriol

Oestrogen-progestin combinations (see Oestrogens,
progestins (progestogens) and combinations)
Oestrogen-progestin replacement therapy (see Post-menopausal
oestrogen-progestogen therapy)
Oestrogen replacement therapy (see Post-menopausal oestrogen
therapy)
Oestrogens (see Oestrogens, progestins and combinations)
Oestrogens, conjugated (see Conjugated oestrogens)
Oestrogens, nonsteroidal (see Nonsteroidal oestrogens)
Oestrogens, progestins (progestogens) and combinations

Oestrogens, steroidal (see Steroidal oestrogens)
Oestrone

Oestrone benzoate (see Oestrone)
Oil Orange SS
Opisthorchis felineus (infection with)
Opisthorchis viverrini (infection with)
Oral contraceptives, combined

10, 191 (1976); 31, 191 (1983)
(corr. 42, 262); Suppl. 7, 271
(1987); 56, 489 (1993)
6, 99 (1974); 21, 279 (1979);
Suppl. 7, 284 (1987); 72, 399
(1999)

9, 217 (1975); Suppl. 7, 68 (1987)
6, 117 (1974); 21, 327 (1979);
Suppl. 7, 285 (1987); 72, 399
(1999)

6 (1974); 21 (1979); Suppl. 7, 272
(1987); 72, 49, 339, 399, 531
(1999)
6, 123 (1974); 21, 343 (1979)
(corr. 42, 259); Suppl. 7, 286
(1987); 72, 399 (1999)
8, 165 (1975); Suppl. 7, 69 (1987)
61, 121 (1994)
61, 121 (1994)
Suppl. 7, 297 (1987); 72, 49 (1999)
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Oral contraceptives, sequential (see Sequential oral contraceptives)
Orange I
Orange G
Organolead compounds (see also Lead and lead compounds)
Oxazepam
Oxymetholone (see also Androgenic (anabolic) steroids)
Oxyphenbutazone

8, 173 (1975); Suppl. 7, 69 (1987)
8, 181 (1975); Suppl. 7, 69 (1987)
Suppl. 7, 230 (1987)
13, 58 (1977); Suppl. 7, 69 (1987);
66, 115 (1996)
13, 131 (1977)
13, 185 (1977); Suppl. 7, 69 (1987)

P
Paint manufacture and painting (occupational exposures in)
Palygorskite
Panfuran S (see also Dihydroxymethylfuratrizine)
Paper manufacture (see Pulp and paper manufacture)
Paracetamol
Parasorbic acid
Parathion
Patulin
Penicillic acid
Pentachloroethane
Pentachloronitrobenzene (see Quintozene)
Pentachlorophenol (see also Chlorophenols; Chlorophenols,
occupational exposures to; Polychlorophenols and their sodium salts)
Permethrin
Perylene
Petasitenine
Petasites japonicus (see also Pyrrolizidine alkaloids)
Petroleum refining (occupational exposures in)
Petroleum solvents
Phenacetin
Phenanthrene
Phenazopyridine hydrochloride

Phenelzine sulfate
Phenicarbazide
Phenobarbital
Phenol
Phenoxyacetic acid herbicides (see Chlorophenoxy herbicides)
Phenoxybenzamine hydrochloride
Phenylbutazone
meta-Phenylenediamine

47, 329 (1989)
42, 159 (1987); Suppl. 7, 117
(1987); 68, 245 (1997)
24, 77 (1980); Suppl. 7, 69 (1987)
50, 307 (1990); 73, 401 (1999)
10, 199 (1976) (corr. 42, 255);
Suppl. 7, 69 (1987)
30, 153 (1983); Suppl. 7, 69 (1987)
10, 205 (1976); 40, 83 (1986);
Suppl. 7, 69 (1987)
10, 211 (1976); Suppl. 7, 69 (1987)
41, 99 (1986); Suppl. 7, 69 (1987);
71, 1519 (1999)
20, 303 (1979); 53, 371 (1991)
53, 329 (1991)
32, 411 (1983); Suppl. 7, 69 (1987)
31, 207 (1983); Suppl. 7, 69 (1987)
10, 333 (1976)
45, 39 (1989)
47, 43 (1989)
13, 141 (1977); 24, 135 (1980);
Suppl. 7, 310 (1987)
32, 419 (1983); Suppl. 7, 69 (1987)
8, 117 (1975); 24, 163 (1980)
(corr. 42, 260); Suppl. 7, 312
(1987)
24, 175 (1980); Suppl. 7, 312
(1987)
12, 177 (1976); Suppl. 7, 70 (1987)
13, 157 (1977); Suppl. 7, 313
(1987)
47, 263 (1989) (corr. 50, 385); 71,
749 (1999)
9, 223 (1975); 24, 185 (1980);
Suppl. 7, 70 (1987)
13, 183 (1977); Suppl. 7, 316
(1987)
16, 111 (1978); Suppl. 7, 70 (1987)
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para-Phenylenediamine
Phenyl glycidyl ether (see also Glycidyl ethers)
N-Phenyl-2-naphthylamine
ortho-Phenylphenol
Phenytoin
Phillipsite (see Zeolites)
PhIP
Pickled vegetables
Picloram
Piperazine oestrone sulfate (see Conjugated oestrogens)
Piperonyl butoxide
Pitches, coal-tar (see Coal-tar pitches)
Polyacrylic acid
Polybrominated biphenyls
Polychlorinated biphenyls

Polychlorinated camphenes (see Toxaphene)
Polychlorinated dibenzo-para-dioxins (other than
2,3,7,8-tetrachlorodibenzodioxin)
Polychlorinated dibenzofurans
Polychlorophenols and their sodium salts
Polychloroprene
Polyethylene (see also Implants, surgical)
Poly(glycolic acid) (see Implants, surgical)
Polymethylene polyphenyl isocyanate (see also 4,4′-Methylenediphenyl
diisocyanate)
Polymethyl methacrylate (see also Implants, surgical)
Polyoestradiol phosphate (see Oestradiol-17β)
Polypropylene (see also Implants, surgical)
Polystyrene (see also Implants, surgical)
Polytetrafluoroethylene (see also Implants, surgical)
Polyurethane foams (see also Implants, surgical)
Polyvinyl acetate (see also Implants, surgical)
Polyvinyl alcohol (see also Implants, surgical)
Polyvinyl chloride (see also Implants, surgical)
Polyvinyl pyrrolidone
Ponceau MX
Ponceau 3R
Ponceau SX
Post-menopausal oestrogen therapy
Post-menopausal oestrogen-progestogen therapy
Potassium arsenate (see Arsenic and arsenic compounds)
Potassium arsenite (see Arsenic and arsenic compounds)
Potassium bis(2-hydroxyethyl)dithiocarbamate
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16, 125 (1978); Suppl. 7, 70 (1987)
71, 1525 (1999)
16, 325 (1978) (corr. 42, 257);
Suppl. 7, 318 (1987)
30, 329 (1983); Suppl. 7, 70
(1987); 73, 451 (1999)
13, 201 (1977); Suppl. 7, 319
(1987); 66, 175 (1996)
56, 229 (1993)
56, 83 (1993)
53, 481 (1991)
30, 183 (1983); Suppl. 7, 70 (1987)
19, 62 (1979); Suppl. 7, 70 (1987)
18, 107 (1978); 41, 261 (1986);
Suppl. 7, 321 (1987)
7, 261 (1974); 18, 43 (1978)
(corr. 42, 258); Suppl. 7, 322
(1987)
69, 33 (1997)
69, 345 (1997)
71, 769 (1999)
19, 141 (1979); Suppl. 7, 70 (1987)
19, 164 (1979); Suppl. 7, 70 (1987)
19, 314 (1979); Suppl. 7, 70 (1987)
19, 195 (1979); Suppl. 7, 70 (1987)
19, 218 (1979); Suppl. 7, 70 (1987)
19, 245 (1979); Suppl. 7, 70 (1987)
19, 288 (1979); Suppl. 7, 70 (1987)
19, 320 (1979); Suppl. 7, 70 (1987)
19, 346 (1979); Suppl. 7, 70 (1987)
19, 351 (1979); Suppl. 7, 70 (1987)
7, 306 (1974); 19, 402 (1979);
Suppl. 7, 70 (1987)
19, 463 (1979); Suppl. 7, 70
(1987); 71, 1181 (1999)
8, 189 (1975); Suppl. 7, 70 (1987)
8, 199 (1975); Suppl. 7, 70 (1987)
8, 207 (1975); Suppl. 7, 70 (1987)
Suppl. 7, 280 (1987); 72, 399
(1999)
Suppl. 7, 308 (1987); 72, 531
(1999)

12, 183 (1976); Suppl. 7, 70 (1987)
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Potassium bromate
Potassium chromate (see Chromium and chromium compounds)
Potassium dichromate (see Chromium and chromium compounds)
Prazepam
Prednimustine
Prednisone
Printing processes and printing inks
Procarbazine hydrochloride
Proflavine salts
Progesterone (see also Progestins; Combined oral contraceptives)
Progestins (see Progestogens)
Progestogens
Pronetalol hydrochloride
1,3-Propane sultone

Propham
β-Propiolactone

n-Propyl carbamate
Propylene
Propyleneimine (see 2-Methylaziridine)
Propylene oxide

Propylthiouracil
Ptaquiloside (see also Bracken fern)
Pulp and paper manufacture
Pyrene
Pyrido[3,4-c]psoralen
Pyrimethamine
Pyrrolizidine alkaloids (see Hydroxysenkirkine; Isatidine; Jacobine;
Lasiocarpine; Monocrotaline; Retrorsine; Riddelliine; Seneciphylline;
Senkirkine)

40, 207 (1986); Suppl. 7, 70 (1987);
73, 481 (1999)

66, 143 (1996)
50, 115 (1990)
26, 293 (1981); Suppl. 7, 326
(1987)
65, 33 (1996)
26, 311 (1981); Suppl. 7, 327
(1987)
24, 195 (1980); Suppl. 7, 70 (1987)
6, 135 (1974); 21, 491 (1979)
(corr. 42, 259)
Suppl. 7, 289 (1987); 72, 49, 339,
531 (1999)
13, 227 (1977) (corr. 42, 256);
Suppl. 7, 70 (1987)
4, 253 (1974) (corr. 42, 253);
Suppl. 7, 70 (1987); 71, 1095
(1999)
12, 189 (1976); Suppl. 7, 70 (1987)
4, 259 (1974) (corr. 42, 253);
Suppl. 7, 70 (1987); 71, 1103
(1999)
12, 201 (1976); Suppl. 7, 70 (1987)
19, 213 (1979); Suppl. 7, 71
(1987); 60, 161 (1994)
11, 191 (1976); 36, 227 (1985)
(corr. 42, 263); Suppl. 7, 328
(1987); 60, 181 (1994)
7, 67 (1974); Suppl. 7, 329 (1987)
40, 55 (1986); Suppl. 7, 71 (1987)
25, 157 (1981); Suppl. 7, 385
(1987)
32, 431 (1983); Suppl. 7, 71 (1987)
40, 349 (1986); Suppl. 7, 71 (1987)
13, 233 (1977); Suppl. 7, 71 (1987)

Q
Quartz (see Crystalline silica)
Quercetin (see also Bracken fern)
para-Quinone
Quintozene

31, 213 (1983); Suppl. 7, 71 (1987);
73, 497 (1999)
15, 255 (1977); Suppl. 7, 71
(1987); 71, 1245 (1999)
5, 211 (1974); Suppl. 7, 71 (1987)
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R
Radon
Reserpine

Resorcinol
Retrorsine
Rhodamine B
Rhodamine 6G
Riddelliine
Rifampicin
Ripazepam
Rockwool (see Man-made mineral fibres)
Rubber industry
Rugulosin

43, 173 (1988) (corr. 45, 283)
10, 217 (1976); 24, 211 (1980)
(corr. 42, 260); Suppl. 7, 330
(1987)
15, 155 (1977); Suppl. 7, 71
(1987); 71, 1119 (1990)
10, 303 (1976); Suppl. 7, 71 (1987)
16, 221 (1978); Suppl. 7, 71 (1987)
16, 233 (1978); Suppl. 7, 71 (1987)
10, 313 (1976); Suppl. 7, 71 (1987)
24, 243 (1980); Suppl. 7, 71 (1987)
66, 157 (1996)
28 (1982) (corr. 42, 261); Suppl. 7,
332 (1987)
40, 99 (1986); Suppl. 7, 71 (1987)

S
Saccharated iron oxide
Saccharin and its salts
Safrole
Salted fish
Sawmill industry (including logging) (see Lumber and
sawmill industry (including logging))
Scarlet Red
Schistosoma haematobium (infection with)
Schistosoma japonicum (infection with)
Schistosoma mansoni (infection with)
Selenium and selenium compounds
Selenium dioxide (see Selenium and selenium compounds)
Selenium oxide (see Selenium and selenium compounds)
Semicarbazide hydrochloride
Senecio jacobaea L. (see also Pyrrolizidine alkaloids)
Senecio longilobus (see also Pyrrolizidine alkaloids)
Seneciphylline
Senkirkine
Sepiolite
Sequential oral contraceptives (see also Oestrogens, progestins
and combinations)
Shale-oils
Shikimic acid (see also Bracken fern)
Shoe manufacture and repair (see Boot and shoe manufacture

2, 161 (1973); Suppl. 7, 71 (1987)
22, 111 (1980) (corr. 42, 259);
Suppl. 7, 334 (1987); 73, 517 (1999)
1, 169 (1972); 10, 231 (1976);
Suppl. 7, 71 (1987)
56, 41 (1993)

8, 217 (1975); Suppl. 7, 71 (1987)
61, 45 (1994)
61, 45 (1994)
61, 45 (1994)
9, 245 (1975) (corr. 42, 255);
Suppl. 7, 71 (1987)

12, 209 (1976) (corr. 42, 256);
Suppl. 7, 71 (1987)
10, 333 (1976)
10, 334 (1976)
10, 319, 335 (1976); Suppl. 7, 71
(1987)
10, 327 (1976); 31, 231 (1983);
Suppl. 7, 71 (1987)
42, 175 (1987); Suppl. 7, 71
(1987); 68, 267 (1997)
Suppl. 7, 296 (1987)
35, 161 (1985); Suppl. 7, 339
(1987)
40, 55 (1986); Suppl. 7, 71 (1987)
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and repair)
Silica (see also Amorphous silica; Crystalline silica)
Silicone (see Implants, surgical)
Simazine
Slagwool (see Man-made mineral fibres)
Sodium arsenate (see Arsenic and arsenic compounds)
Sodium arsenite (see Arsenic and arsenic compounds)
Sodium cacodylate (see Arsenic and arsenic compounds)
Sodium chlorite
Sodium chromate (see Chromium and chromium compounds)
Sodium cyclamate (see Cyclamates)
Sodium dichromate (see Chromium and chromium compounds)
Sodium diethyldithiocarbamate
Sodium equilin sulfate (see Conjugated oestrogens)
Sodium fluoride (see Fluorides)
Sodium monofluorophosphate (see Fluorides)
Sodium oestrone sulfate (see Conjugated oestrogens)
Sodium ortho-phenylphenate (see also ortho-Phenylphenol)
Sodium saccharin (see Saccharin)
Sodium selenate (see Selenium and selenium compounds)
Sodium selenite (see Selenium and selenium compounds)
Sodium silicofluoride (see Fluorides)
Solar radiation
Soots
Spironolactone
Stannous fluoride (see Fluorides)
Steel founding (see Iron and steel founding)
Steel, stainless (see Implants, surgical)
Sterigmatocystin
Steroidal oestrogens
Streptozotocin
Strobane® (see Terpene polychlorinates)
Strong-inorganic-acid mists containing sulfuric acid (see Mists and
vapours from sulfuric acid and other strong inorganic acids)
Strontium chromate (see Chromium and chromium compounds)
Styrene

Styrene-acrylonitrile-copolymers
Styrene-butadiene copolymers
Styrene-7,8-oxide

Succinic anhydride
Sudan I
Sudan II
Sudan III
Sudan Brown RR
Sudan Red 7B

42, 39 (1987)
53, 495 (1991); 73, 625 (1999)

52, 145 (1991)

12, 217 (1976); Suppl. 7, 71 (1987)

30, 329 (1983); Suppl. 7, 392
(1987); 73, 451 (1999)

55 (1992)
3, 22 (1973); 35, 219 (1985);
Suppl. 7, 343 (1987)
24, 259 (1980); Suppl. 7, 344
(1987)

1, 175 (1972); 10, 245 (1976);
Suppl. 7, 72 (1987)
Suppl. 7, 280 (1987)
4, 221 (1974); 17, 337 (1978);
Suppl. 7, 72 (1987)

19, 231 (1979) (corr. 42, 258);
Suppl. 7, 345 (1987); 60, 233
(1994) (corr. 65, 549)
19, 97 (1979); Suppl. 7, 72 (1987)
19, 252 (1979); Suppl. 7, 72 (1987)
11, 201 (1976); 19, 275 (1979);
36, 245 (1985); Suppl. 7, 72
(1987); 60, 321 (1994)
15, 265 (1977); Suppl. 7, 72 (1987)
8, 225 (1975); Suppl. 7, 72 (1987)
8, 233 (1975); Suppl. 7, 72 (1987)
8, 241 (1975); Suppl. 7, 72 (1987)
8, 249 (1975); Suppl. 7, 72 (1987)
8, 253 (1975); Suppl. 7, 72 (1987)
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Sulfafurazole

24, 275 (1980); Suppl. 7, 347
(1987)
Sulfallate
30, 283 (1983); Suppl. 7, 72 (1987)
Sulfamethoxazole
24, 285 (1980); Suppl. 7, 348
(1987)
Sulfites (see Sulfur dioxide and some sulfites, bisulfites and metabisulfites)
Sulfur dioxide and some sulfites, bisulfites and metabisulfites
54, 131 (1992)
Sulfur mustard (see Mustard gas)
Sulfuric acid and other strong inorganic acids, occupational exposures
54, 41 (1992)
to mists and vapours from
Sulfur trioxide
54, 121 (1992)
Sulphisoxazole (see Sulfafurazole)
Sunset Yellow FCF
8, 257 (1975); Suppl. 7, 72 (1987)
Symphytine
31, 239 (1983); Suppl. 7, 72 (1987)

T
2,4,5-T (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, occupational exposures to)
Talc
Tamoxifen
Tannic acid
Tannins (see also Tannic acid)
TCDD (see 2,3,7,8-Tetrachlorodibenzo-para-dioxin)
TDE (see DDT)
Tea
Temazepam
Terpene polychlorinates
Testosterone (see also Androgenic (anabolic) steroids)
Testosterone oenanthate (see Testosterone)
Testosterone propionate (see Testosterone)
2,2′,5,5′-Tetrachlorobenzidine
2,3,7,8-Tetrachlorodibenzo-para-dioxin
1,1,1,2-Tetrachloroethane
1,1,2,2-Tetrachloroethane
Tetrachloroethylene

15, 273 (1977)
42, 185 (1987); Suppl. 7, 349
(1987)
66, 253 (1996)
10, 253 (1976) (corr. 42, 255);
Suppl. 7, 72 (1987)
10, 254 (1976); Suppl. 7, 72 (1987)

51, 207 (1991)
66, 161 (1996)
5, 219 (1974); Suppl. 7, 72 (1987)
6, 209 (1974); 21, 519 (1979)

27, 141 (1982); Suppl. 7, 72 (1987)
15, 41 (1977); Suppl. 7, 350
(1987); 69, 33 (1997)
41, 87 (1986); Suppl. 7, 72 (1987);
71, 1133 (1999)
20, 477 (1979); Suppl. 7, 354
(1987); 71, 817 (1999)
20, 491 (1979); Suppl. 7, 355
(1987); 63, 159 (1995) (corr. 65,
549)

2,3,4,6-Tetrachlorophenol (see Chlorophenols; Chlorophenols,
occupational exposures to; Polychlorophenols and their sodium salts)
Tetrachlorvinphos
30, 197 (1983); Suppl. 7, 72 (1987)
Tetraethyllead (see Lead and lead compounds)
Tetrafluoroethylene
19, 285 (1979); Suppl. 7, 72
(1987); 71, 1143 (1999)
Tetrakis(hydroxymethyl)phosphonium salts
48, 95 (1990); 71, 1529 (1999)
Tetramethyllead (see Lead and lead compounds)
Tetranitromethane
65, 437 (1996)
Textile manufacturing industry, exposures in
48, 215 (1990) (corr. 51, 483)
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Theobromine
Theophylline
Thioacetamide
4,4′-Thiodianiline
Thiotepa
Thiouracil
Thiourea
Thiram
Titanium (see Implants, surgical)
Titanium dioxide
Tobacco habits other than smoking (see Tobacco products, smokeless)
Tobacco products, smokeless
Tobacco smoke
Tobacco smoking (see Tobacco smoke)
ortho-Tolidine (see 3,3′-Dimethylbenzidine)
2,4-Toluene diisocyanate (see also Toluene diisocyanates)
2,6-Toluene diisocyanate (see also Toluene diisocyanates)
Toluene
Toluene diisocyanates

51, 421 (1991)
51, 391 (1991)
7, 77 (1974); Suppl. 7, 72 (1987)
16, 343 (1978); 27, 147 (1982);
Suppl. 7, 72 (1987)
9, 85 (1975); Suppl. 7, 368 (1987);
50, 123 (1990)
7, 85 (1974); Suppl. 7, 72 (1987)
7, 95 (1974); Suppl. 7, 72 (1987)
12, 225 (1976); Suppl. 7, 72
(1987); 53, 403 (1991)
47, 307 (1989)
37 (1985) (corr. 42, 263; 52, 513);
Suppl. 7, 357 (1987)
38 (1986) (corr. 42, 263); Suppl. 7,
359 (1987)

19, 303 (1979); 39, 287 (1986)
19, 303 (1979); 39, 289 (1986)
47, 79 (1989); 71, 829 (1999)
39, 287 (1986) (corr. 42, 264);
Suppl. 7, 72 (1987); 71, 865 (1999)
Toluenes, α-chlorinated (see α-Chlorinated toluenes and benzoyl chloride)
ortho-Toluenesulfonamide (see Saccharin)
ortho-Toluidine
16, 349 (1978); 27, 155 (1982)
(corr. 68, 477); Suppl. 7, 362
(1987)
Toremifene
66, 367 (1996)
Toxaphene
20, 327 (1979); Suppl. 7, 72 (1987)
T-2 Toxin (see Toxins derived from Fusarium sporotrichioides)
Toxins derived from Fusarium graminearum, F. culmorum and
11, 169 (1976); 31, 153, 279
F. crookwellense
(1983); Suppl. 7, 64, 74 (1987);
56, 397 (1993)
Toxins derived from Fusarium moniliforme
56, 445 (1993)
Toxins derived from Fusarium sporotrichioides
31, 265 (1983); Suppl. 7, 73
(1987); 56, 467 (1993)
Tremolite (see Asbestos)
Treosulfan
26, 341 (1981); Suppl. 7, 363
(1987)
Triaziquone (see Tris(aziridinyl)-para-benzoquinone)
Trichlorfon
30, 207 (1983); Suppl. 7, 73 (1987)
Trichlormethine
9, 229 (1975); Suppl. 7, 73 (1987);
50, 143 (1990)
Trichloroacetic acid
63, 291 (1995) (corr. 65, 549)
71, 1533 (1999)
Trichloroacetonitrile (see also Halogenated acetonitriles)
1,1,1-Trichloroethane
20, 515 (1979); Suppl. 7, 73
(1987); 71, 881 (1999)
1,1,2-Trichloroethane
20, 533 (1979); Suppl. 7, 73
(1987); 52, 337 (1991); 71, 1153
(1999)
Trichloroethylene
11, 263 (1976); 20, 545 (1979);
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Suppl. 7, 364 (1987); 63, 75 (1995)
(corr. 65, 549)
20, 349 (1979)

2,4,5-Trichlorophenol (see also Chlorophenols; Chlorophenols
occupational exposures to; Polychlorophenols and their sodium salts)
2,4,6-Trichlorophenol (see also Chlorophenols; Chlorophenols,
20, 349 (1979)
occupational exposures to; Polychlorophenols and their sodium salts)
(2,4,5-Trichlorophenoxy)acetic acid (see 2,4,5-T)
1,2,3-Trichloropropane
63, 223 (1995)
Trichlorotriethylamine-hydrochloride (see Trichlormethine)
T2-Trichothecene (see Toxins derived from Fusarium sporotrichioides)
Tridymite (see Crystalline silica)
Triethylene glycol diglycidyl ether
11, 209 (1976); Suppl. 7, 73
(1987); 71, 1539 (1999)
Trifluralin
53, 515 (1991)
4,4′,6-Trimethylangelicin plus ultraviolet radiation (see also
Suppl. 7, 57 (1987)
Angelicin and some synthetic derivatives)
2,4,5-Trimethylaniline
27, 177 (1982); Suppl. 7, 73 (1987)
2,4,6-Trimethylaniline
27, 178 (1982); Suppl. 7, 73 (1987)
4,5′,8-Trimethylpsoralen
40, 357 (1986); Suppl. 7, 366
(1987)
Trimustine hydrochloride (see Trichlormethine)
2,4,6-Trinitrotoluene
65, 449 (1996)
Triphenylene
32, 447 (1983); Suppl. 7, 73 (1987)
Tris(aziridinyl)-para-benzoquinone
9, 67 (1975); Suppl. 7, 367 (1987)
Tris(1-aziridinyl)phosphine-oxide
9, 75 (1975); Suppl. 7, 73 (1987)
Tris(1-aziridinyl)phosphine-sulphide (see Thiotepa)
2,4,6-Tris(1-aziridinyl)-s-triazine
9, 95 (1975); Suppl. 7, 73 (1987)
Tris(2-chloroethyl) phosphate
48, 109 (1990); 71, 1543 (1999)
1,2,3-Tris(chloromethoxy)propane
15, 301 (1977); Suppl. 7, 73
(1987); 71, 1549 (1999)
Tris(2,3-dibromopropyl) phosphate
20, 575 (1979); Suppl. 7, 369
(1987); 71, 905 (1999)
Tris(2-methyl-1-aziridinyl)phosphine-oxide
9, 107 (1975); Suppl. 7, 73 (1987)
Trp-P-1
31, 247 (1983); Suppl. 7, 73 (1987)
Trp-P-2
31, 255 (1983); Suppl. 7, 73 (1987)
Trypan blue
8, 267 (1975); Suppl. 7, 73 (1987)
Tussilago farfara L. (see also Pyrrolizidine alkaloids)
10, 334 (1976)

U
Ultraviolet radiation
Underground haematite mining with exposure to radon
Uracil mustard
Uranium, depleted (see Implants, surgical)
Urethane

40, 379 (1986); 55 (1992)
1, 29 (1972); Suppl. 7, 216 (1987)
9, 235 (1975); Suppl. 7, 370 (1987)
7, 111 (1974); Suppl. 7, 73 (1987)
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V
Vat Yellow 4
Vinblastine sulfate
Vincristine sulfate
Vinyl acetate
Vinyl bromide
Vinyl chloride

Vinyl chloride-vinyl acetate copolymers
4-Vinylcyclohexene
4-Vinylcyclohexene diepoxide
Vinyl fluoride
Vinylidene chloride

Vinylidene chloride-vinyl chloride copolymers
Vinylidene fluoride
N-Vinyl-2-pyrrolidone
Vinyl toluene

48, 161 (1990)
26, 349 (1981) (corr. 42, 261);
Suppl. 7, 371 (1987)
26, 365 (1981); Suppl. 7, 372
(1987)
19, 341 (1979); 39, 113 (1986);
Suppl. 7, 73 (1987); 63, 443 (1995)
19, 367 (1979); 39, 133 (1986);
Suppl. 7, 73 (1987); 71, 923 (1999)
7, 291 (1974); 19, 377 (1979)
(corr. 42, 258); Suppl. 7, 373
(1987)
7, 311 (1976); 19, 412 (1979)
(corr. 42, 258); Suppl. 7, 73 (1987)
11, 277 (1976); 39, 181 (1986)
Suppl. 7, 73 (1987); 60, 347 (1994)
11, 141 (1976); Suppl. 7, 63
(1987); 60, 361 (1994)
39, 147 (1986); Suppl. 7, 73
(1987); 63, 467 (1995)
19, 439 (1979); 39, 195 (1986);
Suppl. 7, 376 (1987); 71, 1163
(1999)
19, 448 (1979) (corr. 42, 258);
Suppl. 7, 73 (1987)
39, 227 (1986); Suppl. 7, 73
(1987); 71, 1551 (1999)
19, 461 (1979); Suppl. 7, 73
(1987); 71, 1181 (1999)
60, 373 (1994)

W
Welding
Wollastonite
Wood dust
Wood industries

49, 447 (1990) (corr. 52, 513)
42, 145 (1987); Suppl. 7, 377
(1987); 68, 283 (1997)
62, 35 (1995)
25 (1981); Suppl. 7, 378 (1987)

X
X-radiation
Xylenes
2,4-Xylidine
2,5-Xylidine
2,6-Xylidine (see 2,6-Dimethylaniline)

75, 121 (2000)
47, 125 (1989); 71, 1189 (1999)
16, 367 (1978); Suppl. 7, 74 (1987)
16, 377 (1978); Suppl. 7, 74 (1987)
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Y
Yellow AB
Yellow OB

8, 279 (1975); Suppl. 7, 74 (1987)
8, 287 (1975); Suppl. 7, 74 (1987)

Z
Zearalenone (see Toxins derived from Fusarium graminearum,
F. culmorum and F. crookwellense)
Zectran
Zeolites other than erionite
Zinc beryllium silicate (see Beryllium and beryllium compounds)
Zinc chromate (see Chromium and chromium compounds)
Zinc chromate hydroxide (see Chromium and chromium compounds)
Zinc potassium chromate (see Chromium and chromium compounds)
Zinc yellow (see Chromium and chromium compounds)
Zineb
Ziram

12, 237 (1976); Suppl. 7, 74 (1987)
68, 307 (1997)

12, 245 (1976); Suppl. 7, 74 (1987)
12, 259 (1976); Suppl. 7, 74
(1987); 53, 423 (1991)
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