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INTRODUCTION

1. Risk estimates for the induction of human disease are
obtainedprimarilyfrom epidemiological studies.Thesestudies
can clearly distinguish radiation effects onlyat relatively high
doses and dose rates. Togain information at lowdoses and low
dose rates, which are more relevant to typical human radiation
exposures, it is necessary to extrapolate the results of these
studies. To be valid, this extrapolation requires a detailed
understanding of the mechanisms by which radiation induces
cancer and genetic disorders.

2. Several lines of evidence show that sites of radiation-
induced cell lethality, mutation, and malignant change are
situated within the nucleus and that DNA is the primary
target. When DNA is damaged by radiation, enzymes within
the cell nucleus attempt to repair that damage. The efficiency
of the enzymatic repair processes determines the outcome:
most commonly, the structure of DNA is repaired correctly
and cellular functions return to normal. If the repair is
unsuccessful, incomplete, or imprecise, the cell may die or
may suffer alteration and loss of genetic information (seen as
mutation and chromosomal aberration). These information
changes determine heritable genetic defects and are thought
to be important in the development of radiation-induced
cancer. The more complete the knowledge of the ways in
which human cells respond to damage and of the mechanisms
underlying the formation of mutations and chromosomal
aberrations, the more accurate will be the predictions of the
oncogenic and hereditary effects of ionizing radiation.

3. DNA repair is itself controlled by a specific set of
genes encoding the enzymes that catalyse cellular response
to DNA damage. Loss of repair function, or alteration of
the control of repair processes, can have very serious
consequences for cells and individuals. It is anticipated that
DNA repair plays a critical role in protecting normal
individuals from radiation effects, including cancer.
Clinical experience has revealed individuals who are both
hypersensitive to radiation and cancer-prone; some of these
individuals have recently been shown to have defects in
genes involved in the response to DNA damage.

4. In recent years there have been significant advances
in the molecular analysis of repair processes and the
understanding of the mechanisms that induce genetic
changes. Additionally, new methods have been developed
to simplify the identification of the genes involved. As the
details of damage-repair processes become clearer, it is
seen that these processes have considerable overlap with
other cellular control functions, such as those regulating
the cell cycle and immune defences. In this Annex the
Committee continues to review such developments in
molecular radiobiology, as it began to do in Annex E,
“Mechanisms of radiation carcinogenesis” of the
UNSCEAR 1993 Report [U3], in order to improve the
understanding of how radiation effects are manifested in
cells and organisms.

I. DNA DAMAGE AND REPAIR

A. THE ROLE OF DNA REPAIR GENES
IN CELL FUNCTION

5. The information needed to control cellular functions
such as growth, division, and differentiation is carried by
the genes. Genes, which are specific sequences of DNA, act
mainlythrough the production ofcomplementarymessages
(mRNA) that are translated into proteins. Proteins can
have a structural role but commonlywork as enzymes, each
of which catalyses a particular metabolic reaction. Thus
specific genes contain the code for (encode) specific
cellular functions. The production of proteins can be timed
so that they work at specific points in the development of
a cell or organism, but protein function can also be
controlled by post-translational modifications. These
modifications are carried out by other proteins, so that a
complex set of interactions is necessary to fine-tune
cellular functions. Proteins involved in important aspects
of cell metabolism (e.g. DNA replication) may also work
in multi-protein complexes [A1]. There is some evidence
also that some of the complexes are assembled into larger
structures situated in defined regions of the nucleus (e.g.
the nuclear matrix) [H2].

6. Loss or alteration of information in a specific gene may
mean that none of that gene product (protein) is formed, or
that the protein is less active, or that it is formed in an
uncontrolled fashion (e.g. at the wrong time or in the wrong
amount). While some minor genetic alterations maynot affect
protein activity or interactions, others may significantly
disrupt cellular function. Since certain proteins work in a
number of different processes or complexes, the loss or
impairment of one type of protein can affect several different
functions of the cell and organism (pleiotropic effect).

7. A verylarge number of genes, 60,000-70,000 [F14], are
required to control the normal functions of mammalian cells
and organisms. However, the genes form only a small part of
the genome (the complete DNA sequence ofan organism), the
remainder of which largely consists of many copies of
repetetive DNA sequence. The genes are linked in linear
arrays interspersed by non-coding sequences, to form
chromosomes located in the cell nucleus. Most genes are
present in only two copies, each on a separate homologous
chromosome, one inherited from the mother and one from the
father. To monitor damage and to maintain the genes without
significant alteration is a major concern for the cell. Repair
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processes are common to all organisms from bacteria to
humans and have evolved tocorrect errors made in replicating
the genes and to restore damaged DNA. This fact has in
recent years provided a useful tool for molecular geneticists in
the analysis of repair processes; well characterized micro-
organisms can serve as model systems to understand the
structure andfunction of repair genes. The information gained
in this way can sometimes also be used directly to isolate
human genes of related function [L1]. While the structure and
function of repair genes appears to be highly conserved from
lower to higher organisms, the regulation of their activities
may differ in different organisms.

8. The consequences of loss of repair capacity are seen in
a number of human syndromes and mutant cell lines. These
showhypersensitivitytoenvironmental agents, and thehuman
syndromes often have multiple symptoms, including cancer-
proneness, neurological disorder, and immune dysfunction.
Good progress has been made over the last few years in
mapping and cloning the genes involved.

9. Ionizing radiation damages DNA and causes mutation
and chromosomal changes in cells and organisms. Damage by
radiation or radiomimetic agents also leads tocell transforma-
tion (a stage in cancer development) and cell death. In the
light of current research, it is seen that the final response to
radiation damage is determined not only by cellular repair
processes but also by related cellular functions that optimize
the opportunity for recovery from damage. For example,
radiation damage may cause an arrest in the cell cycle; this is
thought to be a damage-limitation step, allowing time for
repair and reducing the consequences of a given dose [L22].
There is now some understanding of the way in which
radiation alters cell cycle timing (Section II.B.2), although the
roles of a number of enzymatic activities that are induced or
repressed shortly after irradiation remain to be clarified
(Section III.B).

10. The severity of DNA damage, or the context in which
damage occurs (e.g. during DNA replication), will often
dictate a repair strategy that places survival first and incurs
genetic change. DNA replication may bypass sites of single-
stranded DNA damage, inserting an incorrect base opposite
the altered or lost base. Additionally, in attempting to repair
damage to DNA, enzymes may not be able to restore the
structure with fidelity. Thus, mutation and chromosomal
rearrangement are not passive responses to damage; rather,
they are a consequence of the interaction of cellular processes
with damage. The types of genetic change that occur will
depend on the types of initial DNA damage, from their
potential to miscode at replication and from the probability
that specific repair enzymes will act on given types ofdamage.

B. TYPES OF DAMAGE AND PATHWAYS
OF REPAIR

11. DNA is a double-helical macromolecule consisting of
four units: the purine bases adenine (A) and guanine (G), and
the pyrimidine bases thymine (T) and cytosine (C). The bases

are arranged in two linear arrays (or strands) held together by
hydrogen bonds centrally and linked externally by covalent
bonds to sugar-phosphate residues (the DNA "backbone").
The adenine base pairs naturally with thymine (A:T base
pair), while guanine pairs with cytosine (G:C base pair), so
that one DNA strand has the complementary sequence of the
other. The sequence of the bases defines the genetic code; each
gene has a unique sequence, although certain common
sequences exist in control and structural DNA elements.
Damage to DNA may affect any one of its components, but it
is the loss or alteration of base sequence that has genetic
consequences.

12. Ionizing radiation deposits energy in tracks of
ionizations from moving charged particles within cells, and
radiations of different quality may be arbitrarily divided into
sparsely ionizing, or low linear energy transfer (low-LET),
and densely ionizing (high-LET). Each track of low-LET
radiations, such as x rays or gamma rays, consists of only a
relativelysmall number of ionizations across an average-sized
cell nucleus (e.g. a gamma-ray electron track crossing an
8 µm diameter nucleus gives an average of about 70
ionizations, equivalent to about 1 mGy absorbed dose,
although individual tracks vary widely about this value
because of track stochastics and varying path lengths through
the nucleus). Each track of a high-LET radiation may consist
of many thousands of ionizations and give a relatively high
dose to the cell; for example, a 4 MeV alpha-particle track
has, on average, about 23,000 ionizations (370 mGy) in an
average-sized cell nucleus [G27, U3]. However, within the
nucleus even low-LET radiations will give some small regions
of relatively dense ionization over the dimensions of DNA
structures, for example, where a low-energy secondary
electron comes to rest within a cell.

13. Radiation tracks may deposit energy directly in DNA
(direct effect) or may ionize other molecules closely
associated with DNA, especially water, to form free radicals
that can damage DNA (indirect effect). Within a cell the
indirect effect occurs over very short distances, of the order of
a few nanometres, because the diffusion distance of radicals is
limited by their reactivity. Although it is difficult to measure
accurately the different contributions made by the direct and
indirect effects to DNA damage caused by low-LET radiation,
evidence from radical scavengers introduced into cells
suggests that about 35% is exclusively direct and 65% has an
indirect (scavengeable) component [R21]. It has been argued
that both direct and indirect effects cause similar earlydamage
to DNA; this is because the ion radicals produced by direct
ionization of DNA may react further to produce DNA
radicals similar to those produced by water-radical attack on
DNA [W43].

14. Ionization will frequently disrupt chemical bonding in
cellular molecules such as DNA, but where the majority of
ionizations occur as single isolated events (low-LET
radiations), these disruptions will be readily repaired by
cellular enzymes. However, the average density of ionization
by high-LET radiations is such that several ionizations are
likely to occur as the particle traverses a DNA double helix.
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a Base excision enzyme-sensitive sites [P31] or antibody detection of thymine glycol [L60].

Therefore, much of the damage from high-LET radiations, as
well as a minority of the DNA damage from low-LET
radiations, will derive from localized clusters of ionizations
that can severely disrupt the DNA structure [G27, W44].
While the extent of local clustering of ionizations in DNA
from single tracks of low- and high-LET radiations will
overlap, high-LET radiation tracks are more efficient at
inducing larger clusters, and hence more complex damage.
Also, high-LET radiations will induce some very large
clusters of ionizations that do not occur with low-LET
radiations; the resulting damage may be irrepairable but may
also have unique cellular consequences (see paras. 192, 199,
and 201) [G28]. Additionally, when a cell is damaged by
high-LET radiation, each track will give large numbers of
ionizations, so that the cell will receive a relatively high dose
and there will be a greater probability of correlated damage
within a single DNA molecule (or chromosome) or in separate
chromosomes. As a consequence, the irradiation of a
population of cells or a tissue with a “low dose” of high-LET
radiation results in a few cells being hit with a relatively high
dose (one track) rather than in each cell receiving a small
dose. In contrast, low-LET radiation is more uniformly
distributed over the cell population; at doses of low-LET
radiation in excess of about 1 mGy (for an average-size cell
nucleus of 8 µm diameter), each cell nucleus is likely to be
traversed by more than one sparsely-ionizing track.

15. The interaction of ionizing radiation with DNA
produces numerous types of damage; the chemical products of
manyof these have been identified and classified according to
their structure [H4, S3]. These products differ according to
which chemical bond is attacked, which base is modified, and
the extent of the damage within a given segment of DNA.
Table 1 lists some of the main damage products that can be
measured following low-LET irradiation of DNA, with a
rough estimate of their abundance. Attempts have also been
made topredict the frequencies ofdifferent damage types from
a knowledge of radiation track structure, with certain
assumptions about the minimum energy deposition (number
of ionizations) required. Interactions can be classified

according to the probability they will cause a single-strand
DNA alteration (e.g. a break in the backbone or base
alteration) or alterations in both strands in close proximity in
one DNA molecule (e.g. a double-strand break), or a more
complex type of DNA damage (e.g. a double-strand break
with adjacent damage). Good agreement has been obtained
between these predictions and direct measurements of single-
strand breaks, but there is less good agreement for other
categories of damage [C47]. While complex forms of damage
are difficult to quantify with current experimental techniques,
the use of enzymes that cut DNA at sites of base damage
suggests that irradiation of DNA in solution gives complex
damage sites consisting mainlyofclosely-spaced base damage
(measured as oxidised bases or abasic sites); double-strand
breaks were associated with only 20% of the complex damage
sites [S87]. It is expected that the occurrence of more complex
types of damage will increase with increasing LET, and that
this category of damage will be less repairable than the
simpler forms of damage. Theoretical simulations have
predicted that about 30% of DNA double-strand breaks from
low-LET radiation are complex by virtue of additional breaks
[N19] and that this proportion rises to more than 70%, and
the degree of complexity increases, for high-LET particles
[G29].

16. Some of the DNA damage caused by ionizing
radiation is chemically similar to damage that occurs
naturally in the cell: this "spontaneous" damage arises
from the thermal instability of DNA as well as endogenous
oxidative and enzymatic processes [L2, M40]. Several
metabolic pathways generate oxidative radicals within the
cell, and these radicals can attack DNA to give both DNA
base damage and breakage, mostly as isolated events
[B46]. The more complex types of damage caused by
ionizing radiation may not occur spontaneously, since
localized concentrations of endogenous radicals are less
likely to be generated in the immediate vicinity of DNA.
This theme is taken up in Annex G, “Biological effects at
low radiation doses”, which considers the cellular
responses to low doses of radiation.

Table 1
Estimated yields of DNA damage in mammalian cells caused by low-LET radiation exposure
[L60, P31, W39]

Type of damage Yield (number of defects per cell Gy-1)

Single-strand breaks
Base damage a

Double-strand breaks
DNA-protein cross-links

1 000
500
40
150

17. Measurement of the endogenous levels of DNA base
damage has been difficult because of the artefactual produc-
tion of damage during the preparation of the DNA for analysis
(e.g. by gas chromatography/mass spectrometry) [C55]. This
difficulty explains the presence in the literature of consider-
ably inflated (by factors of at least 100) values for background

levels of base damage. Interestingly, the recognition of
damage by base excision repair enzymes (paragraph 22) has
provided a less discordant method of measurement, although
the specificity of the enzymes for different types of base
damage is not precisely known. These enzymes cut the DNA
at the site of base damage, to give a single-strand break that
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can be measured accurately by a number of techniques. Using
this method, measurement of an important form of oxidative
damage, 7,8-dihydro-8-oxoguanine (generally known as 8-
oxoguanine)), has given steady-state levels of 500-2000 per
cell, depending on cell type [P30]. Using similar measurement
methods, the level of 8-oxoguanine induced in cellular DNA
by gamma rays is about 250 per cell per Gy [P31]. A newly
developed ultrasensitive assayfor another type ofbase damage
in human cellular DNA, thymine glycol, couples antibody
detection with capillary electrophoresis. This method showed
a linear response for yield of thymine glycol with gamma-ray
dose down to 0.05 Gy, giving a level of about 500 thymine
glycols per cell per Gy against a background of 6 thymine
glycols per cell [L60]. The difficulties experienced in
measuring base damage accurately in cellular DNA and the
relatively low levels now found for the commoner types of
damage have also called into question the extent to which
some previouslyidentified forms ofbase damage occur in cells
following irradiation.

18. The measurement of endogenous levels of other types of
DNA damage, such as double-strand breaks, has involved
similar technical difficulties. Many of the methods used to
measure double-strand breaks in mammalian cells introduce
this form ofdamage either inadvertentlyor deliberatelyas part
of the methodology. This is because the mammalian genome
is so large that it had to be reduced in size by random
breakage first before useful measurements could be made.
This problem has been overcome in part by the introduction
of methods based on the gentle release of DNA from cells by
their lysis in a gel matrix [C64, O3], but there is commonly
still a background level of DNA breakage amounting to a few
per cent of the total DNA. However, as documented in Section
II.B, it is unlikely that mammalian cells have a high steady-
state level of DNA double-strand breakage, since these breaks
act as a signal for damage-recognition processes that can
block the cell cycle or induce programmed cell death. It is
possible that even one unrepaired double-strand break can
trigger this cellular response (paragraph 101). It has also been
found that one unrepaired double-strand break can cause
lethality in irradiated yeast cells (paragraph 108). Thus,
tolerance of this form of damage in cells is likely to be very
low.

19. While the precise nature of the damage will influence
repairability, it is possible to consider a few general categories
of damage in order to describe their consequences. A
simplified classification can be based on the abilityofenzymes
to use the complementary base structure of DNA to facilitate
repair of the damage site. Thus, damage to single strands
(base modifications, single-strand breaks) can be removed or
modified, followed byresynthesisusing the undamaged strand
as a template. Where the damage affects both strands of a
DNA molecule in close proximity (double-strand breaks,
cross-links), it is more difficult to repair and requires different
enzymatic pathways for its resolution. To resolve successfully
more complex types of damage may require enzymes from
more than one repair pathway. To illustrate the knowledge of
the different repair pathways available to the cell, the
following account (to paragraph 34) includes a discussion of

the repair of damage caused by various DNA-damaging
agents as well as ionizing radiation.

20. DNA repair enzymes can be characterized as cellular
proteins acting directly on damaged DNA in an attempt to
restore the correct DNA sequence and structure. These
relatively specialized enzymes appear to undertake the
initial stages of recognition and repair of specific forms of
DNA damage. For example, DNA glycosylases catalyze the
cleavage of base-sugar bonds in DNA, acting only on
altered or damaged bases [W1]. Further, there are several
different types of glycosylase that recognize chemically
different forms of base damage. However, enzymes that
carry out normal DNA metabolism are also part of the
repair process for many different forms of damage. In the
latter category there are, for example, enzymes involved in
the synthesis of DNA strands (DNA polymerases) and
enzymes involved in the joining of the DNA backbone
(DNA ligases). Several different types ofDNA polymerases
and ligases have been identified; it is thought that they
have different roles in normal DNA metabolism and that
only some are active in DNA repair [L3, P1].

21. The simplest repair processes directly reverse the
damage; for example, many organisms, but not mammals,
possess an enzyme that directly photoreactivates the UV-
induced dimerization of pyrimidine bases [S1]. Similarly,
the enzyme O6methylguanine-methyltransferase directly
removes methyl groups induced in DNA by alkylating
carcinogens [P13]. However, most damage types require
the concerted action of a number of enzymes, forming a
repair pathway. Several apparently discrete repair
pathways have been identified, as described below and
illustrated in Figure I.

22. Damage to individual bases in DNA maybe corrected
simply by removing the base, cleaning up the site, and
resynthesis. In this process, termed the base-excision repair
pathway, a DNA glycosylase removes the damaged base, a
DNA endonuclease cuts the DNA backbone, the sugar-
phosphate remnants are removed by a phosphodiesterase,
and a polymerase fills in the gap using the opposite base as
a template (Figure Ia) [L2, S49]. Even where a single base
is damaged, therefore, several different enzymes are
required to give correct repair. The latter part of this
process may also be used to repair single-strand breaks in
DNA. Radiation-induced DNA breaks are generally not
rejoined by a simple ligation step, because sugar damage
and, often, base loss occur at the site of a break. Base-
excision repair is generally localized to the single DNA
base and is very rapid [D16, S58]; however, in mammalian
cells a minority of repair patches of up to 6 bases have been
found, indicating a second “long-patch” pathway (see
paragraph 75).

23. Many DNA glycosylases are specific for the removal
of one type of altered base from DNA; for example, uracil-
DNA glycosylase removes only uracil and some oxidation
products of uracil [F15]. However, there is some overlap in
the specificity of some base-excision repair enzymes. An
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Figure I.
Mechanisms of DNA repair (simplified).

Figure Ia: Base damage is excised by a specific glycosylase: the DNA backbone is cut and the gap filled by a
polymerase. The resulting gap is refilled.

Figure Ib: Bulkybase damage is removed along with an oligonucleotide (of about 30 bases in human cells). Resynthesis
takes place using the opposite strand as a template.

Figure Ic: A double-strand break is rejoined end-to-end.

Figure Id: A double-strand break is repaired with the help of a homologous undamaged molecule (shown in red). Strand
invasion allows resynthesis on complementary sequence, followed by a resolution of the strands and rejoining.

example of this is seen in the response to ionizing radiation of
bacterial cells defective for one or more nucleases involved in
base-excision repair: while cells defective for either nuclease
alone were not radiation sensitive, the loss of both nucleases
made the cells extremelyradiation sensitive [C60, Z10]. Some
glycosylases have a verybroad specificity for different types of
base structure, such as 3-methyladenine-DNA glycosylase II,
which acts on a variety of chemically-modified purines and
pyrimidines, 5-methyloxidized thymines, and hypoxanthine.
It has recently been found that 3-methyladenine-DNA
glycosylase II will also remove natural bases from DNA,
especially purines, at significant rates. This finding has led to

the novel suggestion that the rate of excision of broad-
specificity glycosylases is a function of the chemical bond
stability in DNA. On this basis, damaged bases are excised
more readily than natural bases because their chemical bonds
are less stable [B57].

24. A specialized form of base-excision repair involves the
removal of mismatched DNA bases that occur as errors of
DNA replication or from themiscodingpropertiesofdamaged
bases. For example, 8-oxoguanine is a common product of
oxidative damage to guanine bases (paragraph 17); this
product is highly mutagenic because of its ability to miscode



ANNEX F: DNA REPAIR AND MUTAGENESIS 7

(polymerases incorporate adenine instead of cytosine opposite
8-oxoguanine, thus changing the DNA sequence). Cells have
evolved three different methods to deal with the formation of
8-oxoguanine: one glycosylase can correct the mismatch by
removing 8-oxoguanine from DNA, while a different
glycosylase can remove the mismatched adenine after DNA
replication [A27, T48]. Excision and resynthesis of the
missing base occur as in the general base-excision repair
process. Additionally, another enzyme can remove the
precursor of 8-oxoguanine (8-hydroxy-GTP) from the nucleo-
tide pool before it is incorporated into DNA [M51]. A number
of other mismatches, arising most commonlyin DNA replica-
tion and recombination, are corrected by a separate “long
patch” pathway, known as the MutHLS pathway, that is
similarly important in protecting cells from high frequencies
of mutation (see paragraph 165) [K38].

25. Where a damaged base is close to another damaged
base or to a single-strand break, which is the most simple
form of clustered damage, repair may be compromised.
Examination of model DNA substrates with base damage
on opposite strands, separated by different numbers of
bases, has shown that glycosylases do not repair both sites
of damage when they are very close to one another (1-3
bases) [C56, C57, H49]. Further, attempted repair of both
sites of base damage can result in a DNA double-strand
break, because the DNA backbone is cut as part of the
repair process.

26. In contrast to base-excision repair, nucleotide-excision
repair removes a whole section of single-stranded DNA
containing a site of damage, generally a bulky DNA adduct
causing distortion of the double helix. These enzymes have to
perform such functions as recognition of damage, cutting of
the strand at a specified distance either side of the damage,
and unwinding and removal of the strand (Figure Ib). As
might be expected, at least 11 enzymes have already been
identified as components of nucleotide-excision repair [W52],
not including polymerase and ligase. The enzymes of
nucleotide-excision repair arehighlyconservedfrom microbes
to humans, and this feature has been used to assist in the
isolation of the genes encoding these functions. Several of
these genes have been found to be mutated in humans, giving
rise to a series of disorders, including xeroderma pigmento-
sum and Cockayne's syndrome [H3]. Individuals inheriting
mutated nucleotide-excision repair genes are generally
sensitive to sunlight and chemical agents causing bulky
damage in DNA, but a few individuals show cross-sensitivity
to ionizing radiation [A2, R15]. Additionally, a small fraction
of damage induced by gamma rays is not repaired in cells
derivedfrom individualswith xeroderma pigmentosum, which
suggests that ionizing radiation induces some bulky damage
(e.g. purine dimers) that cannot be removed by the base-
excision repair pathway [S56]. Alternatively, a fraction of
non-bulky base damage (8-oxoguanine, thymine glycol) may
be removed by the nucleotide-excision repair system, parti-
cularly in long-lived cells such as neurons that sustain a great
deal of endogenous oxidative damage [R22]. These possibi-
lities may explain why severe cases of xeroderma pigmento-
sum also suffer progressive neurological degeneration.

27. A surprising recent discoverywas that some nucleotide-
excision repair enzymes are also involved in the normal
process of gene expression (transcription). Thus, when genes
are actively expressing, they require some of the same
functions needed for repair, such as unwinding the DNA
helix, and it seems that the same proteins are used. This
finding explains the previously puzzling observation of a link
between human disorders with sensitivity to sunlight and
those with complex defects in gene expression (such as
trichothiodystrophy [L70]).

28. Another important discovery about nucleotide-excision
repair is that it operates at different rates in different parts of
the genome [H1]. Thus, activelyexpressing genes are repaired
much faster than the remainder of the genome. Much of the
detail of this process has now been elucidated: it is thought
that when damage occurs in a gene that is activelyexpressing,
the proteins involved in this process (the RNA polymerase II
transcription complex) stop working, and the stalled complex
acts as a signal to the repair proteins to go to the damage site.
This two-tier repair system has been found in organisms from
bacteria to humans, and the protein mediating the signal to
bring repair to the damage site has been identified in bacteria
[S2]. The presence in the cell of a fast transcription-coupled
repair process has also been found to have genetic conse-
quences: only one of the DNA strands of the duplex is
transcribed, and only this strand is repaired rapidly. It has
been found in normal cells that most of the mutations induced
by DNA damage are in the non-transcribed strand, presum-
ably because lack of fast repair allows the damage to interact
with other processes, causing mutations [M2]. In contrast,
repair-defective cell lines show a completely altered mutation
spectrum, with most mutations recovered in the transcribed
strand. Much of this detail has been established using UV-
light damage, but the repair of other types of DNA damage,
including certain forms of base damage induced by ionizing
radiation such as thymine glycols, is influenced by transcrip-
tion-coupled processes [H1, C41]. Again, certain human sun-
sensitive disorders have been found to lack either the fast
repair path (Cockayne's syndrome) or the slower overall path
of nucleotide-excision repair (xeroderma pigmentosum group
C). Loss of the fast or slower pathways may also affect the
clinical outcome of sun-sensitive disorders: Cockayne's syn-
drome does not result in cancer-proneness, while xeroderma
pigmentosum patients are highly prone to skin cancers [M2].

29. More severe forms of damage require yet more
resources for their correct repair. This is especially true of
damage affecting both DNA strands simultaneously, since
there is no undamaged strand to act as a template for
repair. Severe damage may occur directly by a damaging
agent causing complex DNA changes or may arise during
thereplication ofunrepaired single-stranded DNA damage.
It is likely that such severe damage will be repaired by
recombination enzymes, which rejoin or replace damaged
sequences through a variety of mechanisms. In general,
there are two main types of recombination repair processes:
homologous recombination and illegitimaterecombination,
although site-specific recombination processes also occur.
The principles of recombination repair have been well
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established in micro-organisms, and it has recently been
found that similar processes occur in human cells.

30. Homologous recombination takes advantage of the
sequence identity between certain regions of DNA to repair
damage; such regions exist, for example, in the maternal and
paternal copies of chromosomes and in the duplicated
chromosome (sister chromatids) following DNA replication.
The DNA sequence, from which information is derived to
repair the damaged copy, must be identical over a
considerable length (�200 base pairs). It is known in the
budding yeast (Saccharomyces cerevisiae), for example, that
homologous recombination is the main method for DNA
double-strand break repair. Several of therad52 group ofyeast
mutants were isolated on the basis of their extreme sensitivity
to ionizing radiation and have been shown to be defective in
both DNA double-strand break repair and homologous
recombination [G1]. In recombination, the broken 3' end of a
DNAstrandinvadesan unbroken double-strandedhomologue,
and resynthesis on this template re-forms the damaged strand
(Figure Id). Separation of the joint product of this reaction
requires the activity of enzymes cutting and rejoining the
newly-synthesizedDNA strands. Dependingon which strands
are cut and rejoined, this reaction may also result in crossing
over (genetic exchange) of DNA strands.

31. Illegitimate recombination (including DNA end-
joining processes) is a common mechanism for rejoining
broken DNA sequences in mammalian cells (Figure Ic).
When foreign DNA molecules are integrated into the
genome [R1] or when the genomic breakpoints of deletions
and rearrangements are analysed (Section IV.C), it is
found that these genomic sites show little sequence
homology. There appears to be more than one repair
pathway involved, and terms such as non-homologous end
joining and direct-repeat end joining are used to describe
different pathways in this Annex (see Section II.B.1). It
can be argued that illegitimate recombination is a
mechanism for rapidlyrejoining broken DNA ends without
the need for the complex machinery of homologous
recombination [R1]. It is also likely that because of the
large amount of repetitive DNA sequence in mammalian
cells, if the processes of homologous recombination were
generally available in cells, there would be an intolerable
level of reshuffling of the genome. While homologous
recombination is thought to be a mechanism for repairing
DNA with little error, illegitimate recombination is likely
to cause alteration and/or loss of DNA sequence.

32. It is likely that both homologous and illegitimate
recombination processes are able to repair severe damage
in the genome. However, a surprising recent discovery in
mammalian cells is that the some of the enzymes involved
in repairing radiation-induced breakage of DNA also take
part in a site-specific recombination process, V(D)J
immune-system recombination. This process assembles
functional immune genes from separate genomic regions,
through somatic gene rearrangement, and is dealt with in
more detail in Section II.B.1.

33. There is also evidence that cells have specific
surveillance mechanisms for DNA damage and that these
mechanisms interface with other aspects of cellular meta-
bolism such as cell-cycle progression [M3]. Thus it is
envisaged that when the genome, and perhaps other parts
of the cell, sustains damage, a response mechanism is set
up to maximize the chance of repairing the damage (or in
some cases to commit the cell to a programmed death). The
details of these mechanisms, as well as how the overall
response is coordinated, are not yet clear.

34. More than 50 genes are already known to affect the
repair of DNA damage in lower eukaryotic organisms such
as yeasts [F1], but this figure includes genes involved in
processes such as cell-cycle checkpoints (Section II.B.2).
Additionally, new genes are being found continually, both
in searches for homologues of existing repair genes and in
genome mapping projects. In view of the numbers already
discovered, the multiplicity of types of damage requiring
repair, and the recent discoveries of complexity in repair
pathways, it would not be surprising if the overall number
in humans is a few hundred genes. Therefore, a significant
fraction of the genome (paragraph 7) is devoted to
maintaining the integrity of DNA. Since the damage to
DNA from ionizing radiation is also very diverse, many of
these genes will play a role in its repair.

C. SUMMARY

35. Ionizing radiation interacts with DNA to give many
different types ofdamage. Radiation trackstructure considera-
tions indicate that the complexity of the damage increases
with linear energy transfer, and that this complexity may
distinguish radiation damage from alterations occurring
spontaneouslyandbyother agents. Attempts tomeasure endo-
genous levels of damage have sufferred from high levels of
artefacts, and despite improved methods there are still large
margins of error in these estimates. At present, therefore, it is
difficult to compare radiation-induced levels of damage with
those occurring spontaneously, especially when damage com-
plexity is taken into account. The importance of the relation-
ship between spontaneous and induced levels ofdamage in the
determination of low dose responses is taken up in Annex G,
“Biological effects at low radiation doses”.

36. A large number of genes have evolved in all
organisms to repair DNA damage; the repair gene products
operate in a co-ordinated fashion to form repair pathways
that control restitution of specific types of damage. Repair
pathways are further co-ordinated with other metabolic
processes, such as cell cycle control, to optimize the
prospects of successful repair.

37. It is likely that the simpler forms of DNA damage
(single sites of base damage, single-strand breaks) arising
endogenously and from exposure to ionizing radiation will
be repaired rapidly and efficiently by base-excision repair
processes, so these types of damage are not normally a
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serious challenge to biological organisms. However,
because of the relatively large amount of base damage and
single-strand breaks induced (Table 1), if base-excision
repair systems are compromised, the consequences would
be very serious for the cell and the individual. DNA
damage such as double-strand breaks represents a more
difficult problem for cellular repair processes, but more

than one recombination repair pathwayhas evolved to cope
with this damage. Damage caused by large clusters of
ionizations in or near DNA, giving more complex DNA
alterations, may represent a special case for which separate
repair pathways have to come together to effect repair, or
where there is a consequent loss or alteration of the DNA
sequence as a result of incorrect or inadequate repair.

II. REPAIR PROCESSES AND RADIOSENSITIVITY

A. RADIOSENSITIVITY IN MAMMALIAN
CELLS AND HUMANS

1. The identification of radiosensitive
cell lines and disorders

38. Individuals varyin their sensitivitytoionizing radiation.
Highly radiosensitive individuals have been detected when
theypresent for cancer therapy; these are seen as rare patients
suffering severe normal tissue damage after standard therapy
treatments. It has been possible to group some radiosensitive
patients into defined disorders, such as ataxia-telangiectasia
and the Nijmegen breakage syndrome, but others appear to be
asymptomatic (that is, with none of the symptoms of known
sensitivity disorders, but also discovered following treatment
for cancer). Additionally there are individuals who show less
extreme radiosensitivity, some of whom may be variants of
known disorders such as ataxia-telangiectasia.

39. Ataxia-telangiectasia is the best described of radio-
sensitive disorders. It has a complex phenotype; cerebellar
ataxia, neuromuscular degeneration, dilated ocular blood
vessels (telangiectasia), immunodeficiency, chromosomal
instability, and a substantially increased incidence of some
cancers and neoplasms are common to ataxia-telangiectasia
patients [B10]. Ataxia-telangiectasia is inherited primarily as
an autosomal recessive trait, although it has been suggested
that both radiosensitivity and cancer-proneness behave with
some dominance. The disease is progressive, with most
affected individuals surviving only to adolescence or early
adulthood. Lymphocytic leukaemia and non-Hodgkin's
lymphoma appear to be the commonest forms of cancer, but
solid tumours in various organs are also associated with
ataxia-telangiectasia [H9]. Estimates of the frequency of the
disorder vary but suggest an average of about 1 per 100,000
[P8, S12, W10].

40. The radiosensitive phenotype of ataxia-telangiectasia is
also readilydemonstrated in cellscultured from patients, using
cell survival and chromosome damage assays. For example in
a survey comparing the survival of cells cultured from 42
normal individuals with those from 10 ataxia-telangiectasia
individuals following x-irradiation, the ataxia-telangiectasia
cells were, on average, 2.7 times more sensitive than the
normal cells (see Figure II) [C8]. Compared to normal cells,
an elevated frequency of chromosomal aberrations is found
both spontaneously and after irradiation of ataxia-telangiec-

asia cells. Also, while irradiation of normal cells in the pre-
synthesis (G0) phase of the cell cycle yields onlychromosome-
type aberrations, both chromatid- and chromosome-type
aberrations are found in ataxia-telangiectasia [T1]. A striking
feature of ataxia-telangiectasia cells is their resistance to
radiation-induced DNA synthesis delay: normal cells show a
rapid inhibition of DNA synthesis after irradiation, while
ataxia-telangiectasia cellshavea delayedand/or much reduced
inhibition [P4].

Figure II. Survival of human fibroblast cells after x-
irradiation as measured by their colony-forming ability
[C8]. The range of D0 (the dose required to kill 63% of the
cells) is 0.3�0.6 Gy in 10 patients with ataxia-telangiectasia
and 1�1.6 Gy in 42 normal individuals.

41. Nijmegen breakage syndrome is a clinically separate
radiosensitive disorder characterized by variable immune
deficiencies, microcephaly, developmental delay, chromo-
omal instability, and cancer susceptibility [B4, S7, V7, W4].
Lymphoreticular cancers again seem to characterize this
disorder [S8]. Nijmegen breakage syndrome patients show no
ataxia or telangiectasia, but their cellular phenotype is very
similar to that of ataxia-telangiectasia [A17, J1, N6, T2].
Other patients with similarities to ataxia-telangiectasia and
Nijmegen breakage syndrome have been found and in some
cases classified separatelybygenetic analysis ([C12, W5]; see
also below). One case has been reported of combined ataxia-
telangiectasia andNijmegen breakagesyndromeandcalledA-
TFRESNO [C18]. Also, there are a number of reports of families
or individuals who show symptoms that partially overlap
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ataxia-telangiectasia and Nijmegen breakage syndrome; an
example would be a family with individuals showing either
ataxia-telangiectasia or a disorder involving ataxia, micro-
ephaly, and congenital cataract [Z3].

42. To add to this complexity, a number of individuals with
a variant form of ataxia-telangiectasia have been described;
these patients mayshow a slower onset of symptoms and have
intermediate levels of cellular radiosensitivity [C4, C7, F2, J2,
T3, Y1, Z1].

43. In addition to individuals having multiple symptoms
associated with radiosensitivity, some otherwise normal
persons have been found to be highly radiosensitive. Woods
et al. [W9] described an apparently normal 13-year-old girl
whodeveloped multiple complicationsfollowingradiotherapy
for Hodgkin's disease. Cells derived from a skin biopsy
showed a highly sensitive radiation survival response, similar
to that for ataxia-telangiectasia cells. Plowman et al. [P7]
reported similar findings for a 14-year-old boy with acute
lymphoblastic leukaemia; again, no ataxia-telangiectasia or
Nijmegen breakage syndrome-like symptoms were present,
but both whole-body and cellular radiosensitivity were as
extreme as for ataxia-telangiectasia. This individual has now
provided thefirst example of radiosensitivityin humanswhere
a defined cellular repair defect (in the ligase IV enzyme) can
be readily demonstrated; repair of radiation-induced DNA
double-strand breaks and interphase chromosome damage are
similarly impaired (see also paragraph 66) [B15].

44. There is some evidence for ionizing radiation sensitivity
in several other cancer-prone disorders, although the
published data do not always agree on the degree of sensitivity
(see also Section III.A). Bloom�s syndrome is a rare autosomal
recessivedisorder showing severe growth retardation, variable
immune deficiencies, and abnormal spermatogenesis [G20].
The age of onset of cancer is considerablyearlier than normal;
about one third of surviving cancer patients with Bloom�s
syndrome develop multiple primary tumours with no con-
istent pattern of cancer type or location. Individuals with
Bloom�s syndrome develop a distinct facial rash from sunlight
sensitivity, and their cells are not only hypersensitive to
several different DNA-damaging agents but also show DNA
replica ion abnormalities [L47]. Genetic instability is seen in
high levels of spontaneously-occurring chromosomal aberra-
ions and sister chromatid exchanges; chromosomal sensitivity
to x rays has been found especially in cells in the G2 phase of
growth [A16, K30]. One case of Bloom�s syndrome developed
oesophageal stricturefollowingstandard radiotherapytreat-ent
for lung cancer. This is very rarely seen in such treatment and
is suggestive of hypersensitivity to radiation [K31].

45. Fanconi�s anaemia is a cancer-prone disorder, most
commonlypresenting with acute myeloid leukaemia (15,000-
fold increased risk), although solid tumours are also found.
Bone marrow failure is a common diagnostic feature of this
disorder, although symptoms may include congenital
malformations, abnormal skin pigmentation, and skeletal and
renal abnormalities [J15]. Fanconi�s anaemia cells show high
levels of chromosomal aberrations and are hypersensitive to

DNA cross-linking agents (e.g. mitomycin C, diepoxybutane).
Additionally, a high proportion of deletions has been reported
in certain genes of Fanconi�s anaemia cell lines, giving a
higher frequency of mutation in assays measuring loss of
heterozygosity (see paragraph 172) [S68]. There has been
some dispute over the extent to which Fanconi�s anaemia cells
are sensitive to ionizing radiation; a lack of genetic
classification in these experiments may account for some of
the variability found (see paragraph 68). However, when they
compared published data on the sensitivity of human
fibroblasts, Deschavanne et al. [D7] concluded that Fanconi�s
anaemia was one of the few disorders for which sensitivity to
radiation could be distinguished from that of normal cells.

46. The genes controlling radiosensitivity in humans will
not be identified simply byanalysing radiosensitive disorders.
This is because mutations in manygenes are deleterious to the
extent that the development of a viable organism is inhibited.
This point was illustrated by the creation of a “knockout”
mouse for the UV-damage repair gene ERCC1 (knockout
meaning that both copies of the gene are inactivated). No
human variant for the ERCC1 gene has been found, and the
knockout mouse dies before weaning, apparently as the result
of a massive load of (unrepaired) damage [M7]. Therefore, to
examine the full range of genes involved, it has been
necessary to derive radiosensitive mutant lines from cells in
culture. To this end, more than 50 mutant cell lines sensitive
to various genotoxic agents have been identified; many of
these showsome degree of x-raysensitivityand are being used
to dissect repair pathways in mammalian cells [C16, H11].
These cell lines are especially useful for gene cloning, since
this has often proved difficult to achieve using cells derived
from human patients. It is possible at the present stage of
knowledge to group these mutant cell lines into several
categories based on their responses, and recentlyseveral of the
genes involved have been mapped or cloned (Table 2). As
radiosensitive cell lines have been developed in laboratories
around the world, almost all have been found to represent
defects in different genes. For this reason, and because
ionizing radiation produces a diversity of DNA damage, it is
anticipated that a large number of the human genes involved
in determining radiation resistance remain undiscovered.

47. The discovery and analysis of the genetic basis of
radiation sensitivity is also being pursued through other
strategies, including the biochemical analysis of repair
reactions and the purification of repair proteins, as well as
the identification of human repair genes by homology to
their counterparts in lower organisms (Section II.A.3). In
many instances, the genes discovered by these routes are
found to give rise to a high level of sensitivity when
mutated but to affect only a small fraction of the human
population or to be inconsistent with life. However, some
genes affecting radiation sensitivity will probably have
more subtle effects, either because the particular gene
mutation only partially reduces gene product activity or
because the gene is not vital for cellular response to
radiation. Studies exploring the latter types of response,
which may affect a much larger fraction of the human
population, are described in Section III.A.
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a XRCC = x-ray cross complementing gene.
b Knockout mice except for XRCC7; (�) indicates no model yet available
c Symptoms similar to ataxia telangiectasia (see paragraph 62).
d Severe combined immune deficiency.

Table 2
Classification of radiosensitive disorders and cell lines

Type of defect
Disorder /

defective cell line(s)
Human gene
designation a

Human
gene

location

Animal model
phenotype b

Probable DNA break repair defect and loss
of cell-cyle control following damage

Ataxia telangiectasia
Nijmegen breakage syndrome

irs 2/V-series

ATM
NBS1

XRCC8

11q23
8q21

?

AT-like c

�

�

DNA double-strand break repair defective
and V(D)J recombination defective

xrs
XR-1/M10

V3/scid/SX9
180BR

XRCC5
XRCC4
XRCC7
LIG4

2q35
5q13

8p11�q11
13q33�q34

Immune deficiency d

Embryonic lethal
Immune deficiency d

Embryonic lethal

Sensitivity to many different agents;
some have DNA single-strand break
repair defect and/or replication defect

46BR
Bloom’s syndrome

EM9
irs1

irs1SF
UV40

L1G1
BLM

XRCC1
XRCC2
XRCC3

XRCC9(FANCG)

19q13
15q26
19q13
7q36

14q32
9p13

Viable (acute anaemia)
Embryonic lethal
Embryonic lethal
Embryonic lethal

�

�

Radiosensitivity inferred from structural
homology of genes to those known to be
involved in response to radiation damage
in lower organisms

�

�

�

�

�

�

ATR
hRAD50
hRAD51
hRAD52
hRAD54
hMRE11

3q22�23
5q23�31

15q
12p13.3

1p32
11q21

Embryonic lethal
Embryonic lethal
Embryonic lethal

Viable
Viable

Embryonic lethal

2. Mechanisms of enhanced sensitivity
in human disorders

48. In addition to being radiosensitive, ataxia-telangiectasia
cell lines show enhanced sensitivity to agents that have in
common an ability to damage DNA molecules by producing
highly reactive chemical radicals, causing both base damage
and sugar damage, leading to breakage of DNA strands.
Ataxia-telangiectasia cells have been found to be hyper-
ensitive to a variety of chemicals that cause such DNA
damage through radical action (bleomycin, neocarzinostatin,
hydrogen peroxide, streptonigrin, phorbol ester [M5]). Also,
inhibitors ofDNA topoisomerases that can trap these enzymes
during DNA-strand passage, leaving open breaks, are more
effective at inducing chromosomal damage and cell killing in
ataxia-telangiectasia cells than in normal cells [C1, H7, S11].
More recently, ataxia-telangiectasia cell lines have been found
to be hypersensitive to restriction endonucleases; these
enzymes produce onlydouble-strand breaks in DNA by direct
enzymatic cutting [C17, L56]. There is also evidence of
modest chromosomal hypersensitivity in some ataxia-
telangiectasia lines to agents such as UV light, especially
when irradiated in extended G1 phase, possibly because of the
excessive production of breaks when DNA synthesis is
attempted [E1, K4].

49. Experiments varying the time component either during
or following irradiation have revealed the general nature of
the defect in ataxia-telangiectasia cells. It was shown that
normal cells held after irradiation in a non-growing state had

some recovery (or sparing) from lethal effects, while ataxia-
telangiectasia cell lines showed little or no sparing [C9, U15,
W2]. More strikingly, irradiation at low dose rates, where the
same dose was given over a period of days instead of minutes
(factor of 500 difference in dose rates) showed a very large
sparing effect on normal cells and little or no effect on ataxia-
telangiectasia cells [C10]. These observations are consistent
with an inability of ataxia-telangiectasia cells to recover from
radiation damage, and they also show that the defect cannot
be abrogated simply by allowing more time for damage
restitution.

50. Lack of a sparing effect appears to be typical of a
particular class of radiosensitive cell lines. Thus lines that are
known to have a defect in the repair of DNA double-strand
breaks, for example the xrs series and XR-1, also lack
recovery under irradiation conditions in which their normal
counterparts show a large sparing effect [S14, T7]. Similarly,
yeast radiosensitive lines that are unable to rejoin double-
strand breaks, because of a defect in recombination (rad50,
rad51, rad52), also lack sparing [R2, R3]. A substantial body
of data in yeast supports the contention that the double-strand
break is the DNA damage most likely to be lethal to cells, and
that its repair is responsible for the recovery seen under
sparing conditions [F3].

51. In contrast to these cellular studies implicating strand
breakage as the type of DNA damage involved in the ataxia-
telangiectasia defect, it has been difficult to prove that ataxia-
telangiectasia cells have a break-repair defect at the molecular
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level [M5]. Recently, irradiation at 37�C with low-dose-rate
gamma rays has shown a small increase in DNA double-
strand breaks following repair ("residual damage") in ataxia-
telangiectasia cells relative to normal cells [B9, F10, F16].
However, cytogenetic studies have provided more satisfactory
evidence for a break-repair defect: a significantly elevated
fraction ofunrestituted chromosomal breaks remain in ataxia-
telangiectasia cells after irradiation [C11, T1]. Support for
these findings has been obtained from the measurement of
both DNA double-strand breaks and chromosomal breaks
(using prematurely condensed chromosomes to allow rapid
analysis) after gamma irradiation of normal and ataxia-
telangiectasia lymphoblastoid cells at different phases of the
cell cycle [P5]. A consistent decrease in the rapid component
of repair was found in ataxia-telangiectasia relative to normal
cells; this decrease was small and usually statistically non-
significant for DNA double-strand breaks, but larger and
significant for chromosomal breaks. Differences in amounts
of residual chromosomal damage between normal and ataxia-
telangiectasia cells give a close, but not exact, approximation
to their relative survival levels after irradiation [C14, P5].

52. Hamster cell lines showing strong similarities to
ataxia-telangiectasia have been isolated and their responses
characterized (the irs2 line [J5] and the V-series [Z5]).
These lines are hypersensitive to agents known to cause
DNA breakage, have radioresistant DNA synthesis, and
have no measurable biochemical defect in DNA break
repair [T8, Z6]. It has also been shown that the radiation
sparing effect is absent in irs2, while it is present in other
lines that have similar radiosensitivity but do not show
ataxia-telangiectasia-like characteristics (such as irs1 and
irs3) [T30].

53. Overall, these studies strongly support the view that
the increased sensitivityofataxia-telangiectasia and related
cell lines to agents such as ionizing radiation derives from
an inability to recover from DNA breakage, leading to a
higher level of residual chromosomal damage. However,
the molecular mechanisms leading to radiosensitivity in
this disorder are still not fully understood, despite
considerable recent progress in defining the function of the
ataxia-telangiectasia gene product (see Section II.A.3).

54. The functional defects in other cancer-prone
disorders have also not been well characterized. Primary
cells from Fanconi�s anaemia patients have spontaneous
delay and arrest in the G2 phase of growth, as well as an
increased frequency of chromosomal aberrations [J15] and
recombination [T39]. G2 delay and aberration frequency
increases are corrected by lowering the oxygen tension
during growth, leading to the suggestion that reduced
detoxification ofoxygen radicals maybe responsible for the
phenotype [C62, J17]. However, immortalized Fanconi�s
anaemia fibroblasts have lost this oxygen effect, showing
that this factor is not a basic (or underlying) defect [S48].
In Bloom�s syndrome, the high frequency of sister
chromatid exchanges and specific types of chromosome
aberrations suggested a defect in DNA repair and/or DNA
replication.

3. Analysis of genes determining
radiosensitivity

55. The classification of radiosensitive disorders and cell
lines into genetic groups, followed bymapping and cloning of
the affected genes, has dramatically increased knowledge of
the molecular mechanisms of recovery from DNA damage.
Once the affected gene has been cloned, its sequence may
reveal the nature of the gene product (protein), because of
similarities to known genes. Gene sequence data from at-risk
groups will also allow deleterious mutations to be identified,
and permit analysis of the role of these genes in disorders such
as cancer. Manipulation and expression of the gene under
defined experimental conditions allow specific functions to be
studied in cells and in animals. Animal models of the human
disorder can be created by replacing the normal pair of genes
with defective copies (a knockout animal; see paragraph 46)
and assessing the resulting phenotype.

56. Genetic classification of the ataxia-telangiectasia dis-
rder initially indicated that several different genetic groups
might exist [C3, J2], but mapping and cloning of a gene
(ATM) found to be mutated in patients has cast doubt on this
designation. The genetic mapping data, based on ataxia-
telangiectasia family studies, mostly placed the affected gene
into one chromosomal region, 11q23.1 [G2, Z2]. Positional
cloning procedures in this region led to the identification of
the ATM gene, which has homology to a gene family
encoding PI-3 kinases [B31, S24, S25]. The PI-3 kinase
family contains a number of large proteins involved in cell-
cycle checkpoints, the regulation of chromosome-end length,
and DNA break repair, including site-specific recombination
(see Section II.B.1). It is therefore likely that ATM and other
members of this familyare involved in the detection of certain
types of DNA alterations and may coordinate response by
signalling these changes to other regulatory molecules in the
cell [J8, K3, S25, T29].

57. Analysis of mutations in the ATM gene of ataxia-
telangiectasia patients showed that the majorityare compound
heterozygotes (i.e. the mutations in the two gene copies derive
from independent events) and that these commonly lead to an
inactive, truncated protein [G19, M30]. However, individuals
from 10 families in the United Kingdom with less severe
symptoms (paragraph 42) all have the same mutation in one
copy of ATM (a 137-bp insertion caused by a point mutation
in a splice site) but differ in the mutation in the other gene
copy. The less severe phenotype appears to arise from a low
level of production of normal protein from the insertion-
containing gene copy. Two more families with this less severe
phenotype have mutations leading to the production of an
altered but full-length protein, again suggesting that the
severity of the symptoms in ataxia-telangiectasia is linked to
the genotype of the individual [L41, M30]. However, it is
possible that individuals with less severe symptoms have an
increased risk of developing specific types ofcancer [S78] (see
also paragraph 139).

58. A further two families presenting with many of the
symptoms of ataxia-telangiectasia (paragraph 39) but
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without dilated ocular blood vessels failed to show
mutations in the ATM gene. The cellular characteristics of
family members, such as radiation sensitivity and DNA-
synthesis delay (paragraph 40), were mostly intermediate
between those ofclassical ataxia-telangiectasia patients and
normal individuals. Examination ofother genes implicated
in the repair of DNA double-strand breaks revealed that the
human homologue of the yeast MRE11 gene (paragraph
74) was mutated in these families [S82].

59. A rare form of leukaemia, sporadic T-cell prolympho-
cytic leukaemia (T-PLL), shows a high frequency of ATM
mutations; although some of the changes identified in the
ATM gene were rearrangements, most mutations in T-PLL
were single DNA base-pair changes in the kinase region of
the ATM gene and did not lead to protein truncation [V5, Y8].
This finding has prompted the suggestion that the ATM gene
acts as a tumour suppressor in cells that may develop T-PLL.
There is no evidence for an involvement of the ATM gene in
T-cell lymphoblastic leukaemias [L58], but in B-cell chronic
lymphocytic leukaemia (B-CLL), 34%-40% of tumour
samples showed about 50% reduction in levels of ATM
protein [S70, S76]. ATM mutations were detected in the
tumours of 6 out of 32 patients (18%); also 2 of these 6
patients had mutations in both tumour and normal cell DNA,
indicating that they were carriers of an ATM gene defect (i.e,
they inherited a mutation in one copy of the ATM gene; see
paragraph 137 et seq.) [S76]. Similar results were obtained in
a separate study[B62], and although they are based at present
on small samples, the data suggest that the frequency of ATM
mutations in the normal cells of patients developing B-CLL
may be much higher than in the general population [B62,
S76]. Patients with ATM deficiency also had significantly
shorter survival times [S70].

60. Study of the ATM protein has shown that it has a
nuclear location and is expressed in many different human
tissues. Additionally, ATM protein does not increase in
amount in response to cell irradiation, consistent with the idea
that it is part of a DNA-damage-detection system rather than
being regulated in response to DNA damage [L41]. However,
the ATM protein does associate with DNA, and this
interaction increases when the DNA is irradiated [S77]. The
ATM gene has a complex structure with multiple transcription
start sites, leading to messenger RNAs of different length and
predicted secondary structure. This multiplicity of ATM
transcripts mayallow cells to modulate ATM protein levels in
response to alterations in environmental signals or cellular
metabolism [S40].

61. Initially it was also suggested that the Nijmegen
breakage syndrome involves more than one genetic group
[J1], but recent evidence shows that only one gene is involved
[M41] and that this gene maps to chromosome 8q21 [M41,
S59]. These data support clinical findings (paragraph 41)
showing that the Nijmegen breakage syndrome is a separate
radiosensitivedisorder, distinct from ataxia-telangiectasia. The
cloning of the gene (NBS1) mutated in this syndrome has
confirmed this (paragraph 74), with the majority of patients
carrying small deletions in this gene [M45, V6].

62. Knockout mice that lack a functional homologue of the
ataxia-telangiectasia gene (Atm) have recentlybeen bred; they
show many of the symptoms of the human disorder, but also
give further insights into the action of this gene [B33, E9,
X3]. For example, the Atm knockout mice are viable but
growth-retarded and infertile. They are also very sensitive to
acute gamma radiation; at a whole-body dose of 4 Gy, about
two thirds of the Atm knockout mice died after 5-7 days, while
normal and heterozygous mice remained without morbidity
after two months [B33]. Primary cells derived from the Atm
knockout mice also show many of the characteristic features
of cells from ataxia-telangiectasia patients [X4]. The cells
grow poorly, are hypersensitive to gamma radiation, and fail
to undergo arrest of the cell cycle following irradiation (see
also paragraph 102). The Atm gene product was found to
locate tohomologouschromosomesas theyassociate(synapse)
at meiosis in germ cells [K27]; loss of fertility in the knockout
mice results from failure of meiosis due to abnormal synapsis
and subsequent chromosome fragmentation [X3]. Immune
defects occur in these mice, and the majority develop thymic
lymphomas and die before four months. Based on the
understanding to date of the defective response to DNA
breakage in ataxia-telangiectasia, the meiotic failure and
immune defects in these mice could both relate to an inability
to respond to “programmed” DNA double-strand breaks (site-
specific breaks that occur in the course of normal cellular
processes). Such breaks are thought to be essential in meiosis,
to drive the process of meiotic recombination, and they are
required for V(D)J recombination in immune system
development (see paragraph 82).

63. Unlike in the human disorder, no evidence was found
of gross cerebellar degeneration in Atm knockout mice
aged 1�4 months, but it is possible that the animals are
dying too early for this symptom to be revealed [B33, X4].
However, behavioural tests indicated some impairment of
cerebellar function [B33], and detailed studies of the brain
in these animals showed that Atm deficiency can severely
affect dopaminergic neurons in the central nervous system
[E14]. There is an almost complete absence of radiation-
induced apoptotic cell death (Section II.B.3) in the
developing central nervous system of Atm-deficient mice,
while the thymus shows normal levels of apoptosis after
irradiation [H48]. Additionally, elevated levelsofoxidative
damage were recorded in mouse tissues affected by the loss
of ATM, especially the cerebellum [B63].

64. In yeast cells, the closest sequence homologue to the
ATM gene product is the Tel1 protein; mutations in the TEL1
gene are associated with shortened chromosome ends
(telomeres) and genetic instability (three- to fourfold
increased levels of mitotic recombination and chromosome
loss) [G22]. It has been known for many years that
chromosomes in ataxia-telangiectasia cells show a relatively
high incidence of telomere fusions, and recent studies have
shown that preleukaemic cells from ataxia-telangiectasia
patients have an increased rate of telomere loss [M29]. This
loss may contribute to chromosomal instability [R40].
However, as yet the relationship between the telomere fusions
and tumorigenesis in ataxia-telangiectasia is not clear.
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Interestingly, loss of the TEL1 gene does not lead to x- or
gamma-ray sensitivity [G22, M31], but the combined loss of
TEL1 and another gene in the same family (ESR1/MEC1; see
next paragraph) gives extreme sensitivity to gamma rays,
suggesting that these two genes may functionally overlap in
protecting the cell against radiation damage [M31]. In fission
yeast, following prolonged growth, loss of these two genes led
to circular chromosomes lacking telomeric sequences [N26].

65. A further member of the human PI-3 kinase family,
related to ATM, has been found through homologysearches
[B32, C38]. The gene (named ATR or FRP1) encodes a
protein that is most closely similar to the fission yeast rad3
gene product, which is itself structurally and functionally
related to the budding yeast ESR1/MEC1 and the fruit fly
mei-41 gene products. Mutations in these genes render the
yeast or flies sensitive to killing by both ionizing and UV
radiation, and are known to play important roles in mitotic
and meiotic cell-cycle controls. Expression of an inactive
form of ATR at a high level in human fibroblasts increased
radiation sensitivity by a factor of 2-3 and abrogated
radiation-induced G2 arrest (see paragraph 108). Addi-
tionally, cells with defective ATR develop abnormal
nuclear morphologies, which may indicate further cell-
cycle perturbations [C48, W50]. The ATR gene product is
expressed at a high level in germinal tissue and localizes
along unsynapsed meiotic chromosomes [K27], thereby
playing a role that is complementary to that of the ATM
gene product (paragraph 62). Thus in addition to their
roles in mitotic cells, ATM and ATR gene products may be
involved in the co-ordination of meiotic chromosome
synapsis, perhaps by signalling breaks and monitoring
repair synthesis to guard against genetic instability.

66. Some other genes affecting radiosensitivity in
humans have also been mapped and cloned. Following the
cloning of the human DNA ligase I gene, it was discovered
that this was defective in a unique individual with growth
retardation, immunological abnormalities, and cellular
sensitivity to a varietyofDNA-damaging agents, including
radiation [B5]. The genes for other human DNA ligases
have also been cloned using homology searches or protein
purification [C31, W19], and subsequently another unique
radiosensitive individual with impairment ofdouble-strand
break rejoining (described in paragraph 43) was found to
be defective in DNA ligase IV [R38]. It has been
established in yeast and mammalian cells that DNA ligase
IV is specifically involved in the repair of DNA breaks by
non-homologous end joining (Section II.B.1) [S64, T40,
W46]. DNA ligase III has been implicated in the base-
excision repair pathway (see paragraph 78).

67. Bloom�s syndrome patients of different ethnic origins
(Ashkenasi Jewish, French-Canadian, Mennonite, and
Japanese) were found by cell fusion analysis to fall into one
genetic group [W36]. The gene defective in Bloom�s
syndrome (named BLM) has been positionally cloned and
shown to be similar to the bacterial RecQ helicase, a type
of enzyme that opens up the DNA helix and is associated
with genetic recombination in bacteria [E6, K39].

Knocking out the gene homologous to BLM in mice results
in embryonic growth retardation and lethality, apparently
because of a wave of increased apoptotic death [C61]. The
yeast homologue of the BLM gene product interacts with
DNA topoisomerase enzymes, known to be required for the
resolution of interlocking DNA molecules following
replication. In the absence of the BLM gene product, it is
suggested that replicated DNA (in mitosis or meiosis) is
entangled and may give rise to sister-chromatid exchange
and chromosomal non-disjunction [W35]. Support for this
idea comes from studies with the fission yeast, where the
recQ helicase is required for the recovery from cell-cycle
arrest during DNA replication following DNA damage;
absence of the recQ helicase leads to an increase in the rate
of genetic recombination [S60].

68. Cells derived from Fanconi�s anaemia patients have
been classified into eight genetic groups [J16, J19, S46],
consistent with the heterogeneity of symptoms found
(paragraph 45). To date, three of these genes have been
mapped, FANCA to chromosome 16q24 [G21, P20],
FANCC to 9q22 [S46], and FANCD to 3p22-26 [W37].
The FANCA and FANCC genes have now been cloned
[F9, L43, S47]; these gene sequences predict proteins that
are structurally different from each other and from other
known proteins. Mutations of the FANCA gene were
analysed in 97 patients from different ethnic groups with
Fanconi�s anaemia; the majorityofmutations detected were
either DNA base-pair alterations or small deletions and
insertions scattered throughout the gene, with a smaller
number of large deletions [L49]. The FANCC gene product
is a cytoplasmic protein [Y7], but it interacts with the
FANCA gene product, and the complex translocates to the
nucleus [K40]. While this nuclear localization is consistent
with a possible role in DNA repair, the precise function of
these gene products remains unclear. FANCC also has
binding sites for the p53 tumour suppressor protein
(paragraph 100), and binding of p53 to the gene can
regulate its expression [L46].

69. One of the more recently identified genetic groups of
Fanconi’s anaemia, FA-G, has been found to be caused by
mutation of a previously-identified gene, XRCC9 [D18].
This gene was identified by the complementation of a
rodent cell line sensitive to a variety of DNA-damaging
agents including a twofold enhanced sensitivity to x rays,
and is potentially involved in post-replication repair of
DNA [L59] (Table 2).

70. Human genes implicated in the repair of radiation-
induced DNA damage have also been cloned by their
structural homology to genes involved in specific repair
pathways in lower organisms. For example, it is known
that the main pathway for the repair of DNA double-strand
breaks in lower organisms involves homologous recom-
bination (paragraph 30); in budding yeast, the genes
responsible are RAD50, RAD51, RAD52, RAD53, RAD54,
RAD55, RAD57, MRE11, and XRS2 (often called the
RAD52 group of genes). Mutations in these genes render
the yeast cells defective in mitotic and/or meiotic
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recombination and sensitive to ionizing radiation. At least
some of the products of these genes act together in a multi-
protein complex to effect recombination [H27, J14, U18].
In yeast, functional relationships have also been found
between proteins of the PI-3 kinase family and some of the
Rad52 group proteins. For example, the activity of the
RAD53 gene product, another protein kinase, is regulated
by both ESR1/MEC1 and TEL1 gene products, suggesting
that the Rad53 protein acts as a signal transducer in the
DNA damage response pathway downstream of these
ATM-like proteins [S43]. Sequence similarities have led to
the cloning of human homologues of some of the yeast
RAD52 gene group: hRAD50 [D16], hRAD51 [S10, Y6],
hRAD52 [M10, S44], hRAD54 [K28], and hMRE11 [P22].
Preliminaryevidence has been obtained from their abilities
to partially correct the defects in radiosensitive yeast cell
lines that some of these genes, or their mouse homologues,
are involved in the repair of radiation damage [K28, M37].
Further, knocking out the RAD54 gene in both the fruit fly
[K41] and mouse [E12] confers radiation sensitivity and a
defect in homologous recombination. There is also
evidence for regulated expression of these recombination
proteins through the cell cycle, with levels of RAD51 and
RAD52 increasing during the S phase and peaking in G2

in human and rodent cells [C5].

71. The human RAD51 gene product has been shown to
bind DNA and thereby underwind the double helix, an
early step in the recombination process [B34]. The RAD51
gene in yeast is not essential for cell survival, but recently
the homologous gene has been knocked out in mice and
surprisingly was found to give embryonic lethality [L42,
T34]. Knockout embryos arrested early in development but
progressed further if there was also a mutation in the gene
encoding the tumour suppressor p53 (TP53), possiblybecause
of a reduction in programmed cell death (see paragraph 112).
This may suggest that RAD51 in mammals has functions in
addition to recombination and repair, and in a separate study
the human RAD51 protein has been shown todirectlyinteract
with p53 [S45]. Cells from the mouse Rad51 knockout were
hypersensitive to gamma rays, although this response has not
been quantified, and show chromosome loss in mitotic cells
[L42]. In mitotic cells, the mouse RAD51 protein is found to
concentrate in multiple foci within the nucleus at the DNA-
synthesis (S) phase of the cell cycle [T37]. In meiotic cells,
RAD51 is found on synapsing chromosomes and disappears
shortlyafter this stage [P23], but this pattern of localization of
RAD51 is disrupted in Atm-deficient mice [B47].

72. The pattern of cellular localization found for the
RAD51 protein has also been found for the product of a
gene commonly mutated in familial breast and ovarian
cancer patients, BRCA1; subsequently, RAD51 and
BRCA1 proteins were shown to interact directly [S51].
Brca1-deficient mouse cells show a modest increase in
sensitivity to ionizing radiation and have a reduced
capacity to repair base damage in transcribing DNA
(transcription-coupled repair, paragraph 28) [G34]. In
human BRCA1-deficient cells, increased sensitivity to cell
killing by gamma rays and reduced repair of DNA double-

strand breaks can be partially corrected by introduction of
the normal gene, while mutant BRCA1genes fail to restore
these defects [S86]. A product of a second gene associated
with familial breast cancer susceptibility, BRCA2, has
similarly been shown to interact with RAD51 [M42, S61],
as well as with p53 [M46]. BRCA1 and BRCA2 are highly
expressed in rapidly proliferating cells, with expression
highest at the start of S phase of the cell cycle [R23].
Analysis of mutations in the BRCA genes has shown that
families with a high proportion of breast cancer tend to
have mutations in different parts of the gene from families
having a predisposition to ovarian cancer [G37, G38].
Despite their importance in cancer predisposition, the
molecular function of the BRCA genes is unknown, and the
finding of interaction with RAD51 provided the first clue
that their role may be in DNA repair. As noted in
paragraph 62, the ATM protein also has a specific pattern
of localization to meiotic chromosomes, and loss of ATM
can disrupt the localization pattern of RAD51. Thus,
through their connections with RAD51, these data provide
for the first time a mechanistic link between four different
genes involved in cancer susceptibility (ATM, TP53,
BRCA1, and BRCA2).

73. Mice have been bred with a knockout of the Brca1 gene
or the Brca2 gene; like Rad51 knockout mice, they were both
found to arrest early in embryonic development [H40, L50,
S61]. However, viable mice have been bred with a mutation
in Brca1 or Brca2 that does not completely inactivate the
gene. A conditional deletion of the Brca1 gene in mice,
confining the defect to the mammary glands, gave a low
frequency of mammary tumour formation with long latency
(see also paragraph 106) [X7]. Embryonic fibroblasts derived
from Brca1-deficient miceproliferatepoorlyand showgenetic
instability [X8] and a reduction in the frequency of homo-
logous recombination [M50]. About one third of the Brca2-
deficient mice survived to adulthood but showed small size,
poor tissue differentiation, absence of germ cells, and
development of thymic lymphomas [C59]. Cells derived from
viable Brca2-defective mice proliferate poorly, apparently as
a result of spontaneously high levels of p53 and p21, causing
cell-cycle arrest (see paragraph 100) [C59, P32]. These cells
accumulate high levels of chromosomal aberrations and show
enhanced sensitivity to DNA-damaging agents, including
x rays [M48, P32]. The evidence linking the BRCA genes to
DNA repair processes suggests that they may not function as
tumour suppressors but are involved in the maintenance of
genome integrity.

74. The yeast RAD50, MRE11, and XRS2 gene products
assemble into a multi-protein complex that is implicated in
the processing of broken DNA, as well as in a number of
other functions, includingmeioticrecombination and telomere
maintenance [H46]. This multiplicity of roles for the complex
may arise from its nuclease activities on both single- and
double-stranded DNA ends that trim up the DNA in
preparation for end-joining and homologous recombination
processes. Human gene products with similar functions have
been identified (paragraph 70); significantly, thegenemutated
in the Nijmegen breakage syndrome (NBS1) has been found
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to be the functional homologue of XRS2 (paragraphs 41 and
61) [C54, M45, V6], and individuals with a variant form of
ataxia-telangiectasia have mutations in the human homologue
of MRE11 (paragraphs 42 and 58) [S82]. The NBS1 gene
product contains motifs that are commonlypresent in proteins
involved in cell-cycle regulation and DNA-damage response,
suggesting that like ATM, this gene has a role in the
signalling mechanism following damage to DNA by ionizing
radiation. Study of the purified protein shows that DNA
unwinding and nuclease activities of RAD50/MRE11 are
promoted bythe presence ofNBS1 [P34]. The human RAD50
and MRE11 proteins co-localize in cell nuclei following
ionizing radiation damage (but not after UV irradiation); their
sites of localization were distinct from those of the RAD51
protein, consistent with their different roles in DNA repair
[D17]. Co-localization ofMRE11/RAD50 proteins was much
reduced in ataxia-telangiectasia cells, suggesting that ATM
gene signalling is important for the assembly of the break-
rejoin complex [M28]. Additionally, the BRCA1 protein has
been shown to colocalize and interact with RAD50, and
radiation-induced sites of localization including MRE11,
RAD50 and NBS1 proteins were much reduced in breast-
cancer cells lacking BRCA1 [Z12].

75. Human genes encoding enzymes responsible for the
repair of the numerous forms of base damage caused by
DNA-damaging agents, including ionizing radiation, are
also being discovered [L69, S49]. A number of key
enzymes (DNA glycosylases, endonucleases) in the base-
excision repair pathway have been isolated by biochemical
purification, followed by protein sequencing and gene
identification, or through their homologies to known
enzymes in lower organisms. For example, the hOGG1
glycosylase [R41] removes 8-oxoguanine opposite a
cytosine (paragraph 24), while the hNTH1 glycosylase
[A28] removes oxidized pyrimidines such as thymine
glycol (paragraph 17). The pathwayof base-excision repair
that results in the incorporation of a single nucleotide
(“short-patch repair”) has been reconstituted under cell-
free conditions, using purified enzymes [K24].
Additionally, a second “long-patch repair” pathway has
been identified, in which between two and six nucleotides
are replaced following repair of a reduced or oxidized base-
less site; this pathway also requires the structure-specific
nuclease DNase IV (also known as FEN1) to remove the
displaced nucleotides during repair [K42]. The
reconstitution of base-excision repair of oxidized
pyrimidines in DNA has revealed that hNTH1 glycosylase
is strongly stimulated by one of the proteins involved in
nucleotide-excision repair, XPG (xeroderma pigmentosum
group G protein). The XPG protein binds to non-paired
regions of DNA, and acts as a structure-specific nuclease
where the unpaired region is greater than five base pairs,
as will happen at sites of bulky damage. However, at sites
of oxidative base damage it seems that the unpaired region
is less than five base pairs, and instead of cutting DNA the
XPG protein promotes the activity of the hNTH1 in
removing the base damage [K46]. These findings may
explain the extreme symptoms of some patients lacking
XPG, including growth failure and neurological

dysfunction, and the early death of mice carrying a
knockout of the Xpg gene [H51] (while mice that are
totally defective for nucleotide-excision repair such as
those defective in Xpa are viable [N27]).

76. The main endonuclease involved in the repair of base-
less sites (Figure Ia) in human cells, known variously as
HAP1, APE, APEX, or Ref-1, was cloned in several
laboratories followingbiochemical purification and was found
to have a surprising additional function when compared with
the bacterial enzyme. It stimulates the DNA-binding activity
of transcription factors involved in signal transduction such as
Fos, Jun, NFκB, and p53 by reduction/oxidation mechanisms
[X5]. Signalling and repair responses to oxidative damage
may therefore be coordinated through this one enzyme; this
may be especially important during tissue proliferation, since
Ref-1 knockout mice die during embryonicdevelopment [X6].
Knockout mice have been produced for several other genes in
the base-excision pathways, and a number of these have also
proved to be embryonic-lethal, showing their importance for
the normal functioning of cells and tissues [W45]. However,
a knockout mouse for the broad-specificity glycosylase 3-
methyladenine-DNA glycosylase II was recently shown to be
viable [E13], possiblybecause of its mode ofaction (paragraph
23) and the likelihood that other morespecialized glycosylases
can substitute for it in removing damaged bases.

77. The abundant enzyme poly(ADP-ribose) polymerase,
also known as PARP, is rapidly recruited to sites of DNA
breakage following irradiation, where PARP transiently
synthesizes long, branched chains of poly(ADP-ribose) on
itself and other cellular proteins. These chains are
degraded by another enzyme, poly(ADP-ribose)
glycohydrolase, with a half-life of only a few minutes. The
role of PARP in response to DNA damage, which has long
been in dispute [C49], has been clarified from recent
experiments in which the Parp gene was knocked out in
mice [M9]. These mice are viable and fertile, although
adult size is smaller than average and litter sizes are
smaller than for normal mice. Following whole-body
irradiation (8 Gy gamma rays), the Parp knockout mice
died much more rapidly than normal mice from acute
radiation toxicity to the small intestine; the survival half-
time of these irradiated PARP-deficient mice was
comparable to that of irradiated Atm knockout mice
(paragraph 62). PARP-deficient cells or cells in which a
mutated PARP is expressed [S63], show increases in
chromosomal aberrations, sister-chromatid exchanges, and
apoptosis following DNA damage. The average length of
telomeres is significantly shorter in PARP-deficient mouse
cells, leading to an increased frequency of chromosomal
fusions and other aberrations [D21]. Recent biochemical
data suggest that PARP has an important function as a
molecular sensor of DNA breaks, especially single-strand
breaks, and its absence reduces the efficiency of base-
excision repair [O4]. In addition, it has been suggested that
the synthesis of poly(ADP-ribose) chains causes negative-
charge repulsion of damaged DNA strands, preventing
accidental recombination between homologous sequences
[S62].
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78. To date, studies with radiosensitive mammalian lines
have identified more than eight genetic groups [J3, T9, Z13].
The genes responsible have provisionally been named the
XRCC (for X-Ray Cross-Complementing) group, despite the
fact that some of the cell lines are not primarily sensitive to
x rays. The human gene corresponding to the first group,
XRCC1, has been cloned and encodes a protein interacting
with DNA ligase III [C2]. Further, the XRCC1 protein has
been shown to associate with DNA polymerase β [C39, K29],
which fills in the gaps created during the repair of damaged
bases. It is suggested that XRCC1 may act as a scaffold
protein in the final steps of base-excision repair (Figure Ia),
supporting the activityof DNA polymerase β and DNA ligase
III [K29]. The XRCC2 gene [C66, L65, T35] and the XRCC3
gene [L65]have been cloned recently, and both genes have
structural homology to the yeast and human RAD51 genes
[T47]; it is likely, therefore that they are involved in repair of
damage by homologous recombination. Other human genes
recentlycloned using mammalian cell lines (XRCC4, XRCC5,
XRCC7) are involved in the repair of radiation-induced DNA
double-strand breaks as well as in immune gene
recombination, as detailed below (Section II.B.1). Current
mapping data place all of the remaining genes on different
chromosomes, and none maps to the location of characterized
radiosensitive human syndromes (Table 2).

4. Summary

79. Several radiosensitive human disorders andexamplesof
individual radiosensitivity have been identified in recent
years. The sensitivity in these individuals is characterized by
a greatly increased susceptibility to cancer, although this
cancer is not necessarily radiation-induced. Many radiosen-

sitive lines of cultured cells have also been established, and
these have been useful for identifying the genes involved and
for functional studies. In general, it has been found that
enhanced sensitivity arises from an inability to recover from
DNA damage, because of a reduction in damage detection
and/or repair processes. Reduction of repair capacity
commonly leads to a lack of low-dose-rate sparing and a
higher level of genetic changes.

80. Considerable progress has recently been made in
defining repair gene functions in human and other
mammalian cells, and a summary of well-defined repair
pathways for damage by ionizing radiation is shown in Figure
III. A number of important genes have been cloned, including
the gene ATM, which determines sensitivity in the ataxia-
telangiectasia disorder. Studies with the ATM gene product
and the production of mice defective for the gene suggest that
it participates in the detection of DNA double-strand breaks
and passes this information on to other important molecules
regulating cellular response processes. Other recently
discovered genes act directly in the repair of radiation
damage; for example, the RAD51 gene is vital for repair by
homologous recombination. The RAD51 gene product has
also been found to interact with products of the breast-cancer
susceptibility genes, BRCA1 and BRCA2, suggesting an
unsuspected role for these genes in damage recovery. In
accordance with this finding, mice defective for the BRCA
genes have symptoms very similar to Rad51-defective mice,
and the Brca2-defective mice are radiation-sensitive.
Additionally, some repair genes when knocked out in animals
give embryonic lethality, showing that these genes have
important roles in basic cellular processes influencing tissue
development.

Figure III. Important genes in DNA repair pathways in human cells following damage by ionizing radiation.
Some of the important genes identified in each pathway are shown (the h prefix indicates a human homologue of a yeast
gene); names of proteins are shown in brackets if different from the gene names. The BRCA genes and the PARP gene
(square brackets) have speculative roles in recombination repair and base-excision repair, respectively. Pathways that can
lead to mutation are indicated.
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81. The conservation of repair genes from lower to higher
organisms and progress in understanding the human genome
suggest that further rapid progress will be made in the
discovery and analysis of genes influencing radiation
sensitivity. These genes will be important tools in under-
standing the extent of variation in radiation sensitivity in the
human population and should help to identify individuals
especially at risk.

B. RELATIONSHIP BETWEEN REPAIR AND
OTHER CELL REGULATORY PROCESSES

1. Radiosensitivity and defective
recombination in the immune system:

non-homologous end joining of DNA double-
strand breaks

82. It has been noted that radiosensitive disorders are often
associatedwith some degree of immune deficiency. Therecent
discovery that the scid (severe combined immune-deficient)
mouse strain is radiosensitive has led to a reexamination of
this relationship and to rapid progress in understanding at
least one mechanism of DNA-break rejoining. In the immune
system, functional immunoglobulin and T-cell receptor genes
are assembled from separate genetic regions during lymphoid
differentiation [A5]. The separate regions (termed "V" for
variable; "D" for diversity, and "J" for joining) involved in
this type of site-specific recombination are flanked by
recognition (signal) sequences at which double-strand DNA
breakage occurs prior to the rejoining of the regions. Mice
homozygous for the scid mutation lack functional T-cells and
B-cells because of a defect in V(D)J recombination [H8, L9],
and about 15% of the mice develop lymphomas [C50]. It was
shown that fibroblasts derived from homozygousscidmiceare
three to four times as sensitive as normal mice to x rays or
gamma rays and have a reduced ability to repair DNA double-
strand breaks [B8, H10]. Mice heterozygous for the scid
mutation also show some increased sensitivitytogamma rays,
compared to normal mice, and cultured bone marrow cells
from scid heterozygotes are marginally more radiosensitive
than normal cells [K45]. Detailed studies of repair capacity in
scid cells show that the rate of repair of double-strand breaks
is reduced by a factor of about 5, but if sufficient time is
allowed (24 h) the final levels of repair are similar to those of
normal cells [N20]. Subsequently, similar tests on several
radiosensitive mammalian lines derived from cultured cells
showed that those with large defects in double-strand break
repair are also defective in V(D)J recombination, while
radiosensitivelines, includingataxia-telangiectasia cells, with
near-normal double-strand break repair are not V(D)J-
recombination-deficient (Table 2) [H12, K25, P6, T4, T11].

83. At least four different gene products are common to
V(D)J recombination and repair of radiation-induced DNA
breaks; three of these products are defined by their
respective rodent sensitive lines: xrs, scid/V3, and XR-
1/M10 (Table 2). Recently there has been a breakthrough
in identifying the genes and gene products complementing

the defects in these lines, to define a repair pathway termed
non-homologous end joining (paragraph 31). The xrs-
complementing gene (also known as XRCC5) codes for a
subunit of the Ku antigen (p86), a DNA end-binding
protein discovered in normal human cells that reacted with
sera from patients with certain autoimmune diseases [T5].
The scid/V3 protein (XRCC7 gene product) has been found
to be the catalytic subunit of a large DNA-dependent
protein kinase, also known as p460, belonging to the PI-3
kinase family and related to the ataxia-telangiectasia gene
product (see paragraph 56) [H17]. The Ku antigen consists
of two subunits, p70 and p86, which interact to form a
dimer; this dimer binds to broken ends of DNA, recruiting
the p460 subunit and conferring kinase activity on the
complex [G7]. The DNA-dependent protein kinase has
been shown to phosphorylate a number of substrates in
vitro, including the p53 tumour suppressor and RNA
polymerase II [A4], but it is not clear whether these
constitute important targets in vivo. The most recently
cloned gene of this series, the human XRCC4 gene
complementing the XR-1 line, encodes a protein unrelated
to any other yet described [L30]. Functional studies of the
XRCC4 protein show that it is a nuclear phosphoprotein
that is a substrate in vitro for the DNA-dependent protein
kinase and that it associates with the recently discovered
DNA ligase IV [C51, G30]. This discovery suggests that
XRCC4 acts as a go-between in the assembly of a DNA-
break repair complex in which the final step is mediated
DNA ligase IV (paragraph 66). Experiments using cell
extracts show that the rejoining of breaks by mammalian
DNA ligases is stimulated by purified Ku86 protein,
especially when the break ends cohere poorly [R24]. This
observation suggests that Ku86 may function to stimulate
ligation, perhaps through its ability to bridge the gap
between broken ends. However, the precise mode of action
of these proteins in promoting the repair of DNA double-
strand breaks (and presumably in initiating a coordinated
response through kinase action on relevant proteins) is
presently under intensive study.

84. The different subunits of the DNA-dependent protein
kinase are not induced following x irradiation [J22]. How-
ever, the gene encoding Ku86 in primates (but not in rodents)
can be expressed in a form that has been found to respond to
radiation damage. In this form the gene gives rise to a related
protein, termed KARP-1, which includes a p53 binding site
[M43], and the RNA transcript and protein were increased by
a factor of up to 6 at 90 min following x-ray irradiation.
Interestingly, this induction did not occur in cells defective in
either p53 or ATM, suggesting that at least some of the non-
homologous end joining is activated through interactions with
p53 and ATM signalling processes [M44].

85. Sequencing the entire gene encoding the p460 kinase
from scid cells showed that a single DNA base alteration
leads to a premature stop codon in the highly conserved
terminal region of the gene [A20], as other data had predicted
[B37, D11]. This mutation gives a protein truncated by 83
amino acids in scid cells, leading to a partial abolition of
kinase activity. Mutations in this gene have subsequentlybeen
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found in other radiation-sensitive lines of cultured cells; for
example, the SX9 line (Table 2) has a mutation giving rise to
a single amino-acid substitution at a position before that of the
scid mutation, and leads to a more severe phenotype than the
scid mutation [F25]. The partial loss of activity in scid [A19,
B38, C52, P26] mayexplain another surprising phenomenon,
whereby sublethal irradiation of scid mice can transiently
rescue V(D)J recombination [D12]. While the mechanism of
this rescue is still unknown, it suggests that p460 in scid is not
completely inactive.

86. The importance of the catalytic subunit of DNA-
dependent protein kinase in the development of T-cells and
B-cells and in protecting animals against cancer has been
illustrated by the chance finding of transgenic mice in which
the Xrcc7 gene was knocked out [J20]. These mice, named
slip, showed a lack of mature lymphocytes, but most remark-
ablyall animals died within 5-6 months from thymic lympho-
blastic lymphomas. No tumours of B-cell or myeloid linkage
were found, suggesting that Xrcc7 acts as a tumour sup-
pressor of the T-cell lineage. Treatment of scid mice with
gamma rays (1 Gy) at 24-48 h after birth led to 86%
developing T-cell lymphoma with very short latency, with no
other tumour type observed [G35]. Further, mice having both
the scid defect and a knockout of the Parp gene (paragraph
77) alsodevelop veryhigh levelsofT-cell lymphoma, suggest-
ing that the carcinogenic effects of a partial defect in double-
strand break rejoining is exacerbated by a reduction in repair
capacity for other types of DNA damage [M6].

87. The assessment of radiation sensitivity of different
tissues has shown that epithelial cells of the intestine and
kidney in scid mice show a much greater radiosensitization
than bone marrow cells from the same animals, compared
to the relative sensitivity of these cells in normal animals
[H28]. However, the additional sensitivityof scid epithelial
cells effectively made these cells similar in overall sensiti-
vity to scid marrow cells (e.g. at a dose of 2 Gy), since
normal epithelial cells are more radioresistant than normal
marrow cells. Irradiation of epithelial cells at low dose rate
(16 mGy min-1) altered the survival of scid cells much less
than it did for normal cells [H28], as expected for this type
of radiosensitive cell line (see paragraphs 49�50).

88. In addition to the scid mouse as a model of defective
DNA double-strand break repair, knockout mice for the
gene encoding Ku86 have been created [N21, Z9]. These
mice weigh 40%-60% less than normal mice, and further
weight loss occurred when newborn mice were gamma-
irradiated at whole-body doses in excess of 0.25 Gy.
Survival of Ku86-deficient mice irradiated at 2-4 months
old with gamma rays was also compromised; doses of 3-
4 Gy caused 50% mortality in two weeks. Ku86-deficient
mice given 2 Gy gamma rays survived for up to 12 weeks
but unlike normal mice showed severe hair loss within one
month post-irradiation. Examination of tissues at four days
post-irradiation showed severe injury to the GI tract at
much lower doses than for the normal mice, along with
atrophy of lymphoid organs [N21]. In these mice it was
found that T- and B-cell development was arrested at an

early stage, as in scid mice. The Ku70 subunit has been
knocked out in mouse embryonic stem cells, and these cells
are sensitive to gamma rays. As might be expected, Ku70-
deficient cells are defective in DNA end-binding activity
and in V(D)J recombination [G31]. Ku70-deficient mice
have similar growth reduction and radiation sensitivity to
Ku86-defective mice, but they also develop a high
frequency of spontaneous thymic and disseminated T-cell
lymphomas [L57].

89. Mice lacking DNA ligase IV do not survive beyond the
late embryonic stage of development; ligase IV-deficient
embryonic fibroblasts are hypersensitive to gamma rays but
not to ultraviolet light and are defective in V(D)J
recombination [F20]. Verysimilar defects have been found in
mice and murine fibroblasts lacking the Xrcc4 gene. Further,
lethality in XRCC4- and ligase IV-deficient mouse embryos
is associated with severe disruption of the development of the
nervous system due to extensive apoptotic cell death [G33]. It
is presumed that the enhanced sensitivity of neuronal cells
relates to an inability to repair DNA double-strand breaks,
although it is not known whether these breaks result from
normal metabolism or a specific neuronal process (e.g. a
recombination process) required for neuronal function. It is of
considerable interest that a single person defective in DNA
ligase IV has been identified (paragraphs 43 and 66); this
person showed extreme sensitivity to radiation and developed
acute lymphoblastic leukaemia at age 14, but was not severely
impaired otherwise. Analysis of the ligase IV gene and
protein in cells derived from this person showed that ligase
function was not completelydefective, presumablyexplaining
their relatively normal developmental progress [R38]. This
example of repair deficiency is important in revealing that
mutations leading to partial activity of the gene product may
be permissive for growth and development, but may have
undesirable consequences including the possibility of cancer
formation.

90. The search for human mutations in the XRCC4, 5, 6,
and 7 genes among patients known to be compromised in
immune functions is beginning to yield some candidates
[C28, H26].

91. There is a difference between the “programmed”
double-strand breaks generated in the V(D)J recombination
process and those caused by radiation damage. The breaks
at V(D)J sites have 5�-phosphorylated blunt ends and can
be rejoined by a DNA ligase without further processing
[S6], while radiation-induced breaks are often not directly
ligatable because of extensive damage to the sugars and
bases at the break sites (see Section I.B). Since, in the cell,
the non-homologous end joining pathway is involved in
repairing both types of break, it may be suggested that the
exact structure (and possiblycomplexity) of the breaks does
not influence their recognition by the proteins that initiate
the rejoining process. However, it seems likely that the
context in which the break occurs will influence its repair;
in yeast cells, three proteins involved in modulating
chromatin structure (Sir2, Sir3, and Sir4) interact with the
Ku70 protein and have a role in DNA break rejoining
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[T41]. A defect in any of the three SIR genes led to
increased sensitivity to gamma radiation, providing the
homologous recombination pathway was inactive. While
the changes in chromatin structure brought about by the Sir
proteins are not well understood, it is thought that they
may make the broken DNA inaccessible to other DNA-
modifying enzymes such as nucleases and thereby protect
the damaged DNA from loss. It has also been found that
the V(D)J recombination process is restricted to the G1

phase of the cell cycle [S6]. It is likely that this rejoining
process is also cell-cycle-controlled in the repair of
radiation-induced double-strand breaks [L51]. Thus, the
XR-1 line is highly sensitive and defective in radiation-
induced double-strand break repair in G1 but has nearly
normal sensitivity and break repair in late S phase [G5].
One implication of this analysis is that there must be at
least two major pathways for the repair of DNA double-
strand breaks: the non-homologous end-joining pathway
active in G1 and at least one other pathway operating in
other stages of the cell cycle.

92. As noted in paragraph 70, there is evidence suggesting
that the homologous recombination repair pathway is active
in late S/G2 stages of the cell cycle; additionally, chick cells
defective in the RAD54 gene were found to be more sensitive
than normal cells in this part of the cycle. Chick cell lines
were generated with defects in both the homologous recombi-
nation repair pathway and the non-homologous end-joining
pathway (RAD54/Ku70-defective), and these showed
increased radiation sensitivity and higher levels of
chromosomal aberrations than either single defect [T42].

93. Unlikemammalian cells, in lower eukaryotic organisms
such as the budding yeast, repair of DNA double-strand
breaks is mainly effected through homologous recombination
processes. However, proteins similar to the mammalian
Ku70/86 have recently been found in yeast, and these form a
dimeric complex binding directly to DNA ends. DNA end-
joining in yeast was shown to be impaired when the genes
encoding the yeast Ku proteins are mutated, and this process
is distinct from the rejoining mediated by homologous
recombination. However, it is possible that some activities are
shared by both homologous and illegitimate recombination
pathways, since it was found that the RAD50 gene product
(paragraph 70) interacts with the yeast Ku proteins [M32].
Mutation of the gene encoding the smaller Ku subunit
(HDF1) has also been found to lead to shortened telomeres,
similarly to TEL1 mutations (paragraph 64), suggesting that
in addition to their end-joining role these proteins may help
protect yeast chromosome ends [P21]. Intriguingly, both the
Ku and Sir proteins are located at telomeres in undamaged
yeast cells, but following the induction of DNA double-strand
breaks they relocate to break sites in the genome [M54]. Loss
of HDF1 gene function alone does not, however, lead to
radiation sensitivity or a measurable defect in DNA double-
strand break repair in yeast, while the combined loss of HDF1
and homologous-recombination gene functions leads to
extreme sensitivity [B35, S50]. Additionally, while the loss of
homologous recombination repair in yeast leads toan elevated
frequency of chromosomal aberrations, the combined loss of

these two pathways gives a reduction in chromosomal
aberration frequency [F24]. This observation has been con-
sidered as evidence for the involvement of non-homologous
end joining mechanisms in chromosomal aberration
formation.

94. While ataxia-telangiectasia cells are not defective in
V(D)J recombination, a recurrent feature of the disorder is
the appearance ofT-cell clones with characteristic chromo-
somal rearrangements at sites of immunoglobulin and
T-cell receptor genes [A7, B2, R4]. Elevated levels of
recombination of T-cell receptor genes have been described
in lymphocytes from ataxia-telangiectasia patients relative
to those from normal individuals [L10]. ATM-deficient
mice develop thymic lymphomas and die by 5 months
(paragraph 62), but if the gene that normally causes
programmed double-strand breaks leading to V(D)J
recombination is inactivated, no lymphomas develop [L66].
This striking observation suggests that ATM normally
suppresses aberrant recombination events.

95. The rejoining of DNA double-strand breaks, produced
enzymatically, has also been examined using small DNA
molecules transfected into mammalian cells or exposed to cell
extracts. These studies have shown that almost any sort of
break end (with flush ends, or with complementary sequence
at the ends, or with mismatched ends) can be rejoined by
cellular enzymes [N7, P29, R1]. However, even with
complementaryends, a fraction of the breaks are rejoined with
a loss of sequence around the break sites. This mis-rejoining
process was found to occur by a non-conservative
recombination mechanism [T10] that appears to differ from
the non-homologous end-joining pathway. The mechanism
entails deletion of DNA bases between short (2-6 bp) direct
repeat sequences, such that one of the repeats is also lost
(Figure IV; see also paragraph 182). Occasionally the mis-
rejoining can be more complex, with an insertion of DNA at
the deletion site. Using substrates that attempt to model more
closely DNA double-strand breaks produced by radiation
damage, where the sequences at the break-ends are not
complementary, breaks were shown to be rejoined by either
this repeat-driven mechanism or by a process of blunting the
ends before rejoining [M33, R18]. The repeat-driven process
of mis-rejoining has been shown to be independent of the Ku
proteins [M33]. Recent data with yeast cells reveal that this
mis-rejoiningmechanism prevailswhereboth thehomologous
recombination andnon-homologousend-joiningpathwaysare
knocked out [B35, B36]. This error-prone mechanism
constitutes, therefore, a third pathway for the rejoining of
double-strand breaks common to many organisms.
Interestingly, in extracts from two ataxia-telangiectasia cell
lines, the frequency of mis-rejoining by this mechanism was
about 20 times higher than in extracts from normal cell lines
[G3, N7]. The genetic basis of this short repeat-driven process
is unknown, although in principle it may require similar
enzymes to those that recombine adjacent homologous
sequences within a chromosome. Adjacent sequences with
homology of several hundred base pairs recombine in a
process termed single-strand annealing in both mammalian
cells and yeast; in budding yeast some of these recombination
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events are RAD52-dependent, but also require the products of
the RAD1 and RAD10 genes [O5]. RAD1 and RAD10
combine to give a single-stranded endonuclease required to
snip off the overhanging DNA strands generated by the
recombination of adjacent repeats. In mammalian cells, the
homologues of RAD1 and RAD10 are the nucleotide-excision
repair genes ERCC1 and XPF, respectively [W52], and there
is evidence that the ERCC1 gene is involved in
recombination-dependent deletion formation in mammalian
cells [S85].

Figure IV. Direct-repeat end joining model.
Direct repeats (shown in boxes) are identified on either side
of the initial double-strand break. Exonuclease removes
opposite strand beyond repeats. Repeats are annealed,
leaving extended tails (snip ends), which are removed.
Strands are infilled by polymerase and ligated to give the
deleted form with only one copy of the repeat.

96. Ataxia-telangiectasia cell lines were found to have
elevated rates (by a factor of 30-200) of intrachromosomal
recombination in an introduced DNA construct [M8]. These
findings suggest that ataxia-telangiectasia cells have a general
disturbance in recombination processes, and that the cell
extract studies highlight those events leading to sequence loss
and rearrangement (see Section IV.B). It seems likely that an
elevated level of non-conservative recombination would also
lead to an increase in mutation frequency, provided that the
mutation system (i.e. target genomic region) allows detection
of relatively large deletions and rearrangements. Evidence of
an increased spontaneous frequency of mutations in ataxia-
telangiectasia relative to normal persons has been found from
direct analysis of their blood cells. Measurements made in
ataxia-telangiectasia erythrocytes (lossofheterozygosityin the
GPA system, paragraph 213) show loss mutations were
elevated, on average, by a factor of 10, while ataxia-
telangiectasia lymphocytes (HPRT gene mutation) show an
average elevation of about 4 [C15]. In each system, however,
there was a wide range of frequencies, from nearly normal to
more than 100-fold higher than normal. These results are also
supported by studies of transfection of small target genes

carrying breaks at specific sites (by endonuclease cutting) on
shuttle vectors. The proportion of correctly rejoined target
genes was lower in ataxia-telangiectasia than normal cell lines
[C13, R5, T6]. It is unclear whether this recombination defect
is directly related to radiosensitivity in ataxia-telangiectasia,
but disturbance of recombination would tend to give genetic
instability and ultimately may lead to cancer-proneness.

2. Radiosensitivity and the cell cycle

97. Mammalian cells vary in their radiosensitivity through
the cell cycle, generallyshowing greatest resistance during the
period of DNA synthesis (S phase) and least resistance during
G2/mitosis and late G1 (where a long G1 exists) [S37]. To
account for this variation in response, different hypotheses
were advanced, such as fluctuation in radioprotective
substances in the cell and/or duplication of the genetic
material in S phase [S38, T27]. However, a number of studies
indicate that the fluctuation in response correlates to the
ability of cells to repair radiation damage when irradiated in
certain cell-cycle phases [I3, W25]. Additionally, it has more
recently been found that certain DNA repair-defective cell
lines have altered cell-cycle responses (see paragraph 91).
These results suggest that the opportunityfor repair ofdamage
in relation to DNA synthesis or segregation is an important
determinant of response (see paragraph 9). Accordingly, the
ability of the cell to optimize repair and to avoid the
interaction of damage with other cellular processes by
modulating the cell cycle after irradiation may be crucial to
recovery and genome stability.

98. It is now well established that some radiosensitive (rad)
cell lines in yeasts are defective primarily in regulation of the
cell cycle. The paradigm for this type of defect is the rad9 line
of budding yeast. Although identified many years ago by
sensitivity to x rays and UV light, it was discovered more
recently to be defective for a regulatory function (termed a
checkpoint) in the G2 phase of the cell cycle. The loss of this
checkpoint allows rad9 cells carrying DNA damage to
proceed into mitosis and die. The normal RAD9 gene product
appears to respond only to damage, since rad9 mutant cells
have normal division kinetics when unirradiated, although
theydoshowspontaneouschromosomal instability[W6, W7].
Irradiated rad9 cells have been shown to be defective also in
extended-G1 arrest, indicating that the normal RAD9 gene
product operates at more than one transition point in the cell
cycle [S9].

99. Numerous other checkpoint genes have now been
identified, especially in lower eukaryotes such as yeasts, and
homologues of many of these regulatory genes are present in
human cells [C42]. It is clear, therefore, that all cells regulate
their cycling in relation to a variety of signals to make sure
that a proper progression of phases occurs (e.g. that mitosis
does not occur until the S phase is finished) but also to ensure
that the genome is intact before starting a new phase. Certain
gene products, for example, the tumour suppressor p53,
appear to be central to this monitoring process in mammalian
cells [A21, C43], and the detailed workings of this regulatory
network are currently the subject of intense research.
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100. It has been known for many years that x irradiation of
mammalian cells in extended-G1 phase (slowly proliferating
primary cultures or cells grown until they run out of nutrients
["plateau phase"]) induces a dose-dependent G1 arrest [L7,
N1]. This arrest is evident at doses as low as 100 mGy, but the
duration of the arrest is reduced if the G1 cells are allowed
time to recover before restarting the cycle. Kastan et al. [K2]
observed increases in the levels of the tumour suppressor
protein p53 correlated to a transient G1 arrest after relatively
low doses (500 mGy) of gamma radiation in normal human
haematopoietic cells. Cells that were mutant for p53 showed
no G1 arrest but retained the G2 arrest found typically after
irradiation (but see also paragraph 109). The apparent
increase in p53 derives from a prolonged half-life of the
protein (the protein half-life is normally only about 30
minutes). The link between p53 and G1 arrest has been
generalized for other cell types and for a variety of DNA-
damaging agents [F4]. A likely role for p53, given its
function as a transcriptional activator, is to activate the genes
involved in negative growth control. Radiation-induced G1

arrest was found to correlate to inhibition of at least two
members of the compound family of proteins that controls
cell-cycle progression (the cyclin/cdk proteins); this inhibition
was dependent on p53 and was mediated by the p53-inducible
kinase inhibitor p21 [D4].

101. The signal for p53-dependent G1 arrest is likely to be
DNA breakage; agents causing DNA double-strand breakage
(ionizing radiation, bleomycin, DNA topoisomerase
inhibitors) are very effective inducers, while UV light appears
to cause p53 induction through the processing of base damage
intobreaks. The introduction of restriction endonucleases into
cells has shown that DNA double-strand breakage alone is
sufficient for this response [L14, N5]. Microinjection of
broken DNA molecules into cell nuclei has suggested that
very few double-strand breaks may be required for arrest, and
only one or two may be sufficient [H29].

102. Ataxia-telangiectasia cells lack DNA-synthesis arrest
(Section II.A.1) and G1 arrest, and the DNA-damaging agents
that strongly induce p53 are also the agents to which ataxia-
telangiectasia cells are sensitive [L14, N5]. It has further been
shown that p53 induction is reduced and/or delayed in
irradiated ataxia-telangiectasia cells and suggested that the
ataxia-telangiectasia gene product (ATM) is part of a
signalling mechanism that induces p53 [K3, K6, L14]. A
similar alteration ofp53 response has been found after irradia-
tion of cells derived from patients with Nijmegen breakage
syndrome [J21]. ATM has been shown to physically associate
with p53; it is responsible for a rapid phosphorylation of a
specific residue at the N-terminal end of p53; this phosphory-
lation occurs within minutes of treatment of cells with
ionizing radiation or radiomimetic drugs but not after UV
light treatment [B59, C58, K43, S73]. These processes
contribute to its increased half-life following irradiation and
also lead to the association of p53 with other proteins involved
in damage-signalling pathways. In mouse fibroblasts deficient
in both ATM and p53 proteins (or ATM and p21), the loss of
the G1/S cell-cycle checkpoint following irradiation is no
worse than for either single defect. This again suggests that

ATM and p53 operate in a common pathway of cell-cycle
control in response to DNA damage. However, it seems that
ATM may regulate only some aspects of p53-dependent
responses; for example, the ATM defect leads to premature
senescence in mouse fibroblasts, and in this case the combined
deficiency of ATM and p53 [W47] or ATM and p21 [W49]
alleviates the senescence.

103. The ATM protein has also been shown to interact
directly with the proto-oncogene c-Abl [B48, S65], a protein
kinase that itself interacts with other important cell-cycle
regulators such as the retinoblastoma protein and with RNA
polymerase II. When cells are irradiated, c-Abl is activated in
normal cells, but this activation is absent in ataxia-
telangiectasia cells. Additionally, cyclin-dependent kinasesare
resistant to inhibition by radiation in ataxia-telangiectasia
cells, and this appears to be due to insufficient induction of
p21 [B30]. A kinase named CHK1 that links DNA repair with
cell-cycle checkpoints in yeast, has recently been found to be
conserved in humans and mice and is dependent on ATM for
its activity in meiosis. Like ATM (paragraph 62), CHK1
protein localizes along synapsed meiotic chromosomes,
probably at the time that they are repairing DNA breaks. It is
speculated that CHK1 acts to coordinate signals from both
ATM and ATR (paragraph 65) to ensure the correct
progression of meiosis [F17]. The activity of a second kinase,
CHK2, which is homologous to the yeast RAD53 protein
(paragraph 70), has also been shown to be ATM-dependent;
this kinase is involved in the negative regulation of the cell
cycle [M23]. It seems likely, therefore, that the ATM protein
is involved in multiple signal-transduction pathways, byvirtue
of its interaction with a number of important regulatory
proteins.

104. Alterations in the response of cell-cycle regulators in
ataxia-telangiectasia cells may be involved in some aspects
of the disorder but are unlikely to be responsible for the
radiosensitivityofataxia-telangiectasia. For example, p53-
deficient cells have a tendency to be radioresistant rather
than radiosensitive [L6], and SV40-transformed ataxia-
telangiectasia cell lines in which p53 function is ablated
still have the characteristic radiation sensitivity. It is more
likely that any compromise of p53 response will affect
cancer-proneness; both human patients (Li-Fraumeni
syndrome) and Tp53-knockout mice show elevated levels
of cancer [D3, M4]. Loss of one (Tp53+/-) or both (Tp53-/-)
gene copies in mice also has significant effects on
sensitivity to radiation-induced cancers, seen as a much
reduced time for tumour onset. When Tp53+/- mice were
irradiated with gamma rays to a dose of 4 Gy at 7-12
weeks, the tumour onset time was reduced from 70 to 40
weeks, while Tp53-/- mice showed a decreased latency only
if irradiated when newborn (because at later times their
frequencyofspontaneous tumour development was already
extremely high, masking the effect of irradiation). It is of
interest that p53-deficient mice show a high incidence of
thymic lymphomas, similar toATM- and BRCA2-deficient
mice (paragraphs 62 and 73), although it should be
remembered that this result may be influenced by the fact
that all of these mice were produced in the same genetic
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background. In the Tp53+/- mice, the normal Tp53 allele
was commonly lost in tumour cells; it was notable that in
radiation-induced tumours there was both a high rate of
loss of the normal allele and a duplication of the mutant
allele [K11].

105. Inactivation of mitotic checkpoint genes has been
found in tumour cells derived from both BRCA1-deficient
and BRCA2-deficient mice (paragraph 73), suggesting that
these defects cooperate in cancer progression. Conditional
deletion of the Brca1 gene led to a low frequency and long
latency for mammary tumours, but Tp53+/- mice carrying
this Brca1 mutation showed a significant acceleration in
mammary tumour formation [X7]. It may be significant
that the phosphorylation of BRCA1 in response to DNA
damage is mediated by ATM [C67], in view of the
potential involvement of ATM in breast cancer (paragraph
137 et seq.). In BRCA2-deficient cells, mutations in Tp53
or genes controlling the mitotic checkpoint were implicated
in promoting cellular transformation and the development
of lymphomas [L64]. Centrosomes, which control the
movement of chromosomes during mitosis, are abnormal
in both BRCA1- and BRCA-2-deficient cells, leading to
unequal chromosome segregation [T46, X8].

106. Mice that lack DNA-dependent kinase (scid phenotype,
paragraph 82) accumulate high levels of p53 because of the
presence of “natural” DNA double-strand breaks from
unrepaired V(D)J recombination intermediates but show a
typical G1 arrest following irradiation. These mice develop
thymiclymphoma with lowincidence (15%) and long latency.
The importance of p53 expression in protecting the animals
from cancer was shown in mice that lack both DNA-
dependent kinase and p53; these mice show prolonged
survival of lymphocyte precursors and onset of
lymphoma/leukaemia by7-12 weeks of age (mice defective in
p53 alone develop lymphoma to 50% incidence at 16-20
weeks). Cell lines derived from these double knockout mice
were also about 10 times more resistant to gamma radiation
than lines from scid mice. It was suggested that p53 may
normally limit the survival of cells with broken DNA
molecules and therefore that p53 loss promotes genetic
instability [G23, N14].

107. Many of these p53-related responses may be associated
with other functions of p53, in particular its role in radiation-
induced apoptosis (programmed cell death, Section II.B.3). It
is clear that DNA- break-inducing agents, including ionizing
radiation, kill some cell types through a p53-dependent
apoptotic pathway, although this pathway is not involved in
the induction of apoptosis by other stimuli [C6, L13].
Alterations in the control of apoptosis may be linked to
carcinogenesis, where a loss of p53 function may lead to the
survival of precancerous cells, as has been shown in the
induction of skin cancer by UV light [Z4].

108. It has also been known for many years that irradiated
mammalian cells may arrest in G2. The G2 checkpoint is also
controlled by specific cyclin/cdk proteins, and gamma
radiation rapidly inhibits the kinase component (p34cdc2) at

doses resulting in G2 arrest [L12]. Conversely, p34cdc2

activation accompanies release of a radiation-induced G2

block by drugs such as caffeine [H14]. In cultured cells,
caffeine-induced release of the arrest decreases survival [B49]
and increases the proportion of cells dying from apoptosis
[B40]. However, it has also been found that caffeine treatment
leads to an increased frequency of chromosomal aberrations
[L40, T26], although the link between these two effects has
been questioned [H18]. These observations suggest that the
arrest promotes survival and may reduce the probability of
genetic alterations. This view is supported by experiments
with arrest-defective rad9 yeast cells, where the imposition of
an artificial G2 delay promotes survival [W6]. However, in
some radiosensitive mammalian cell lines, including ataxia-
telangiectasia, enhanced delay in G2 is commonly linked to
enhanced sensitivity [B3, B6]. It seems likely that because of
repair defects these cells never progress further in the cycle
and die (that is, the cell-cycle arrest is irreversible, because the
damage signal is not reduced). The signal for this response
could be unrepaired DNA breaks; recent experiments in
recombination-deficient yeast carrying a single unrepaired
double-strand break in an inessential DNA molecule show
that this can be lethal to a majority of cells [B7].

109. Initially there was little evidence of a role for the p53
protein in G2 arrest (paragraph 100), but more recent data
with p53-deficient mice and cells have shown that p53 is
required for correct control of entry into mitosis following
DNA damage [B60, S74, S75]. Similarly, cells established
from patients with germ-lineTP53mutations (Li-Fraumeni
syndrome) have a consistent defect in G2 response [G36].

3. Apoptosis: an alternative to repair?

110. Early studies of irradiated mammalian cells recognized
that there are different forms of cell death [O1]. Attempts to
correlate cell death with the formation of chromosomal
aberrations concluded that a major cause of death in
fibroblastic cells is genetic damage resulting in the loss of
chromosome fragments [B22, C26, D8]. The most conclusive
experiments were those of Revell and co-workers, showing a
close correlation between loss of chromosome fragments,
observed as micronuclei, and cell death in individual diploid
Syrian hamster BHK21 cells [J13]. It is envisaged in these
cells that genetic imbalance, perhaps due to the loss of specific
essential genes, results in death once the pre-irradiation levels
of their gene products have decayed. However, cells from a
number of different developmental lineages are known to
undergo rapid cell death, often termed interphase death, after
irradiation [H16, P18, Y4].

111. It is now recognized that the balance between cell
proliferation and cell death is crucial to the correct
development of organisms, and that cell deaths in many
tissue lineages are programmed bya genetically-controlled
process known as apoptosis. This process was first
described as a characteristic breakdown of cellular
structures, including DNA degradation [K14, W33].
Apoptosis is initiated through specific cell surface
receptors in response to external developmental signals but
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may also be induced by DNA damage. Radiation-induced
interphase death is considered to be an example of
apoptosis [A3, U14, Y3], although the occurrence of
apoptosis has more recently been reported in cell lines
dying at various times after irradiation [R8, Y5].

112. Initiation of rapid apoptosis in normal cells byradiation
appears to be dependent on the induction of the p53 protein
[C6, L13], although delayed apoptosis may occur in cell lines
deficient in wild-type p53 protein [B27, H37]. While p53-
dependent apoptosis does not involve the same receptors as
developmentally-regulatedapoptosis, thereafter themolecular
pathways converge to a common cell death programme. The
mechanism of signalling by p53 is not well understood,
although p53 can bind DNA at specific sites (“response
elements”), and this binding is strongly stimulated by DNA
ends, short regions of single-stranded DNA, and short
mismatched DNA segments [J9, L28]. The importance of this
DNA binding is demonstrated by the fact that the vast
majorityof TP53 mutations identified in tumour cells occur in
the part of the gene specifying DNA-binding activity [H25].
Relatively stable binding to DNA (half-life >2 h) can allow a
variety of subsidiary processes to occur, such as the activation
of specific genes. Because p53 has the properties of a
transcriptional activator, it may initiate apoptosis by
switching on a specific set of genes. Alternatively there is
evidence that in some situations p53 may act in the opposite
way, repressing genes concerned with cell survival [C23,
C32].

113. A second pathway of radiation-induced apoptosis is
proposed to work through a membrane-associated signalling
system responding to a variety of extracellular stresses.
Sphingomyelin and possibly other sphingolipids at the
membrane respond to stress by rapidly releasing ceramide,
which accumulates and activates protein kinases to initiate
cell-cycle arrest and apoptosis. It has been suggested that
ceramide acts as a "biostat", measuringand initiating response
to cell stresses in the same way as a thermostat measures and
regulates temperature [H34]. Radiation can activate com-
ponents of the ceramide pathway in isolated membranes,
suggesting that DNA damage is not required [H35]; however,
this suggestion has been challenged [R39], and recently it has
been found that another function of the ATM gene is to
modulate ceramide synthesis following radiation-induced
DNA damage [L67]. Lymphoblasts from patients with the
Niemann-Pick disorder have an inherited deficiency in acid
sphingomyelinase, an enzyme hydrolysing sphingomyelin to
give ceramide, and fail to show ceramide accumulation and
apoptosis following irradiation. Comparison of mice with a
knockout in the gene for acid sphingomyelinase with Tp53-
knockout mice shows that the initial stages of the
sphingomyelin-dependent apoptoticpathwayaredistinct from
those of p53-mediated apoptosis. These two pathways may be
prevalent in different tissues; sphingomyelin-dependent
apoptosis prevails in the endothelium of the lung and heart
and the mesothelium of the pleura and pericardium, while
thymic apoptosis is especially dependent on p53. The acid-
sphingomyelinase-deficient mice develop normally, showing
also that this apoptotic pathway is distinct from develop-

mentally-regulatedapoptosis [S55]. In tumour cell lineswhere
TP53 is mutated, it has also been shown that resistance to
radiation correlates to loss of ceramide accumulation [M1].

114. Whether or not the cell goes into apoptosis in response
to a given radiation dose is thought to depend on the
availability of other proteins that promote or inhibit further
steps in the programme. The details of these steps are still
being worked out, but it is clear that a diversity of factors
influences apoptosis. For example, cells may become
susceptible to radiation-induced apoptosis through functional
loss of the retinoblastoma (Rb) protein, a cell-cycle regulator,
by either mutation of the RB gene or the expression of viral
oncoproteins that inactivate Rb [S42]. Conversely, the gene
product of the BCL-2 oncogene, first identified at a site of
chromosome translocation in B-cell lymphomas, can block
radiation-induced apoptosis [R10]. It has been found that
BCL-2 and related proteins localize to cellular membranes,
especiallyof mitochondria, where permeability transitions are
important in regulating the apoptotic process [G25]. The
competitive formation ofprotein complexesbymembers of the
BCL-2 family is suggested to control susceptibility to
apoptosis; some of these proteins are antagonists, like BCL-2,
while others are agonists, and the relative proportions of these
proteins determine whether a cell will respond to an apoptotic
signal [K5, K19, W34].

115. The extent of apoptosis for a given radiation dose does
not appear to be affected by changes in the dose rate or by
dose fractionation [H38, L26, L32], although there has been
a recent report of a reduction in apoptosis at very low dose
rates from gamma rays (<1.5 mGy min-1) [B66]. There is an
effect of cell-cycle stage on the extent of apoptosis; in contrast
to the "classical" pattern of resistance (Section II.B.2),
mammalian cells appear to be resistant in G1 and sensitive in
S phase [L26, L33]. In cells that are relatively resistant to
apoptosis, the oxygen enhancement ratio was found to be
similar for apoptosis and for clonogenic cell survival [H36].
The relative biological effectiveness (RBE) of fast neutrons for
apoptosis in thymocytes was found to be 1 [W16], in
accordance with earlier measurements of interphase death in
thymocytes and lymphocytes [G15, H19]. However, for
intestinal crypt cells of mice, where there is a highly sensitive
subpopulation of cells in the stem-cell zone, the RBE for
apoptosis was 4 for 14.7 MeV neutrons and 2.7 for 600 MeV
neutrons [H38, H39]. It is not known why the RBE varies for
different tissues; both thymocytes and intestinal cells show
p53-dependent apoptosis [L13, M39], but it is possible that
their relative abilities to repair radiation damage differ (see
paragraph 87). The proportion of cells dying from apoptosis,
relative to other forms of death, was shown to be constant at
different doses (range 2-6 Gy) in cells where the main
cause of death was apoptosis [L26]. This result does not
suggest, at least for doses in excess of 2 Gy, that cells
switch on the apoptotic pathway because their repair
systems are unable to cope with the level of damage. In
human lymphocytes, significant induction of apoptosis by
gamma rays could be measured at doses as low as 50 mGy,
and some evidence was found that individuals vary in their
apoptotic response [B41].
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116. It has been suggested that alterations in the p53-
dependent apoptotic pathway play an important part in the
sensitivity of ataxia-telangiectasia [M38] and Fanconi�s
anaemia [R20, R34], but this view has not been supported
by other studies [B51, D15, E15, K35, T43]. It has been
found that p53-mediated apoptosis is normal in irradiated
Atm knockout mice [B50], but that ATM is involved in the
regulation of the ceramide-dependent pathway [L67].
Further study of apoptotic responses, especially p53-
independent pathways, are required to clarify these
responses, preferably in primarycells from these disorders.

4. Summary

117. A link between radiation sensitivity and immune
system defects has been revealed from studies of DNA
repair genes; the same gene products are used to assemble
functional immune genes and to repair radiation-induced
DNA breaks by non-homologous end joining. Cells and
animals defective in genes in this pathway are extremely
sensitive to ionizing radiation and lack low-dose-rate
sparing. While non-homologous end joining seems to be
the main mechanism in mammalian cells for DNA double-
strand break rejoining, at least two other pathways exist,
and in lower organisms double-strand breaks are mostly
repaired by the homologous recombination pathway.

118. An important component of the non-homologous end-
joining pathway, the XRCC7 gene encoding the catalytic
subunit of DNA-dependent kinase, is related in structure to
the ataxia-telangiectasia gene product and has been shown to
behave as a tumour suppressor. The mechanism of rejoining
by this pathway and the relationship of the components of the
pathway to other regulatory processes (such as cell-cycle
control) are at present the subject of intense research activity.

119. It is clear that the fidelity of rejoining by the different
repair pathways is an important determinant of the mutagenic
consequences of DNA damage (see also Figure III).
Homologous recombination repair is likely to be the only
error-free pathway. However, since even this pathway
depends on copying information from another DNA strand,
the fidelity must relate to the quality of both the information
copied and the enzyme (polymerase) used for the copying.
Pathways of double-strand break repair based on illegitimate
recombination (non-homologous end joining, repeat-driven
rejoining) will commonly be error-prone, although in
principle the non-homologous end joining pathway can be
error-free where the nature of the damage allows this (e.g.
repair of a double-strand break formed by the overlap of two
single-strand breaks sufficiently separated to allow for
templated repair). Repeat-driven rejoining leads to deletion
formation (mis-rejoining), and may act as a back-up for
damage that is not (or cannot be) repaired by the other
pathways. It is still not clear which factors determine the

likelihood that a specific damage site will be repaired by a
particular pathway [T44]. The complexity of damage may
influence this question (Section I.B), as well as the possibility
that radiation damage induces the activity of specific repair
enzymes or pathways (Section III.B). In future work it will be
important toestablish therelativeefficienciesofthese different
pathways at different doses and dose rates and in different cell
types, so that mutagenic consequences can be predicted. The
potential consequences of error-prone repair pathways at low
radiation doses are explored further in Annex G, “Biological
effects at low radiation doses”.

120. When growing cells are irradiated, they arrest their
cell-cycle processes, apparently to allow time for repair to
be completed satisfactorily. This arrest is part of a
checkpoint function that monitors the physical state of
DNA at different stages of the cycle. Cells that have lost a
checkpoint may be as radiation sensitive as cells that have
lost DNA repair capability. Many genes are involved in
controlling the cell cycle and determining checkpoints. In
mammalian cells, the p53 protein is important in response
to DNA breakage and controls both arrest in the G1 phase
and one pathway of programmed cell death (apoptosis).
Animals and humans (Li-Fraumeni syndrome) deficient in
p53 show elevated levels of cancer; irradiation of p53-
deficient mice has a marked effect on the latency period for
tumour formation and gives a high incidence of thymic
lymphomas. The ataxia-telangiectasia disorder has defects
in cell-cycle checkpoint functions, and there is evidence
suggesting that ATM and p53 operate in a common
pathway of cell-cycle control in response to DNA damage.

121. Apoptotis (programmed cell death) is also induced by
ionizing radiation, both through the p53-dependent pathway
and a membrane-associated signalling pathway. The relative
importance of these pathways varies in different tissues; also,
the importance of apoptosis as a mechanism of cell death in
response to radiation varies with the cell type and
developmental stage. Therelationshipbetween apoptoticdeath
and radiation injury differs from that for genetic death (loss of
essential genes through damage to the genome). Changes in
dose rate or dose fractionation do not appear to affect
apoptotic responses, and the response of cell-cycle stage is the
reverse of the pattern found for genetic death. While it is
attractive to consider that in the face of excessive damage,
radiation-induced apoptosis is an alternative to DNA repair,
the evidence for this possibility is not convincing. Loss of
ability to respond to apoptotic stimuli will allow the
accumulation of cells that may carry genetic damage and can
therefore be a cancer-promoting event [W8]. This
phenomenon is seen, for example, in Tp53-knockout mice
(paragraph 104) and in mice overexpressing the BCL-2
protein [M21]. In this respect, the correct functioning of
apoptotic pathways can be viewed as a complementary
mechanism to the repair of DNA damage, removing damaged
cells from the population.
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III. HUMAN RADIATION RESPONSES

A. CONTRIBUTION OF MUTANT GENES
TO HUMAN RADIOSENSITIVITY

122. The term radiosensitivity is used to indicate an
abnormally increased response to ionizing radiation of both
the whole body (see Section II.A.1) and cells derived from
body tissues. Further, in cells the radiation response may be
measured in different ways. For example, the ability of cells
to grow and form clones (cell survival) following irradiation
is commonly used as a measure of sensitivity, but more
sensitive assays based on chromosome damage may also be
used. In the comparative measurement of cell survival, the
terms D0 (mean lethal dose calculated as the inverse of the
slope for exponential survival curves represented semi-
logarithmically), Dbar (mean lethal dose calculated as the area
under the survival curve in linear representation [K34]), or
D10 (dose to give 10% survival) are commonly used.

123. The range of sensitivity of cells from supposed normal
individuals has been measured in survival experiments
following multiple doses of acute low-LET radiation. In two
major studies with human diploid fibro-blasts, the sensitivity
to dose was found to vary by a factor of about 2: D0 range =
0.98-1.6 Gy (mean = 1.22±0.17 Gy) in 34 cell lines tested
[C8] and D0 range = 0.89-1.75 Gy (mean = 1.23 ± 0.23 Gy)
in 24 cell lines [L8]. The degree of interexperimental variation
for a given cell line was generally small (�20%), although in
one of these studies cell lines derived from a mother and
daughter showed survival curves that could alsovarybya dose
factor of about 2 on repeated testing [L8]. However, it was
concluded that neither cell culture conditions (including
cloning efficiency and population doublings) nor age and sex
of the donor were correlated to the observed differences in
radiosensitivity [C8, L8]. This suggests that unknown genetic
factors that affect radiosensitivity vary in the cells of normal
individuals.

124. More recently it has also been possible to measure cell
survival with peripheral blood T-lymphocytes, irradiated as
resting (G0 phase) cells, to assess the range of radiosensitivity
in humans. G0 lymphocytes tend to have a more curvilinear
response to dose than cycling fibroblasts and, on average, a
higher survival at low doses than fibroblasts. Early-passage
fibroblast survival data generally show a good fit to a simple
exponential, while the G0 lymphocyte data are better fitted
with models including a dose-squared term, such as the
quadratic (-lnS = αD + βD2). Using D0 as a measure, the
range of sensitivity to dose of lymphocytes from different
individuals can also vary bya factor of about 2 [E7]; however,
given the shape of the survival curves, D0 is difficult to
measure accurately, and the range is generallymuch less than
2 using measures such as Dbar or D10 [E7, G17, N4].

125. No correlation was found between the measured
sensitivities of fibroblasts and lymphocytes from the same
individual [G17, K23]. A similar lack of correlation was

found between lymphocyte and fibroblast responses of
pretreatment cancer patients, whether the fibroblasts were
cycling or in the plateau phase, suggesting that these
differences in response were not cell-cycle-dependent [G11].
The differences between fibroblasts and lymphocytes may
reflect several other possibilities: modes of death may differ,
cell-type-specific factors may affect the expression of genes
that modify radiation response (especially after growth in
culture), and/or there may be unknown variables in assay
conditions. In support of the last possibility, Nakamura et al.
[N4], using donors from one ethnic group, found a similar
(relatively small) variation in the mean x-ray dose to kill 28
samples of T-lymphocytes from one individual (D10 =
3.66±0.21 Gy), very similar to results with samples from 31
different individuals (D10 = 3.59±0.18 Gy). Elyan et al. [E7]
reported similar data with donors from three ethnic groups,
although with a greater overall range of variability. In support
ofdifferences in cell-type-specific factors, other cell types such
as keratinocytes also show survival that is significantly
different from that of fibroblasts taken from the same
individuals [S39].

126. The use of experimental conditions promoting recovery
from irradiation, such as low-dose-rate irradiation, will, it is
suggested, expand the range of sensitivities to dose shown by
normal human cells. The exposure of non-growing fibroblasts
from 14 different normal individuals to tritiated water (dose
rate = 8.5-100 mGy h-1) expanded the range of sensitivity to
dose by a factor of more than 3 [L35]. Similarly, Elyan et al.
[E7] found that low-dose-rate irradiation (9.8 mGy min-1) of
human G0 lymphocytes from 19 individuals expanded the
range of sensitivity to dose by a factor of about 4. When a
higher dose rate (28.5 mGy min-1) was used, however, there
was little difference between the range of sensitivities
measured for fibroblasts and lymphocytes and the range with
a dose rate of 4.55 Gy min-1 [G11]. The latter result probably
reflects incomplete recovery during the low-dose-rate
irradiation period [E7, G11].

127. Other assays of cellular sensitivity have been
developed based on the measurement of responses such as
the growth of cells after single doses of radiation. A
"growback" assay following gamma irradiation of
lymphoblastoid cells, developed by Gentner and Morrison
[G4], detected a wide range of sensitivity in the normal
(asymptomatic) population. Of 270 lymphoblastoid lines
tested, about 5% of normal lines showed hypersensitivity
after acute irradiation, as measured by their overlap with
the responses of ataxia-telangiectasia homozygotes, while
on the same criterion about 12% were hypersensitive when
assayed using chronic irradiation [G4, G13]. However, a
wider range of sensitivity was detected using chronic
irradiation, and rigorous statistical tests found that the
proportion of lines showing a significantly hypersensitive
response (p = 0.05) was 5%-6% under both irradiation
conditions [G14].
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128. There have been claims that a number of disorders
with an increased incidence of cancer are hypersensitive to
x rays, including retinoblastoma, basal-cell naevus
syndrome, Gardner's syndrome, and Down's syndrome
[A6, M2, W3]. The main method ofdetermining sensitivity
differences has been cell survival assays with cultured
fibroblasts (as shown in Figure II), in which small numbers
of cell cultures derived from normal individuals are
compared with those of one or more derived from the
patient(s). Unfortunately, such studies have not always
given consistent sensitivity differences for the same
disorder tested in different laboratories. In part this may be
due to the large range of sensitivity found among normal
individuals; if the normal lines used in a given laboratory
are in the higher part of the survival range, a disorder
showing relatively low survival may be classified as
sensitive even though it falls within the overall normal
range. However, it has been concluded from a statistical
analysis of many published survival curves of human
fibroblasts that the radiosensitivity of cells from some
disorders, calculated as Dbar, can be discriminated from that
of normal cells [D7]. The disorders include ataxia-
telangiectasia homozygotes and heterozygotes, Cockayne's
syndrome, Gardner's syndrome, Fanconi's anaemia, and 5-
oxoprolinuria homozygotes and heterozygotes.

129. A number of studies had previously suggested that cells
from individuals heterozygous for the disorder ataxia-
telangiectasia (carriers with one mutated gene, such as the
parents of those showing the full symptoms) are more
sensitive than normal to the lethal effects of irradiation [A6,
A14, C33, K17, P11]. Additionally, ataxia-telangiectasia
heterozygotes show an average level of dose-rate sparing that
is intermediatebetween that oflines from ataxia-telangiectasia
homozygotes (paragraph 49) and normal persons [P12, W18,
W21]. However, even under low-dose-rate conditions, where
a number of carriers have been tested, it is evident that their
sensitivity range overlaps that of the most sensitive normal
individuals [L35, W18]. Survival assays on cells derived from
human sources cannot therefore unequivocally distinguish
carriers of a mutated AT gene from normal individuals.
Similarly, it has been found that protracted radiation exposure
will not readily distinguish other disorders suggested to have
minor degrees of hypersensitivity [L35]. Inbred mouse strains
may show less variation in response from individual to
individual, and mice heterozygous for a defective Atm gene
were found to show a significant reduction in lifespan
following irradiation (4 Gy at 2-4 months of age), as well as
premature greying of coat colour, compared to normal
littermates [B61].

130. The finding of a range of sensitivities to radiation
among supposedly normal persons implies that in addition to
those with increased sensitivity, there are individuals with
greater radiation resistance than average. There is little
evidence, however, for specific disorders associated with
radiation resistance. It has been noted that cell lines derived
from mice deficient in the p53 tumour suppressor are more
resistant to radiation than normal (paragraph 104), although
this response may be cell-type-dependent [B43]. Similar

studies on fibroblasts derived from patients with the Li-Frau-
meni syndrome, defective in p53, highlighted a family
carrying a germ-line TP53 gene mutation in codon 245. Cells
from familymembers showed a radioresistance (D0 value) that
was increased by a factor of 1.2 [B44], compared to an appro-
ximately 1.5-fold increase for the p53-deficient mice [L6].

131. There is evidence from cell survival assays that
radiation sensitivityat the cellular level may correlate with
tissue response of cancer therapy patients. In a studyof 811
patients treated with radiotherapy for breast cancer, five
showed severe skin responses. The survival of fibroblast
cell lines derived from these five patients was compared to
six lines derived from women with normal radiotherapy
responses (also from the same group of 811 patients). The
sensitivity of the severe-response patients (D0 =
0.97±0.11 Gy) was significantly higher than that of the
normal group (D0 = 1.16±0.08 Gy; see paragraph 123)
[L39]. In a prospective study of 21 head-and-neck cancer
patients it was found that the sensitivity of their cultured
fibroblasts, but not their lymphocytes, correlated with
whole-body late effects [G12]. Similarly, a study of
fibroblasts derived from 10 radiotherapy patients showed
a correlation between cellular sensitivity and late tissue
reactions [B42]. The survival of lymphocytes from breast
cancer patients suffering severe reactions to radiotherapy
has also been studied in conjunction with ataxia-telangiec-
tasia heterozygotes and homozygotes [W21]. Using high-
dose-rate irradiation (1.55 Gy min-1), the survival of
lymphocytes from severe-response patients could not be
distinguished from that of normal-response patients (or
other normal controls), but with low-dose-rate irradiation
(9.8 mGy min-1) the cell survival of severe-response
patients and ataxia-telangiectasia heterozygotes was
similar and significantly different from that of normal
individuals. Using the growback assay (paragraph 127),
lymphoblastoid cell lines derived from newly presented,
non-selected cancer patients showed a similar range of
radiosensitivities to the normal lines, while patients already
known to show some adverse reaction to radiotherapy
showed a higher proportion with extreme sensitivity[G14].

132. Assays based on chromosomal damage have commonly
shown a higher degree of sensitivity in the detection of
differences between individuals. For example, the genetic
disorders ataxia-telangiectasia, Bloom's syndrome, and
Fanconi's anaemia were described as “chromosomal breakage
syndromes” in early studies, showing significantly increased
frequencies of chromosomal breaks and exchanges after
irradiation [H24]. Chromosomal responsesafter low-dose-rate
irradiation have also been used to examine the sensitivity of
ataxia-telangiectasia heterozygotes [W13] and breast cancer
patients who react severely to radiotherapy [J12].
Lymphocytes from 5 out of 16 patients (31%) sustaining
severe reactions to radiotherapy had dicentric yields outside
the control range [J12].

133. An assay based specifically on the chromosomal
sensitivity of lymphocytes to irradiation in G2 has been
successful in detecting significant differences between
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individuals carrying various cancer-prone disorders. The
work of Sanford et al. is based on the measurement of
chromatid breaks and gaps a short time after irradiation of
lymphocyte cultures; this assay detected enhanced
sensitivity in fibroblasts from a number of disorders,
including ataxia-telangiectasia [T25], Fanconi's anaemia,
Bloom's syndrome, Gardner's syndrome, basal-cell naevus
syndrome, xeroderma pigmentosum, andfamilial polyposis
[P2, S5]. In this G2 assay, cells from cancer patients and
tumour cells showed an even higher frequency of
chromatid damage [H21, P3]. This assay has some
technical difficulties; extensive tests in another laboratory
using identical conditions failed to reproduce many of the
results, which led to a modified assay that appears to be
more encouraging [S28].

134. The modified G2 chromosomal assaydevised byScott
et al. [S27] has been used to assay the sensitivity of
lymphocytes from 74 normal individuals, 28 ataxia-
telangiectasia heterozygotes, and 50 breast cancer patients.
The ataxia-telangiectasia heterozygotes were clearly
distinguished in sensitivity from the majority of normal
individuals, but about 9% of the normal individuals
showed hypersensitivity. Human fibroblast cultures show
a similar result, with four ataxia-telangiectasia hetero-
zygotes distinguished from seven normal individuals
[M47]. The range of sensitivities of lymphocytes from
breast cancer patients was much greater than the range
from normal individuals (42% overlapped the ataxia-
telangiectasia heterozygote range). It was proposed that in
addition to those mutated genes already identified with
familial breast cancer, a number of other genes of lower
penetrance may also predispose to breast cancer. It was
suggested that these genes may be involved in the
processing of DNA damage [H21, S27]. Family studies
showed that the lymphocytes of first-degree relatives of
sensitive individuals were significantly more sensitive to x
rays than expectation; segregation analysis of family
members (95 individuals in 20 families) suggested that a
single gene accounts for most of the variability, but that a
second rarer gene with an additive effect on
radiosensitivity may also be present [R36].

135. It has also been found that a subset of patients with
common variable immune deficiency (CVID) showed
enhanced sensitivity to G2 chromosomal damage [V1].
Amongdisorderswith primaryimmunedeficiency, CVIDand
ataxia-telangiectasia have the highest reported incidence of
tumours, and both disorders show similar types of tumours,
suggesting a common risk factor. This finding may relate to
the link noted above (Section II.B.1) between immune system
dysfunction and radiosensitivity. However, it is clear that the
G2 chromatid assay will detect enhanced levels of damage in
cells showing a normal response in survival assays (e.g.
xeroderma pigmentosum cells), and it may be argued that it
is primarily a means of detecting genetic instability.

136. Another method based on alterations in the sedimen-
tation of human lymphocyte nuclei is claimed to detect
particularly sensitive individuals [S4]. When the repair of

damage is measured by return to normal sedimentation
properties after irradiation, it waspossible todetect individuals
sensitive to radiotherapy and patients with autoimmune
disease[H5]. Further,patientsshowingpost-therapycomplica-
tions were found to be more sensitive by this sedimentation
assay than those without complications [D2].

137. It has been suggested that individuals heterozygous for
the ataxia-telangiectasia defect are also at increased risk of
cancer. Swift et al. [S13] compared prospectively the
incidence of cancer in 1,599 relatives of ataxia-telangiectasia
patients in 161 families in the United States and found an
increased relative risk of 3.8 in men and 3.5 in women for all
cancers, and an increased relative risk of 5.1 for breast cancer
in women. If borne out, this predisposition would contribute
significantlyto the cancer incidence in the general population:
heterozygotes are much more frequent than ataxia-
telangiectasia homozygotes (both genes mutant) and from
these data could constitute as much as 5%-8% of all adults
with cancer [S12]. However, commentary following the
publication of the work of Swift et al. [S13] questioned two
aspects of their findings. First, bias in the control group was
suggested [B24, K22, W14], although this was contested by
Swift et al. [S41]. Second, against a background radiation
level of 1 mGy a-1, it was considered surprising that an
increase in breast cancer could be detected following
diagnostic x-ray procedures of �10 mGy [B24, L25].
Differences in dose rate might influence the effectiveness of
these two sources, and in other studies an acute dose as low as
16 mGygave a significant increase in breast cancer in normal
women aged 5-9 years at exposure [M26]. However, it is clear
that a relatively large difference in sensitivity of the ataxia-
telangiectasia heterozygotes totheacutediagnostic procedures
would be required to attribute the observed cancer incidence
to deleterious effects of one mutated copy of the ataxia-
telangiectasia gene.

138. Genotyping of99 ataxia-telangiectasia families using
markers tightly linked to the ATM gene showed that 25 of
33 women with breast cancer were heterozygous compared
with an expectation of 15 of 33 (relative risk = 3.8; 95%
CI: 1.1�7.6) [A18]. Two smaller European studies of
cancer incidence among ataxia-telangiectasia heterozygotes
tend to support the data from the United States, giving an
overall relative risk for breast cancer of 3.9 (CI: 2.1�7.2)
[E4]. The average relative risk for other cancers was lower
at 1.9, with the European studies showing no statistically
significant increase over controls. Using these combined
data, the proportion of breast cancer cases due to ataxia-
telangiectasia carriers would be about 4%. This small
proportion is consistent with an inability in two studies
[C36, W31] to detect linkage to AT gene markers in breast
cancer families (i.e. on the basis of the risk estimates and
gene frequency, most cases of familial breast cancer will be
caused by other genes) [E4].

139. The identification of the gene mutated in ataxia-
telangiectasia (ATM, paragraph 56) has led to further
attempts to correlate this gene defect with breast cancer
incidence or with severity of response to radiotherapy. In a
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study of ATM mutations in 38 sporadic breast cancers, only
rare polymorphisms were detected, none of which would lead
to truncation of the gene (paragraph 57), giving no evidence
for an increased proportion of ataxia-telangiectasia hetero-
zygotes in breast cancer patients [V8]. The same workers also
looked at 88 unrelated primary breast cancer cases from
families previously associated with cancer susceptibility and
found three ATM mutations (3.4%); this number was
considered to be higher than expected by chance, but these
mutations did not necessarily segregate with cancer incidence
in the families [V9]. Screening a further 100 breast cancer
cases from families with a historyof breast cancer, leukaemia,
and lymphoma revealed only one mutation, consistent with
minimal involvement of the ATM gene [C65]. Fitzgerald et al.
[F21] detected heterozygous mutations in 2 of 202 (1%)
healthy women with no history of cancer, compared to 2 of
410 (0.5%) patients with early-onset breast cancer, consistent
with a lack of association. Similarly, in a study of 18 families
associated with a high incidence of breast and gastric cancers,
only one ATM mutation was found, and this did not
cosegregate with the gastric cancer in the family [B58]. In a
study of 41 breast cancer patients showing marked normal
tissue response to radiotherapy, one was found with a
heterozygous mutation in the ATM gene (2.4%), compared
with none in a comparable number of control patients [S69].
The conclusion that mutation of ATM is not a major cause of
radiotherapy complications was supported by studies of
smaller numbers (15-16) of breast cancer patients showing
severe normal tissuedamage following radiotherapy, in whom
no ATM mutations typical of those in heterozygotes were
found [A22, R31]. In contrast, a relatively high frequency of
ATM mutations has been found for a group of prostate cancer
patients (3 of 17, 17.5%) with severe late responses to
radiotherapy[H47]. The majority of these studies suggest that
heterozygosity for the ATM gene is not an important cause of
breast cancer susceptibilityor severe response to radiotherapy,
but most do not have sufficient numbers of patients to exclude
completely a role for ataxia-telangiectasia heterozygotes.

140. The association of certain forms of lymphocytic
leukaemia with mutations in the ATM gene has already
been noted (paragraph 59). Individuals with less severe
mutations in the ATM gene, allowing some expression of
ATM protein (paragraph 57), may also be at greater risk of
developing breast cancer [S78]. It has also been observed
that loss of heterozygosity (Section IV.B) at chromosome
11q23 is a frequent occurrence in breast carcinomas [C27,
H15]. At least two regions of 11q23 are commonly deleted,
and one of these includes the ATM gene. Other common
human malignancies such as lung, cervical, colon, and
ovarian carcinomas, as well as neuroblastoma and
melanoma, also show an association with loss of
heterozygosity at 11q23 and may include the ATM gene
region [R9]. In a recent study, 40% loss of heterozygosity
was found for markers of ATM in cases of sporadic
invasive ductal breast carcinoma; in the same tumours,
markers for the BRCA1 and BRCA2 genes showed 31%
and 23% loss of heterozygosity, respectively. Loss of
heterozygosity of ATM correlated with higher grade
tumours and a younger age at diagnosis [R32].

141. It is clearly important to detect individuals in the
human population who are hypersensitive to radiation and
to understand the connection between radiosensitivity and
cancer-proneness. While there are a number of indicators
of this hypersensitivity, it has been difficult on the basis of
cell survival assays to distinguish normal individuals from
those carrying mutant genes giving intermediate levels of
sensitivity, when the full sensitivity range of normal cells
is taken into account (paragraph 128). In the case of
ataxia-telangiectasia heterozygotes, newer assays based on
G2 chromosomal sensitivity (paragraphs133�134), DNA
damage levels measured by the Comet assay [D22],
enhanced arrest in G1 [N2, N3], or enhanced arrest in G2

[H6, L4, L5] all show more promise, but it is still not clear
whether any of the assays will detect these heterozygotes
exclusively. The discoveryof the ATM gene (paragraph 56)
has made the task of detecting heterozygotes simpler, but
because of the large size of this gene it is still a difficult
task to screen large numbers of individuals for defects (see
paragraph 139). Since many other genes are known to
influence cellular radiosensitivity [Z13], it is likely that the
molecular cloning of these genes will have a substantial
impact on the ability to determine the importance of
genetic predisposition to human radiation risk. Indeed,
preliminary studies on nine recently-cloned repair genes
including XRCC1 and XRCC3 (paragraph 78) showed that
relatively common alterations in gene sequence exist in
normal individuals. An average of 14 percent polymorphic
sites yielding protein sequence variations was found in
samples of 12-36 individuals, including some individuals
who were homozygous for the variant site [M53, S84].
While the functional significance of these variations has
yet to be established, their potential to reduce DNA repair
capacity may influence individual response to radiation
sensitivity and cancer susceptibility.

B. INFLUENCE OF REPAIR ON RADIATION
RESPONSES

142. It is known that DNA repair processes influence the
sensitivity of mammalian cells and organisms to radiation.
If recovery from radiation damage is compromised, as in
cell lines defective in double-strand break repair, the slope
of the cellular survival curve is increased. Also, while
normal cells show a “shouldered” curve, the repair-
defective cells commonly show a loss of this feature. In
simplistic terms, it is envisaged that repair processes in
normal cells increase the chances of survival, but that as an
acute dose increases, the amount of damage temporarily
saturates the repair capacity of the cell [G6]. There is very
good evidence in yeast cells that these aspects of survival
are associated primarily with the repair of DNA double-
strand breaks [F3]. It has been possible to make this
correlation in yeast, because DNA double-strand breaks
can be measured accurately, and mutant cells that are
temperature-sensitive for double-strand break repair are
available. Thus, as the post-irradiation temperature is
altered, it is possible to see a concomitant alteration in
double-strand break repair and survival. Unfortunately, it
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has proved technically difficult to establish similar
quantitative correlations in mammalian cells, which have
a much larger genome than yeast.

143. Operationally defined measures of cellular recovery,
termed potentially-lethal damage repair or sublethal damage
repair, have been used for some years in cellular "repair"
studies. Potentially-lethal damage repair is measured by the
recovery found when cells are held in a non-proliferative state
after irradiation, before respreading into fresh growth
medium. Sublethal damage repair defines the recovery seen
when survival is measured after splitting the dose over a
suitable interval. While it has not been clear whether
potentially-lethal damage repair and sublethal damage repair
measure the same underlying repair processes, it is notable
that both are absent in yeast single-gene mutants lacking
DNA double-strand break repair (rad52 series) [R2, R3]. It
has also been argued from kinetic data that double-strand
breakrepair is responsible for potentially-lethal damagerepair
in yeast [F3]. Similarly, with low-dose-rate irradiation, there
is good evidence in yeast cells that DNA double-strand break
repair is responsible for the dose sparing observed [F3].
Mammalian cell lines with defective double-strand break
repair as well as ataxia-telangiectasia cells have also been
shown to lack potentially-lethal damage repair (xrs, XR-1,
ataxia-telangiectasia) or low-dose-rate sparing (xrs, ataxia-
telangiectasia, irs2) (see Section II.A.2) [T30]. A correlation
has recently been found for human normal and ataxia-
telangiectasia cells, irradiated at high or low dose rates,
between the amount of DNA double-strand breaks remaining
after repair and radiosensitivity (measured as cell survival)
[F18].

144. Mammalian cells irradiated with densely ionizing
radiation, such as alpha particles, show both a more sensitive
response (increased slope of survival curves) and, commonly,
the loss of the curve shoulder region. Thus, characteristic
increases in RBE are found as the densityof ionization (LET)
increases. This may well arise from the LET-dependence of
damage complexity [A23, G28, G39] (see Section I.B), and
refined measurement of DNA breakage following both
x irradiation and high-LET particles has shown that there is
a comparative excess of small fragments for the high-LET
radiations [L53, R26]. However, several studies of
mammalian cells using conventional biochemical techniques
show that there is little or no difference in the numbers of
DNA double-strand breaks induced by low- and high-LET
radiations (RBE = �1) but that fewer of the breaks induced by
high-LET radiations are repaired [B52, C53, J4, L52, P27,
P28, P37, R27]. Using these methods, a good correlation has
been found between the relative number ofnon-rejoined DNA
breaks and the RBE for mammalian cell inactivation over a
wide range of LET [G32, R25]. Plasmid DNA, irradiated to
give the same amount of damage by gamma rays or by alpha
particles, showed much less repair of the alpha-particle
damage when exposed to mammalian cell extracts [H41]. It
is suggested that damage induced by high-LET radiations is
more complex, because of the increased local clustering of
ionizations, and therefore less repairable than low-LET
radiation damage (see Section I.B). This finding is supported

bymeasurement of the rejoining kinetics of large fragments of
cellular DNA, where rejoining was generally slower after
irradiation with high-LET particles than with x rays [L62].
Additionally, using thismethod the proportion ofmis-rejoined
fragments increased with x-ray dose (10%-50% over the dose
range 5-80 Gy), while similar experiments with high-LET
radiation gave a constant 50% of fragments mis-rejoined at all
doses tested [L72, K47].

145. In radiosensitive cells, specifically ataxia-telangiectasia
cells [C10] and the xrs series [T7], the increase in RBE with
LET is very much reduced. This result would be expected if
the damage caused by densely ionizing radiation is
intrinsically more difficult for normal cells to repair than the
damage caused by sparsely ionizing radiation. On this basis,
radiosensitive cells showlittle alteration in effectiveness as the
LET increases, because they are already inefficient at
repairing low-LET radiation damage. This analysis suggests
that the RBE-LET relationship is largelycaused bythe normal
cell's ability to repair low-LET radiation damage.

146. Extensive studies in bacteria have shown that some
repair processes are inducible by treatment with DNA-
damaging agents [W11]. That is, DNA damage causes an
increase in the expression or activity of repair enzymes,
mitigating the effects of the damage. This process is part of
a much wider series of so-called stress responses by which
cells adapt to their environment. Knowledge of such
inducible processes in mammalian cells is fragmentary,
and in some cases the data are controversial. Evidence for
the existence of inducible repair processes in response to
ionizing radiation damage comes from several different
types of experiment. These may be broadly categorized as
(a) adaptive response of pre-exposed cells (see also [U2]),
(b) refined analysis of survival in low-dose regions, and (c)
direct molecular evidence for the inducibility of specific
gene products.

147. Pre-exposure to low doses of tritiated thymidine (18-
37 Bq ml-1) or x rays (5-10 mGy) was found to decrease the
frequency of chromosomal breaks in proliferating human
lymphocytes irradiated subsequently with a higher dose
(1.5 Gy) of x rays [O2, S34]. The aberration frequency is
reduced to about 60% of cells not receiving pre-exposure
[S30]. Pre-exposure to low concentrations of radiomimetic
chemicals, such as hydrogen peroxide and bleomycin, can
also reduce the effect of a subsequent high dose of x rays
[C35, V4, W29]. This adaptive response is, however,
stopped by 3-aminobenzamide, an inhibitor of poly(ADP-
ribose) polymerase (paragraph 77), which is itself induced
in response to DNA breakage by radiation [S34, W23].
These features of the adaptive response have led to the
suggestion that low levels of DNA breakage act as a signal
for a response mechanism leading to accelerated repair of
radiation damage in mammalian cells.

148. Although increased resistance following low radiation
doses has been observed in a number of laboratories, it occurs
only in the lymphocytes of some individuals [B21, B26, H13,
S22, S26]. Also, lymphocytes from several persons with



ANNEX F: DNA REPAIR AND MUTAGENESIS 31

Down's syndrome [K16] and fibroblasts from homocystinuria
patients [Z11] did not show the adaptive response. The
adaptive response is usually found when lymphocytes are
proliferating, not resting (G0) [S31, W15], although there are
data suggesting that pre-irradiation in G0, followed by a
challenge dose in G2, gives increased resistance [C63, K16].
These observations have led to suggestions that the increased
resistance is a result of cell-cycle perturbation in the lympho-
cyte populations of some individuals following the pre-
exposure (i.e. the cells sampled following the second dose are
in a more resistant phase of the cycle than if no pre-dose had
been given). This idea has received some experimental
support [A9, W27], but recently an adaptive response for
chromosomal and cell-killing responses has been found in
cells other than lymphocytes when irradiated in proliferating
or non-proliferating states [I1, L27, M24, S23]. Thus, the
causes of the adaptive response remain controversial, but
further work with different cell types has outlined the
responses affected and the conditions under which the
response is observed.

149. Measuring chromatid breaks or chromosome-type
exchanges in lymphocytes, the maximum effect on resistance
to a second dose occurs within 5-6 h following the pre-
exposure [S34, W15]; the phenomenon may persist for up to
three cell cycles [C24, S34]. While pre-exposure to relatively
high acute x-ray doses (e.g. >200 mGy) does not give the
adaptive response [C46], when 500 mGy was given at low
dose rate (e.g. 10 mGy min-1) the adaptive response was
found. Conversely, there appears to be a minimum dose rate
for the response induction by low doses (e.g. for 10 mGy pre-
dose, the dose rate must be >50 mGy min-1 for full effect)
[S33]. A pretreatment with an acute dose of 20 mGy from
x rays will confer resistance to chromosome breakage by
150 mGy alpha particles from radon [W28]; however, when
acute high-LET radiation was used to give the pre-exposure,
there was no increased resistance to a second dose [K16,
W24].

150. Pre-exposure to low doses from x or gamma rays has
also been shown in several different cell types to decrease the
frequency of cell killing [L27, M24, S32], mutation [K13,
R12, S20, U17, Z8], apoptosis [F26], and morphological
transformation [A15, R33]. However, the last result is still
controversial. Using a near-diploid mouse skin cell line
(m5S), Sasaki [S23] showed that x-ray-induced cell killing
and chromosomal and mutation responses, but not
morphological transformation, are mitigated by acute pre-
exposure to 20 mGy from x rays. A malignant derivative of
m5S cells lacked the adaptive response, but this was restored
along with morphological reversion bytransfer into these cells
of human chromosome 11. The study also showed that
chemicals that either activate or inhibit protein kinase C,
which has an important role in signal transduction, either
mimicked or abolished, respectively, the adaptive response
[S23]. There have been reports suggesting that capacity to
rejoin radiation-induced DNA double-strand breaks is greater
following low-dose pre-exposure [I4, Z8], as well as data
implicating activation of antioxidant metabolism in the
adaptive response {B65, Z14].

151. The repair of DNA base damage is also a potentially
relevant process; a newly developed ultrasensitive assay for
thymine glycols (paragraph 17) has shown that pre-exposure
to 0.25 Gy from gamma rays increases the repair of this type
of base damage from a subsequent dose of 2 Gy. The initial
rate of removal of thymine glycols in human cellular DNA
was found to be increased by a factor of 2 following pre-
exposure [L60].

152. New methods to measure with improved accuracy the
survival response of mammalian cells have led to the
discoverythat the dose-response curve may initiallybe steeper
at low doses (<1 Gy) than predicted from the curve found at
higher doses. This response has been characterized as an
initial hypersensitivity at doses up to 0.5 Gy, followed by
increased radioresistance of the cell population [L23, M17,
W32]. The possibility that the hypersensitive response to low
doses is the result of differentially sensitive fractions in cell
populations has been rejected on the basis of twoobservations.
First, survival curves for radiosensitive tumour cell lines and
an ataxia-telangiectasia line appear to show no changes in
sensitivity in the low-dose region. Preliminary data for two
further radiosensitive lines, one with reduced DNA double-
strand break repair and the other reduced excision repair, also
show no increased radioresistance at low doses in comparison
to their respective parental lines [S35]. Second, it is argued
that the hypersensitivityseen would require one fraction of the
cell population to have an unreasonably high level of
sensitivity (e.g. about 7% of the cells to be >10 times more
sensitive than ataxia-telangiectasia cells) [L24]. In parallel to
the adaptive response of lymphocytes, recent data also show
that pre-exposure to low doses from x rays or low concentra-
tions of hydrogen peroxide increases radiation resistance in
the hypersensitive region. Further, the additional resistance
from pre-exposure was transitory, requiring time for develop-
ment and diminishing after two or three cell cycles [M18].
Again, it has been found that low-dose hypersensitivity is
absent with high-LET radiation [M17, M19].

153. Multi-laboratory experiments attempting to measure
the dose response for chromosomal aberration induction in
lymphocytes from two normal donors at low x-ray doses
(down to 4 mGy) also appear to identify departures from
fitted dose responses that have been attributed to the
induction of repair processes [P15]. It was then suggested
that the control value in these experiments was excessively
high, biasing the result towards non-linearity [E5]. How-
ever, analysis of lymphocytes from individuals in Austria
before and after exposure to fallout from the Chernobyl
accident, where a peak twofold increase in radiation
exposure was recorded, also showed dose-response curves
departing from linearity (i.e. decreasing or levelling off) at
annual doses between 0.3 and 0.5 mGy [P17]. Further in
vitro studies with x rays and larger numbers of donors have
not confirmed a significant departure from linearity at low
acute doses (down to 20 mGy), although statistical
variation in the small numbers of aberrations detected at
lower doses do not allow conclusive statements on dose
response [L37, L38]. These further studies did show an
excess of multiply-damaged cells in some donors after
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irradiation, leading to the possibility that a small subset of
lymphocytes is especially sensitive to aberration induction by
very low doses. Similar studies with 15 MeV D-T neutrons
did not reveal significant departures from linearity at low
doses [P16]. Similarly, a study of chromosomal aberration
induction in Syrian hamsters injected with 137Cs to give a
whole-body dose of about 0.4 mGy, to mimic the Chernobyl
fallout exposure, failed to reveal a significant increase above
background values [L61]. Thus, the possibility that very low
doses give a higher yield of chromosomal aberrations than
expected on the basis of a linear extrapolation from high-dose
data remains contentious.

154. Reports suggesting that low doses of ionizing
radiation induce repair processes in vivo pre-date the
cellular studies described above. Irradiation of mice with
low doses of x or gamma rays has produced evidence of
increased resistance to subsequent higher doses to both
somatic and germ cells [C24, F6, W26]. Recent data show
that the marked cytogenetic adaptive response of mouse
germ cells does not influence the response of the somatic
or germ cells of the offspring [C25]. Examination of
chromosomal aberrations in the lymphocytes of people
exposed occupationally to higher-than-average doses of
alpha particles from radon (0.01-16 mGy) plus gamma rays
(1-3 mGy) showed that the dose-effect curve was not
related to that found at higher doses. Individuals subjected
to the lowest doses gave a steep increase in aberration
frequency with dose, while at higher doses the curve
flattened out [P14]. Tuschl et al. [T33] showed that the
people exposed to the higher doses (8-16 mGy a-1) of alpha
particles gave higher levels of repair (unscheduled DNA
synthesis after UV light damage) in lymphocytes,
compared to controls. Hospital workers exposed to low
levels of x and gamma rays (maximum annual dose =
28 mSv) showed a reduction in the frequency of
chromosome aberrations induced by a dose of 2 Gy to their
blood lymphocytes, compared to non-exposed controls
[B20]. However, it has been found that the lymphocytes of
children living in areas contaminated by the Chernobyl
accident showed no evidence of increased resistance to
x rays [P9, U16], and separate reports suggests that fewer
people from the region of the accident showed the adaptive
response in lymphocytes compared with a control group
[P19, M52].

155. A growing number of specific genes and proteins have
been shown to be induced or repressed following irradiation,
mostly using relatively high doses from x or gamma rays (2-
6 Gy). While these do not as yet form coherent pathway(s)
coordinating response to radiation, they do implicate genes
and proteins involved in a variety of important molecular
processes (see also Section II.B). Induced proteins include
oncogenes/ transcription factors (c-jun, c-fos, interleukin-1,
and egr-1), proteins involved in cell-cycle regulation (p53 and
cyclins A and B), growth factors, and DNA-metabolizing
proteins [PCNA, β-polymerase, and poly(ADP-ribose)
polymerase], as well as the products of a number of unknown
genes [B25, K15, W20]. The development of methods for
rapidly screening hundreds or thousands of genes (micro-

arrays) in one experiment, for changes in levels of gene
expression, is beginning to show the extent of transcriptional
response to radiation damage. For example, using an array of
more than 600 genes, gamma irradiation ofa myeloid cell line
showed induction of 48 genes by factors of two or more, and
many of these genes had not been previously reported as
radiation-inducible [A25]. Considering those genes which
respond differentially in the presence or absence of p53, it was
found using micro-arrays that several genes encoding secreted
proteins with growth inhibitory functions were upregulated in
a p53-dependent fashion following gamma irradiation. Thus,
the p53 response to radiation may also be involved in growth
inhibitory effects on surrounding cells, as observed in
“bystander” effects [K44]. Methods are being developed
similarly for assaying large numbers of proteins, to reveal
translational and post-translational responses, using 2-
dimensional gel systems coupled to mass spectrometry [B64,
C69]. These methods will also revolutionize the classification
of normal tissue and disease states, in particular cancer, by
permitting a molecular description of the complete profile of
gene products present [G40]. Such classifications will be
invaluable in understanding the mechanistic basis of cancer
induction by agents such as ionizing radiation.

156. Increased or decreased levels of certain gene products
have also been found after low doses of radiation, within
the range inducing the adaptive response [B18]. Doses of
less than 500 mGy gamma rays have been found to induce
the expression of a variety of stress-response genes [P35,
P36], and dose-responses of several of these genes were
shown to be approximately linear between 20 and 500 mGy
gamma rays [A26]. Some candidate gene products with a
potential role in induced radiation resistance have been
identified, including a member of the heat shock protein 70
family (PBP74 [S79]), a heat-shock related immunophilin
protein (DIR1 [R37]), ribonucleotide reductase [S81], and
the MAPK and PKC protein kinases [S80].

C. SUMMARY

157. When the cells of normal individuals are examined for
radiosensitivity, as shown by their survival in culture, varia-
tion by a factor of 2 is seen; this factor may be extended to 3
or 4 with the use of low-dose-rate irradiation conditions. It has
been suggested that this variation has a genetic basis, but it
has been technically difficult to establish this. Additionally, a
fraction of cancer therapy patients suffers from severe skin
reactions, and cells from these patients commonly show a
slightly elevated radiation sensitivity.

158. Assays based on chromosomal damage in G2 cells
have also been used to estimate radiation sensitivity in
normal individuals and in breast cancer patients, relative
to individuals with known radiosensitivity disorders. The
response of a relatively large fraction of breast cancer
patients overlapped that of carriers of the ataxia-telangiec-
tasia defect, suggesting that a number of genes involved in
response to radiation damage may predispose to this form
of cancer.
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159. It has been suggested that individuals carrying one
defective copy of the ataxia-telangiectasia gene (ATM hetero-
zygotes) are at increased risk from cancer, especially breast
cancer. A number of studies have recently tested this idea and
come to the conclusion that ATM heterozygosity is not an
important cause of breast cancer susceptibility (or severe
responsetoradiotherapy), but commonlytoofewpatientshave
been tested to exclude completely a role for ATM. Specific
types of tumours, such as T-cell prolymphocytic leukaemia,
are associated with high levels of mutation of the ATM gene
(paragraph 59). Additionally, recent evidencesuggests that the
genes involved in familial susceptibility to breast and ovarian
cancers (the BRCA genes, paragraph 72) are involved in DNA
repair processes and lead to radiation sensitivity when
defective in mice.

160. Repair processes affect the shape of survival curves,
especially through differences in the processing of DNA
double-strand breaks, as seen in specific repair-defective
lines. The response to double-strand breaks probably also
underlies operationally-defined measures of cellular
recovery such as potentially-lethal damage repair and
sublethal damage repair. High-LET radiations may not
induce a higher frequency of DNA double-strand breaks
than low-LET radiations, but high-LET radiation damage
is much less repairable. The increase in RBE with LET,
found for normal cells, is largely determined by the cell�s
ability to repair low-LET damage.

161. Evidence for the inducibility of repair processes in
mammalian cells is fragmentary. Data from pre-exposures

of cells to low radiation doses, as well as refined survival
analyses at low doses (<1 Gy), show an altered response
suggestive of an induction process but to date have failed
to link this response to known inducible processes.
However, recent experiments have shown that certain
genes in at least two repair pathways are up-regulated
following radiation damage (paragraphs 84 and 151).
Additionally, refined methods for looking at protein
structure and activity are beginning to reveal insights into
more subtle modifications following irradiation. Some
damage-response proteins may be activated by post-
translational modifications (e.g. phosphorylation, para-
graph 102), without any change in the amounts of these
proteins, as part of a signalling mechanism promoting the
repair of DNA damage. Other proteins have been shown to
accumulate in the cell to form discrete foci following
irradiation (paragraphs 71 and 74); these foci may
represent repair protein complexes accumulating at sites of
damage. While there has been little exploration of the dose
dependence of these events, the data indicate that
modification of cellular response mechanisms can occur
following irradiation, raising the possibility that dose
responses are altered as a result. Methods for data
acquisition on the inducibility of gene products are
presently being revolutionized by the introduction of
micro-array and complementary techniques, so that rapid
progress in this research area is to be expected. The
potential importance of inducible repair processes in
determining responses to low doses of ionizing radiation is
considered further in Annex G, “Biological effects at low
radiation doses”.

IV. MECHANISMS OF RADIATION MUTAGENESIS

A. MUTATION AS A REPAIR-RELATED
RESPONSE

162. The cellular processing of radiation-induced damage to
DNA by enzymes may result in a return to normal sequence
and structure (correct repair). Alternatively, the processing
may fail or may cause alterations in DNA, with the con-
sequence of lethality or inherited changes (mutations). It is
also possible that some subtle forms of damage may be
tolerated by the cell, particularly if it is non-replicating, and
lead to persistent lesions in DNA. These lesions would have
to be both chemically stable and not be substrates for repair
enzymes and may include some minor types of damage such
as methylated bases generated by non-enzymatic alkylation
[L68].

163. It is likely that simple base damage or loss in the
mammalian genome will commonly lead to base-pair
substitutions. In recent years the defined production of single
types of damage, at specific sites in DNA molecules in vitro,
hasgiven insights into their consequences. For example, DNA
molecules carrying a single site of base loss (abasic site) have
been shown to give rise to base-pair substitutions at that site,

either when introduced on shuttle vectors [G8] or when the
RAS gene was transfected and stable transformed clones
selected [K7]. These substitutions (a form of point mutation)
will often give rise to alterations in a gene product so that it
works less efficiently or not at all.

164. Breaks in DNA, especially double-strand breaks, are
thought to lead to larger alterations such as deletions and
rearrangements. Some alterations are very large and are seen
as chromosomal aberrations. While there is little formal proof
of these relationships between breaks and mutation type, it has
been shown that the transfer of restriction endonucleases into
mammalian cells, causing site-specific DNA double-strand
breaks, gives rise to mutations and chromosomal aberrations
[T24]. Additionally, the processing of isolated double-strand
breaks in defined DNA molecules by human cell extracts
show that these may lead to large deletions of surrounding
sequence [T10].

165. Reduction in the efficiency or fidelity of damage repair
may lead to an increase in genetic change. This is seen
strikingly in the recent discovery that loss of DNA mismatch
repair capacity is involved in specific forms of cancer.
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Mismatch repair is a form ofbase-excision repair (Section I.B)
that removes bases that have been altered or incorrectlyplaced
(by a polymerase) so that the two strands of DNA do not
match in base sequence. The cancer connection was first noted
as a high frequency of mutation of short-repeat-sequence
(microsatellite) DNA in colon cancers, including hereditary
non-polyposis colon cancer. It was rapidlyestablished that the
genes determining hereditary non-polyposis colon cancer co-
localize with mismatch repair genes on human chromosomes
2 and 3 [B12, L15]. More genes with homology to these
mismatch repair genes have since been identified, and at least
two of these have also been shown to be mutated in the germ
line of hereditary non-polyposis colon cancer patients [N10].
Colorectal cancer is one of the most common human cancers
and perhaps the most frequent form of hereditary neoplasia;
hereditarynon-polyposis colon cancer accounts for as much as
5% of all cases of colon cancer, and the involvement of
several genes in the phenotype may account for its prevalence
[M20].

166. The high frequency of repeat-sequence mutation was
recognized as characteristic of loss of the mismatch repair
system (MutHLS), known for many years in bacteria and
involving the concerted action of three mismatch enzymes to
correct errors caused primarily during DNA replication (such
as slippage of strands at repeat sequences) [M27]. Patients
with hereditary non-polyposis colon cancer are therefore
thought to have a mutator phenotype similar to mutant strains
of bacteria with defects in mismatch repair. The role of
inactive mismatch repair genes in humans is expected to be
similar to the part played by tumour-suppressor genes; a
germ-line mutation in one of the mismatch repair genes is
followed by somatic mutation of the second gene copy during
tumour development [H22, L36]. However, the mismatch
repair genes are not thought to be directly involved in cancer;
rather, theyincrease genetic instabilityand the probabilitythat
random mutations will affect those genes critical to cancer
formation. This idea does not necessarilymean that mutations
alone are sufficient for cancer formation; it is interesting to
note that a subset of hereditary non-polyposis colon cancer
patients carry numerous mutations in their cells and the
expected defect in mismatch repair but have unexpectedly few
tumours [P10]. Given the proposed mechanism, it is curious
also that the increased cancer risk in hereditary non-polyposis
colon cancer patients is selective; while other sites are
affected, there is, for example, no increased risk for cancers of
the breast and lung [W17]. Recent success at breeding
transgenicmicedefective in mismatch repair genes has shown
that theyare viable, but a large proportion develop lymphomas
and sarcomas at an early age [B16, D9, R11]. While many of
these mice die early, commonly succumbing to T-cell
lymphoma, those that survive for more than 6 months develop
gastrointestinal tumours, suggesting that these mice may be
used as a model for human colon cancer [H50].

167. Cell lines lacking mismatch repair also show an
increase in mutations at sites other than microsatellites. In
colorectal carcinoma lines, shown to have high frequencies of
microsatellitevariation, theHPRTgene mutation ratewasalso
found to be increased by a factor of more than 100 over the

rate in normal human cells [B23, E8]. In one of these lines,
known to have a defective human MLH1 mismatch repair
gene, about one quarter of the mutants had point mutations
(frameshifts) at a hotspot within a run of guanine bases in the
HPRT gene [B23]. An extensive study of one mismatch
repair-defective line using theAPRTgene similarlyshowed an
elevation of frameshift mutations at sites of repeat base
sequence, as well as AT � TA transversions at sites of
secondaryDNA structure [H23]. A potentiallyrelevant site for
mutations of this type is in the BAX gene, involved in
promoting apoptosis (Section II.B.3); more than half of 41
colon carcinomas with microsatellite instability also had
frameshift mutations in a run of eight guanines in the BAX
gene [R19]. These findings are consistent with a role for
mismatch repair in correcting base misalignments generated
during DNA replication in normal cells. Interestingly, lack of
mismatch repair also allows cells tobecome tolerant of certain
forms of induced DNA damage. Alkylation of DNA bases
normally produces cell-cycle arrest and/or death and can lead
to cancer, but mismatch-repair-defective cell lines are highly
resistant to the effects of alkyating agents [B28, K12].
Mismatch-repair-deficient mammalian cell lines also show a
small but significant increase in resistance to gamma rays
[F19], suggesting that repair of certain types of radiation-
induced base damage is recognized by the mismatch repair
system (e.g. 8-oxoguanine, which mispairs with adenine,
paragraph 24). Mouse embryonic stem cells, heterozygous for
a defect in the mismatch repair gene Msh2, showed resistance
to low-dose-rate gamma radiation (0.004 Gy min-1) but not to
acute radiation (1 Gy min-1). On the basis of this result, it was
speculated that heterozygosity for mismatch repair may also
contribute to tumorigenesis in a direct manner, without loss of
the other gene copy [D20]. The mechanism of resistance is
thought to follow from a reduction in abortive “repair”:
mismatch repair normally removes a base that is incorrectly
incorporated opposite a damaged base but this repair is
abortive, because the damaged base remains in place and may
lead to lethality.

168. It is to be expected that the genes involved in other
functions required for the maintenance of genome stability
would lead to a similar effect of increasing mutation
frequency, thereby affecting cancer rates. These functions
would include the "proofreading" of DNA synthesis by poly-
merases and the regulation of DNA precursor synthesis.
Indeed, it has been shown that mutations in the exonuclease
domains of the DNA polymerase δ gene correlate with high
mutation rates in some colorectal carcinoma cell lines lacking
changes in mismatch repair genes [D6].

169. Repair enzymes may cause mutations by virtue of their
imperfect response to damaged DNA, but in the last few years
it has become apparent that many organisms have also
retained specific enzymes that introduce mutations into
damaged DNA. Thus the loss of certain repair functions can
be antimutagenic, and indeed mutant strains of bacteria
showing no increase in mutant frequency after treatment with
DNA-damaging agents have been known for many years
[W11]. Recent studies have defined these mutagenic or error-
prone DNA repair processes in bacteria and yeast, and have
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revealed that similar processes occur in other organisms,
including humans [J23]. It has been found that genes coding
for special types of DNA polymerases are responsible for
many of the small mutations (base substitutions, frameshifts)
occurring spontaneously and after treatment with DNA-
damaging agents. In bacteria, for example, when DNA
damage blocks the normal replication process, an “SOS”
response is activated and more than 20 genes are induced
[S83]. Among these genes are polymerases (e.g., DNA
polymerase V) with a high affinity for damaged DNA, which
are able to continue to synthesise DNA for a few bases in the
presence of damage (translesion synthesis) and which
commonly put in incorrect bases to give a mutation [R35,
T45]. Similarly, in yeast, three genes (REV1, REV3, REV7)
are required for much DNA-damage-induced mutagenesis,
and these have been found to specify mutagenic DNA
polymerase activity required for translesion synthesis [N23,
N24]. A human gene named hREV3 has recentlybeen cloned
through its homology to the yeast REV3 gene and been found
to have the properties of a mutagenic polymerase [G41]. As
well as this error-prone activity, yeast cells have another
specialized DNA polymerase (encoded by the RAD30 gene)
that can perform translesion synthesis in an error-free way.
Strikingly, a human gene homologous to RAD30 (hRAD30)
has been found mutated in a variant form of the human
sunlight-sensitivity disorder xeroderma pigmentosum (see
paragraph 26). Since individuals with this disorder suffer a
high frequency of skin cancer, this result suggests that error-
free translesion synthesis is important to protect against
sunlight-induced cancers [J24, M49]. While much remains to
be learned about the operation of these specialized
polymerases, it seems clear that maintaining a balance
between error-free and error-prone pathways of translesion
synthesis is important in the determination of rates of (point)
mutation in cells.

B. THE SPECTRUM OF
RADIATION-INDUCED MUTATIONS

170. Ionizing radiation can induce many types of mutation,
from small point changes to very large alterations
encompassing many genes. From recent studies of
mammalian cells, in which a few genes have been examined
in some detail, it is clear that radiation is most effective at
inducing large genetic changes (large deletions and
rearrangements). This mutation spectrum (proportion of
different types of mutations) differs from that found
spontaneously or the spectra induced by many other DNA-
damaging agents (e.g. ultraviolet light, alkylating chemicals).
These other agents tend to induce mostly point mutations,
independent of the genomic region assessed. However, it has
also been found that the proportion of radiation-induced large
genetic changes can vary with the genomic region assessed.

171. The size of genetic changes in a given region of the
genome is limited by the extent to which that region can
tolerate change. The region may contain genes that are
essential for the viability of the cell and organism; if an
essential gene is altered or lost, the changes incurred will

usually be lethal [E3, T16, T21]. Thus, although the initial
occurrence of radiation-induced genetic changes may be
similar at different sites in the genome, lethality will limit
both the frequency and the apparent size of mutations
recovered. Mutations will be recovered in some genes at low
frequency, because they or the region they reside in can
tolerate little change (certain genes have been found that,
within experimental limits, show almost noradiation-induced
mutation [T15]), while mutations in other genes may be
detected at relatively high frequency because of cellular
tolerance to large changes. Knowing this, it is possible to
devise mutation detection systems that tolerate very large
changes that would be inconsistent with survival in normal
diploid cells. The most extreme example of high-frequency
mutation detection is in a system devised by Waldren et al.
[W12] that uses as the mutational target an accessory human
chromosome 11 introduced into a Chinese hamster cell line.
Since no genes on the human chromosome are essential for
cell survival, verylargechanges including whole chromosome
loss are tolerated, and mutant frequencies are about 100 times
greater than for endogenous genes such as HPRT.

172. Much of the mutagenic response to ionizing radiation
has been measured, for experimental ease, in regions of the
genome that are present at the level of one copy per cell.
This situation (monosomy) occurs naturally in parts of the
genome such as the X and Y chromosomes in males; also,
functional monosomyappears tobe quite extensive through
mechanisms that switch off gene expression in one copy
(as in one copy of the X chromosome in females and in
imprinted chromosomal regions). However, most
chromosomes and genes are present as two copies per cell
(disomic; see paragraph 7). Where the loss of function in
one copy of a disomic gene is tolerated without harm (e.g.
because of a recessive point mutation), it has been found
that the other gene copy is mutated at relatively high
frequency by ionizing radiation. Since the two gene copies
differ in their functionality (that is, they are heterozygous),
this mutation process is commonly termed loss of hetero-

Figure V. Effect of gene location (for hemizygous
genes) and copy number on mutant frequency in
hamster cell lines carrying two copies of the gene
(heterozygous) or single copy (hemizygous) [B11].
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zygosity. The frequency of mutation in this disomic
heterozygous situation has been shown experimentally to
be higher than for the same gene in a monosomic situation
[E3, M14, Y2], as illustrated in Figure V for the APRT
gene, where the mutation frequency difference is about 20-
fold [B11]. The reason for this higher mutation frequency
in the disomic situation appears again to relate to tolerance
of the frequent large genetic changes caused by radiation.

Thus, the first copy, despite carrying a point mutation, still
has the remainder of that genomic region intact (including
any linked essential genes), and large deletions in the
second copy can be tolerated because these do not lead to
a complete loss of linked essential genes. In a monosomic
chromosomal region, however, there is no other copy (or
no functioning copy) present, and the mutant cell will not
survive large genetic changes (Figure VI).

Figure VI. Consequences of radiation-induced deletion mutation in a hemizygous (monosomic) and
heterozygous (disomic) gene.

Loss of function in gene X is selected for, but the mutation also removes parts of adjacent genes, one of which is
essential for cell viability. The mutation results in death of the cell carrying the mutation when the genetic region is

hemizygous, but not when it is present in a heterozygous state.

173. Where disomic genes are used to study radiation-
induced mutation, the mutation frequency will also vary
depending on which of the two copies (alleles) is used as the
target. It is to be expected that in addition to the target gene,
other linked genes will vary in their functional state
(heterozygosity). Thus, if an active allele of the target gene is
linked on one chromosome to the active allele of an essential
gene, deletions of that chromosome will be severely limited.
Conversely, linkage of the target gene to an inactive copy of
the essential gene will not be limiting if the homologous

chromosome carries the active essential gene and will allow
the cell to survive a large deletion. Thus, a 10-fold difference
in mutant frequency has been recorded for the two alleles of
a heterozygous TK gene in lymphoblastoid cells [A11]. This
difference in mutant frequency was associated with a class of
slow-growth mutantscarrying large genetic changes at the site
of the mutable allele of the TK gene [A12].

174. High mutation frequencies may therefore mainly
reflect tolerance to large genetic changes, although higher
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a Includes two tandem substitutions.

frequencies may also arise from additional mutation
mechanisms available in heterozygous cells (paragraph 183).
Since ionizing radiation is relatively good at inducing large
genetic changes, it will be very effective as a mutagen for
disomic genes compared with its effectiveness for monosomic
genes (also, in general, ionizing radiation is less effective than
potent chemical mutagens when used to mutate monosomic
genes). It may be that, for example, an individual inherits a
point mutation in one copy of a tumour-suppressor gene,
which in itself does not lead to deleterious effects because of
the "good" copy still present. However, should this person be
subjected to an agent like radiation, which is very effective at
inducing large genetic changes, the other gene copy can be
readily mutated along with much of the surrounding
chromosomal region, because that region is shielded by the
presence of the other gene copies. In this way radiation can be
seen as a very effective mutagen for specific types of
mutational change; indeed it could be argued that for
recessive gene mutation, individuals are susceptible to agents
such as radiation if they already carry point mutations in
disomic genes. This phenomenon is an aspect of predisposi-
tion of individuals to specific genetic changes and should not
be confused with radiosensitivity (paragraph 122).

175. The prediction that large genetic changes would be
found in disomic target genes has been borne out in studies of
mice [C19]. Screening progeny after x irradiation of male
germ cells revealed that very large chromosomal changes
(deletions, rearrangements, and complex changes) occur at
high frequency in one copy of disomic regions of the genome;
these large changes were consistent with reasonable viability
and fertility in the progeny. As expected, when these mutant
regions are not shielded by a second normal copy of the genes
involved, they are invariably lethal to the mice.

C. MOLECULAR ANALYSIS OF
RADIATION-INDUCED MUTATIONS

176. While it can be argued that ionizing radiation has a
particular mutation spectrum, it has not been found that
anyone type of mutation is induced specificallyby ionizing
radiation. However, detailed analysis of mutations (and to
some extent of chromosomal aberrations) has given some
possible indicators of differences between spontaneously-
occurring and radiation-induced mutations, and of differ-
ences between densely and sparsely ionizing radiation.

177. Sequence analysis of x- or gamma-ray-induced point
mutations in mammalian cells has shown that a variety of
types occur, from base-pair substitutions and frameshifts to
small deletions. Analysis of substitutions in the HPRT and
APRT genes has shown that all of the 6 possible types occur,
although at different frequencies (Table 3) [G10, M12, N11].
A majority of the radiation-induced substitutions were
transversions (alteration of the base from a purine to a
pyrimidine or vice versa), while many spontaneously-
occurring substitutions were G:C�A:T transitions. A larger
proportion of frameshift mutations also occurred in the
radiation-induced mutants than spontaneously, and a few
more of the radiation-induced point mutations were multiple
substitutions (more than one base change in close proximity).
Using a small gene target transferred into mouse cells, little
difference was found in the mutation spectra for sponta-
eously-occurring and x-ray-induced mutations [K18]. The
frequency of small rearrangements and deletions was in-
creased in both spontaneous and radiation-induced mutants,
indicating differences in the balance of mutagenic
mechanisms at the site of integration of the transgene
compared with those at endogenous genes.

Table 3
Comparison of spontaneous and radiation-induced point mutation spectra

Type of mutation
APRT gene / hamster CHO cells [M12] HPRT gene / human TK6 cells [N11]

Spontaneous
Induced by gamma rays

(2.5�4 Gy)
Spontaneous

Induced by x rays
(2 Gy)

Base substitution
Transition
Transversion

55 (71%)
31 (40%)
24 (31%)

19 (66%) a

6 (21%)
13 (45%)

10 (55%)
6 (33%)
4 (22%)

19 (54%)
7 (20%)

12 (34%) a

Frameshift 6 (8%) 5 (17%) 3 (17%) 8 (23%)

Small deletion or rearrangement 16 (21%) 5 (17%) 5 (28%) 8 (23%)

Total 77 29 18 35

178. Radiation-induced point mutations were found at
sites widely distributed within the gene, while spontane-
ously-occurring point mutations tended to cluster at certain
sites [G10, M12, N11]. Differences in the types of base
damage responsible and in the randomness of damage
induction are likely to explain these differences.

179. Smaller numbers of large genetic changes have been
sequenced because of the difficultyof locating and cloning the
breakpoints of large deletions and rearrangements. No new or
specific mechanism has been found for the induction of these
larger changes. In the hamster APRT gene, present in the
hemizygousstate, thelargegamma-ray-induceddeletions tend
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to have short direct or inverted repeat sequences around their
breakpoints and to fall into regions rich in adenine-thymine
base pairs. Insertions, however, involved repetitive sequences
and were accompanied by short deletions [M13]. It was
notable in these studies that large changes extending
downstream of the APRT gene are not found, suggesting that
an essential gene is present in this region.

180. In the human HPRT gene, also in the hemizygous state,
large deletions are found to extend both upstream and
downstream of the gene over a region of about 2 Mb [M16,
N9]. Radiation-induced large genetic changes tend to
eliminate the whole HPRT gene, making their analysis
difficult. Therefore a series of flanking markers has been
identified to delimit these changes and ultimately to map the
positions of the breakpoints. Sequence analysis of a few
deletion mutations has again shown the presence of short
direct repeats at some breakpoints induced by both x rays and
alpha particles, as well as other sequence features in adjacent
regions [M15, S18]. The large deletions induced by radiation
frequently include sequences adjacent to HPRT, and it has
been suggested that this may be a signature of radiation-
induced events as opposed to spontaneous events [N17]. This
type of mutation was equally common with gamma-ray doses
of 0.2 or 2 Gy d-1. Use of methods amplifying specific regions
of the genome to measure rapidly the frequency of rearrange-
ments following x- or gamma-irradiation, followed by
sequencing the breakpoints, has given little indication of the
involvement of specific sequence features or clustering of
breakpoints [F22, F23].

181. Shuttle vector systems consist of small defined DNA
molecules that may be mutated in mammalian cells but
rescued into bacteria for rapid analysis of sequence
changes. While these facilitate the molecular analysis of
induced mutations, they generally have the drawback that
the target genes are very small and are flanked by essential
sequence. This means that only point mutations are
detectable, and the major class of radiation-induced
mutations (large deletions and rearrangements) cannot be
analysed. However, Lutze and Winegar [L19] devised a
large shuttle vector based on Epstein-Barr viral sequence
that could be maintained episomally in human
lymphoblastoid cells and could detect changes of up to 8 kb
or so. Using this vector, the mutation spectra of both x rays
(150-600 Gy) and alpha particles (3 Gy) from radon gas
were studied [L19, L20]. A larger proportion of deletions
was found among alpha-particle mutations (64%) than
among x-ray mutations (13%), but in a subsequent study
with lower doses of x rays, more deletions were found
(41% at 100 Gy, 33% at 20 Gy) [L21]. For both x rays and
alpha particles, these deletions were large (>2.4 kb), and
their breakpoints were clustered in specific regions of the
shuttle vector. The breakpoints were commonly associated
with short direct sequence repeats of up to six base pairs.
Use of the same vector system in a lymphoblastoid cell line
defective in double-strand-break repair gave a slightly
higher frequency of deletions after x irradiation, in
association with an additional class of small deletion
mutations (<2.4 kb) [L21].

182. The presence of sequence features such as short direct
repeats of a few base pairs at large deletion junctions suggests
that illegitimate recombination (see Section I.B) has driven
the mutation process. Recently it has been possible to recon-
struct the process of illegitimate recombination in cell-free
conditions to show that the process can be associated with a
DNA double-strand break. DNA molecules are broken at a
specific site, using an endonuclease, and exposed to extracts
from human cells for a brief period. Analysis of the extract-
treated DNA shows that while the majority of broken
molecules are correctly rejoined, a small fraction (about 0.5%)
are mis-rejoined togive a deletion. The mis-rejoin mechanism
involves the pairing of short direct sequence repeats, situated
either side of the break, so that the intervening sequence
(including one of the repeats) is deleted [T10]. This mechan-
ism has been found in both radiation-induced mutations and
in germinal and somatic-cell mutations in humans. A model
for this process is shown in Figure IV. In addition to simple
deletion, this cell-free system detected a small fraction ofmore
complex changes, e.g. a large deletion associated with the
insertion of several hundred base pairs.

183. In heterozygotes, in addition to the tolerance of large
changes, additional mechanisms of mutation may occur.
The two gene copies may undergo mitotic recombination
or non-disjunction, leading to the appearance of mutations.
However, where loss of heterozygosity is measured simply
by the presence or absence of the active (wild-type) gene,
it is difficult to distinguish mutations occurring by these
additional mechanisms from large deletions. In a study of
mutation in the human TK gene, using both linked marker
analysis and densitometry to assess gene copy number,
about 50% of the spontaneous mutants appeared to involve
recombination, while x-ray-induced mutants were mainly
deletions [L29]. Recombination was similarly found to be
involved in spontaneous mutation of the APRT gene in
human cells, but this mechanism was also detected in a
number of gamma-ray-induced mutants [F8].

184. While it is difficult to compare somatic-cell mutation
data with animal germ-cell data, some recent molecular
analyses of the genes used in mouse specific-locus tests
indicate possible similarities in the types and mechanisms
of mutation. For example, with some dependence on both
cell stage and radiation quality, a large proportion of
albino (c) locus mutations on mouse chromosome 7
recovered from germ-cell irradiations are large deletions
[R14]. Molecular analysis of radiation-induced mutations
at the c locus shows that a genomic region of 1.5-2 Mb
around the tyrosinase gene may be deleted in mutants
without leading to inviability in homozygotes [R13]. This
target size is very similar to that of the human HPRT gene
region used in somatic-cell mutation studies. Also,
mutation frequencies per unit dose of low-LET radiation at
the c locus in mouse germ cells and at the HPRT locus in
human somatic cells are in order-of-magnitude agreement
[T19], given that mutations at the c locus occur with about
average induced frequency relative to other loci in specific-
locus tests [S29]. Comparisons of this type emphasize that
the mechanisms of radiation mutagenesis are similar in
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somatic and germ cells, and that if measurements are made
under similar conditions of mutation tolerance, then the
mutation frequencies will be comparable.

185. Comparison of two human lymphoblastoid cell lines
derived from the same original cell line has given further
insights into the mechanisms of radiation mutagenesis.
Line TK6 is more sensitive to the lethal effects of x rays
than line WIL2-NS, but the converse is true for mutation
response to x rays (although not to chemical mutagens).
The increased frequency in WIL2-NS at the hemizygous
HPRT gene was modest (factor of 4 at 2 Gy), while the
increase for the heterozygous TK gene is by a factor of 20-
50, depending on the TK allele used as the target [A13].
Molecular studies have revealed that all TK mutants in
WIL2-NS arose by loss of the active allele and linked
markers (over a 5 Mb region), while point mutations and
less extensive deletions were common in the TK6 line.
Two copies of the TK gene were present on a majority of
karyotypes in the WIL2-NS mutants, as expected if these
arose from mitotic recombination rather than deletion,
while the converse was true for TK6 mutants [X1]. It
seems likely, therefore, that the WIL2-NS line has a higher
frequency of recombination, leading to a greater ability to
survive x-raydamage but incurring a concomitant increase
in mutation. Analysis of the p53 status (see paragraph 112)
of these two cell lines has shown that p53 protein levels are
four times higher in WIL2-NS than in TK6, because of a
mutation in exon 7 of the TP53 gene in WIL2-NS (TK6 is
wild-type) and that apoptotic death is substantially delayed
in WIL2-NS [X2, Z7].

186. In a study of B-cell precursors from Tp53-knockout
mice, it was also found that high frequencies of HPRT
mutations occurred following x irradiation but that these
resulted from a preferential survival of mutant clones
rather than from a p53-dependent increase in mutation rate
[G26]. It was concluded that loss of p53 function allows
mutated cells to survive that would otherwise be eliminated
by apoptosis. Other recent studies with cells from p53-
deficient mice have similarly concluded that they do not
have an intrinsically higher-than-average mutation rate
[C68, N12, S21].

187. It has been suggested that a relatively unique feature
of radiation mutagenesis is the induction of complex
genetic changes [M11]. For example, a radiation-induced
deletion may be associated with a rearrangement at the
same site, and the rearrangement may be an exchange,
inversion, or insertion. Additionally, complex changes may
be seen as chromosomal exchanges involving several sites
in the genome following a single acute radiation treatment
[S15]. However, because of their large size and complexity,
these changes have been difficult to analyse in cellular
genes at the molecular level. Further molecular analyses
will be necessary to establish whether or not large
mutations and chromosomal aberrations are formed by
similar mechanisms. It is clear from studies with one or
two genetic regions, and especially the region containing
the human HPRT gene (Xq26), that genetic changes

identified at the molecular level as mutations can extend to
sizes that are visible in the light microscope [S17].
However, the breakpoints of such very large mutations and
chromosomal aberrations have not been sequenced.

D. EFFECT OF RADIATION QUALITY

188. In general, high-LET radiation induces a higher
frequency of mutants in rodent and human cells, per unit
dose, than low-LET radiation [B17, B19, C22, C30, F7,
G18, H20, L31, M22, M25, S88, S89, T16, T18, T32,
W22]. The RBE varies with LET, peaking at 100-200
keV µm-1, with values as high as 7-10 found for alpha
particles and heavy ions in this LET range [C22, T16]. In
some mouse cell lines, a relatively small RBE of 2-3 has
been found for HPRT mutant frequency with alpha
particles in the peak range, and when cell survival is taken
into account, there is no difference in the effectiveness of
alpha particles and x rays. This result appears to be due to
the very high effectiveness of low-LET radiation on these
cells, as reflected in increased cell killing and mutagenesis
for a given dose compared with other rodent lines [B19,
I2]. That is, the mutagenic effectiveness of low-LET
radiation is more variable than that of high-LET radiation,
presumably because cell lines have different abilities to
repair low-LET radiation damage (while high-LET
damage is less repairable; see Section III.B). An example
of this variability is shown in Figure VII [T28].

Figure VII. Fitted curves of mutant frequencies in
Chinese hamster V79 cells [T18] and mouse ascites
(EAT) cells [I20] induced by x rays and 238Pu alpha
particles (see paragraph 172).

189. A study of 19 non-smoking people living in houses
with a range of radon concentrations (21-244 Bq m-3 in the
United Kingdom suggested that there was a correlation of
HPRT mutant frequency in blood T-lymphocytes with
radon concentration. These data suggested that alpha
particles in this LET range have a considerably higher
effectiveness than found previously in high-dose experi-
ments with human somatic cells. While the estimation of
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alpha-particle dose to circulating blood lymphocytes is
difficult, the authors estimated an annual doubling dose of
2.1 mSv from their results [B29]. A number of problems
attend such measurements, not the least of which is the
sample size. In a follow-up study by the same authors with
a total of 65 persons from 41 houses in the same town, no
significant correlation was found between mutant
frequency and radon levels, even for people living in the
same house [C34]. In a study in Belgium of 24 people
living in houses with radon concentrations exceeding 100
Bq m-3, a negative association between radon concentration
and HPRT mutation frequency was found [A10]. This
result led the authors to suggest the induction of repair
processes by low levels of radon.

190. The TP53 tumour-suppressor gene is commonly
mutated in many different types of cancers, with a
frequency ranging from <10% to >50% depending on
tumour type. Analysis of mutations in the TP53 gene in
lung tumours from uranium miners initially gave some
hope that these would provide a means of fingerprinting
high-LET radiation damage. Vahakangas et al. [V2]
sequenced exons 5-9 of the TP53 gene in 19 lung tumours
from miners working in New Mexico. They found several
point mutations, although these lacked a class of base
substitution (G:C�T:A transversions) and were not at the
hotspots described for lung cancer. In contrast, in a larger
study of 52 lung tumours from Colorado uranium miners
exposed to a dose that was, on average, five times higher,
Taylor et al. [T12] sequenced the same exons and found
that about half of the substitutions were of the G:C� T:A
type in codon 249 (codon = base-pair triplet encoding one
subunit of the p53 protein). This transversion is very rare
among TP53 mutations in lung tumours (many of which
are presumed to be smoking-associated) and was suggested
to be a potential marker for radon-associated lung cancer.
At present, apart from the difference in average dose, it is
difficult to see why these two TP53 mutation studies gave
such contradictory results. One possibility is that the
transversion mutations seen are a result of some other
agent in the environment of the mine; if the mine is damp,
then fungal toxins similar to aflatoxin B1, known to induce
this type of mutation, might be present [V3]. Follow-up
experiments looking specifically for the codon 249
transversion in lung cancers from individuals exposed to
high domestic radon levels in the United Kingdom [L48]
and from German uranium miners [B45] failed to find any
examples of this mutation.

191. In a study of thymic lymphomas in RF/J mice
induced by gamma rays or by neutrons (0.44 MeV), a
similar frequency of lymphomas was associated with
mutations activating RAS oncogenes (24% for gamma rays,
17% for neutrons). Of the gamma-ray set, 89% were
K-RAS-activated, with the majority (7 of 8) having a GAT
�GGT mutation in codon 12. However, in the neutron set
no particular mutation site predominated, and one
lymphoma contained a K-RAS gene activated by a point
mutation in codon 146, a site not previously associated
with any human or animal tumour [S36].

192. There are conflicting data on possible differences in the
spectrum of large genetic changes induced by high-LET
radiation relative to those induced by low-LET radiation.
Early cytogenetic studies with diploid human fibroblasts
suggested that a greater proportion of HPRT mutants induced
by high-LET radiation carried large genetic changes than did
x-ray-induced mutants [C37, T19]. Studies of specific-locus
mutations in mouse spermatogonial stem cells had also
concluded, based on a number of criteria, that 239Pu-induced
mutants carried more severe genetic damage than mutants
induced by low-LET radiation [R16]. However, classification
of HPRT mutations by molecular analysis in both diploid
human cells and hamster cells has not shown differences in
the proportions of large deletions to point mutations at doses
of low- or high-LET radiation giving about 20% cell survival
[A8, G16, S18, T20]. A confounding factor (commonly
underestimated) in determining mutation spectra can be the
non-independence of mutants when grown in bulk culture
after irradiation [T22], but in the most recent studies [A8,
S18] the experimental design ensured the independence of all
mutants. Other studies have reported differences: irradiation
with 190 keV µm-1 Fe ions gave 82% large deletions of the
HPRT gene in human TK6 cells relative to 54% for x rays
[K21]. High doses of radiation from incorporated 125I, giving
1% survival of human TK6 cells, were reported to increase the
frequencyofdeletionsor rearrangementswhen comparedwith
lower doses of 125I or with x rays [W22]. It was noted that
these high-dose mutations commonly showed loss of part of
the HPRT gene rather than the entire gene. It has similarly
been reported in recent studies with the same cell line that the
average size of radon-induced deletions of the HPRT gene is
not as great as that induced by x rays [B19, C29]. This feature
has also been noted for mutations induced at the hemizygous
DHFR gene in hamster cells; that is, the frequency of total-
gene deletions was much higher for gamma-ray- than for
alpha-particle-induced mutations, while the reverse was true
for intragenic deletions [J11]. In the latter study, it was also
found that some alpha-particle-induced deletions shared
common breakpoint sites, indicating a non-random distribu-
tion. Use of the heterozygous TK gene as a target, also in TK6
cells, showed again that the proportion of deletions was
similar for x rays and high-LET radiation (4.2 MeV neutrons
and argon ions), but that high-LET radiation induced a
category of large rearrangements not found for x rays [K20].
It has also been claimed that high LET radiations induce non-
contiguous deletions that are not found with x or gamma rays
(see also paragraph 208) [S90]. A number of these studies,
therefore, suggest there could be differences in the types of
large genetic changes induced by high-LET as opposed to
low-LET radiation. Much more careful analysis is required
before any general statement can be made about the extent or
nature of these possible differences.

193. The mutagenic effects of a single alpha-particle
traversal were measured with a high-frequency detection
system (paragraph 171). Using a microbeam to localize 90
keV µm-1 alpha particles to cell nuclei, a dose-dependent
increase in mutant frequency was found for traversals of 1-8
particles, with a twofold increase for 1 alpha particle traversal
(cell surviving fraction = 0.8) [H42]. Molecular analysis of
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these mutants gave some support for the view that higher
doses of high-LET radiation induce larger genetic changes,
but this system is unusual in being able to sustain loss of the
whole target chromosome without lethality.

194. It has been proposed that the ratio of specific forms of
chromosomal aberration may be a fingerprint of exposure to
high-LET radiation [B13, S71]. A low ratio (about 6) of
interchromosomal to intrachromosomal exchanges was found
in several studies of aberration induction by high-LET
radiation, while a value of �15 was found for x or gamma
rays. However it was subsequently demonstrated [S54], using
a simple two-dimensional chromosome model allowing the
prediction of exchange sites relative to track structure, that
more densely clustered tracks are not predicted to give a
significantly lower ratio of aberration types than random
scattering of tracks. More critical assessment of experimental
data also does not support this theory [L54, S66]; in
particular, reexamination of extensive plant data has ruled out
both this theory and any LET-dependence in the ratio of
interstitial deletions to inter-arm exchanges [S72]. A different
high-LET fingerprint has more recently been proposed by
Lucas [L55], who suggested that the proportion of unrejoined
(“incomplete”) chromosome aberrations will be greater with
high-LET radiation, because the local densityofDNA double-
strand breaks is greater than for low-LET radiation and
competition between broken ends leads to a greater chance of
incompleteexchange events. Published data are cited that give
a ratio of incomplete exchanges to complete exchanges
(translocations) of about 9 for low-LET radiations and about
2 for high-LET radiations, with "mixed-LET" radiations
giving intermediate values. While this theory has yet to
receive critical appraisal in the literature, it may suffer from
the same problems as the earlier theory, insofar as onlycertain
sets of data give large differences between high- and low-LET
radiations, partly because of difficulties in correctly defining
incomplete aberrations. There maybe further difficulties with
the idea that competition between broken ends will necessarily
lead to more incomplete aberrations and with the simple
assumption that incomplete aberrations represent unrejoined
breaks.

E. NOVEL MECHANISMS OF
GENETIC CHANGE

195. Most of the processing of DNA damage by cellular
repair enzymes is completed within a few hours of irradia-
tion, including the fixation of mutations. However, there is
evidence that cellular responses continue to occur for much
longer periods, over many cell generations. These responses
include delayed cell death and genetic changes. While these
responses may in part be attributed to the time taken for the
cell to recover from irradiation, there are in principle several
reasons why persistent effects could occur. These include
persistence of the damaging agent; persistence of certain
forms of DNA damage, i.e. lack of repair; the repair of
damage leading to rearrangements of the genome, which
themselves upset the correct functioning of the cell (e.g.
“position effects” on blocks of genes); and the induction of a

long-lived metabolic disturbance in somatic cells, such that
enzymatic activities (e.g. DNA polymerases) involved in the
fidelity of maintaining the genome do not function properly.

196. It has been known for many years that cells may take
some time to die following irradiation [E2, J7], but more
recently emphasis has been placed on lethal mutations that
may take effect many cell generations after irradiation [B53,
G9, S16]. These two phenomena may in part be aspects of the
same response. Delay in cell death in fibroblastic cell lines
may be explained by the time taken for cells to show the
effects of loss of essential genes through chromosome
fragmentation (see paragraph 110). As cells divide, they
segregate broken chromosomes (often seen as micronuclei),
and the encoded gene products are diluted out of daughter
cells, eventually causing death [J7]. In the same way, lethal
mutations may cause late-onset death in cells; however, they
can arise through more subtle effects on the genome than
simple chromosomal fragmentation and loss. Thus, all types
of mutation, from point mutation to large genetic changes,
may represent lethal mutations if they lead to loss of essential
gene products. However, to account for the high frequency of
lethal mutations at long times after irradiation, it has also
been proposed that some form of persistent genetic instability
can be induced by radiation.

197. In addition to delayed death, the mutation frequency
in inessential genes such as HPRT has been found to be
persistently elevated in a large fraction of clones surviving
irradiation [C20]. In these experiments, cells irradiated
with x rays (12 Gy) were grown as separate clones and
examined for both the proportion of cells surviving and for
mutant frequencyat different times after irradiation. It was
found that clones showing reduced survival also commonly
had elevated mutant frequencies at the HPRT gene for as
manyas 50-100 cell generations following irradiation. The
mutant frequency in individual clones was highly variable
but sometimes exceeded 1 10-3. These delayed mutations
appeared to be predominantly point mutations [L34].

198. Chromosomal aberrations have also been found to per-
sist following irradiation. One-cell mouse embryos irradiated
with x rays or neutrons showed an approximately linear
increase in the frequency of chromosomal aberrations per cell
in the first, second, and third mitoses post-irradiation. The
relatively high frequency of aberrations, especially for
neutrons, and the occurrence ofchromatid-type aberrations on
the third mitosis following irradiation suggested that new
aberrations were being produced in post-irradiation cell cycles
[W40, W41]. Similar results were obtained with x irradiation
of two-cell mouse embryos [W42]. Delayed chromosomal
aberrations were not observed in embryos treated with restric-
tion endonucleases, suggesting that lesions other than DNA
double-strand breaks are responsible for this effect [W48]. A
significant increase in chromosome- and chromatid-type
aberrations was also found in cell cultures derived from foetal
skin biopsies of mice x irradiated as zygotes [P25]. The study
of chromosomal aberrations in lymphocyte and fibroblast
clones surviving x irradiation has similarly given evidence of
persistent genetic effects [H30, M34, P33]. Analysis of clones
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for two months following irradiation showed that >20% had
sporadic aberrations as well as transmissable clonal karyotype
alterations [H31].

199. Genetic instability in clones of cells surviving
irradiation has also been described for alpha-particle irradia-
tion of cultured haematopoietic stem cells from CBA/H mice
[K8]. In this case, chromosomal aberrations were measured in
cell clones surviving 3 Gy from x rays or 0.25-1 Gy from
alpha particles (0.5 Gy from 238Pu alpha particles corresponds
to an average of one track per cell). About 50% of the clones
surviving alpha-particle irradiation carried aberrations; these
were mostly non-identical chromatid-type aberrations,
suggesting that they had arisen many generations after
irradiation. The frequency of such delayed aberration
induction in x-ray survivors was only about 2% [K8]. This
form of chromosomal instability in bone marrow cells was
also found to be transmissible in vivo, by transplanting male
cells irradiated with alpha particles into female recipients
[W38]. The repopulated haemopoietic system showed
instability persisting for up to one year. Alpha particles have
also been shown to induce similar delayed chromosomal
effects in the bone marrow of two out of four normal humans
[K9]. It was suggested that the lack of effect in some
individuals reflects genetic determinants that vary in the
human population, and additional studies of other inbred
mouse strains have also been found to show varying levels of
this form of genetic instability. The alpha-particle-induced
instability was, however, found to be independent of the p53
status of the cell [K32].

200. Heavy ion (neon, argon, or lead) irradiations have also
been found to induce chromosomal instability in cultured
human fibroblasts [M35, S53]. Analysis of mass cell cultures
for up to 25 passages following irradiation showed that the
frequency of aberrations declined at first but then increased
until >60% of the cells showed aberrations. In contrast to
clonal cell populations, these aberrations showed that the
telomeric regions of specific chromosomes (1, 13, and 16)
were involved. In a study of alpha particles of different LET,
the frequency of micronuclei was found to be increased over
that in unirradiated hamster cells seven days after irradiation,
even at a dose giving one alpha-particle traversal per cell
nucleus [M36]. Calculations indicate that the target size for
this effect exceeds the size of the nucleus, suggesting that
direct DNA damage by radiation tracks is not causal.

201. It has been speculated that these events indicate that
ionizing radiation may induce an “untargeted” mechanism of
mutagenesis in cells, as a result of the epigenetic alteration of
enzymatic pathways controlling genomic stability [L18]. The
idea that DNA may not require a direct hit from radiation to
have an increased frequency of genetic changes has received
support from the measurement of non-mutational responses.
With reference to the process of carcinogenesis in particular,
the work of Kennedy et al. [K10, K11] suggests that radiation
may induce high-frequency events that predispose the cell
towards further (spontaneously-occurring) changes in the
process of malignant cell transformation. Furthermore, a
study of the induction of sister-chromatid exchanges in

immortalized hamster cells by very low doses of 238Pu alpha
particles claimed that induction could be measured at doses
(0.3 mGy) where <1% of the cell�s nuclei were traversed byan
alpha-particle track [N8]. Subsequent studies of primary
human fibroblasts confirmed this finding; low doses of alpha
particles give three times as manysister-chromatid exchanges
[D13] or a five times higher HPRT gene mutation frequency
[N25] than predicted from the number of nuclei traversed by
the particle tracks, giving a considerably larger target size for
this effect than expected from nuclear dimensions [D13].
Similarly, the use of a physical barrier to protect one part of a
cell population from alpha-particle irradiation showed the
expected reduction in killing of mouse bone-marrow stem
cells but did not reduce chromosomal instability [L63]. These
data are considered as evidence for the existence of a
“bystander” effect; that is, damage signals may be transmitted
from irradiated to neighbouring unirradiated cells. In a
refinement of this type of experiment, an alpha-particle
microbeam was used to give precise irradiation of the
cytoplasm of cells, without damaging their nuclei. Under
these conditions, an average increase of three-fold was found
in the mutation frequency in a sensitive human-hamster
hybrid cell line (paragraph 171), and the mutation spectrum
was similar to that occurring spontaneously [W51]. One
explanation of this phenomenon is that reactive oxygen
species are generated by radiation in the whole cell and
perhaps also in the surrounding medium, and these species or
stable reaction products (e.g. lipid peroxides) diffuse into the
nucleus and persist to cause chromosomal effects. Evidence
for this idea has been found with x or neutron irradiation of
bone marrow cells; various indicators of persistent oxygen
radical activity were found in cell cultures seven days after
irradiation [C40]. It has also been shown that alpha particles
can produce factors in culture medium or in cells that cause
increases in sister-chromatid exchanges, as noted above; these
factors are inhibited by superoxide dismutase, an enzyme that
catalyses the conversion of superoxide ions produced in water
radiolysis [L17]. Similarly, in the microbeam experiments,
reactive oxygen species were implicated in the mutagenic
effects of cytoplamsic irradiation [W51]. Further, in human
fibroblasts, the modulation of proteins involved in the p53-
dependent pathway (Section II.B.2) following very low doses
of alpha particles occurs in more cells than have been
traversed by an alpha-particle track, apparently through cell-
cell contact [A24]. The potential consequences of bystander
effects are discussed further in Annex G, “Biological effects
at low radiation doses”.

202. In an attempt to link the delayed appearance of chromo-
somal aberrations to cancer-proneness, Ponnaiya et al. [P24]
measured this form of instability in strains of mice differing
in their sensitivity to radiation-induced mammary cancer.
Strikingly, cells from the more sensitive strain (BALB/c)
showed a marked increase in the frequency of chromatid
aberrations after 16 population doublings, while the less
sensitive strain (C57BL/6) showed no increase in aberrations
over the control level.

203. Higher-than-average frequencies of specific types of
chromosomal aberrations have been found after irradiation of
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strains of mice that are prone to certain types of cancer. These
aberrations are not necessarily the delayed effects of irradia-
tion but nonetheless may indicate that radiation damage to
specific parts of the genome contributes disproportionately to
cancer induction. As an example, interstitial deletions of
mouse chromosome 2 are consistently associated with
radiation-induced acute myeloid leukaemia in several inbred
strains of mice. The chromosome breakpoints involved in
these chromosome 2 deletions are non-randomly distributed
and can be detected at high frequencyat early times following
irradiation, suggesting that they may be an early event in
leukaemogenesis [B54, B55, H43, H45, R28, T23]. Investiga-
tion of two mouse strains showing large differences in
susceptibilityto radiation-induced thymic lymphomas showed
that at early times following x irradiation the incidence of
specific chromosomal aberrations, especially trisomy 15, was
much higher in the cancer-prone strain than in the resistant
strain [C21]. These examples suggest that certain chromo-
somal regions may be more sensitive to radiation-induced
genetic changes that are associated with cancer, although it is
difficult to quantifythis contribution preciselywithout a better
understanding of the development of aberrant clones of cells
in animal tissues.

204. In some mutation systems very high frequencies of
mutation occur both spontaneouslyand after irradiation. With
radiation induction, the amount of initial damage (e.g. the
numbers of DNA double-strand breaks per unit dose) in the
mutational target may not in these cases be sufficient to
account for the numbers of mutations induced. While it is
possible to consider that every type of damage (paragraph 15,
Table 1) may sometimes lead to mutation, these examples of
high-frequency mutation have usually been proposed to arise
from a form of genetic instability. For instance, somatic
mutation frequencies of coat colour in Pink-eyed unstable
mice are linear with x-ray dose down to 10 mGy and occur at
least 100 times more frequently per unit dose than germ-line
mutations in the mouse specific-locus tests [S57]. The Pink-
eyed unstable male mice have a reduction in the pigment of
the coat and eyes, caused by gene duplication interfering with
normal pigment production; deletion of this duplication is
scored as the mutation, giving normal pigmentation seen as
black spots on the grey coat.

205. The spontaneous frequency of mutation at tandem-
repeat (VNTR or “minisatellite”) DNA sequences in the germ
line of mice is also very high (1%-10% in offspring). The
mechanism of mutation at these hypervariable loci does not
appear to involve unequal exchange between homologous
chromosomes [W30] but rather some form of complex gene
conversion process [J10]. The incorporation of human
tandem-repeat sequences into yeast cells, to study the
mechanisms of variability, has confirmed that such sequences
are destabilized in meiosis and that this process depends on
the initiation of homologous recombination at a nearby DNA
double-strand break [D23]. Irradiation of mouse spermato-
gonial stem cells by x rays increased the mutation frequency
in offspring relative to controls [D10]. More extensive
experiments at different stages of spermatogenesis using both
single-andmulti-locusprobesshowed no increase in mutation

frequency in post-meiotic spermatids but gave a doubling dose
of 0.33 Gy for premeiotic spermatogonial and stem cells. The
dose-response for mutation induction by 0.5-1 Gy x rays,
combined for spermatogonial and stem cells, was linear
[D19]. In contrast, in a separate study using one of the same
probes at different germ-cell stages, the irradiation of
spermatogonia gave a non-significant increase in mutation
frequency, while the frequency in irradiated spermatids was
significant. The increase in mutation frequencywas not linear
with dose, showing little increase above 1 Gy [F5, S19].
Similar data were reported for 252Cf irradiations (35% gamma
rays, 65% neutrons): spermatids again showed the highest
induced mutation frequency, and a single dose (1 Gy) to
spermatogonia was significantly mutagenic. The RBE for
these mutations with 252Cf was 5.9 for spermatogonia, 2.6 for
spermatids, and 6.5 for spermatogonial stem cells [N15].
More work is required to reconcile the discrepancies that are
seen for different germ-cell stages. Recently a striking result
has been found from tandem-repeat mutation studies follow-
ing irradiation of male mice with 0.5 Gy 252Cf neutrons, and
the mating of these mice to unirradiated mice through two
generations to yield second-generation (F2) progeny.
Remarkably, the F2 mice showed an elevated frequency of
mutation in the repeat sequences inherited from both male and
female lines(6-foldand3.5-fold, respectively), suggesting that
genetic instability can be transmitted through the germline
[D24]. The induced mutation frequencyat these hypervariable
sequences seems to be too high, by two orders of magnitude,
for direct damage by radiation at the sites of mutation; it was
proposed that some indirect mechanism of mutation induction
is responsible [D19, F5, S19, D24].

206. Human spontaneous germ-line mutation frequencies at
tandem-repeat loci can also be high (1%-7% per gamete). In
a pilot study of children of survivors of the atomic bombings
(mean gonad dose, generally to only one of the parents =
1.9 Sv) and matched controls, mutation frequency was
measured at six tandem-repeat loci. The average mutation
frequency was similar in the two groups, at 1.5% per gamete
per locus for the exposed gametes and 2% for the unexposed
gametes [K26]. A further study of the same children using a
probe to detect multiple-repeat loci again showed no increase
in mutation rate for the exposed group [S67]. However, a
twofold increase in the frequency of mutation at tandem-
repeat loci has been reported for children of parents resident
in the Mogilev district of Belarus, which was heavily
contaminated in the Chernobyl accident [D14]. Four tandem-
repeat loci were tested, three of which showed increases by a
factor of 1.7-2.0, while one locus (in which onlyone mutation
was found) showed a reduction in the exposed group. The 79
families tested were compared to a control Caucasian
population from the United Kingdom, which showed a
similar overall distribution of repeat lengths at these loci. In
a follow-up studyusing five additional tandem-repeat loci and
including a further 48 families from Mogilev, the same
general twofold increase was found when compared with the
same (United Kingdom) control population [D1]. The mean
dose to the exposed population was calculated to be
27.6±3.3 mSv from 137Cs; some evidence for a dose-response
relationship was obtained by dividing the exposed group into
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those receiving >20 mSv (mutation rate = 0.024) and those
receiving <20 mSv (rate = 0.018), compared with the control
rate of 0.011. While it is clear that there is a general increase
in the mutation rate for several different genomic sites in the
exposed population, difficulties of interpretation exist because
of the geographical disparity of the control group and the
possibility that other environmental agents may be
responsible for the increased mutation rate [S67]. As a direct
test of the involvement of tandem-repeat loci in radiation-
induced carcinogenesis, normal and tumour DNA from post-
Chernobyl thyroid carcinomas was examined for mutations in
three loci [N22]. Mutations were found in 3 of 17 tumours
(18%), with one of these having mutations in all three loci,
while none of 20 sporadic thyroid cancers from patients
without a historyof radiation exposure showed tandem-repeat
mutations.

207. Recent studies of “hypermutation” in non-dividing
cultures of bacteria placed under stress have also suggested
that recombination processes are involved in the formation of
small deletions at high frequency [R29]. It is suggested that
when bacteria are starved ofnutrients, for example, mutations
arise at a very high rate in order to survive (if sufficient
mutations occur, one of these may be sufficiently favourable
to allow the cells to adapt to the prevailing conditions).
Evidence supports a model in which cells enter a transient
hypermutable state in which DNA double-strand breaks
initiate homologous recombination activity (see Figure Id),
priming error-prone DNA synthesis. It seems likely that the
errors (mutations) arise as a result of a down-regulation of the
mismatch repair system (paragraph 166) [H44]. Similarly,
specific types of oxidative base damage (e.g. 8-oxoguanine,
paragraph 24) may lead to small deletion mutations when
mismatch correction is compromised [B56]. The significance
of these findings is that the intrinsic mutability of cells is
modifiable, and this principle may apply equally to many
types of cell, perhaps including those involved in carcino-
genesis [R30].

208. Other reported phenomena mayalsobe connected to the
induction of genetic instability following irradiation. One of
these is coincident mutation: in cells selected for radiation-
induced mutation at one genomic site, a high frequency of
mutations occurs at other sites. Li et al. [L16] found two
mutations at tandem-repeat loci among 50 x-ray-induced TK
gene mutants, a frequency of 4 10-2 and far in excess of
expectation based on current knowledge of radiation-induced
gene mutation frequencies. No second-site mutations were
found in 70 unirradiated clones. Perhaps the clearest example
of coincident mutations was found in an extensive study of
x-ray-induced mutation in the fungus Neurospora crassa
[D5]. In a chromosomal region containing 21 genes, about
10% of the radiation-induced mutants had mutations in more
than one gene following a single acute dose. However, a yeast
cell study has revealed a possible mechanistic basis for non-
targeted mutations that occur relatively close to the initial site
ofdamage, without invokinggenetic instability[S52]. A DNA
double-strand break was placed at a single site in one yeast
chromosome, using a site-specific endonuclease, and
mutations were measured in a gene situated adjacent to the

break site. After the break had undergone recombination
repair, it was found that the adjacent gene had sustained a
300-fold increase in the frequency of point mutations. This
result suggests that the break repair process is error-prone,
presumably because of a lack of fidelity in DNA repair
synthesis, and extends over distances of several hundred DNA
base pairs.

209. It is difficult to know how the reports of delayed genetic
effects and instability following both low- and high-LET
radiation may apply to humans. As indicated above (para-
graphs 201-203), a high frequency of radiation-induced
genetic or epigenetic changes may contribute to cancer
incidence, at least in those instances where an accumulation
of somatically-stable changes is required. However, it is still
not clear whether genetic instability or a higher-than-normal
mutation rate is a necessary for the development of tumours
[T38]. In the case of inherited genetic alterations, where germ
cells are the target, measurements ofmutation frequencymade
at short intervals after irradiation could underestimate the
induced mutation frequency. However, in the case of alpha-
particle irradiation, mice injected with 239Pu and subsequently
mated to tester stocks (specific-locus method) over many
weeks were not found to show increasingly high levels of
mutation [R16]. It is, of course, possible that some potential
increase in mutations may be balanced by selection against
sperm carrying an increased load of genetic damage due to
instability. The type of mutation induced maybe important; if
these are point mutations, they could have a greater chance of
transmission and could lead to dominant genetic effects in
offspring. The potential importance of genetic instability in
carcinogenesis, especially at low radiation doses, is discussed
further in Annex G, “Biological effects at low radiation
doses”.

F. MUTATION FREQUENCIES AND
CONSEQUENCES

210. Radiation-induced mutations are always measured
against a background of spontaneously-occurring muta-
tions. The mechanisms of spontaneous mutation are
numerous; the chemical reactivity of DNA leads to
instability, and there are inherent errors in replicating a
very large molecule. Some of these mechanisms will
overlap those of radiation damage; for example, oxidative
damage from metabolic processes in aerobic organisms will
give both base damage and strand breaks (paragraph 19).
This indicates why many of the types of mutation that
occur spontaneously are similar to those formed by ioniz-
ing radiation. The cell requires efficient repair processes to
cope with endogenous damage; if unrepaired, the damage
will lead to base-pair substitutions as well as some larger
changes. The increase in mutant frequency found after
exposure to ionizing radiation is likely to come from both
the additional load of damage similar to that occurring
spontaneously (such as DNA base damage and loss) and
more complex radiation-induced damage that cannot be
handled easily by the cell's battery of repair enzymes
(Section I.B).
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a Ethylmethane sulphonate, an alkylating agent.
b Doses 2.5 and 4 Gy.
c Dose 5 Gy (both EMS and gamma-ray doses gave 20% cell survival).

211. As was stressed in Section IV.B, an important
influence on the observed frequency of mutation is the
tolerance of the genome site to large changes. When large
changes are tolerated, the spectrum of mutations induced
by ionizing radiation shows that at least half (and
commonly more than half) of the mutations measured
shortly after irradiation are large deletions and rearrange-
ments. This spectrum may change with time after
irradiation, but as yet there are too few data to comment
meaningfullyon this possibility. Mutation frequencies have
been measured for a few target genes, which have been
chosen for their ease of use and especially for their
presence in a hemizygous state. While these measurements

seem unlikely to represent the genome as a whole (see
Section IV.E), they do give some idea of the variation in
frequencies and the reasons for this variation. An
interesting comparison can be made of the hamster APRT
and HPRT genes; since both of these code for inessential
enzymes of similar function (purine salvage) they should
both detect all types of mutant. However, the APRT gene is
thought to have an essential gene situated downstream,
which limits the possibility of detecting very large
deletions (paragraph 179). Table 4 shows that the
frequencies of both spontaneous and radiation-induced
APRT mutations are lower than those for HPRT by more
than an order of magnitude.

Table 4
Mutant frequency and spectrum in two different genes of hamster cells

Agent
Mutant frequency

(10�6 cells)
Number analysed

Deletions/rearrangements
(%)

APRT (autosomal hemizygous) [M13]

None
EMS a

Gamma rays

0.13
430

1.5�3.0 b

125
48
85

7.2
0

22.3

HPRT (X-linked hemizygous) [T20]

None
EMS a

Gamma rays c

6.2
690
38.8

44
56
48

18
0

71

212. Whether available mutation systems are sensitive
enough to yield useful data on genetic damage in situations
of practical importance is questionable. There has been
some controversy over attempts to measure, for example,
the frequency of HPRT gene mutations in the blood
lymphocytes of radiotherapy technicians and patients. It
was concluded that some of these studies are better at
revealing the variables involved in measuring mutation at
low doses than at giving reliable data on mutation
frequencies (reviewed in [T22]). One study [N16], how-
ever, included molecular analysis of the mutations found in
lymphocytes of radioimmune therapy patients and showed
that a higher proportion with large genetic changes
occurred than in controls, with some dose dependence for
the fraction of mutants with large changes due to cumula-
tive 131I activity. Studies of the survivors of the atomic
bombings [H32, H33] reported a slight increase, about 10%
per Gy, in HPRT mutant frequency as estimated dose
increased. This frequency increase is considerably lower
than found in freshly-irradiated lymphocytes, suggesting
that HPRT mutants are selected against over the long time
period involved. However, it has recently been found that
a significant increase in HPRT mutant frequency could be
detected in combined data from 142 liquidators involved in
the Chernobyl accident (24% increase in the liquidator
group relative to Russian controls) after adjustment for age
and smoking [T49].

213. The problem of selection against mutant cells seems to
be less severe in some more recently developed mutation
assays. An assay based on the loss of one copy of the cell-
surface marker glycophorin A, encoded by the GPA gene, in
human erythrocytes gave dose-dependent increases in mutant
frequency in survivors of the atomic bombings, and the
frequencies per unit dose were similar to those found in
human cells irradiated with low-LET radiation under
laboratory conditions [K1, K33, L44, L45]. In contrast to the
HPRT data, there was a positive correlation between the
frequencies of chromosomal aberrations and GPA mutants in
exposed individuals; additionally, survivors with malignant
solid tumours showed a significantlyhigher mutant frequency
than those without cancer. This assay will measure
chromosome loss (by, for example, non-disjunction) as well as
mutation and recombination events in individuals already
heterozygous for the GPA gene (about half of the human
population), but it has the drawback that no molecular
analysis of the mutations is possible (mature erythrocytes lack
nuclei) [G24]. The GPA mutation system has also shown
dose-dependent mutation induction in individuals exposed to
doses of up to 6 Gy during or following the Chernobyl
accident, and the slope of the dose response was very similar
for these measurements and the GPA mutants measured in
survivors of the atomic bombings (at about 25 10-6 mutants
Gy-1) [J18]. This result has received support from subsequent
measurements of GPA mutation in liquidators [W53] or
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people living in the vicinity of Chernobyl [L71] at the time of
the accident. However, use of the GPA system to measure
mutation in more than 700 Estonian and Latvian workers
involved in the Chernobyl clean-up, with estimated median
doses of about 100 mGy, did not detect a consistent increase
in mutant frequency[B39]. The mutagenic effects of 5.3 MeV
alpha particles (average LET = 140 keV µm-1) in a human
exposed to 232Th over a 43-year period following thorotrast
injection were measurable using the GPA gene assay [L11].
These data showed a fivefold increase in GPA mutants and
correlated to large increases in chromosomal aberration
frequency in lymphocytes from the same individual. Other
data associated with the consequences of the Chernobyl
accident are considered in the Annex J, “Exposures and
effects of the Chernobyl accident”.

214. Where enough measurements have been made, the
average frequency of gene mutation induced by low-LET
radiation is similar in cells from different somatic tissues
and species. This can be illustrated by a plot of induced
HPRT mutant frequencyagainst surviving fraction (Figure
VIIIa), where differences in intrinsic radiosensitivity are
taken into account [T13, T14]. The plot also indicates that
there is some consistency in the relationship between
mutation and killing, suggesting that these responses
derive from similar types of damage, a constant fraction of
which is converted to mutations [T17]. It should be noted
that this relationship does not say anything about the
absolute mutant frequencies for different tissues or
organisms; these may differ substantially, as seen, for
example, in the response of different germ-cell stages in
the mouse [S29].

215. The mutation frequency/survival plot can also be used
to show that both the type of radiation and cellular
parameters can influence the effectiveness of mutation
induction. Thus, for HPRT mutation, densely ionizing
radiation shows an increase in the effectiveness by a factor of
no more than 2; i.e. the RBE for mutation is about twice that
for cell killing (Figure VIIIb) [C22, T16, T18]. Similarly,
x rays vary in effectiveness with the phase of the cell cycle; an
increase in the effectiveness of mutation induction by factors
of 2-3 is found relative to cell killing, especially in G1/S phase
[B14, J6]. It is tempting to speculate that the repair systems
operational at this point in the cycle (see Section II.B.1) are
more prone to recombinational errors.

216. Mutation induction is alsosubject todose-rate effects; in
general, the effectiveness of low-LET radiations is reduced by
factors of 2-4 at low dose rates [T22]. However, it has also
been found in specific conditions that the mutagenic
effectiveness may remain the same or may increase at low
dose rates relative to high dose rates [T22]. For example, if
TK6 lymphoblastoid cells are exposed to low dose rates, no
change in mutagenic effectiveness is found [K36], while their
more radiation-resistant counterpart WIL2-NS (paragraph
185) shows an approximately twofold reduction in effective-
ness [F11]. Lack of alteration in mutagenic effectiveness with
dose rate has also been seen for radiation-sensitive (DNA-
repair-deficient) cell lines [F12]. In addition, at dose rates of
low-LET radiation of �0.5 mGy min-1, rodent cell lines may

show no dose-rate effect [E10, E11, F13] or an increased
(inverse) dose-rate effect [C44, C45]. Also, inverse dose-rate
effects have been seen with low dose rates of high-LET
radiation [K37, N18].

Figure VIII. Mutation-survival relationship for HPRT
genes.
VIIIa: Similarity of induced mutant frequency in cell
lines from human, mouse and hamster [T17];
VIIIb: The increased effectiveness of densely ionizing
radiation (238Pu alpha particles) compared to x rays in
hamster cells [T18].

217. Some of these dose-rate data point to specific cellular
processes influencing the response; in particular, it appears
that the response is dependent on the capacity of cells to
repair damage to DNA [T22]. It has long been thought that
cellular repair capacity is responsible for the reduction in
mutagenic effectiveness with dose rate, as seen for example in
classical mouse germ-cell data [R6, R7]. Where little or no
dose-rate effect is found, the repair capacity of the genetic
region or of the whole cell is therefore likely to be impaired.
This situation may also apply in some germ-cell stages;
spermatozoa of both Drosophila and the mouse show no dose-
rate effect [R6, T31]. The finding that very lowdose rates give
little relative effect, or an inverse effect, in some somatic cell
lines may indicate that the full repair capacity of a cell
requires a minimum level of insult (damage induced per unit
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time) before it is brought to bear on that damage. However, it
should be noted that chronic irradiation of mouse
spermatogonial stem cells has shown no further reduction in
specific-locus mutation frequency below 8 mGy min-1 with
dose rates down to 7 µGy min-1 [R17].

G. SUMMARY

218. DNA damage caused by ionizing radiations leads to
various types ofmutation: the smaller mutations, such as base-
pair substitutions, appear to result from damage to single
bases, while larger changes, such as large deletions and
rearrangements, probably arise from DNA double-strand
breakage. The spectrum of radiation-induced mutations is
dominated by the larger molecular changes if the genetic site
assessed will tolerate these without lethality. In view of the
propensityto induce large geneticchanges, it maybe supposed
that the average radiation-induced mutation has greater
consequences in terms of extensive alterations of the genome
than the average spontaneous mutation or those induced by
other agents. As yet no distinct mutational fingerprint has
been identified for ionizing radiations, although there is a
suggestion that the more complex types of molecular change
maybe overrepresented in the spectrum. High-LET radiations
induce a higher mutation frequency per unit dose, but there
are insufficient data to establish whether the mutation
spectrum is different from that for low-LET radiations.

219. Attempts by cellular enzymes to repair DNA damage
are intimately linked to mutation formation. The molecular
mechanisms of radiation-induced mutation include illegiti-
mate recombination, but where genes are heterozygous there
isevidencethat homologousrecombination is involved(giving

loss of heterozygosity, commonlyseen in some cancers as loss
oftumour-suppressor genefunction). Someformsofradiation-
induced base damage will be repaired by mismatch repair
pathways; loss of mismatch repair function can lead to
hypermutability, which is linked to specific forms of cancer
such as hereditary non-polyposis colon cancer. The involve-
ment of repair processes in mutation formation suggests that
the intrinsic mutability of cells is not fixed but will vary with
their repair capacity; this concept may have important
consequences for the process of carcinogenesis.

220. There are several reports of persistent genetic effects in
cells and animals following irradiation, suggesting that
genetic instability is induced. A possible explanation for this
phenomenon is that stable oxidative reaction products persist
and can continue to give genetic damage in subsequent cell
generations, although other explanations are possible (para-
graph 195). In some mutation systems very high frequencies
of mutation (hypermutability) occur spontaneously and after
irradiation; on the basis of target size, it is unlikely that these
mutations are induced directlybyradiation damage at the sites
of mutation. Hypermutability also suggests that some form of
genetic instability is induced by radiation treatment, but at
present it is difficult to know how these data relate to
responses such as cancer induction.

221. Methods havebeen established for measuring mutations
with some accuracy in human somatic cells, such as blood
lymphocytes, but most mutation systems lack the sensitivity to
be used as indicators of genetic damage in cases of low-dose
radiation exposure. Some success has been found in measur-
ing mutant frequencies in cells of individuals exposed to
relatively high doses of radiation, such as atomic bomb
survivors and Chernobyl recovery operation workers.

CONCLUSIONS

222. DNA repair processes have evolved in all biological
organisms to combat the deleterious effects of damage to their
genetic material. Attempts to repair DNA damage also cause
many types of mutation, through inability to properly restore
the DNA sequence. Many of the genes involved in the repair
of DNA damage in human cells have now been cloned, and
their functional analysis has led to considerable progress in
our understanding of the ways in which cells and organisms
respond to radiation damage. Several different pathways of
repair are required to cope with damage from ionizing
radiation (Figure III), and the consequences of losing repair
capacity can be drastic. The importance of the repair gene
function has been revealed in particular by the development of
methods to knock out specific genes in experimental animals.
Using these methods, it has been found that the loss of repair
gene activity is often lethal in early stages of development
(Table 2). Where the knockout animals survive the loss of
repair capacity, they are commonly very prone to cancer.
These findings reinforce more limited studies with rare
individuals in the human population, which have suggested
for some time that radiosensitivity is linked to cancer

proneness. The converse finding, that mice lacking
homologuesofthehumanbreast-cancer-predisposing(BRCA)
genes are radiosensitive, is a further important illustration of
this link. Loss of repair gene function is considered to lead to
cancer proneness primarily through an increase in genetic
instability, although the mechanistic details of this process
remain to be elucidated. The precise contribution of loss of
repair gene function to the risk of radiation-induced cancer in
the population is unknown at present; if calculations are
restricted to those rare individuals with recognized repair
syndromes, then this contribution will be small, but it is
already known that a more subtle variation in these genes
occurs widely in the human population.

223. Cellular survival assays indicate a twofold variation in
the response of individuals in the general population to acute
radiation exposure. This variation may become three- or
fourfold when irradiation is given at low dose rates. Specific
groups of individuals may show a consistently elevated
sensitivity; for example, individuals heterozygous for the
ataxia-telangiectasia-mutated (ATM) gene, who constitute
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about 1 percent of the population, show enhanced radio-
sensitivity especially when tested in a chromosome-damage
assay. This finding has recently been reinforced by similar
data with transgenic mice heterozygous for ATM deficiency.
Strikingly, using the chromosome-damage assay, one study
has shown that about 40 percent of breast cancer patients
show a similar enhancement of radiation sensitivity. Recent
evidence shows that the enhanced radiosensitivity of breast
cancer patients has a genetic basis; it has been suggested that
the ATM gene is involved in predisposition to breast cancer,
but the evidence for this is controversial. It is possible that
small reductions in the efficiency of any one of a number of
genes involved in radiation response, due to subtle mutations
or polymorphisms, will account for the existence of radio-
sensitive groups of individuals.

224. The analysis of DNA repair processes has revealed that
theyare part of a complex response system in our cells, which
includes genes involved in recognizing and signalling the
presence ofdamage andgenesoperatingcheckpoints toensure
that cells do not progress through the cell cycle if they carry
DNA damage. The functional analysis of repair genes
involved in radiation response has also revealed a link
between radiosensitivity and immune dysfunction, because
some of the gene products involved in the repair of radiation-
induced DNA double-strand breaks also assemble functional
immune genes. Thus, radiosensitivity in humans can arise
from the loss of a broader spectrum of gene functions than
was initially recognized.

225. A reduction in DNA repair capacity may have several
consequences for the cellular radiation response, including
alteration in the shapes of dose-response curves, the loss of
low-dose-rate sparing, and a loss of relative effectiveness for
high-LET radiations. It is probable that these consequences
arise mainlyfrom an alteration in the abilityto repair complex
forms of DNA damage, particularly those involving double-
strand breaks, since this type of damage is extremely
hazardous to the cell. DNA repair capacity is therefore an
important component of radiation dose-response, and it is
clear that it needs to be considered as a variable in modelling
radiation action, especially when attempting to extrapolate to
low dose exposure. However, before the effects of repair
pathways can be modelled accurately, there is still consider-
ably more to learn about the way in which different pathways
contribute to the overall response to radiation. At present it is
not known how cells control the use of different repair path-
ways in responding to damage, and in particular how a
balance is achieved between correct (error-free) repair and
repair leading to mutation induction. Additionally, more
information is needed on the relationship between DNA
repair and apoptosis in different cells and tissues topredict the
outcome of radiation exposure.

226. There is experimental evidence that pre-irradiation with
low doses (5-10 mGy) can increase the resistance of cells to a
subsequent higher dose, and that a more sensitive cellular
response to radiation exists at low doses than at higher doses.
These observations have led tosome controversy; theysuggest
that under some circumstances a resistance factor can be
induced by low radiation doses, but the mechanistic basis of

the observations has proved difficult to establish. It has also
been found in separate studies that a number of different genes
and proteins are induced or repressed by radiation, although
few of these appear to be involved directly in the repair of
DNA damage. To date little of this characterization has been
carried out in a systematic fashion, because it has been
conditioned by the availability of cloned genes and proteins.
However, new technology based on large-scale gene
sequencing coupled to micro-arraying of sequences is
beginning to revolutionize this type of study by enabling the
assay of hundreds or thousands of gene products at one time.
By examining the levels of many gene products from cells
before and after irradiation, as well as with time elapsed
following irradiation, it will be possible to see how the
damage response is coordinated. These methods also permit
a molecular description of the differences in levels of gene
products present in normal and diseased tissues, including
tumour tissue, facilitating an understandingofthemechanistic
basis ofcancer induction byagents such as ionizing radiation.

227. Many different types of DNA damage are caused by
ionizing radiations, ranging from isolated single-strand
damage at sites of single ionizations to complex DNA altera-
tions at sites of clustered ionizations. The more complex
forms of damage may be unique to the interaction of ionizing
radiations with DNA, compared with damage occurring spon-
taneously or that caused by other DNA-damaging agents.
Several attempts have been made to establish whether radia-
tion damage can lead to a distinct fingerprint of genetic chan-
ges, but this has proved elusive. It is clear, for example, that
the spectrum of gene mutation arising from radiation damage
has differences from the spontaneous mutation spectrum, but
the overlap in the two spectra is considerable. Again, new
technologies based on fluorescent in situ hybridization, the use
of reporter genes with fluorescent tags, and comparative
genomic hybridization will allow a refined view of radiation-
induced genetic changes and the hope of future distinctions.

228. Manygenetic changes caused by radiation occur within
a few hours of giving the dose, but there is experimental
evidence to show that some forms of change may occur after
much longer times and following many cell divisions. In
addition, at some sites in the human genome, the frequency of
radiation-induced genetic changes is much higher than would
be expected based on direct damage to DNA by radiation
tracks. These observations broaden our knowledge of the
mechanisms of radiation action, but elucidation is required
further before the consequences of these mechanisms for
radiation risk can be understood.

229. It is clear that much more knowledge of the structure of
the human genome, in particular the disposition of the genes
within it and their responses to radiation, is required before it
will be possible to predict the average frequency of mutation
induced by a given dose of radiation. Additionally, the range
of repair capacities present in the human population,
including carriers of defective repair genes, will have to be
considered to predict mutability on an individual basis. A
more complete knowledge of these response mechanisms will
allow greater accuracy in the prediction of radiation-induced
carcinogenic and hereditary effects.
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INTRODUCTION

1. Biological effects of ionizing radiation in humans, due
to physical and chemical processes, occur immediately
following the passage of radiation through living matter.
These processes will involve successive changes at the mole-
cular, cellular, tissue and whole organism levels. For acute
whole-body exposures above a few gray from radiation of low
linear energy transfer (LET), damage occurs principally as a
result of cell killing. This can give rise to organ and tissue
damage and, in extreme cases, death. These effects, termed
earlyor deterministic, occur principallyabovea threshold dose
that must be exceeded before they are manifested as clinical
damage, although damage to individual cells will occur at
lower doses. Protracted delivery of such high doses over
several hours or days will usually result in effects of lower
severity. Information on the early effects of radiation in
humans was reviewed in the UNSCEAR 1993 and 1982
Reports [U3, U6].

2. A second type of damage can occur at late times after
exposure. This damage consists primarily of damage to the
nuclear material in the cell, causing radiation-induced cancer
to develop in a proportion of exposed persons or hereditary
disease in their descendants. Although the probability of both
cancer and hereditary disease increases with radiation dose, it
is generally considered that their severity does not. They are
termed stochastic effects and were reviewed in the UNSCEAR
1977, 1988, and 1994 Reports [U2, U4, U7].

3. Direct information on radiation-induced cancer is
available from epidemiological studies of a number of human
populations. These include the survivors of the atomic
bombings in Japan and groups that have been exposed to
external radiation or to incorporated radionuclides, either for
medical reasons or occupationally. Such studies provide
quantitative information on the risk of cancer at intermediate
to high doses and are reviewed in Annex I, “Epidemiological
evaluation of radiation-induced cancer”. At lower levels of
exposure, however, quantitative estimates of risk are not so
readily obtained, and inferences need to be made by down-
ward extrapolation from the information available at higher
doses.

4. In the case of radiation-induced hereditary disease,
studies on human populations have not provided quantitative
information, so risk estimates have to be based on the results
of animal studies. There is again the difficulty that quanti-
tative data are available only following exposures to inter-
mediate to high doses. Information on radiation-induced
hereditary disease has been reviewed previously by the
Committee [U3, U4].

5. For the majority of situations in which human beings
are exposed to ionizing radiation in the home, in the natural
environment, and in many places of work, the principal
concern is the consequence of exposure to low doses and low
dose rates. For the purposes of radiation protection, the
establishment of the expected incidence of cancer or heredi-

tarydisease following radiation exposure is presentlybased on
the hypothesis that the frequency of their induction increases
proportionally with radiation dose. A linear, no-threshold
dose-response relationship has generally been adopted by
national and international bodies for assessing the risks
resulting from exposures to low doses of ionizing radiation
(see, e.g. [I2, U4]). This hypothesis implies that the risk of
cancer increases (linearly) with increasing exposure and that
there is no threshold, i.e. no dose below which there is
absolutely no risk. As yet no definitive experimental data are
available on this issue (see Chapter IV).

6. Experimental and epidemiological data on which
quantitative evaluations of the risk of cancer following
exposure to low-LET radiation are based come principally
from studies involving exposures at moderate to high doses
and dose rates. Most organizations have extrapolated linearly
and then applied a reduction factor to estimate risks at low
doses and low dose rates. This reduction factor has been
variously termed a dose and dose rate effectiveness factor
(DDREF) [I2], a dose-rate effectiveness factor (DREF) [N1],
a linear extrapolation overestimation factor (LEOF), and a low
dose extrapolation factor (LDEF) [P1, P14]. The basis for the
application of such a reduction factor was described in the
UNSCEAR 1993 Report [U3]. For high-LET radiations, such
as neutrons and alpha particles, no reduction factor has
generally been applied, because the dose response for
radiation-induced cancer and hereditary disease is essentially
linear between the lowest dose at which effects have been
observed and that at which cell killing becomes a factor in the
dose response [I2, U3, U4].

7. There has been extensive debate as to the shape of the
dose-response relationship below the range at which effects
can be directly measured. It has been argued that
irradiating cells and tissues with small radiation doses can
result in an adaptive response that reduces the amount of
damage caused bysubsequent radiation exposure [U2, W6]
or even results in a beneficial effect, termed hormesis [A9,
T11, W13]. There have been suggestions that, at very low
doses, radiation may have no effect at all; these suggestions
are based on the proposition that there could be a threshold
for a response, in the same way as there is for clinically
observed deterministic effects. This situation mayarise, for
example, if damage to a number of cells is needed before
any adverse effect occurs or if interaction between cells is
a prerequisite for an effect [K19, M34]. An apparent
threshold may also arise if the latent period between expo-
sure and the appearance of a cancer exceeds the normal
lifespan of the individual [R1, R14].

8. Several mechanistic models have been proposed to
describe the effects of radiation at the different levels of
biological organization. There has been considerable effort in
developing such models to quantitatively describe cellular
survival, repair and transformation, based on the stochastic
(probabilistic) process of energy deposition in radiosensitive
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targets representing elements of cell structure, or employing
track structure concepts. Other models have concentrated on
representing the processes of repair and misrepair of damaged
cell structures. In general, a mechanistic model should, apart
from quantitative description of available data, have a
predictive capability and offer crucial tests of its validity.
Some mechanistic models support the linear no-threshold
expressions used to fit epidemiological data, while others point
to power law dose-effect relationships, implying a zero initial
slope. There have been suggestions that the limits of dose-
based quantities have been reached and that fluence and an
action cross section are more appropriate concepts for
assessing damage to cells. No quantitative attempt has,
however, been made to apply these concepts in radiological
protection [S5].

9. It has been recognized by the Committee for some
time that information is needed on the extent to which both
total dose and dose rate influence the induction of cancer
and hereditary disease. A number of considerations are
important in determining the risks of exposures to
radiation at low doses and low dose rates. These include (a)
careful analysis ofepidemiological studies to determine the
lowest doses at which effects are statistically evident, (b)
examination of the shape of the dose-response relationships
in the low-dose region using available experimental and
epidemiological data, and (c) assessment of the possibilities
for extrapolation to lower levels of dose based on an
understanding of the mechanisms involved in the radiation
response of tissues. Extrapolation based on mechanistic
considerations can, in principle, be made using informa-
tion on relevant biological factors such as cellular/
molecular targets for tumour initiation, the nature of
radiation-induced damage to deoxyribonucleic acid (DNA)
and the fidelity of its repair, together with information on
adaptive responses and cellular surveillance. Manyof these
factors were discussed in the UNSCEAR 1993 and 1994
Reports [U2, U3].

10. The objective of this Annex is to examine the sources
of data that are available for assessing the risks of
radiation-induced cancer and hereditary disease at low
doses for both sparsely ionizing (low-LET) and densely
ionizing (high-LET) radiation and their associated
uncertainties. This Annex brings together information
reviewed by the Committee in separate specialized
Annexes, material from previous UNSCEAR reports, and
additional data from dosimetric and cellular studies,
epidemiological investigations, recent advances in
molecular biology, and developments in mechanistic
models. The aim is to provide an overview of the data
available on the relationship between radiation exposure
and the induction of cancer and hereditary disease, with
emphasis on the extent to which radiation effects can be
observed at low doses. This information, coupled with
knowledge on the mechanisms of damage to cells and
tissues, provides a basis for informed judgements to be
made about the likely form of the dose response at
exposures below those at which direct information is
available.

11. Dose-response relationships for radiation effects in
cellular systems are reviewed in Chapter I. Considered first of
all is the definition of a low dose and a low dose rate, as they
may be described either physically or biologically. This will
depend upon the level of biological organization considered.
Also addressed are theoretical aspects of the interactions of
radiation with cells and tissues; the influence of track structure
on radiation response; the concept of dose as it applies to
tissues, cells, or subcellular targets; and the possible implica-
tions for dose-response relationships. The results of cellular
studies are then reviewed. The range of endpoints of these
studies include cell killing, cell transformation, chromosome
aberrations, and mutation, which occur principally as a
consequence of damage to the nuclear material in individual
cells.

12. The results of animal studies related to radiation-
induced cancer and hereditary disease are considered in
Chapter II. For tumour induction, animal studies have demon-
strated that dose-response relationships can be complex,
depending on the age, gender, and species or strain of the
animal, the sensitivity of individual tissues, the tumour type,
and the dose rate. The results obtained for dose-response
relationships for life-shortening and tumour induction with
different animal models following exposure to external
radiation or incorporated radionuclides are illustrated, and
information is presented on the extent to which animal data
can provide information on the risks of exposure at low doses.

13. In the case of damage to germ cells, the mutational
events resulting from DNA damage generally arise as a
simple function of dose and dose rate and depend principally
on the radiation sensitivity of the specific gene locus. Dose-
response relationships are reviewed in Chapter II. Radiation-
induced hereditaryeffects were comprehensivelyexamined by
the Committee in the UNSCEAR 1986, 1988, and 1994
Reports [U2, U4, U5].

14. Epidemiological studies give information on dose-
response relationships for tumour induction and provide the
basis for quantitative risk estimates for human populations.
The available data have been the subject of substantive
reviews by the Committee [U2, U4, U5], and a further review
is contained in Annex I, “Epidemiological evaluation of
radiation-induced cancer”. The information available on
dose-response relationships is described in Chapter III, with
emphasis on the extent to which data are available at low
doses. These data relate to the consequences of exposure in
utero as well as the exposure of infants, children, and adults.

15. The direct information on tumour induction, both from
experimental and epidemiological studies, is insufficient, on
its own, to elucidate the shape of the dose-response
relationship at low doses. In Chapter IV, present knowledge
is examined on the mechanisms of radiation tumorigenesis
that can be used to gain further insight into effects at low
doses. Emphasis is placed on gaps in knowledge and the
consequent uncertainties. This topic was last reviewed by the
Committee in the UNSCEAR 1993 Report [U3], and other
issues relevant to those discussed here are considered in
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Annex F, “DNA repair and mutagenesis” and Annex H,
“Combined effects of radiation and other agents”.

16. As modern molecular methods are developed and
applied, the understanding of the mechanisms of tumori-
genesis has, in recent years, increased substantially. At the
same time there has been an equivalent increase in know-
ledge of radiation action on cellular DNA; of control of the
reproductive cell cycle; of the mechanisms of DNA repair,
genomic maintenance, and mutagenesis; and of non-muta-
tional mechanisms of stable cellular changes. All this
information could be relevant to assessing the shape of the
dose response for both radiation-induced cancer and heredi-

tary disease at low doses and dose rates and the effects of
radiation quality at exposures below those at which direct
information is available.

17. An important aim of Chapter IV is, accordingly, to
highlight the critical elements of the current understanding of
the mechanisms of tumorigenesis in order to relate them to
data on dose-effect relationships and permit extrapolation to
doses beneath those at which quantitative information is
available. In Chapter V, the judgements developed in Chapter
IV are used to examine biologically based computational
models that may in turn be used to assess the risk of radiation-
induced cancer at low doses and low dose rates.

I. CELLULAR EFFECTS

18. Damage to DNA, which carries the genetic information
in chromosomes in the cell nucleus, is considered to be the
main initiating event by which radiation damage to cells
results in the development of cancer and hereditary disease
[U3]. Either one or both strands of the DNA helix in cells
maybe damaged or broken, resulting in cell death, damage to
chromosomes, or mutational events. Radiation is thought to
have an effect on DNA either through the direct interaction of
ionizing particles with DNA molecules or through the action
of free radicals or other chemical intermediates produced by
the interaction of radiation with neighbouring molecules.
Damage can also be caused to other cellular structures,
resulting in death or sublethal damage in individual cells;
such damage does not in general result in radiation-induced
cancer or hereditary disease. An exception is damage to cells
that results in fibrosis, as this seems to be a precursor to the
development of some tumour types (see Chapter II). It is also
possible that other more indirect mechanisms can influence
tumour development.

19. This Annex is concerned with the examination of the
biological effects of radiation at low radiation doses. It is
appropriate, therefore, to consider first howthese should be
defined. The designation of low doses and low doses rates
has been considered in earlier reports by the Committee
[U3, U5] and is summarized here briefly. The following
Sections then consider radiation damage to DNA, relative
biological effectiveness (RBE) of radiations of different
quality, and the influence of track structure on cellular
response. Cellular studies related to the determination of
dose-response relationships for chromosome aberrations,
cell transformation, and mutation induction in somatic
cells are then summarized.

A. DESIGNATION OF LOW DOSES
AND LOW DOSE RATES

20. In interpreting the responses of cells and tissues to
ionizing radiation, judgements need to be made as to the
bounds for low and high doses of low-LET radiation. In the

1993 UNSCEAR Report [U3], the physical and biological
factors that need to be considered in making these
evaluations were examined in the context of the doses and
dose rates below which it would be appropriate to apply a
reduction factor when assessing risks (per unit dose) at low
doses and low dose rates from information on risks
obtained at high doses and dose rates.

21. ThefollowingSectionsdeal with physical andbiological
approaches todesignatingexposures that maybe considered to
beeither low-doseor low-dose-rateandwithexperimental data
that can give information on thedose-responserelationship for
stochastic effects in cells either in vitro or in vivo.

1. Physical factors

22. Various models have been developed to account for the
features ofdose-responserelationshipsobtained in experimen-
tal studies. A common aspect of many of these models is that
a single radiation track, for any radiation quality, is taken to
be capable of producing the initial damage and hence the
cellular effect. The fundamental physical quantity used to
define the deposition of energy in organs and tissues from
ionizing radiation is the absorbed dose. The tissue or organ
absorbed dose, DT, is generally taken to be the mean energy
absorbed in the target organ or tissue divided by the mass, T.
This definition of the absorbed dose does not, however,
characterize the fluctuation of energy absorption resulting
from the stochastic nature of the energy deposition events
(tracks) in individual cells. The fluctuation in the energy
deposition between cells in a tissue is generally disregarded
but can be significant when the possible effects of ionizing
radiation on cells at low doses are considered. The number of
independent tracks within each cell follows a Poisson
distribution, and thus the numbers of cells receiving zero or
few tracks will depend on the fluence of tracks through the
organ or tissue.

23. The physical factors that can influence the effect of
radiation on cells and tissues are generally well understood as
a result of advances that have taken place in recent years in
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microdosimetry at the cellular and subcellular levels [B31,
B32, G6, G12, P13, R18]. A microdosimetric argument for
defining low doses and low dose rates can be based on
statistical considerations of the occurrence of independent
radiation tracks within cells or nuclei. For 60Co gamma rays,
for example, and a spherical cell or nucleus (taken to be the
sensitive target) assumed to be 8 µm in diameter, there will
be, on average, one track per nucleus when the averaged
absorbed dose is about 1 mGy [B31, B32]. If the induction of
damage in the nucleus depends on energydeposition in single
nuclei, with no interaction between them, a departure from
linearity is unlikely unless there have been at least two
independent tracks within the cell nucleus. The number of
tracks within cells follows a Poisson distribution, as illustrated
in Table 1, with the mean number of tracks proportional to the

average absorbed dose. For average tissue absorbed doses of
0.2 mGy from low-LET 60Co gamma rays, for example,
spherical nuclei of say 8 µm diameter would each receive, on
average, about 0.2 tracks. In this case, just 18% of cells would
receive any radiation track at all and less than 2% of cells
would receive more than one track. Halving the exposure
would simply halve the fraction of the total cells affected, and
so, at such low doses, the dose-effect should be linear. This
microdosimetric argument for a low dose (taken here to be 0.2
tracks per cell) would apply to biological effects where the
energy deposited in a cell produces effects in that cell and no
other cell. It might apply, for example, to cell killing, the
induction of chromosome aberrations, and mutations. Its
applicabilitytocell transformation and cancer induction is less
certain. It would need modification if, for example, the pro-

Table 1
Proportions of a cell population traversed by tracks for various mean doses a from gamma rays and alpha
particles

Mean tracks
per cell

Percentage of cells in population suffering Percentage of
hit cells with

only one track0 track 1 track 2 tracks 3 tracks 4 tracks >5 tracks

0.1
0.2
0.5
1
2

5 b

10 b

90.5
81.9
60.7
36.8
13.5
0.7

0.005

9
16.4
30.3
36.8
27.1
3.4
0.05

0.5
1.6
7.6
18.4
27.1
8.4
0.2

0.015
0.1
1.3
6.1
18
14
0.8

-
-

0.2
1.5
9

17.5
1.9

-
-
-

0.4
5.3
56

97.1

95.1
90.3
77.1
58.2
31.3
3.4
0.05

a Approximately 0.1 mGy for gamma rays, 300 mGy for alpha particles.
b At these values appreciable proportions of the cell population will incur more than five tracks.

bability of an effect was influenced by a subsequent track at a
later time, as could be the case for multi-stage carcino-genesis,
or if there was interaction between cells in the development of
a specific radiation effect, as, for example, has been suggested
for so-called bystander effects. This is con-sidered further in
Chapter IV.

24. To develop the microdosimetric argument for
assessing a low dose, knowledge is required of the sensitive
volume in the cell. A sphere of 8 µm diameter, as described
above, is typical of the size of some cell nuclei, although
they may be larger or smaller. If only a part of the nucleus
responds autonomously to radiation damage and repair,
then a smaller sensitive volume may be more appropriate,
and the estimate of a low dose would increase. Figure I
illustrates, for various volumes, the specific energy of low-
LET radiation that would correspond to this microdosi-
metric criterion of a low dose when less than 2% of cells
receive more than 1 track. Thus for a nucleus of diameter
4 µm, a low dose (0.2 tracks per cell, on average) would be
about 0.8 mGy, and for 32 µm it would be about 0.01 mGy.
As described in the UNSCEAR 1993 Report [U3], this
definition of a low dose could also take into account
information on the time characteristics for DNA repair, which
would give a low dose rate of 10�3 mGy min�1, or be based on
only a single track traversing a cell in a lifetime (say, 60
years), allowing essentially no scope for track interactions,
which would give a low dose rate of 10�8 mGy min�1.

Figure I. Mean dose from an average of 0.2 radiation
tracks per cell nucleus as a function of diameter (<2%
of nuclei receive more than one track).

25. The situation is quite different for exposures to high-
LET radiation. When a tissue receives an average dose of
1 mGy from alpha particles, only about 0.3% of the nuclei
are struck by a track at all; the remaining 99.7% are totally
unirradiated. When a single track does strike, it delivers to
the nucleus a very large dose, of about 370 mGy on
average. In individual nuclei the dose may be any value up
to about 1,000 mGy [G22, G23].
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a Approximately 0.1 mGy for gamma rays, 300 mGy for alpha particles.
b At these values appreciable proportions of the cell population will incur more than five tracks.
c Averaged over about an hour.

I(D) � α D � β D 2 (1)

2. Biological approaches

26. Biological approaches. The definition of a low dose
and a low dose rate can also be based on direct observation
of damage in experimental systems or in epidemiological
studies. One approach to assessing a low dose is based on
parametric fits to observed dose-response data for cellular
effects at low to intermediate doses, below those at which
cell killing will become important. For the induction of
cellular damage, the incidence, I, of an effect can then be
related to the dose, D, by an expression of the form

in which α and β, the coefficients for the linear and quadratic
terms fitted to the radiation response, are constants and are
different for different endpoints. This equation has been
shown to fit data on the induction of chromosome aberrations
in human lymphocytes [U3]. It can also be extended to cover
cell killing as described in Section I.B.1. For some types of
unstable chromosome aberrations in human lymphocytes, the
α/β quotient (which corresponds to the average dose at which
the linear and quadratic terms contribute equally to the
biological response) is about 200 mGy for 60Co gamma rays
[L34], and thus the response is essentially linear up to about
20 mGy, with the dose-squared term contributing only 9% of
the total response. Even at 40 mGy, the dose-squared term
still contributes only about 17% to the overall response. On
this basis a low dose might be judged to be 20�40 mGy.

27. Another approach to assessing the low dose range
can be based on animal studies. The results of studies
designed to examine the effect of dose and dose rate on
tumour induction were comprehensively reviewed in the
UNSCEAR 1993 Report [U3]. The results obtained with
experimental animals, predominantlymice, comparing the
effect of various dose rates of low-LET radiation on the
induction of leukaemia and solid tumours have suggested
that, on average, a dose rate of about 0.06 mGy min�1 over
a few days or weeks may be regarded as low. At lower dose
rates no further reduction in tumour incidence, per unit

exposure, was obtained. The choice by the Committee in
the UNSCEAR 1986 Report [U5] of a low dose rate to
include values up to 0.05 mGy min�1 appears to have been
based on dose rate studies in experimental animals.

28. The analysis of information from epidemiological
studies, in particular the data from the survivors of the
atomic bombings in Japan, can also be used for estimating
a low dose. Analysis of the dose response for mortality
from solid cancers in the range 0�4 Gy (adjusted for
random errors) has suggested an α/β quotient from a mini-
mum of about 1 Gy, with a central estimate of about 5 Gy
[P1, P14]. An α/β quotient of 1 Gy suggests that at a dose
of 100 mGy the dose-squared term contributes less than
10% to the response and at 200 mGy still less than 20%. It
was suggested in the 1993 UNSCEAR report that for solid
tumour induction in humans, a low dose could be taken to
be less than 200 mGy [U3]. There is, in practice, little
evidence of a departure from linearity up to about 3 Gy. In
the case of leukaemia in the survivors of the atomic
bombings, where there is a significant departure from
linearity at doses above about 1.5 Gy, a central estimate of
α/β has been calculated to be 1.7 Gy, with a minimum
value less than 1 Gy [P1, P14]. On the basis of this central
estimate, the dose-squared term would contribute about
10% to the response at a dose of 200 mGy and about 23%
at 500 mGy. A low dose might therefore be considered to
be any exposure up to about 200 mGy [U3].

29. On the basis of these various analyses of physical and
biological data, the Committee concluded in the
UNSCEAR 1993 Report [U3] that for the purpose of
assessing the risk of tumour induction in humans at low
doses and dose rates of low-LET radiation, a reduction
factor (dose and dose rate effectiveness factor, DDREF)
should be applied, either if the total dose is less than
200 mGy, whatever the dose rate, or if the dose rate is
below 0.1 mGy per min�1 (when averaged over about an
hour), whatever the total dose. The various approaches to
assessing a low dose and low dose rate from low-LET
radiation are summarized in Table 2.

Table 2
Alternative criteria for upper limits of low dose and low dose rate for assessing risks of cancer induction in
humans (low-LET radiation)
[U3]

Basis of estimation
Low dose

(mGy)
Low dose rate
(mGy min-1)

UNSCEAR 1986 Report [U5]
UNSCEAR 1993 Report [U3]

Linear term dominant in parametric fits to single-cell dose responses

Microdosimetric evaluation of minimal multi-track coincidences in cell nucleus

Observed dose-rate effects in animal carcinogenesis

Epidemiological studies of survivors of the atomic bombings in Japan

200

20-40

0.2

�

200

0.05
0.1 c

�

10-8 (lifetime)
10-3 (DNA repair)

0.06

�
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30. For high-LET radiation, the experimental data
suggested that little consistent effect of dose rate or dose
fractionation on the tumour response at low to intermediate
doses has been obtained. It was therefore concluded [U3]
that there was no need to apply a reduction factor to risks
calculated at high doses and dose rates.

B. DAMAGE TO DNA

31. Cells are able to repair both single- and double-strand
breaks in DNA over a period of a few hours, but this repair
can be imperfect, resulting in long-term cellular damage and
mutation. It has been assumed in previous reports by the
Committee that damage to DNA causing mutational events in
germ cells is the result of a single biological event but that
carcinogenesis is a multi-stage process in which the radiation
can induce one or more of the stages involving damage to
DNA and interference with cellular homeostatic mechanisms
[U3].

32. The vast majority of endogenous DNA lesions take the
form of DNA base damage, base losses, and breaks to one of
the sugar-phosphate backbone strands of the double helix
[A14, W7]. Such single-strand damage may be reconstituted
rapidly in an error-free fashion by cellular repair processes
since the enzyme systems involved will, for all these lesions,
have the benefit of the DNA base sequence on the undamaged
strand acting as a template on which to recopy the damaged
or discontinuous code. Single ionizing tracks of radiation will
induce a preponderance of such single-strand damage as a
result of energy loss events occurring in close proximity to a
single DNA strand in the double helix. A cluster of such
events within the diameter of the DNA duplex (about 2 nm)
has, however, a finite probability of simultaneously inducing
coincident damage to both strands. In support of this, an
approximately linear dose response for double-strand break
induction by low-LET radiation has been observed [J6],
confirming that breakage of both strands of the duplex maybe
achieved by the traversal of a single ionizing track and does
not require multiple-track action. There is also evidence that
a propor-tion of radiation-induced double-strand breaks are
complex and involve locally, multiply damaged sites, LMDS
[J6]. On the basis of a body of experimental evidence it may
be judged that the ratio of low-LET radiation-induced single-
strand DNA breaks plus base damages to double-strand
breaks is around 50:1. The probability of a double-strand
break per cell has been judged to be about 4 per cell per
100 mGy [G10].

33. Afraction ofradiation-induced double-strand damage
will be repaired efficiently and correctly, but error-free
repair of all such damage, even at the low abundance
expected after low-dose exposure, is not anticipated. Unlike
damage to a single strand of the DNA duplex, a proportion
of double-strand lesions, perhaps that component
represented by LMDS, will result in the loss of DNA
coding from both strands. Such losses are inherently
difficult to repair correctly, and it is believed that misrepair
of such DNA double-strand lesions is the critical factor

underlying the principal hallmarks of stable mutations
induced by ionizing radiation of various qualities [T2,
T14]. Double-strand DNA losses may in principle be
repaired correctly by DNA repair recombination, but such
damage may be subject to error-prone repair, which can
result in the formation of gene and chromosomal mutations
that are known to characterize malignant development
[C23]. This interpretation would, however, be flawed if
cellular repair processes were totally effective in repairing
damage in the case of small numbers of double-strand
breaks in the affected cells. In such a case, a threshold dose
before any response could occur would be possible The
most basic, although not necessarily sufficient, condition
for a true dose threshold would be that any single track of
the radiation should be unable to produce the effect. Thus,
no biological effect would be observed in the true low-dose
region, where cells are traversed onlyby single tracks. This
is considered further in Chapter IV.

1. Dose response for low-LET radiation

34. The approach that has been frequently used to describe
both the absolute and the relative biological effectiveness of a
given radiation exposure from low-LET radiation is based on
the assumption that the induction of an effect can be
approximated by an expression of the following form:

where α and β are coefficients of the linear and quadratic
terms for the induction of stochastic effects and p1 and p2

are linear and quadratic terms for cell killing. This
equation has been shown to fit much of the published data
on the effects of radiation on cells and tissues resulting
from damage to DNA in the cells, including the induction
of chromosome aberrations, mutation in somatic and germ
cells, and cell transformation.

35. The nature of the initial damage to DNA was
considered in the UNSCEAR 1993 Report [U3]. The
theoretical considerations were described in terms of the
general features of target theory, because the insult of
ionizing radiation is in the form of finite numbers of
discrete tracks. On this basis, it was proposed that the
nature of the overall dose response for low-LET radiation
could be subdivided into a number of regions:

(a) Low-dose region. At the lowest doses, a negligible
proportion of cells (or nuclei) would be intersected by
more than one track, so the dose response for single-
cell effects would be dominated by individual track
events acting alone and would therefore be expected
to increase linearly with dose and be largely indepen-
dent of dose rate;

(b) Intermediate-dose region. In this dose region, where
there may be several tracks per cell, it has been
commonly assumed that tracks act independently if a
linear term (α) can be obtained by curve-fitting to
equations such as (1). For most of the experimental
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dose-response data used for curve-fitting, the lowest
dose at which a significant effect is obtained is usually
towards the higher end of this dose region, when
individual cells may, in fact, have been traversed by
considerable numbers of tracks. The assumption of one-
track action for this region considers that the relevant
metabolic processes of the cell are not influenced by the
additional tracks in any way that could alter the
expression of the ultimate biological damage of each
individual track. On this assumption, it is conventional
to interpolate linearly from this region to zero dose to
deduce the effectiveness of low doses and low dose rates
of radiation. Such interpolation is based on the coeffi-
cient α in equation (1) and on the assumption that it
remains unchanged down to very low doses and very
low dose rates. There are a number of radiobiological
studies, mostly with cells in vitro but also from animals
exposed at different dose rates, that suggest that this
common assumption is not universally valid.

(c) High-dose region. In this region, where there are many
tracks per cell, multi-track effects are clearly seen as
non-linearity of dose response, with upward or
downward curvature of the dose response. The simpler
forms of the dose-response relationship that are
observed experimentally can commonly be fitted by a
general polynomial with terms for dose and dose rate.
At high doses, a separate term is needed to account for
the effects of cell killing.

36. Equation (1), or some modification of it, has been
conventionally used to estimate the biological effectiveness of
radiation at minimal doses, assuming a constant value of α
from the intermediate-dose region down to zero dose, with
independence of dose rate. There are, however, instances in
which this may not apply.

37. The assumption of such a dose response for single-cell
stochastic effects may not hold if there are significant multi-
track events in the intermediate-dose region. Such events
could include, for example, the induction of multiple
independent steps in radiation carcinogenesis, cellular
damage-fixation processes influencingrepair ofDNAdamage;
the induction of enhanced repair by small numbers of tracks;
multiple tracks or enhancement of misrepair; and variations
in cell sensitivity with time. The dose response may also be
modified if the biological effect of interest required damage to
more than one cell or if it was influenced by damage to
additional or surrounding cells.

2. Dose response for high-LET radiation

38. There are extensive radiobiological data indicating that
high-LET radiations (neutrons and alpha particles) have a
greater biological effect, per unit of average absorbed dose,
than low-LET radiation. The influence of radiation qualityon
a biological system is usuallyquantified in terms of its relative
biological effectiveness (RBE). The RBE of a specific
radiation, R, can be defined as the absorbed dose of reference
radiation required to produce a specific level of response
divided by the absorbed dose of radiation, R, required to

produce an equal response, with all physical and biological
variables, except radiation quality, being held constant as far
as possible. This definition does not depend on the dose
response for the two radiations being the same, it simply
depends on comparing the dose to give a specific level of
effect for a particular endpoint. Low-LET radiation (x rays or
gamma rays) is normally used as the reference radiation. A
particular form of RBE is RBEm, which is the maximum RBE
that would be obtained at low doses and low dose rates.
Various authors and committees (see for example [M18, S35,
U6]) have reviewed the relevant biological data. A
comprehensive review of the literature relevant to the
determination of values for RBE may be found in NCRP
Report No. 104 [N6]. Maisin et al. [M53] reported informa-
tion on tumour induction in 7- or 21-day old C57BL mice
exposed to 3.1 MeV neutrons (0.5, 1 or 3 Gy) or 250 kVp
x rays (0.125, 0.25, 0.5 or 1 Gy). When the incidence of all
malignant tumours and of hepatocellular cancer was fitted to
a linear of linear-quadratic function, an RBE in the range 5 to
8 was obtained.

39. It is apparent from the studies summarized above that
the RBE for high-LET radiation is dependent on the
biological response being studied. For early effects in tissues
caused by cell killing (e.g. skin burns, cataracts, and sterility),
an ICRP task group [I13] concluded that for a range of tissues
and for both neutrons and alpha particles, the RBE was
generally less than 10. For damage to the lung from inhaled
alpha particles causing fibrosis and loss of fluid into the lung
(pneumonitis), the RBE for rats and beagle dogs was
estimated to be between 7 and 10. Similarly, for the induction
of chromosome aberrations in human blood lymphocytes by
alpha particles from 242Cm, RBE values of about 6 have been
obtained in comparison with x rays and 18 in comparison
with gamma rays [E12]. For the induction of micronuclei
(caused byfragmentation ofchromosomes) in lymphocytes by
alpha particles from plutonium, an RBE of 3.6 has been found
at low doses (<1 Gy), and for DNA double-strand breaks in
Ehrlich ascites tumour cells, RBEs in the range 1.6�3.8 have
been reported [B40].

40. In a few experimental studies a biological effect has
been obtained for alpha particle irradiation although a similar
effect has not been found with low-LET radiation. Studies in
which sister chromatid exchanges (SCE) have been measured
in human lymphocytes in the G0 stage of the cell cycle give a
measurable frequency of SCEs following exposure to alpha
particles from 241Am, but no effect of x-ray irradiation was
obtained. From the definition of RBE given above, this
implies an infinite RBE, although it is solelya consequence of
there having been no observable effect of x rays at low doses
[A16]. Similar results have been reported for SCEs in Chinese
hamster ovary cells irradiated in the G1 phase of the cell cycle
by 238Pu alpha particles or x rays. High values of RBE, up to
about 245, have also been reported [N10] for sperm head
abnormalities in mice when the effect of external exposure to
x rays was compared with the effects of tissue-incorporated
241Am. This maypartly be accounted for by the heterogeneous
distribution of 241Am incorporated in the testis; it is known
that actinides such as 241Am tend to concentrate in interstitial
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tissue in the mouse testis, in close proximity to the developing
sperm cells.

41. For tumour induction, a number of studies have demon-
strated that both high- and low-LET radiation may induce
cancer in a range of tissues. Data relevant to the choice of
RBEs for neutrons and alpha particles are summarized below.
Values of RBE obtained for long-term effects can be useful for
transferring information on risks calculated following expo-
sure to high-LET to assess risks in populations exposed to
low-LET radiation, and vice versa.

(a) Neutrons

42. Values for RBEm obtained for various biological end-
points in mammals and in mammalian cells for fission
neutrons compared with gamma rays are summarized in
Table 3. Similar reviews have been published by UNSCEAR
[U5] and Sinclair [S35]. Information on the variation ofRBEm

with neutron energy comes partly from data from cellular
studies, in particular using point mutations, chromosomal
aberrations, and cell transformation as endpoints.

Table 3
Estimated RBEm values for fission neutrons compared with gamma rays
[N6]

Endpoint RBEm

Cytogenetic studies, human lymphocytes in culture
Cell transformation
Genetic endpoints in mammalian systems
Life shortening (mouse)
Tumour induction

34�53
3�80
5�70

10�46
16�59

43. There is uncertainty in the value of RBEm for fission
neutrons. This uncertainty comes principally from how the
data for low-LET radiation, mainly for cancer induction
and life shortening in mammals, are extrapolated to low
doses and low dose rates. The derivation of values for
RBEm is illustrated in Figure II. The straight line A of
slopeαH represents the dose-response relationship for high-
LET radiation. The data points shown in the Figure are
representative of data for low-LET radiation and can be
extrapolated to low doses by the linear relationship B of
slope αLH or by curve C, based upon a linear-quadratic
dose-response relationship. Curve D represents the
extrapolated linear portion with slope αLL of the low dose
response of curve C. The ratio of the slopes of curves A
(slope αH) and D (slope αLL) represents RBEm.

Figure II. Typical dose-effect relationship for low- and
high-LET radiations [M18].

44. There are few data in whole animals that measure the
variation of RBEm for specific tumour induction or life
shortening with neutron energy. Knowledge of the variation
of RBEm with neutron energy is confined to cellular studies.
Chromosomal aberrations in human lymphocytes [E12, E13]
indicate a monotonic decrease by a factor of about four from
1 MeV to 14 MeV. Mutations in a human hamster hybrid cell
line (AL) indicated [H29] a monotonic decrease by a factor of
about seven from 0.3 to 14 MeV. The oncogenic trans-
formation of C3H10T½ cells showed a more erratic variation
with neutron energy [M15], but an overall variation by a
factor of three from 230 keV to 14 MeV. The cellular data
suggest a decrease in RBEm by a factor of about four from
100 keV with an increase of neutron energy. There are very
few experimental data at lower neutron energies. Some
cellular data observing chromosome aberrations in human
lymphocytes [E14] suggest an RBEm close to that for fission
neutrons, whereas similar data from Sevan’kaev et al. [S36]
suggest lower values.

(b) Alpha particles

45. Alpha particles have a very short range in tissue. For
the highest energy natural alpha particles from 226Ra and its
decay products with an energy up to about 7.8 MeV, the
maximum range is about 80 µm; for 5 MeV alpha particles
from 239Pu, the range is about 40 µm. These dimensions may
be compared with the dimensions of the cell nucleus, which
range from about 5 to 10 µm in diameter. The dose that a
single alpha particle delivers crossing the cell nucleus,
considered to be the radiosensitive target, is highly variable.
It may range from very low doses for particles that graze the
nucleus, tomore than 1 Gyfor particles crossing the diameter.
Thus the concept of average tissue dose is a considerable
simplification, and individual cells in a tissue will receive very
different doses. Furthermore, alpha-emitting radionuclides
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a Compared with x rays (from [M18]).

may be deposited on the surfaces of organs within the body;
this is the case, for example, for radon decay products
deposited in the lung and for plutonium isotopes accumulated
by the skeleton. There can therefore be a very heterogeneous
distribution of alpha particle dose within an organ (or tissue).
The specified dose depends on whether an average organ dose
or the mean dose to a particular localized tissue volume is
calculated. In practice, average organ dose is usually
calculated.

46. When it comes to choosing an appropriate RBE to use
for estimating the risk of tumour induction in organs and

tissues, there are rather few data available. The main
difficulty is that comparable patterns of exposure are needed
for both the alpha-emitting and the reference radiation (x rays
or gamma rays). Although extensive data are available on
tumour induction for both of these radiations on their own,
their effects have been directly compared much less
frequently. Published data relevant to the estimation of RBEm

are available for the induction of bone sarcomas and lung
tumours in experimental animals, from studies on cells in
culture and, to a limited extent, from epidemiological studies
on human populations. Relevant data are summarized in
Table 4.

Table 4
Estimated RBEm values for alpha particle irradiation and for gamma rays

Endpoint RBEm Ref.

Bone tumours
Dogs
Mice
Dogs

26
25

5.4 (4.0�5.8)

[N6]
[N6]

[G16]

Lung tumours
Various species
Dogs
Rats
Dogs

30 (6�40)
10�18

25
36

[I5]
[B41]
[H30]
[H30]

Cell transformation (C3H10T½) 10�25 [B42]

Cell mutation
Human lung cells HF19
Chinese hamster cells V79

up to 7.1 a

up to 18
[C27]
[T16]

Chromosome aberrations 5�35 [E12, P20]

Germ cell mutations (chromosome fragments, chromosome translocations, dominant lethals) 22�24 [S37]

3. Influence of track structure

47. As described above, it is commonly observed that
high-LET radiations (neutrons and alpha particles) are
much more effective per unit dose than low-LET (electrons
and photons), in producing cellular effects such as
chromosome aberrations and mutations or for effects in
animals such as cancer and life shortening. Despite this,
the number of DNA breaks produced per gray is not very
different for high- and low-LET radiations. Yet it is these
breaks that lead to chromosomal and mutation events in
cells and eventually to cancer. The explanation lies either
in the difference in the efficiency/fidelity of double-strand
break repair after high- and low-LET radiation, or in the
difference between the spatial distribution of the initial
physical events (ionizations and excitations) which lead,
via double-strand breaks, to aberrations and mutations in
the cell. If the second explanation is true, there is some
biological relevance to the distribution of initial events of
energydeposition around tracks of charged particles, i.e. to
track structure.

48. Computer programmes based on Monte Carlo
techniques are now available to calculate on a scale of
nanometres or smaller the exact position of ionizations and
excitations in the track of charged particles [N9].
Examples for a 500 eV electron and a 4 MeV alpha
particle are given in Figure III [G10]. Electrons meander
by scattering and may travel in any direction. In contrast,
heavy charged particles (from protons to much heavier
ions) essentially travel in straight lines on a well-defined
path. They pass their energy on to secondary electrons,
which wander from the path of the ion. Generally, ions of
higher velocity produce higher energy electrons that can
travel further from the path of the ion. As an example,
Figure IV shows calculations of the fraction of energy
deposited within a distance, r, of a track for protons of
energy from 0.3 to 20 MeV. For 0.3 MeV protons, at least
99% of the energy is deposited within 30 nm of the centre
of the track. For a 20 MeV proton, some 2% of the energy
is deposited more than 1 µm away from the path of the
particle track.
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Figure III. Simulated low-energy track (upper panel: initial energy 500 eV) and simulated short portion of an alpha-
particle track (lower panel: initial energy 4 MeV). A section of DNA is shown to give a perspective on dimensions [G10].

49. By choosing particle type and energy, it is possible to
select particles of the same LET but markedly different
track structures, and when such experiments are done then
different biological effects are found [C24]. Clearly, track
structure is important for understanding how radiations of
different quality cause differences in RBE, although
opinions vary as to which particular features of track
structure and which objects and characteristic distances in
the cells relate to given biological endpoints. As an
example, Savage [S32] considers that for producing
chromosome aberrations, DNA breaks may exchange over
distances up to one or two hundred nanometers. Thus,
energy around a particle track deposited within volumes of
the order of 100 nm may be important. Other dimensions

Figure IV. Fraction of energy deposited at distances
from a proton track less than a specified value, r [E16].

mayapplyto other biological effects. Some analytic models
employing volume sizes as fitted parameters have been
quite successful in representing quantitative relationships
between RBE and LET for biological endpoints such as cell
survival or transformation in irradiated mammalian cell
cultures [C25, C29, K24, K28].

C. CELLULAR DAMAGE

50. A range of assays has been developed for evaluating
radiation damage to cells either in vitro or in vivo. These
include survival curves, cell transformation, induction of
mutations, andchromosomeaberrations. Variousmodelshave
been developed to describe these radiation-induced cellular
effects and their dependence on dose, dose rate, and radiation
quality. Some of these models have been summarized by
Goodhead [G6, G7]. The near-consensus view of the critical
damage to single cells that has resulted from these studies is
that single radiation tracks from ionizing radiations can lead
to cellular damage. The various models that have been
developed assume inter alia that cellular damage arises from
DNA double-strand breaks, either singly or in pairs; pairs of
DNA single-strand breaks; localized clusters of radiation
damage in unspecified molecular targets or in DNA;
unspecified single or double lesions, probably in DNA, but
qualitatively similar and independent of radiation quality; or
damage to DNA and associated nuclear membranes [U3].
Such models indicate that a single track, even from low-LET
radiation, has a finite probability of producing one, or more
than one, double-strand break in DNA in a cell nucleus.
Hence the cellular consequences of a double-strand break, or
of interactions between them, should be possible even at the
lowest of doses or dose rates. This would not, however, be the
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outcome if cellular repair processes for single or small
numbers of double-strand breaks were totally efficient, in
which case a threshold for the response might be anticipated.
There is noevidence for repair being 100% efficient, however,
although experimental assays to test the hypothesis have
limited resolution.

51. The following Sections illustrate dose-response
relationships that have been obtained for chromosome
aberrations, for cell transformation, and for mutagenesis in
somatic cells. Emphasis is placed on assessing effects at low
doses. Other cellular effects, including changes in gene
expression, are examined in Annex F, “DNA repair and
mutagenesis” and noted in Chapter IV of this Annex. In a
number of cellular systems, an adaptive response has been
described in which a small initial radiation dose can modify
the effect of a subsequent larger dose. Some examples of
studies demonstrating this response are given below.

1. Chromosome aberrations

52. The scoring of chromosome aberrations in human
peripheral blood lymphocytes provides a sensitive method
for biological dosimetry. It also provides a valuable
approach toassessing dose-responserelationshipsfor chromo-
some mutations. Byscoring dicentric aberrations in the full
genome of about 1,000 cells, average whole-body doses of
about 100 mGyfrom x rays or gamma rays may be detected
and higher doses estimated. Calibration curves have been
prepared by a number of laboratories for a wide range of
radiations. All dose-effect curves for low-LET radiation
conform to equation (2) up to 5�10 Gy. At higher doses,
saturation of the curve can occur when yields of dicentrics
approach five per cell [E8].

53. The difficulty of experimentally demonstrating the
presence or absence of a threshold for single cellular events
can be illustrated by work on the induction of chromosome
aberrations in lymphocytes byx rays. In assessing radiation
exposure by the analysis of aberrations in blood lympho-
cytes, measurements are normallymade of the incidence of
both dicentrics and total aberrations. These are unstable
aberrations, and theywill slowlydisappear from peripheral
blood. They are, however, more sensitive for the detection
of effects at low doses than are stable aberrations.

54. The background incidence of dicentric aberrations in
blood lymphocytes observed at metaphase is about 1 in
1,000 cells. As radiation-induced aberrations arise at the
rate of about 4 per 100 cells per gray, the ability to detect
a dose of 100 mGy would require about 1,000 lymphocytes
to be scored, which would take about three man days.
Radiation damage at lower doses can be detected, but this
requires the assay of proportionately more cells.
Investigations at doses much less than 100 mGy require
very large numbers of cells to be assayed, which would be
likely to exceed the scoring capacity of any single
laboratory and cannot, as yet, be satisfactorily undertaken
on a routine basis, even with automated scoring techniques.

55. A number of in vitro studies of chromosome aberrations
published in the 1970s and 1980s gave data that could be
fitted with a linear dose-response relationship, although other
functions were also reported. Thus, Luchnik and Sevan’kaev
[L13] reported a plateau in the dicentric response to gamma
rays at doses between 100 and 300 mGy (low-LET), and
Ku�erová et al. [K9] produced dicentric data for x rays, which
might have indicated a threshold at about 150 mGy, although
the authors interpreted the data with a linear function. Lloyd
et al. [L9] found a linear response in the lower dose region for
x rays down to 50 mGy for both dicentrics and total aberra-
tions. Wagner et al. [W1] found a linear-quadratic response
using doses in the range 50�500 mGy from 220 kVp x rays.
One study by Pohl-Rüling et al. [P15] reported that 4 mGy of
200 kVp x rays produced a significant reduction in aberration
frequencies below the control value until doses of20 mGyand
above were received. This was interpreted as evidence for the
stimulation of repair mechanisms at doses below a few tens of
milligrays. It was only when repair processes were over-
whelmed that aberration yields rose following a linear-
quadratic response. It was subsequently noted that if the
control aberration yield from a similar experiment designed to
examine the effect of D-T neutrons (and in which one of the
two controls was common to the x-ray study) [P23], then the
yield for 4 mGy of x rays was no longer significant [E15].

56. To provide better data on the response at low doses, a
coordinated project was carried out by scientists in six
laboratories They collaborated in a study to examine the yield
of unstable aberrations induced in peripheral blood
lymphocytes in vitro by x rays [L8]. The study covered doses
of 0, 3, 5, 6, 10, 20, 30, 50, and 300 mGy. Cells from 24
donors were examined, and a total of about 300,000
metaphases were scored. Aberration yields significantly in
excess of control values were seen at doses down to 20 mGy,
and the dose-response data at low doses were consistent with
a linear extrapolation from higher doses. The overall dose
response up to 290 mGy was fitted with a linear-quadratic
dose-response relationship of the form I = C + αD + βD2,
where I is the incidence of dicentrics, C is a constant equal to
the spontaneous dicentric yield, and α and β are the
coefficients for the linear and quadratic terms as a function of
the dose D (in gray). Values of C = 0.0012 ± 0.002, α = 0.027
± 0.012, and β = 0.044 ± 0.042 (χ2 = 5.2 for 5 degrees of
freedom, df) were obtained as best fits to the data. At doses
below 20 mGy, the observed dicentric yields were generally
lower than background, but not significantly so. Excess
acentric aberrations and centric rings, in contrast, were higher
than controls, although the increase was not statistically
significant. A number of uncertainties associated with this
type of analysis were described in the paper, including
differences in scoring by the participating laboratories, and it
was concluded that the statistical uncertainties were such that
it is unlikely that this technique would ever allow the response
for aberrations to be directly measured at doses much below
20 mGy.

57. The complete set of dicentric data published in the
paper have been subject to further analysis to determine the
extent to which other models could fit the dose-response
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information obtained in the study [E2]. A threshold-linear
dose response of the form I = C + α(D – D0) has been used
for the analysis in which I is the incidence of dicentrics at
dose D, in gray, and D0 is the threshold dose. With values
of C = 0.0013 and α = 0.040, the best estimate of the
threshold, D0, was 0.0097 ± 0.0045 Gy (±1 SE) (χ2 = 4.0
for 5 df). It may be concluded, therefore, that while the
data can be reasonably fitted with a simple linear-quadratic
function, the possibility of a threshold for doses up to about
10 mGy cannot be excluded.

58. It has been found that the yield of aberrations
following a given radiation dose can be influenced by an
earlier radiation exposure. Some of the earliest studies on
this so-called adaptive response were carried out in human
lymphocytes that had incorporated tritiated thymidine
[O6]. The cells were exposed to chronic, low doses from
tritium in culture and were subsequently exposed at the
relatively high dose of 1.5 Gy from x rays. Approximately
half as many chromosome aberrations were induced in
cells that had incorporated thymidine as in those that had
not. This observation was repeatable, and subsequent
experiments showed that exposure to tritium need not be
chronic [W14] and that pre-exposure to 10 mGy of x rays
could also cause the lymphocytes to become adapted [S25].
Subsequent work showed that the response to low doses
took several hours to fully manifest itself [S26] and that it
depended on synthesis of proteins (possibly an enzyme),
which was inhibited by the addition of cycloheximilidine
4�6 hours after the 10 mGy priming dose of x rays [W15].
It has been postulated that stimulation of the synthesis of
enzymes responsible for DNA repair is the key factor in
this response [U2]. This type of an adaptive response has
been observed in other cellular systems, as for somatic
mutations, but it has been most comprehensivelystudied in
human lymphocytes [U2, W13]. This issue is considered
further in Chapter IV.

59. The measurement of unstable aberrations in blood
lymphocytes has its limitations as a biological dosimeter,
because the incidence of dicentrics, rings, and other
aberrations decreases with time. In recent years stable
chromosome aberrations have been extensively studied, as
they provide a method for assessing exposures that
occurred some years previously. Some data have been
published on dose-response relationships for stable aberra-
tions using fluorescent in situ hybridization techniques.
However, these aberrations have a higher background
yield, which increases and becomes more variable with age
and lifestyle of the individual [R21]. Cumulative
background radiation exposure accounts for only a small
part of the increased frequency with age; clastogenic
physiological processes of normal ageing are more
important [H34, L50]. This higher and inherently more
variable background of stable translocations means that it
has not been possible to measure a significant increase in
response at doses below 200�300 mGy [G13, L38, N7].
Stable aberrations are, therefore, of little value at present
in obtaining information on the shape of the dose response
at low doses.

60. Recently chromosome aberrations have been used to
examine the effects of radiation in a high-background-
radiation area (HBRA) in China and in a control area [J9].
The level of radiation in the high-background-radiation
area was 3 to 5 times higher than that in the control area.
Overall the cumulative doses in 39 individuals ranged from
31 to 360 mGy for high-background-radiation area and
6.0 to 59 Gy for the controls. The frequency of dicentrics
and ring chromosomes (unstable aberrations) increased in
proportion to the cumulative dose in the high-background-
radiation area group. Such a dose-response relationship
was not clear for those in the control area. The increase in
the frequency of these aberrations at such an extremely low
dose rate suggested that there is no threshold dose for the
induction of chromosome aberrations. In contrast, in the
case of translocations any effect of radiation, at up to 3
times control levels, could not be detected against the
background incidence [H33].

61. For high-LET radiation the dose response obtained
following exposure in vitro both to alpha particles and to
neutrons is generally well fitted with a linear response up
to doses of around 1.5 Gy [E8] (Figure V). The lowest
doses used in these studies were about 50 mGy(high-LET).

Figure V. Yield of dicentrics in human lymphocytes as
a function of dose for some photon and neutron
radiations [E8].

2. Cell transformation

62. Cell transformation systems in vitro have been widely
used to study the initial stages of oncogenesis. Cell
transformation describes the cellular changes associated with
loss of normal homeostatic control, particularly of cell
division, which ultimately results in the development of a
neoplastic phenotype. They are considered to be the closest in
vitro model for carcinogenesis. The only biological endpoint
generally accepted as being definitive of oncogenic
transformation is the growth of malignant clones in “nude” or
immunologically suppressed host animals. As it is not
practicable to screen every transformed cell in this way, other
endpoints are normally used, such as enhanced growth rate;
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lack of contact inhibition and indefinite growth potential;
anchorage-independent growth; and the ability to grow in less
nutritious media. The specific criteria used to define
oncogenic transformation depend on the particular system that
is being used.

63. The most common cell transformation systems such
as the BALB/c3T3 and the C3H10T½ mouse-embryo-
derived lines are based on cell lines derived from rodent
fibroblasts. There are disadvantages to using such models
for carcinogenesis in humans, and these were reviewed by
the Committee in the UNSCEAR 1993 Report [U3]. When
transformed C3H10T½ cells are innoculated into suitable
hosts, they form fibrosarcomas. These are not typical of the
tumour types that arise in humans after exposure to
radiation, which are mainly epithelial in origin. Ideally,
more relevant cell lines based on human epithelial tissues
are needed for studying the mechanisms of tumorigenesis
and dose-response relationships, but theyhave proven to be
much more difficult to develop.

64. Both carcinogenesis and transformation are multi-stage
processes, although transformation invitro isnormallystudied
in cells that have already undergone one or more of the
possible steps involved, in particular, immortalization. Too
much reliance on studies of rodent cell lines can, however,
lead to errors in interpretation, if directly applied to humans.
Thus, a correlation between anchorage-independent growth
and the tumorigenic phenotype has been established in rodent
cells [F10, O1, S8], which has permitted the selection of
neoplastically transformed cells by growth in soft agar. This
does not, however, apply to cultured human cells, as normal
human fibroblasts are capable of anchorage-independent
growth when cultured in the presence of high concentrations
of bovine serum.

65. Despite such limitations, a number of characteristics of
in vitro cell transformation have allowed their use as model
systems for studying the early stages of radiation carcino-
genesis in vivo. These have been summarized by Little [L4]
and include a high correlation between animals and cell
transformation systemsfor carcinogenicityofmanychemicals;
the response of transformed cells to initiation and promotion
similar to two-stage carcinogenesis in the tissues of experi-
mental animals; and the provision of quantitative information
on the conversion of normal to tumour cells. Cell-based
transformation systems should be free of the influence of
hormonal and immunological factors, although cell-cell
interactions are still possible.

66. Both BALB/c3T3 and C3H10T½ cell lines have been
used to measure the oncogenic effects of ionizing radiation
(see, for example, [H1, H18, M3]) and chemical agents (see,
for example, [B25, R13]), as well as to screen for possible
carcinogenic agents (see, for example, [S9]). Dose-response
relationships for cell transformation following exposure to
low-LET radiation were reviewed in the UNSCEAR1986 and
1993 Reports [U3, U5] and byBarendsen [B3]. The pattern of
response is verydependent on cell-cyclekinetics; nevertheless,
in carefully controlled experiments, the results from

transformation studies on dose and dose-rate effects agree
closely with the results obtained with other cellular effects.
There are, however, limitations to the sensitivity at low doses
and dose-response data for low-LET radiation are generally
available down to doses of around 100 mGy(see, for example,
[M35, M36]). Above 3 Gy, cell reproductive death starts to
predominate over the transformation frequencyper plated cell
[B2, B3, H1].

67. For transformation by low-LET radiation, various dose-
response relationships have been reported. A linear dose
response has been described by a number of authors (see, for
example, [B33, H19, H27]), while linear-quadratic or
curvilinear relationships have been described by others (see,
for example, [B30, H19, H24, M15]). Balcer-Kubiczek and
Harrison [B29] reported a linear dose response for the
induction frequency, IF, of cell transformation in C3H10T½
cells exposed to single doses of x rays (4 Gy min�1) between
250 mGyand 2 Gy (Figure VI), described by IF = 2.50 ± 0.11
10�4 Gy�1. The overall fits to the data were evaluated by
comparing χ2 values. The addition of a quadratic function was
found not to be justified by least-squares fitting. For
continuous exposures over 1 hour or 3 hours, linear responses
were also obtained but with a reduced transformation
frequency described by 1.5 ± 0.03 10�4 Gy�1 and 0.87 ± 0.5
10�4 Gy�1, respectively. In this study, no transformation was
observed in unirradiated cultures. The laboratory estimate for
transformation was less than 0.81 ± 0.04 10�5 transformants
per viable cell; thus it is reasonable to assume that even the
lowest transformation frequencyobtained at 250 mGywasdue
to radiation exposure.

Figure VI. Transformation frequency in C3H10T½ cells
following exposure to a single or protracted doses of
x rays [B29]. Lines are fits to the data with a linear dose-
response function.

68. Little [L4] compared results from BALB/c3T3 and
the C3H10T½ cell lines. Following exposures between
100 mGy and 3 Gy, the dose response for the BALB/c3T3
cells was nearly linear but that for the C3H10T½ cells
could be represented by a linear-quadratic or quadratic
relationship (Figure VII).
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Figure VII. Transformation frequency in C3H10T½
cells and BALB-3T3 cells following exposure to single
doses of x rays [L4].

69. Miller et al. [M35, M36] measured the effect on
C3H10T½ cells of x-ray doses down to 100 mGy delivered
just 24 hours after seeding. They found a plateau in the
incidence of transformants per surviving cell between
about 300 mGy and 1 Gy, which may have reflected the
fact that the cells had not achieved asynchronous growth at
the time of exposure.

70. In a major study, six European laboratories collaborated
in a study that was specifically designed to address the issue

of the dose response at low doses of low-LET radiation
with the C3H10T½ transformation system [M14].
Considerable effort went into standardizing techniques in
the different laboratories and carrying out extensive
intercomparison exercises. One laboratory carried out all
the irradiations, and care was taken to ensure that transport
conditions did not interfere with the assays. Dose-response
data were obtained for exposure to 250 kVp x rays at dose
intervals from 0.25 to 5 Gy, and a total of 51,000 petri
dishes (of 55 cm2) were scored. In total, 759 transformed
loci were obtained, far in excess of the numbers reported in
any other study involving low-LET radiation and the
C3H10T½ cell transformation system.

71. The combined data are shown graphically in
Figure VIIIa. A regression fit to the data on transformation
induction frequency, IF, between 250 mGy and 5 Gy gave a
linear fit of the form IF = (0.83 ± 0.08) 10�4 Gy�1. A fit using
a linear-quadratic relationship resulted in a non-significant
value for the dose-squared term. The authors concluded that
the data supported a linear dose-response relationship for cell
transformation in vitro and that there was no evidence for a
threshold dose. A presentation of these data in terms of the
numbers of cells at risk might be more relevant. The data
from Figure VIIIa are therefore replotted in Figure VIIIb,
showing the transformation frequency per cell at risk. This
follows the standard bell-shaped curve with a fall in frequency
at doses above about 2 Gy, reflecting the effect of cell killing.
At the lower end of the curve the response is similar to that
shown in Figure VIIIa.

Figure VIII. Transformation frequencies in C3H10T½ cells
following exposure to 250 kVp x rays at 2 Gy min�1 [M14].

72. These experiments were carried out under as near-
identical conditions as possible in the participating
laboratories and probablyrepresent the optimum conditions
that could be achieved for this type of experiment. The
results support a linear dose-response relationship for cell
transformation in vitro at low doses and do little to support
the concept of either a threshold dose or an enhanced
supralinear response. Nevertheless, the lowest dose at
which effects could be detected was 250 mGy, clearly
demonstrating the limitations of the technique for
assessing dose-response relationships at lowdoses. Because
of the large amount of scoring needed, it would not have

been practicable to obtain information at appreciably lower
doses.

73. An adaptive response to low doses of gamma radia-
tion that reduces the effectiveness of a subsequent challenge
dose in inducing spontaneous neoplastic transformation has
been reported for C3H10T1/2 cells [A20]. In a subsequent
study the same group reported that doses of 1�100 mGy
from gamma radiation resulted in a suppression of the
transformation frequencyof C3H10T1/2 cells to levels below
that seen for spontaneous transformation of unirradiated cells
[A21]. Similar results have been obtained with HeLa x skin
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fibroblast human hybrid cells [R22]. In the latter study the
frequency of transformation of unirradiated cultures was
compared with that of cultures irradiated with 10 mGy
from gamma radiation and either plated immediately or
held for a further 24 hours at 37�C prior to plating. Pooled
data from a number of studies indicated an adaptive
response in the case of post-irradiation holding, although
the results of four individual studies were quite variable.

74. Exposure to high-LET radiation results in a higher
transformation frequency than exposure to low-LET
radiation, with a general tendency towards a linear dose-
response relationship, but with a tendency to plateau and
then fall at high doses (see, for example, [H19, H25, M15,
M16]). There is no tendency for the response per unit dose
to decrease at low doses or low dose rates, although a
number of studies have shown an enhanced effect. As
described in the UNSCEAR 1993 Report [U3], the main
evidence for this enhanced effect is restricted to 5.9 MeV
or fission neutrons, and in more recent studies with
monoenergetic neutrons of various energies (see, for
example, [M37, M38]) the magnitude of this so-called
inverse dose-rate effect has been reduced from a factor of
around 9 to a factor of 2 or 3 and has been shown to be
radiation-quality dependent. A model has been developed
that can satisfactorily explain many experimental results
showing this enhanced dose-rate effect [B26, H20].

75. Recently, Miller et al. [M40] carried out a detailed
analysis of the effect of transformation of C3H10T½ cells by
alpha particle irradiation using charged particle microbeams.
Cells in a monolayer in a cell culture dish were irradiated in
turn under a highly collimated shuttered beam of alpha
particles. The technique permitted measurement of the
oncogenic potential of a single or a fixed number of alpha
particles passing through a nucleus. The nucleus of each cell
was exposed to a predetermined exact number of alpha
particles with energy similar to that of radon decay progeny.
In parallel with these microbeam studies, “broad beam” alpha
particle exposures were also carried out such that cell nuclei
received different fluences of alpha particles with mean
numbers of 0, 1, 2, 6, and 8. In this case the actual number of
“hits” of each cell was determined by Poisson statistics. Thus,
if the mean number of traversals of a cell is 1, then 37% are
not traversed at all, 37% once, and the remainder are
traversed by two or more alpha particles.

76. The authors reported that the measured oncogenicity
from exactly one alpha particle was significantly less than
from a Poisson distributed mean of one alpha particle,
implying that cells traversed by multiple alpha particles were
more likely to be subject to transformation. Transformation
frequencies for an exact or mean number of one alpha particle
per cell were 1.2 10�4 and 3.1 10�4, respectively. The
incidence of transformations in the exact single-traversal cells
was not significantly different from that in the zero-dose
(sham) irradiated cells (0.86 10�4). The result was taken to
imply that the majority of the yield of transformed cells
following irradiation with a mean of one alpha particle per
cell must come from the minority of cells subject to multiple

traversals. While these results suggest a non-linear response
at low doses and that the risk is less than might be expected
for single-track traversals on the basis of a linear dose
response, these conclusion were based on only a single result
for each exposure condition and need further replication
before any confidence can be placed in them. Nevertheless,
they have demonstrated a unique approach to examining the
carcinogenic potential of alpha particles at low doses.

3. Mutagenesis in somatic cells

77. The principal mechanism resulting in a neoplastic
initiating event is induced damage to DNA, which
predisposes target cells to subsequent malignant development
(see Chapter IV). There is also strong evidence linking a
number of tumours to specific gene mutations. An
understanding of the dose-response relationships for this
initial mutational change is relevant to an assessment of the
effect of low doses on tumour induction. The experimental
data have been reviewed by Thacker [T2] and are considered
in detail in Annex F, “DNA repair and mutagenesis”.
Consideredhere is information on dose-responserelationships
for somatic mutation induction resulting from exposure to
both low- and high-LET radiations.

78. A range of mutation systems have been described in the
literature, but only a few are sufficiently well defined for
quantitative studies. There are also a number of difficulties in
interpreting results from somatic cell systems. In particular,
the mutation frequency of a given gene is to some extent
modifiable, depending on the exact conditions of the
experiment. It may also be that a period of time is needed for
the mutation to manifest itself. Thus, the true mutation
frequency may be difficult to determine, and this can present
particular difficulties in studies ofdose-responserelationships.
Several established cell lines, derived from mouse, hamster, or
human tissue, have also been used to measure mutation
frequencies at different doses and dose rates. Because the cells
lines usedexperimentallycan havesensitivities that depend on
the stage of the cell cycle, to ensure as consistent a response
as possible, it is preferable to use a stationary culture in
plateau phase in which only a limited number of the cells will
be cycling in the confluent monolayer.

79. The mutation of a single gene is a relatively rare event;
the majorityof experimental systems are therefore designed to
select out cells carrying mutations. Commonly used systems
employ the loss of function of a gene product (enzyme) that is
not essential for the survival of cells in culture. Thus, cells
may be challenged with a drug that they would normally
metabolize with fatal consequences. If mutation renders the
gene product producing the specific enzyme ineffective, the
cell will survive, and thus the mutation frequency can be
obtained by measuring the survivors. Frequently used
examples of such a system are those employing the loss of
the enzyme hypoxanthine-guanine phosphoribosyl
transferase (HPRT), which renders cells resistant to the
drug 6-thioguanine (6-TG), and of the enzyme thymidine
kinase (TK), which gives resistance to trifluorothymidine
(TFT). HPRT activity is specified by an X-linked gene,
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hprt, while TK is specified by an autosomal gene tk and
therefore has to be used in the heterozygous state.

80. Mutation induction in a human lymphoblastoid cell
line (TK6) after acute x ray and continuous low-dose-rate
gamma irradiation was investigated using the hprt and tk
mutation assays [K20]. The TK6 cells are radiosensitive,
and increases in mutation rate for both 6-TK and HPRT
were obtained at acute x-ray doses from 250 mGy to 1 Gy,
with a response that could be fitted with a linear function
down to zero dose. At high doses (1.5 and 2 Gy), mutation
data were difficult to obtain because of a very low surviving
fraction (1%�4%). Mutation frequency after continuous
gamma irradiation could also be fitted with a linear
response and with mutation rates at both 27 mGy h�1 and
2.7 mGy h�1 that did not differ significantly from those for
acute exposure.

81. Evans et al. [E7] examined the effect of dose and
dose rate on the mutation frequency at both the tk and hprt
loci in two variants (LY-S1 and LY-R16) of mouse
lymphoma L5178Y cells. Mutation at the tk locus,
resulting from x-ray exposure, was dose-rate-dependent in
the LY-R16 variant but not in the LY-S1 variant. This was
thought to reflect the deficiency of DNA double-strand
break repair in LY-S1. In contrast, with the hprt locus,
mutation was dose-rate-independent in both strains. The
results suggested that mutation at the hprt locus is caused
by single lesions, with dose-rate-independent repair,
whereas for the tk locus, interaction of DNA damaged sites
is important. In both cases, however, an increased
incidence of mutations was obtained at doses down toabout
500 mGy, the lowest dose tested. The data could be fitted
with a linear dose response, with no threshold up to 3 Gy
for LY-R16 cells and 2 Gy for LY-S1 cells.

82. Induction of mutation to 6-TG resistance was
examined in a radiation-sensitive mutant strain of mouse
leukaemia cells following gamma irradiation at dose rates
of 30 Gy h�1, 200 mGy h�1, and 6.2 mGy h�1 [F14]. The
mutation frequency increased linearlywith increasing dose
for all dose rates, with no significant difference between
the responses at any of the dose rates. The lowest dose
tested was 250 mGy.

83. A particularly sensitive mutation assay has been
described using the pink-eyed unstable (pun) mutation in the
mouse [S23]. This causes a reduction in the pigment in coat
colour and eye colour as a result of a gene duplication and
reverts to wild type by deletion of one copy. Reversion events
are assayed as black spots on the grey coat. The reversion
frequency of pun is at least five orders of magnitude greater
than that of other recessive mutations at other coat colour loci.
Female mice, homozygous for the reversion, were irradiated
with various doses of x rays between 10 mGy and 1 Gy and
the frequency of reversions measured. Even at a dose of
10 mGy, the incidence of black melanosome streaks was
increased threefold. There was a linear dose response over the
dose range examined, with no indication of a threshold
( Figure IX).

Figure IX. Dose response for x-ray induced reversion
of pink-eyed unstable mutations in mice [S23].

84. Albertini et al. [A10] compared the effects of 137Cs
gamma rays and alpha irradiation from 222Rn on hprt
mutations induction in human T cells in vitro. For gamma-ray
doses between 500 mGy and 4 Gy, the dose response could be
represented by either a linear or linear-quadratic relationship,
with a significant increase in mutations at the lowest dose.
The doubling dose for mutation induction was calculated tobe
about 0.8Gy. For alpha particle irradiation, a linear regression
gave a best fit to the data for doses between about 0.25 and
0.9 Gy. In this case the doubling dose was calculated to be
about 0.2 Gy. This would suggest a relative biological
effectiveness (RBE) of about 4 for alpha particle irradiation
compared with low-LET radiation.

85. Further comparative data on mutagenesis in human
lymphoblastoid cells have been published by Amundson et al.
[A11, A12]. Despite being derived from the same donor, two
cell lines, WTK1 and TK6, have very different responses to
radiation. Alpha particles from a 238Pu source produced about
four to five times more hprt mutants per gray in WTK1 cells
than did x rays. On the other hand, there was little difference
between the dose-response curves for the TK6 cells, although
alpha particles were somewhat more effective. In contrast, the
tk locus was only slightly more sensitive to alpha particles
than to x rays, although the WTK1 cells were considerably
more sensitive than theTK6 cells. The authors considered that
the results suggested that WTK1 cells have an error-prone
repair pathway that is either missing or deficient in TK6, and
they further suggested that this pathway might be involved in
the processing of alpha-particle-induced damage. In all these
studies the data could be fitted with a linear dose-response
function, with nothreshold, although the lowest exposure dose
used was about 200 mGy for alpha particle irradiation.

86. Data on the response of TK6 cells exposed to the alpha
emitter 212Bi have been reported by Metting et al. [M41]. The
radionuclide was added directly to the cell suspension as a
chelate complex. The incidence of mutations was a simple
linear function of the dose from 200 mGy up to 800 mGy.
Induced mutant frequencies were 2.5 10�5 Gy�1 at the hprt
locus and 3.75 10�5 Gy�1 at the tk locus.
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87. An adaptive response of the kind observed in blood
lymphocytes [W6, W15] has also been demonstrated to have
an influence on mutation induction. Thus, experiments with
the hprt locus in human lymphocytes have shown that
exposure to tritiated thymidine [S27] or 10 mGy from x rays
[K21] can markedly decrease the number of mutations
induced by subsequent high doses of radiation. The response
to low doses from x rays eliminated about 70% of the effect of
a challenging dose of 3 Gy.

88. Similarly, when SR-1 mammary carcinoma cells were
irradiated with 10 mGy from x rays and subsequently
challenged 18 or 24 hours later with 3 Gy from x rays,
approximately one half as many mutations were induced as
when the cells were irradiated only with 3 Gy [Z3].
Furthermore, the rate of repair of DNA double-strand breaks,
which are the lesions responsible for chromosomal breaks,
increased in cells that had been pre-exposed.

89. Wolff [W13] pointed out that the data on mutation
induction illustrate two aspects of adaptation that are
similar to that observed in blood lymphocytes: after the
initial dose it takes time for the induction to occur, and
once induced it disappears with time. The SR-1 data show
that in this system the effect takes more than 6 hours to
become effective and it then disappears if 48 hours elapse
between the two doses.

90. In addition to being studied in mammalian systems,
radiation-induced mutations have also been studied in plant
cells. Mutations can occur in stamen hairs in tradescantia that
result in the normal dominant blue colour being replaced by
recessive pink. This is a sensitive system for detecting effects
at low doses. Dose-response curves for pink mutations have
shown for 250 kV x rays a linear response between 2.5 mGy
and 50 mGy and for neutrons (0.43 MeV) a linear response
between 0.1 mGy and 80 mGy [S28]. In neither case was
evidence for a threshold obtained.

D. SUMMARY

91. Damage to DNA in the nucleus is considered to be the
main initiating event by which radiation causes damage to
cells that results in the development of cancer and hereditary
disease. Information on the effects of radiation on individual
cells can, therefore, provide insight into the fundamental
damage that may ultimately give rise to cancer or hereditary
disease. It can also provide information on the consequences
of damage to other cellular structures, such as the cellular
membrane and the cytoplasm, although damage here is less
significant in terms of long-term health effects.

92. Double-strand breaks in DNA are generally regarded
as the most likelycandidate for causing the critical damage
to the nucleus that can subsequently manifest itself as a
mutation in somatic or germ cells. Single radiation tracks
have the potential to cause double-strand breaks and in the
absence of 100% efficient repair could result in long-term
damage, even at the lowest doses.

93. In examining the effects of radiation at low doses it has
been appropriate to consider how they should be defined. A
number of physical and biological approaches have been
examined for designating low doses and low dose rates.
Microdosimetric arguments suggest low doses will be less
than 1 mGy. However, radiobiological experiments on cells in
culture suggest that acute doses of about 20 mGy are low,
while epidemiological studies suggest that a low dose is of the
order of 200 mGy, whatever the dose rate. In addition, studies
oftumour induction in experimental animals suggest that dose
rates of about 0.1 mGymin�1 are low, whatever the total dose.

94. A range of assays is available for evaluating radiation
damage to cells occurring either in vivo or in vitro and the
form of the dose-response relationships. In the low-dose
region, damage from low-LET radiation can be considered
to be due to single tracks acting independently, whereas at
higher doses multi-track effects can occur, causing non-
linearity in the dose response. In the case of high-LET
radiation, the dose response is generally found to be linear.

95. The results of studies of the induction by low-LET
radiation ofchromosome aberrations in blood lymphocytes, of
the transformation of cells in culture, and of somatic muta-
tions in mammalian cell systems at low doses all give results
that are somewhat variable. Theydepend on the experimental
design and the effort that went into assessing risks at doses of
less than about 1 Gy. In the most comprehensive studies the
results are consistent with an increasing incidence with
increasing dose at low to intermediate doses. Nevertheless,
even very extensive studies, which have taken considerable
resources, have demonstrated that it is not practical to obtain
information on radiation effects at doses much below about
20 mGy for chromosome aberrations, 100 mGy for cell
transformations, and 200 mGy for somatic mutations. The
exact form of the response for cellular effects at low doses
must therefore remain unclear. One exception is a particularly
sensitive system based on the assay of reversion events in a
gene mutation in pink-eyed unstable pun mutations in the
mouse, which cause a reduction in coat colour. A linear dose
response, with no indication of a threshold, was obtained over
the dose range for x rays from 10 mGy to 1 Gy. Similarly,
pink mutations have been induced in tradescantia stamen
hairs at doses down to 2.5 mGy from x rays and with a linear
response up to about 50 mGy.

96. For high-LET radiation the experimental data again
indicate a linear dose response down to the lowest doses that
have been tested. In the case of chromosome aberrations, the
lowest neutron dose used was about 50 mGy. For mutation
induction, little information is available from mammalian
cellular systems at doses much below 200 mGy.

97. The relative biological effectiveness (RBE) of high-
LET radiation compared with low-LET radiation varies
considerably depending on the biological damage and the
dose range. In the case of deterministic effects, caused by
cell killing, RBE values are generally less than 10. For
stochastic effects, values of RBE depend on the dose,
reflecting an essentially linear dose response for high-LET
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a Acute exposures (minutes).
b Text paragraph in which endpoints are further discussed.

radiation and a linear-quadratic response for low-LET
radiation. The maximum value, RBEm, occurs at low doses.
For exposures to both neutrons and alpha particle irradiation,
values of RBEm depend on the biological endpoint but for
cytogenetic damage, cell transformation, and tumour induc-
tion are generally greater than 10.

98. A so-called adaptive response has been observed for a
number of indicators of cellular damage: a small radiation
dose reduces the amount of cellular damage caused by a later
higher dose. For the induction of unstable chromosome
aberrations and of mutation, it has been demonstrated that a

small priming dose of low-LET radiation of about 10 mGy
can reduce the effect caused bya subsequent higher dose. This
adaptive response seems to take a few hours to manifest itself
and then lasts for up to about 40 hours. There are no
indications that this would modify the shape of the dose
response, although it could alter the magnitude of any effect.

99. The information on the lowest doses at which effects
from low-LET radiation have been detected in cellular
systems are summarized in Table 5. These are principally
for endpoints arising from mutations.

Table 5
Lowest doses at which chromosome aberrations and mutations have been detected in experimental
systems exposed to low-LET radiation

System Endpoint Radiation Lowest dose a

(mGy)
Paragraph b Ref.

Human lymphocytes
Human lymphocytes
C3H10T½ cells
Mouse
TK6 cells
Tradescantia

Unstable chromosomal aberrations
Stable chromosomal aberrations
Cells transformation
Pink-eye mutation
hprt and tk mutation
Pink mutation

x rays
gamma rays

x and gamma rays
x rays
x rays
x rays

20
250
100
10
250
2.5

56
59

66/69
83
80
90

[L8]
[L38]
[M35]
[S23]
[K20]
[S28]

II. ANIMAL EXPERIMENTS

100. Studies with experimental animals are important for
predicting the long-term effects of radiation in humans.
Provided the limitations of such studies are acknowledged,
considerable information can be obtained on both
radiation-induced cancer and hereditary disease. The most
directly relevant data come from studies with mammalian
species, with the majority of work relevant to assessing
effects at low doses and low dose rates having been carried
out with rodents and beagle dogs.

101. Studies with experimental animals are valuable for
examining the biological and physical factors that may
influence tumour induction by radiation. They can be used
to examine the form of dose-response relationships over a
wide range of doses; the effect of spatial and temporal
distribution of dose; and the influence of factors such as
sensitivity of individual organs and tissues, age at exposure,
radiation quality, and dose protraction or fractionation on the
tumour response. Animal models are also of increasing
value in understanding the molecular and cellular
mechanisms underlying tumour response (Chapter IV).
Quantitative risk coefficients for radiation-induced cancer
in humans cannot, however, be based on the results of
animal studies because there are differences in radiation
sensitivity between different mammalian species.

102. Experimental studies of genetic damage in the off-
spring of irradiated animals, mainly mice, have been used
to assess the hereditary effects of radiation. In the absence
of any clear evidence from observations in humans on the
risks of radiation-induced hereditary disease, animal
studies provide information on dose-response relationships
as well as quantitative risk estimates. Studies of germ-cell
mutations are also relevant to understanding the dose-
response relationship for the initial damage to DNA that
could ultimately result in the development of cancer.

A. CANCER

103. Data on radiation-induced tumours in experimental
animals were extensively reviewed in the UNSCEAR 1977
and 1986 Reports [U5, U7], by NCRP [N1], by Upton
[U22], and in a comprehensive monograph on radiation
carcinogenesis [U23]. The effect of dose rate on tumour
response was examined by NCRP [N1] and in the
UNSCEAR 1993 Report [U3]. As noted in the UNSCEAR
1993 Report, the experimental animals used in many
studies are inbred strains with patterns of disease that can
be very different from those found in humans. Very many
studies have used rodents as the experimental animal.
Different strains of mice and rats have varying susceptibilities
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a p = 0.05.
b Spontaneous incidence 1.3 10 -1; risk of 3 10-2 Gy-1 assumed.
c Spontaneous incidence 7 10 -3; risk of 7 10-3 Gy-1 assumed.
d Spontaneous incidence 1 10 -4; risk of 1 10-1 Gy-1 assumed.

to both spontaneous and radiation-induced tumours; further-
more, within a given strain, there are frequently differences
between the sexes and ages in the incidence and time of onset
of specific tumour types. A number of tumour types for which
information is available are either not found in humans (e.g.
Harderian gland) or appear to require substantial cell killing
for their development and thus may exhibit a threshold in the
dose response (e.g. ovarian tumour, thymic lymphoma). For
a number of other tumours there may be a human counterpart
(e.g. myeloid leukaemia and tumours of the lung, breast,
pituitary, and thyroid), but even here there can be differences
in the cell types involved and in the development of the
tumour. Although data for larger animals are not as extensive,
broadly similar findings are found for tumour induction in
dogs or other species.

104. There are also substantial variations in the rates of
turnover of cells and in the lifespan of most experimental
animals compared with humans. Furthermore, the develop-
ment of tumours in both humans and animals is subject to the
modifying influence of various internal and external environ-
mental factors, all of which can potentially influence dose-
response relationships. Their development will alsodepend on
the genetic background, the physiological state, and the
environmental conditions of the animals. All these factors
make it difficult to interpret the results of animal studies and
to apply them to humans. Nevertheless, most tumours in
laboratory animals appear to arise as clonal growths and to

develop, as do most human tumours, through stages of
initiation, promotion, and progression. They are therefore of
considerable value for helping to understand the form of the
dose response for tumour induction in humans and the
potential for effects at very low doses.

105. While extensive data exist on tumour induction in
laboratory animals exposed either to external radiation or
to incorporated radionuclides, many of these studies were
carried out in the 1960s and 1970s. The ability to detect
radiation-induced cancer at low doses depends, as with
epidemiological studies, on the number of animals in the
study, the spontaneous incidence of the disease, and the
radiation sensitivity of the particular tumour type(s). This
is illustrated in Table 6. Thus, in the CBA strain of mouse
with a very low spontaneous incidence of acute myeloid
leukaemia (1 10�4) and a high sensitivity to induction by
radiation (about 1 10�1 Gy�1), only 300 exposed animals
and a similar number of controls would be needed to detect
a significant increase (p=0.05) in tumour incidence at a
whole-body dose of 100 mGy (low-LET). It would also be
possible to detect an effect of 10 mGy with groups of about
4,000 animals. In contrast, for the RFM mouse strain,
which has a much higher spontaneous rate of the disease
(7 10�3) and a lower sensitivity (7 10�3 Gy�1), the number
of animals needed to detect a significant increase in acute
myeloid leukaemia at 100 mGy would be 1.2 105, an
impractically high number of animals.

Table 6
Statistically determined sample sizes of irradiated and control mice needed to detect a significant increase
in tumour risk a

Mouse strain Tumour
Sample size

1 000 mGy 100 mGy 10 mGy 1 mGy

RFM
RFM
CBA

Thymic lymphoma b

Myeloid leukaemia c

Myeloid leukaemia d

1 300
1 700

30

1.2 105

1.2 105

300

1.2 107

1.2 107

4 000

1.2 109

1.2 109

1.3 105

106. At low radiation doses the number of animals used and
their sensitivity is thus important in determining the ability to
detect any effect. Animal studies do not generally involve as
many individuals as there are in the more extensive epidemio-
logical studies. They do, however, have the advantage that
they are planned; the groups of animals exposed are, in
general, genetically homogeneous; and the numbers of
animals allocated to various dose groups can be chosen to
maximize the information obtained. Laboratory animals are
exposed to sources of radiation under controlled conditions,
and there is much greater certainty associated with the
dosimetry. Information may also be available from studies of
animals exposed at different dose rates. Data on irradiation of
laboratory animals can thus give information for a range of
tumour types on the shape of dose-response relationships and

provide an estimate of the lowest dose at which a significant
effect on the induction of tumours from exposure to ionizing
radiation can be observed.

107. Despite a substantial number of research studies on
tumour induction in experimental animals potentially
available for analysis, there are in practice only a limited
number that can help to define the dose-response relationship
for cancer induction down to low doses. The range of dose-
responserelationships that havebeen obtained in experimental
animals and the effect of dose rate on tumour response were
reviewed in the UNSCEAR 1993 Report [U3]. Accordingly,
only illustrative examples of dose-response relationships are
given here for tumour induction following exposure to
external radiation and intakes of radionuclides.
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1. Dose-response relationships

108. Tumour induction has been demonstrated in laboratory
animals exposed to both low- and high-LET radiation.
Information on dose-response relationships was previously
examined in the UNSCEAR1986 and 1993 Reports [U3, U5].
In the UNSCEAR 1986 Report, the Committee limited its
analysis to those models that appeared to be supported by
general knowledge of cellular and subcellular radiobiology.
Because most readily induced human tumours, such as those
of the breast, thyroid, and lung, as well as leukaemia, did not
indicate the existence of a threshold [U5, Annex B, paragraph
108], analyses were confined to the linear no-threshold, the
linear-quadraticand thequadraticdose-responserelationships.
It was considered that these three dose-response relationships
provided a general envelope for observation of tumour
induction in experimental animals as well as in human
populations. In the UNSCEAR 1993 Report [U3], emphasis
was placed on examining the effect of dose rate on the tumour
response, although information was also given on the dose-
response relationships.

109. Dose-response functions other than those adopted in
1986 have also been proposed [E4, G1, U2]. Models that
incorporate a threshold assume that there is no response up to
some level of exposure, and that thereafter the response
increases with dose. Some animals models of tumour
induction show this type of response. Dose-response models
that incorporate an adaptive response have also aroused some
interest. These consider the possibility that stimulated repair
of radiation damage as a result of the effect of a toxic agent,
including radiation, at low doses would reduce the influence
of subsequent, higher doses. The evidence for such an
adaptive response was reviewed by the Committee in the
UNSCEAR 1994 Report [U2]. Much of the evidence for such
a response that is presentlyavailable comes from observations
of short-term effects in both plants and animals and from
studies on cells in culture (Chapter I). Extensive data from
animal experiments on dose-response relationships for cancer
induction and limited human epidemiological data on low-
level exposures have, however, provided no firm evidence that
the adaptive response decreases the incidence of late effects
such as cancer induction after exposure to low radiation doses.
Molecular and cellular studies have shown that DNA damage
in the form of double-strand breaks is repairable but that some
degree of misrepair is to be expected (Chapter IV). On this
basis, it maybe concluded that the extent of damage caused by
ionization events resulting from exposure to low radiation
doses may be influenced by the stimulation of DNA repair
mechanisms, but even so, such repair can only be partially
effective and for many tumour types cannot entirely eliminate
the risk of tumour development following radiation exposure.

110. Published reports of dose-response relationships
obtained with various animal species have described
responses for different tumour types or life shortening (as a
surrogate for tumour induction) using a wide range of
functions. Although in many studies dose-effect relationships
can be defined by a linear, linear-quadratic, or quadratic
response, the data are generally not well defined, particularly

at low doses, and alternative fits to the data are also possible.
Some animal models also indicate the presence of a threshold
for a response. Extensive data are available on a wide range
of tumour types including leukaemias and lymphomas arising
in haematologic tissue as well as tumours of solid tissues (e.g.
lung, liver, and bone). Examples of dose-response
relationships for exposures to both external radiation and
internally incorporated radionuclides are given below. The
studies have been chosen to illustrate the various patterns of
dose response that have been obtained with some emphasis on
those that give information at low doses.

(a) External radiation

111. Life shortening. Extensive studies in laboratory
animals have reported life shortening as a result of whole-
body external irradiation. This is a precise biological
endpoint and reflects the early onset of lethal diseases, an
increased incidence of early occurring diseases, or a
combination of the two. At radiation doses up to a few gray
(low-LET), life shortening in experimental animals
appears to be mainly the result of an increase in tumour
incidence. There is little suggestion that there is a general
increase in other non-specific causes of death [G14, M39,
S38]. At higher doses, into the lethal range, a non-specific
component of life shortening becomes apparent owing to
cellular damage to the blood vasculature and other tissues.
It was concluded in the UNSCEAR 1993 Report [U3] that
life shortening at low to intermediate doses can be used as
a basis for examining the factors that influence dose-
response relationships for tumour induction.

112. The majority of comprehensive studies that give
quantitative information on dose-response relationships for
life shortening from exposure to low-LET radiation as well as
on factors such as the effects of age, dose fractionation and
dose rate have used the mouse as the experimental animal.
Substantial differences in sensitivity have, however, been
noted between strains and between the sexes. A review of 10
studies involving about 20 strains of mice given single
exposures to x or gamma radiation showed that estimates of
life shortening ranged from 15 to 81 days Gy�1, although the
majorityof values (9 of 14 quoted in the review) were between
25 and 45 days Gy�1, with an overall unweighted average of
35 days Gy�1 [G14]. In general, in the range from about
0.5 Gy to acutely lethal doses, the dose response was either
linear or curvilinear upwards. In male BALB/c mice exposed
to acute doses of 137Cs gamma rays (4 Gy min�1), life
shortening was a linear function of dose between 0.25 and
6 Gy, with a loss of life expectancy of 46.2 ± 4.3 days Gy�1

[M39]. Similar data have been reported on B6CF3 mice
irradiated at 17 days before birth or at various times up to 365
days after birth [S38], although the lowest dose used was
1.9 Gy. The effects of acute single doses on life shortening in
other species were summarized in the UNSCEAR 1982
Report [U6], although they are not as comprehensive as the
data for mice.

113. The effect of dose fractionation appears to be very
dependent on the strain of mouse and the spectrum of dis-
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a Linear. b Linear-quadratic. c Linear-threshold.

eases contributing to the overall death rate. Overall no clear
trend in the effect of dose fractionation on life shortening
could be found [U3], and the results from a number of studies
suggested that when compared with acute exposures, the
effects of dose fractionation are small and in some studies
have given either small increases or small decreases in life-
span. When the effects in mice of acute exposures to low-LET
radiation are compared with those of protracted irradiation
given more or less continuously, the effectiveness of the
radiation decreases with decreasing dose rate and increasing
time of exposure. With lifetime exposures there is some
difficulty assessing the total dose contributing to the loss of
lifespan. The results available suggest, however, that with
protracted exposures over a few months to a year, the effect on
life shortening is reduced by factors of between about 2 and 5,
compared with exposures at high dose rates.

114. The results of a number of studies on life shortening
as a result of exposure to high-LET radiation were
examined in the UNSCEAR 1993 Report [U3]. The data
were all reasonably consistent and suggest that the dose
response for life shortening is a linear function of dose, at
least for total doses up to about 0.5 Gy, and that neither
dose fractionation or dose protraction has much effect.

115. Tumour induction. In the late 1970s, Ullrich and
Storer published a series of studies on tumour induction in
mice (see, for example, [U16, U17, U18]). The data have
provided comprehensive information on the effects of dose
and dose rate on the induction of a range of neoplastic
diseases, including myeloid leukaemia and solid tumours
of the ovary, pituitary, lung, and thymus.

116. In a large study in female RFM mice, animals were
exposed toacute doses from 137Cs gamma rays (0.45 Gymin-1)

at 10 ± 0.5 weeks of age [U16]. Groups of animals received a
range of doses (0, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, and 3.0 Gy),
were followed for their lifespan, autopsied at death, and
diagnosed for various types of neoplastic disease. Dose-
response data were obtained for a range of tumour types. A
significant increase in the incidence, I (%), of acute myeloid
leukaemia was obtained at doses of 1.0 Gy and above. A
linear dose response of the form I = 0.63 + 1.4D, where D is
the dose in gray, adequately described the data, and the doses
were not high enough for a cell-killing term to have become
apparent. A linear-quadratic model, I = 0.69 + 0.86D +
0.00227D2, also provided a fit to the data, although the dose-
squared term was not significant. Ullrich and Storer [U18]
published further data on myeloid leukaemia in female RFM
mice exposed under similar conditions. The results were
similar to those published earlier, but with fewer exposure
points (0, 0.5, and 2.0 Gy).

117. The information on myeloid leukaemia induction in
mice for these two data sets has been combined in Table 7. An
analysis of the combined data carried out for this Annex
indicates that the incidence of myeloid leukaemia is increased
over controls at doses of about 0.5 Gy and above. The data
have been fitted with linear, linear-quadratic, and threshold-
linear dose responses. All three models give a good fit to the
data, and in the case of the threshold-linear model, a threshold
at about 0.22 Gy can be obtained (Figure X, Table 8). These
studies by Ullrich and Storer [U16, U18] involved a total of
nearly 18,000 mice, and yet the information at low doses is
equivocal because of the small numbers of acute myeloid
leukaemias occurring. Few other animal studies have been
carried out on such a scale, and this clearly illustrates the
limited ability of such animal studies to provide detailed
information on the effects of whole-body radiation at low
doses.

Table 7
Myeloid leukaemia incidence in female RFM mice exposed to acute doses of gamma rays [U16, U18]

Dose (Gy) Number of animals Incidence

0
0.1
0.25
0.5
1

1.5
2
3

4 763
2 827
965

1 918
1 100
1 054
1 099
4 133

0.72 ± 0.10
0.72 ± 0.15
0.84 ± 0.30
1.17 ± 0.26
1.60 ± 0.41
3.6 ± 0.76

3.22 ± 0.43
5.2 ± 0.51

Total 17 859

Table 8
Model fits to data on myeloid leukaemia in mice exposed to 60Co gamma rays

Function C α β D0 χ2 DF

I = C + αD a

I = C + αD βD2 b

I = C + α(D � D0)
c

0.64 ± 0.09
0.69 ± 0.09
0.72 ± 0.08

1.39 ± 0.13
0.87 ± 0.39
1.55 ± 0.18

-
0.22 ± 0.15

-

-
-

0.22 ± 0.14

4.7
2.7
2.6

6
5
5
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Figure X. Dose-response relationships fitted to data on myeloid leukaemia in female RFM mice [U16, U18].

118. The induction of lung tumours has been compared in
female BALB/c mice given doses from 60Co gamma rays in
the range 0.5�2 Gy at two dose rates (0.4 Gy min�1 and
0.06 mGy min�1) [U18, U24]. Tumour induction was less at
low dose rates than at high dose rates. After high-dose-rate
exposure, the age-correlated incidence, I (%), could be
represented by a linear function, [I(D) = 13.4 + 12D; p>0.5],
where D is the absorbed dose in gray. At low dose rates, a
linear function also gave a good fit to the data [I(D) = 12.5 +
4.3D; p>0.8]. The data were adjusted for differences in the
distribution of ages at death among the treatment groups, and
the authors indicated there were no changes with age over the
period of irradiation. The differences in slope were taken to
indicate variations in effectiveness for tumour induction at the
two dose rates. The data were subsequently extended to
provide additional information at the high dose rate
(0.4 Gy min�1) in the dose range from 0.1 to 2 Gy [U14].
Although the tumour incidence data could again be fitted with
a linear dose response [I(D) = 10.9 + 11D; p>0.70], a linear-
quadratic dose response [I(D) = 11.9 + 4D + 4D2; p>0.70]
would also give a fit. In this extended analysis, the linear term
was very similar to that obtained in the low-dose-rate study,
and it was concluded by the authors that the result was
consistent with a linear-quadratic response in which the linear
term is independent of dose rate, at least for the dose rates
used in the study.

119. One of the most extensively studied tumours in the
mouse is that arising in the thymus. The dose response for the
induction of thymic lymphomas by acute whole-body
irradiation found in a number of studies has been of the
threshold type (Figure XI). Thus, Maisin et al. [M39] exposed
12-week-old male mice to single or fractionated doses of 137Cs
gamma rays (4 Gy min�1) in the dose range from 0.25 to
6 Gy. The dose-response curve was of a threshold type; the
incidence of thymic lymphomas rose above that in controls
onlyfollowing exposuresat 4 Gyand above. Similarly, Ullrich
and Storer [U18, U24] studied the dose-response relationship
for thymic lymphoma in female RFM/Un mice. Exposures
were at 0.45 Gy min�1 and 0.06 mGy min�1. For the highest
dose rate, the incidence of lymphoma up to 0.25 Gyincreased
with the square of the dose, although a threshold for a
response up to about 0.1 Gy could not be excluded. Linearity
was rejected over this limited dose range. From 0.5 to 3 Gy

the increase in incidence with dose was nearly linear. At the
lower dose rate the response was best described by a linear-
quadratic dose response with a shallow (perhaps zero) initial
linear slope, again allowing the possibility of a threshold at
low total doses.

Figure XI. Incidence of thymic lymphoma as a func-
tion of dose for single or fractionated x rays [M39].

120. The induction of ovarian tumours in mice exposed to
x rays or gamma radiation has also indicated the presence
of a threshold in the response for some strains, and this is
reflected in a pronounced effect of dose and dose rate [U17,
U18, U21, U24]. Thus, in SPF/RFM mice exposed at
0.45 Gy min�1, a significant increase in tumour incidence
was obtained at doses from 0.25 to 3 Gy [U18]. The data
could be fitted with a linear-quadratic dose response with
a negative linear component [I(D) = 2.3 + (�23)D + 1.8
D2; p>0.25] or by a threshold plus quadratic model [I(D) =
2.2 + 2.3 (D�D*)2; p>0.75], where the threshold dose, D*,
was estimated to be 0.12 Gy. Linear and quadratic dose
responses were rejected. This pattern of response is con-
sidered to reflect the fact that ovarian tumour development in
the mouse seems to follow changes in hormonal status that
occur after substantial killing of oocytes. For low-dose-rate
exposures, cell killing is less effective, and as a consequence
there is a substantial reduction, by a factor of about 6, of
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effectiveness in inducing tumours at low dose rates. The
results suggested the possibility of a threshold up to about
0.115 Gy.

121. A further substantial study in the mouse has
demonstrated that dose-response relationships for tumour
induction can vary in different organs and tissues [S39].
Groups of B6C3F1 mice were exposed to various doses
between 0.48 and 5.7 Gy low-LET radiation from 137Cs
gamma rays. The dose-response curves for tumour induction
in the liver, pituitary, ovary, and lungs were convex upwards
in the dose region examined, with a significant increase in
numbers of tumour at 0.48 Gy. The data suggested a
progressive increase with dose up toabout 1 Gy. A subsequent
gradual increase to the highest incidence obtained was seen
and then a declining incidence at doses above about 1.5 to
3 Gy, depending on the tumour type. The results could be
interpreted as showing an increasing risk with dose up to the
maximum incidence, although the lack of data below
480 mGy limited the ability to elucidate the dose response at
low doses. In contrast, the shape of the dose response for bone
tumour induction was quite different from that for other solid
tumours: the initial slope was concave upwards, with the
highest incidence observed in the group given 3.8 Gy. Bone
tumour incidence up to about 3 Gy was a function of the
square of the dose, and the existence of a threshold could not
be excluded because the incidence of bone tumours in groups
irradiated with doses below 1.43 Gy was not significantly
increased.

122. Variations in sensitivity to radiation-induced mammary
cancers in different strains of mice and rats are well known,
although the reasons underlying these differences are not well
understood. Thus studies of mammary carcinogenesis in
Sprague-Dawley, WAG/Rij, and BN/BiRij rats have shown
that only in WAG/Rij rats was an appreciable number of
carcinomas induced by radiation [V3]. Analysis of data on
radiation-induced mammary tumours gave a linear dose-
response function for fibroadenomas in Sprague-Dawley rats
and for both fibroadenomas and carcinomas in WAG/Rij rats
after irradiation with either 0.5 MeV neutrons or x rays. In the
case of exposure to x rays, the lowest data point was at
200 mGy (Figure XII).

123. Studies of mammary tumours in mice by Adams et al.
[A13] have demonstrated that irradiation resulted in many
more transformed mammary cells than are ultimately ex-
pressed as tumours. A later study by Ullrich et al. [U26]
examined possible reasons for differences in sensitivity in
sensitive BALB/c and resistant C57BL and B6CF1 hybrid
mice. Theydemonstrated that variations in sensitivitycould be
correlated with differences between strains in the sensitivityof
the mammary epithelial cells to radiation-induced trans-
formation. Differences in sensitivity could not, however, be
accounted for bydifferences in the number of sensitive cells or
by systemic or cellular influences on progression. This obser-
vation of inherent differences in sensitivity to radiation-
induced tumour initiation may be one approach to under-
standing the mechanism bywhich radiation induces cancer in
these different mouse strains and may have more general
application.

Figure XII. Relative excess incidence of carcinomas in
WAG/Rij rats after irradiation with x rays and 0.5 MeV
neutrons [B34].

124. A unique experimental system has been described by
Tanooka and Ootsuyama [O8, T13] in mice. The backs of
female ICR mice were irradiated with beta particles from
90Sr-90Y three times a week throughout life. At radiation
doses per exposure between 1 Gy and 11.8 Gy (low-LET),
the tumour incidence was 100%. At 0.75 Gy per exposure,
however, no tumours occurred in 31 mice over a period of
790 days from the start of irradiation. One osteosarcoma
did arise at 791 days and one squamous cell carcinoma at
819 days. This was despite the fact that the cumulative dose
was extremelyhigh (305 Gy in 950 days). The appearance of
tumours in irradiated mice depended on a fractionated
regime: no tumours occurred following single exposures
with doses up to 30 Gy. At such doses depilation and
severe skin damage occurred. The authors proposed that at
the lower dose fractionation regime efficient repair occurs,
resulting in an apparent threshold in the tumour response.
No histological information was reported, but it seems
likely that at these high doses deterministic damage would
occur, resulting in the development of a fibrotic response
preceding tumour development.

125. Tumour induction in rats and mice exposed to high-
LET neutron irradiation was described in the UNSCEAR
1993 Report [U3] and has also been summarized by Broerse
[B34] and Fry [F15]. In general the experimental results
reviewed indicated that there are differences between tissues
in their tumorigenic response following either dose
fractionation or reductions in dose rate as compared with
acuteradiation exposures. Taken together, however, theeffects
of dose rate and fractionation are small, and for the majority
of studies a linear dose response would give a good fit to the
data up to about 1 Gy. Exceptions are tumour types for which
cell killing seems to play a significant role in tumour
induction, as for thymic lymphomas, when a threshold dose
may be found. In many cases, however, information is not
available down to low levels of exposure. For life shortening
at low doses, which has been shown to be the result of tumour
induction, again little effect of fractionation or dose rate has
been found [F15, U3].
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(b) Internally incorporated radionuclides

126. In the case of intakes of radionuclides, many factors in
addition to those for external radiation exposure may
influence the dose response. For radionuclides such as 90Sr or
239Pu with a long physical half-life and a long biological half-
time in the body, radiation exposure after an intake will
generally be for the remaining lifespan of the animal, making
it difficult to relate tumour incidence to radiation dose.
Additional difficulties in interpreting dose-response data arise
from the heterogeneous distribution of dose between and
within bodyorgans and tissues as well as temporal changes in
the distribution of radionuclides, and hence dose, within the
body. A key factor in the calculation of the radiation dose is
the identification of the sensitive “target” cells at risk. When
a radionuclide is uniformlydistributed throughout an organ or
tissue, as is the case for tritiated water or 137Cs, then the
calculation of average tissue dose is sufficient to assess the
dose to these critical cells. In other cases, however, as with the
bone-seeking radionuclides 239Pu and 241Am, the distribution
of dose may be very heterogeneous, and then the calculation
of dose tosensitive cells is essential in assessing dose-response
relationships.

127. Stem cells. The International Commission on Radio-
logical Protection (ICRP) has developed a comprehensive
set of biokinetic and dosimetric models to enable the
calculation of organ doses from inhaled or ingested
radionuclides [B36, I9, I10]. These models take account of
the distribution and retention of radionuclides in individual
organs and the proportion of the energy of decay deposited
in different organs. For penetrating photon radiation, it is
necessary to take account of crossfire between organs, but
in these cases the calculation of average energy absorbed in
a tissue is sufficient. For non-penetrating alpha and beta
radiations, energy is taken to be deposited in the organ in
which the radionuclide is retained. For these radiation
types it is necessary in some cases to take account of the
distribution of the radionuclide within the organ relative to
sensitive target cells. This consideration has been addressed
in models developed by ICRP for the respiratory and
gastrointestinal tracts, the skin, and the skeleton. In the
case of other tissues (for example the liver, kidneys, and
spleen), the average tissue dose is calculated on the
assumption that sensitive cells are uniformly distributed
throughout them. In relation to intakes of radionuclides,
only the respiratory tract, the gastrointestinal tract and the
skeleton are directly relevant. Radiation doses to the
sensitive cells in the skin are, however, important in the
case of radionuclides deposited on the surface of the body.

128. Respiratory tract. The ICRP model for the human
respiratory tract [I11] takes account of the distribution of
sensitive cells for cancer induction in the extrathoracic region
and the bronchial and bronchiolar regions of the lung. For the
region of the lung in which gaseous exchange occurs, the
alveoli and terminal bronchioles, the dimensions of the
structures are considered to be sufficiently small for doses to
be calculated on the assumption that sensitive cells are
uniformly distributed.

129. The extrathoracic region of the respiratory tract (the
nose, oropharynx, and larynx) are lined mainly with stratified
squamous epithelium. Excess nasal and laryngeal cancers
have been observed in luminizer workers and patients
receiving head and neck exposures [B37] but not in atomic
bomb survivors or patients treated for spondylitis [D12].
Sinonasal cancers were described in humans as a result of
systemic contamination with radium [E11, F13]. Radiation-
induced tumours were mainly carcinomas, including basal
cell, squamous cell, and epidermoid carcinomas, for which the
cells at risk are assumed by ICRP [I11] to be the basal cells of
the epithelial layer with their nuclei at average depths of
40�50 µm.

130. The trachea, bronchi, and bronchioles are lined by a
pseudostratified, ciliated, columnar epithelium separated from
the subepithelial connective tissue by a prominent basement
membrane. Radiation-induced lung cancers have been
documented in uranium miners, atomic bomb survivors, and
therapeutically irradiated patients [B38, I12, P16]. Lung
cancers occur predominantly in the bronchial region; there is
no evidence that radiation induces tracheal cancer. There are
four main classes of tumour observed: squamous cell carcino-
ma (most frequent), small-cell carcinoma, adenocarcinoma,
and large-cell carcinoma. It appears that these tumour types
share the same endodermic progenitors [M44, Y5]; the most
likelycandidate cells for tumour induction were considered by
ICRP to be secretory cells [T15]. Basal cells may also be
involved, although their role may be limited [J7]. ICRP
therefore assumes for dosimetric purposes that the sensitive
cells in the bronchial region are secretory and basal cells, with
nuclei at average depths of 10�40 µm and 35�50 µm,
respectively[I11]. The sensitive cells in the bronchiolar region
are taken to be secretory cells, with nuclei at an average depth
of 4�15 µm.

131. Estimates of dose to the lung from short-range emitters,
particularly alpha emitters, depend on the assumptions made
regarding the depth and thickness of the sensitive layer in the
bronchi and bronchioles. For example, in a recent sensitivity
analysis of doses from radon progeny, a dose range that varied
by a factor of 2.6 resulted from consideration of sensitive cell
parameters [M45].

132. Gastrointestinal tract. The current dosimetric model
of the gastrointestinal tract makes only a simple generalized
allowance for the position of sensitive cells relative to ingested
radionuclides [I9]. Doses are calculated separately for the
mucosal layer of each region modelled: the stomach, small
intestine, upper large intestine, and lower large intestine. For
penetrating radiations, the average dose to the wall of each
region is used as a measure of the dose to the mucosal layer.
For non-penetrating radiations, the fraction absorbed by the
mucosal layer is taken to be equal to 0.5v/M, where M is the
mass of the contents of that section of the gastrointestinal tract
and v is a factor (between 0 and 1) representing the proportion
of energy that reaches sensitive cells. The factor of 0.5 is
introduced because the dose at the surface of the contents will
be approximately half that within the contents for non-
penetrating radiations. For beta particles, v is taken to be 1.
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For alpha particles, v is taken to be 0.01. This value is based
on weak experimental evidence from an acute toxicity study
in rats in which the LD50 for ingested 91Y was estimated at
about 12 Gy while a more than 100 times greater dose to the
mucosal surface from 239Pu had no effect [S33].

133. This model is currently being revised. The new model
is expected to consider the location of sensitive cells in all
regions of the alimentary tract, from the mouth to the large
intestine. Radiation-induced cancer in human populations has
been documented for the oesophagus, stomach, and colon; the
small intestine is not a significant site for cancer induction
[B39]. The sensitive cells in the oesophagus are assumed tobe
the basal layer of the stratified squamous epithelial lining.
This epithelium is quite thick (300�500 µm) and is protected
by a surface layer of mucus. At the gastro-oesophageal junc-
tion, it is abruptly succeeded bya simple columnar epithelium
with gastric pits and glands. In the stomach, the sensitive cells
for cancer induction are assumed to be the epithelial stem
cells, located within but towards the top of the gastric pits, at
a depth of about 75�100 µm from the surface. In the small
intestine, stem cells are located above the paneth cells, to-
wards the base of the crypts. In the large intestine, stem cells
are situated at the verybase of the crypts. These locations have
been deduced from a variety of cell kinetic, mutational, and
regeneration studies in mouse models [P17] and their posi-
tions are likely to be qualitativelysimilar in man. The number
of stem cells per colonic crypt in mice has been estimated to
be in the range 1�8, and as colonic crypts in man are around
six times as large as in mice, it is possible that the number of
stem cells per crypt may be greater in man. The depth of the
stem cells, measured in human tissue samples, is about
100�150 µm in the small intestine and 200�400 µm in the
large intestine [P18].

134. Skin. The skin is broadly divisible into two component
layers: the outer epidermis and the underlying dermis. The
epidermis arises from a single basal layer of cells, overlaid by
layers of cells with dead layers on the outer surface. The basal
layer is separated from the dermis by a basement membrane.
This boundary is not flat but undulates, with discrete points
known as rete pegs where the epidermis projects down into
the dermis. In addition, the basal layer extends around the
skin appendages, notably the shaft and base of the hair
follicles, which project even deeper into the dermis. At some
sites on the body, over 50% of the basal layer stem cells are
associated with the hair follicles. Thus, the depth of the basal
layer is highly variable. In most body areas it ranges from 20
to 100 µm in the interfollicular sites, but exceptionally (e.g.
the finger tips), it can be over 150 µm deep because of
increased outer cornification [L46]. The deeper projections
associated with hair follicles result in basal cells being
situated more than 200 µm deep.

135. There is substantial evidence linking the incidence of
non-melanoma skin cancer (NMSC) with exposure to
ionizing radiation, including studies on irradiated children
and atomic bomb survivors [L46]. The two main types of
non-melanoma skin cancer are squamous cell carcinoma
and basal cell carcinoma, with the sensitive cells for cancer

induction assumed to be the basal layer of cells in each case.
This assumption is supported by animal data [A15, H28].

136. In calculating dose to the skin, ICRP has recom-
mended that skin dose should be evaluated at an average
depth of 70 µm [I2]. However, when assessing dose in
cases of non-uniform exposure, it may be necessary to use
skin thickness values appropriate to the area of interest.

137. Skeleton. Biokinetic and dosimetric models for the
skeleton take account of the two main types of bone, cortical
and trabecular, and the behaviour of different bone-seeking
radionuclides as well as the location of sensitive cells for the
induction of bone sarcoma and leukaemia [I9, I10]. Cortical
bone is the hard, dense bone that forms the outer wall of bones
and the whole of the shaft of long bones. Trabecular bone is
a soft, spongy bone with a lattice-work structure that is found
within flat bones and in the ends of the long bones. The
endosteal layer of cells on the inner bone surfaces in cortical
and trabecular bone is taken to be the sensitive cells for bone
sarcoma and the red bone marrow is taken to be the sensitive
cells for leukaemia. It is assumed that all haemopoietically
active red marrow is confined to the spaces in trabecular bone
in adults, with cortical bone containing inactive yellow
marrow. In children, a proportion of cortical marrow is
assumed to be haemopoietically active and therefore a target
for leukaemia induction. In its 1979 Report, ICRP classified
bone-seeking radionuclides into two groups: bone-surface
seekers, including the actinide elements, and bone-volume
seekers, including the alkaline earth elements [I9]. Thus,
radionuclides were assumed to be retained either on endosteal
bone surfaces or uniformly distributed throughout the volume
of bone mineral. Absorbed fractions were calculated for the
proportions of alpha and beta energy emitted in each case that
would be deposited in the sensitive regions of the endosteal
layer, taken to lie within 10 µm of bone surfaces and red
marrow. More realistic biokinetic models have since been
developed for the main bone-seeking radionuclides, isotopes
of the actinides, alkaline earths and similar elements, which
allow for initial deposition on bone surfaces, movement into
bone owing to bone remodelling and chemical exchange, and
loss from bone, principally owing to bone resorption [I10].
For the actinides, transfer from bone to marrow is also
included.

138. An increased incidence of bone sarcomas has been
observed in populations exposed to alpha-emitting radium
isotopes, particularly in painters of luminuous dials, but
also radium chemists and people treated with radium salts
for the supposed therapeutic effect [M18]. Although the
ICRP assumption [I8] that the sensitive cells constitute a
10-µm-thick layer on endosteal surfaces gives reasonable
dose estimates, it has been suggested that all bone surfaces
may not be equally sensitive [P19] and that the sensitive
region may include cells at a greater depth into the marrow
[G15]. Priest [P19] argued that the observed difference in
toxicity between 226Ra (half-life = 1,600 years) and 224Ra
(3.6 days) in animals and humans cannot be explained
simply in terms of a greater wastage of alpha dose from the
longer-lived 226Ra within bone mineral. He suggests that a
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greater proportion of alpha dose from 224Ra may be delivered
to active trabecular surfaces and that these regions have a
greater than average sensitivity.

139. Gössner et al. [G15] have reviewed the histopathology
of radiation-induced bone sarcomas, showing that there are of
two main types, bone-producing osteosarcomas, and non-
bone-producing sarcomas of the fibrous-histiocytic type. A
trend toa greater proportion of fibrous-histiocytic tumourswas
identified at lower doses and shorter latencyperiods. The data
suggest that cells at risk are not only those committed to bone
formation on the bone surfaces but multipotent marrow
stromal cells located at some distance from the bone surface.

140. Excess leukaemia has been recorded in patients exposed
to the alpha-emitting contrast medium thorotrast and in the
atomic bomb survivors, but it is not a feature of exposure to
isotopes of radium [I9, M46]. Comparison of leukaemia
induction by thorotrast and external low-LET irradiation
suggests a low RBE for alpha-induced leukaemia. The
inabilityof 226Ra to induce leukaemia [R16] maybe explained
by a low alpha RBE, but the distribution of sensitive cells in
the marrow may also be a contributory factor. While the
colloidal thorium oxide preparation thorotrast was retained in
macrophages throughout the marrow, radium on bone
surfaces delivers a dose only to peripheral marrow, and it may
be that sensitive cells are concentrated more towards the
centre of marrow spaces. Some evidence for this was provided
by studies using mice [L47]. It may be, therefore, that the
ICRP assumption that sensitive cells for leukaemia induction
are uniformly distributed throughout red marrow [I9] may
overestimate the risk of leukaemia from bone-seeking
radionuclides.

141. Tumour induction. A number of reviews and papers
have examined dose-response relationships for tumour
induction in animals exposed to either alpha emitters or
beta/gamma emitters (see, for example, [I5, L27, M11, N6,
Y6]). Most information is available on the induction of bone
tumours following the entryof radionuclides into the blood or
lung tumours after inhalation of radioactive materials in
various chemical forms, although more limited data on other
organs and tissues are also available. A wide range of dose-
response relationships has been obtained. These encompass
data that can be fitted with simple linear models up to
intermediate levels of dose and other responses with clear
evidence of a threshold. The results of studies on tumour
induction from intakes of radionuclides are illustrated by data
on tumour induction in the lungs and skeleton.

142. Bone tumours. The incidence of bone tumours in
mice, rats, dogs, and pigs given graded doses of 90Sr was
examined by Mays and Lloyd [M11]. Although limited data
were available at low doses, and the various species had
different sensitivities to tumour induction, in all cases the
incidence of bone tumours at the lowest doses examined was
less than would have been predicted on the basis of a linear
dose response. Thus, in beagle dogs with average skeletal
doses from 90Sr at 1 year before death of between 0.27 Gy and
111 Gy, no tumours were found in the three lowest dose

groups (1, 3.35, and 5.97 Gy), with an 8% incidence
occurring at 21.7 Gy [N6]. The numbers of dogs in each
group was, however, only about 12, and a small increase in
incidence could not have been detected. Similar data have
been reported for osteosarcoma induction by 90Sr in female
CF1 mice. In groups of about 100 animals with average bone
doses ranging from 0.26 to 120 Gy, no significant increase in
tumour incidence was found in animals with average doses
below about 10 Gy (1.3, 4.5, and 8.9 Gy) [M11, N6].

143. An extensive series of studies has examined tumour
induction in animals given various alpha emitters. Lloyd et
al. [L27] examined the occurrence of skeletal tumours in
young adult beagle dogs given single intravenous injections
of monomeric 239Pu citrate. The relationship between the
incidence of osteosarcoma and average dose to bone at the
presumed time of tumour initiation, taken to be at 1 year
before death, appeared to be linear below about 1.3 Gy
(26 Sv, assuming an RBE for alpha radiation of 20)
(Figure XIII). The observed tumour incidence, I (%), could
be approximated by the expression I = 0.76 + 75D, where
D is the average dose to bone in gray. Similar analyses of
data from dogs given 226Ra also gave a linear response with
the expression I = 0.76 + 4.7D (for doses up to 20 Gy). The
ratio of the coefficients (75/4.7 = 16±5) shows that 239Pu is
more effective in inducing osteosarcoma than 226Ra. This
is thought to be due to the tendency of plutonium to remain
longer on bone surfaces and to more effectively irradiate
the sensitive cells for tumour induction.

Figure XIII. Bone cancer incidence in beagle dogs
following a single injection of plutonium-239 or
radium-226 citrate at about one year of age [L14].
The ratio of plutonium to radium dose coefficients (75:4.7)
is 16.

144. Further data on bone tumour induction in animals given
alpha emitters were analysed byMays and Lloyd [M17]. They
found that although the induction of bone tumours appeared
to increase linearly with dose in some cases, in others it
followed threshold or sigmoid relationships. In CF1 female
mice injected intravenouslyat 70 days of age with 239Pu [F11],
no tumours were observed in groups of mice with average
bone doses of 0.01 Gy (N=99) and 0.22 Gy (N=96), whereas
a linear response would have predicted some 5.3 cases. The
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probability of observing zero cases, if 5.3 cases is the true
number, is only 5%. At 0.4 Gy and above, bone tumour
incidence increased linearly with dose.

145. A linear dose response was found for osteosarcoma
induction in female CF1 mice given 226Ra by intravenous
injection at 70 days of age. In 1,436 mice with average
bone doses below 3 Gy (high-LET), 115 cases of osteo-
sarcoma were observed, in good agreement with 92 cases
predicted using a linear dose response [F12, M17]. In
contrast, in beagle dogs given 228Ra and 228Th, the dose-
response data suggested the presence of thresholds at about
2 Gy and 0.5 Gy (high-LET), respectively [M17].

146. More complex models have also been developed to
interpret dose-response relationships for bone tumour
induction. Raabe[R1] has described an examplefor predicting
risks associated with protracted exposure to ionizing radiation
from internally deposited radionuclides. For long-lived
radionuclides such as 90Sr, 226Ra, or 239Pu, the radiation dose
will be delivered over the lifespan of the animal. Raabe et al.
[R1, R14] have interpreted the data from various lifetime
studies with beagle dogs exposed by injection, ingestion, and
inhalation to either beta emitters or alpha emitters. The
cumulative absorbed dose required to give a specified level of
cancer risk was found to be less at lower dose rates than at the
higher dose rates, and the induction time required for tumours
to manifest themselves tended to be longer at lower dose rates
and could exceed the normal lifespan of the animal. The
authors interpreted the data to suggest that at the lowest dose
rates there is an effective threshold for the induction of fatal
radiation-induced cancer.

147. For example, beagle dogs given eight fortnightly
injections of 226Ra in amounts from 0.099 kBq kg�1 to 46.3
kBq kg�1 received average lifetime skeletal doses from 0.9 ±
0.2 Gy to 167 ± 44 Gy (±1 SD). Death in these dogs was
considered to be a function of three effects: (a) spontaneous
death arising from causes associated with the natural lifespan,
(b) death associated with radiation-inducedbonetumours, and
(c) death from radiation-induced skeletal injury such as
radiation osteodystrophyand bone fractions occurring at high
doses (Figure XIV). Mathematical three-dimensional dose-
rate/time response models with log-normal probability
distributions were fitted to the lifespan data for the dogs. The
data plots indicated that bone cancer predominates as a cause
of death at intermediate doses and is infrequent at low dose
rates (because of death associated with natural lifespan) and
at high dose rates (because of deaths from acute radiation
injury). The cumulative dose required to cause bone cancer is
smaller at the low dose rates; however at lower dose rates it
takes longer to reach any specified level of risk, perhaps
longer than the natural lifespan of the animal. This results in
a lifespan effective threshold for cancer induction similar to
the “practical” threshold described by Rowland [R17] at a
cumulative lifespan alpha dose of about 1 Gy in man (see
Chapter III). In practice, the lack of a significant effect during
the lifespan of the animals could also be taken to indicate a
risk of cancer with a very low probability of occurrence at low
doses.

Figure XIV. Deaths from non-neoplastic radiation
injury, bone cancer and other causes in beagle dogs
injected with 226Ra. Initial intake occurred at 435 days
of age [R1].

148. Raabe et al. [R14] have also compared data on bone
tumour induction in humans and CF1 mice with data
obtained in beagle dogs. When time was normalized with
respect to lifespan, the three species were found to have
bone cancer dose-rate/time risk functions that were almost
identical and could be represented by one median
regression line.

149. Lung tumours. Extensive data have also been pub-
lished on lung tumour induction in rodents and beagle dogs
exposed to internally incorporated alpha and beta/gamma
emitters. Studies conducted in the 1960s and 1970s were
considered by a Task Group of Committee 1 of ICRP [I5].
The data reviewed were from laboratories around the world
and from studies using a range of different protocols and
methodologies. One specific aim of the analyses was to
determine the relative effectiveness of alpha emitters and
beta/gamma emitters in causing lung damage, including
neoplastic development.

150. The Task Group commented on some of the difficulties
in ascertaining the dose response for lung tumour induction.
In studies with inhaled radionuclides it is impossible to
deposit the same amount of activity in the pulmonary region
of different animals in a group. As a consequence, authors
have commonlyshown dose ranges rather than a single value.
Further, researchers do not agree on how to express dose to
the types of tissue found in the lung. Cumulative doses maybe
estimated for individual animals at death, at time of the first
tumour, or for the average lifespan of the group of animals.
Other variants have also been used. In all cases considered by
the Task Group, average lung dose was calculated.

151. The analyses of pooled data from studies with different
species generally used a probit model, as had commonly been
used in dose-response analyses, and the linear dose response,
which the Task Group considered to reflect conservatism.
Both linear and probit models gave an adequate description of
the incidence data for alpha emitters over the range of
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observed doses. For beta/gamma emitters, however, neither
model gave a good fit to the incidence data, which were rather
variable for similar doses. The linear dose response
considerably overestimated incidence at low doses. In general
the pooling of data from numerous species, although it is a
comprehensive approach, does not readily permit detailed
comparison of any of the individual studies.

152. The results of a number of separate studies, mainly of
rodents exposed to both alpha and beta/gamma emitters
have been published. Sanders and Lundgren [S11]
compared lung cancer induction in F344 and Wistar rats
exposed to 239PuO2. In the F344 strain, significantly
increased lung tumour incidences were found at lung doses
of both 0.98 Gy (20%) and 37 Gy (34%) compared with
1.7% in controls. There were insufficient data to define a
dose-response function, but there was no evidence for a
threshold in the response. In contrast for the Wistar rats,
there was no significant increase in lung tumour incidence
in animals with an average lung dose of 0.75 Gy (0%)
compared with controls (0.1%), but for animals with a lung
dose of 34 Gy the incidence was 68%. These data
suggested the presence of a threshold at doses somewhat
above 0.75 Gy.

153. The data on Wistar rats [S11] were similar to those
found in a more comprehensive lifespan study [S12]. In
3,157 female Wistar rats that had inhaled 239PuO2 only
three adenomas were found in 1,877 rats at lung doses
<1.5 Gy, for an incidence of 0.16%; tumour incidence
increased to 41% in 228 rats with lung doses >1.5 Gy.
Pulmonary squamous metaplasia was not seen in controls
and was first noted in exposed rats at lung doses >1 Gy.
All tumour types induced by inhaled 239PuO2 exhibited a
threshold at lung doses >1 Gy. It was concluded that for
lung tumours in Wistar rats resulting from inhaled 239PuO2,
plutonium particle aggregation is required to cause
proliferation of initiated cells and to promote the formation
of premalignant and malignant lesions.

154. Similar results in Wistar rats were obtained by
Oghiso et al. [O5], although the study was not as extensive
as that by Saunders et al. [S12]. Dose-response relation-
ships were compared among primarytumours, classified by
histological type, following a single inhalation exposure to
239PuO2. In this study there were 130 controls and 310
animals, separated into seven groups, exposed to 239PuO2.
Initial lung contents in the different groups varied between
about 97 and 1,670 Bq, giving average lung doses from 0.7
to 8.5 Gy. A differential tumour response was obtained. In
general, metaplasia and benign adenomas were induced at
lower doses (<1 Gy), whereas malignant carcinomas were
induced at relatively high doses (>1.5 Gy) (Figure XV).
The peak incidence of adenomas occurred at a dose of
0.7 Gy, of adenocarcinomas at 2.9 Gy, and adenosquamous
and squamous cell carcinomas at 5.4�8.5 Gy. These results
were considered by the authors to indicate a differential
dose response for pulmonary carcinogenesis, in which
metaplasia and benign adenomas were induced at lower
doses (<1 Gy) and malignant carcinomas were induced at

higher doses (>1.5 Gy). It was also noteworthy that the
lifespan of the 0.7 Gy group (871 ± 105 days, ±1 SD) was
significantly longer than that of the control group (790 ±
144 days, p<0.01). In the higher exposure dose groups,
lifespan was reduced.

Figure XV. Benign and malignant lung tumours in rats
after inhalation of 239PuO2 aerosols [O5].

155. This threshold type of response did not seem to be
found in Fisher 344 rats exposed to 244Cm as the oxide.
Groups of 100�200 male and female rats received average
lung doses from 244Cm2O3 between 0.2 and 36 Gy [L28]. In
general the prevalence of benign and malignant lung
neoplasms increased with increasing average lung dose. For
lung tumours, a linear dose-responsefunction adequatelyfitted
the data (I = 0.38 ± 0.04 Gy�1). The response in rats exposed
to 239PuO2 (I = 0.70 ± 0.07 Gy�1) was about twice the response
following exposure to 244Cm2O3.

156. Some information is available on tumour induction in
rats exposed to the beta/gamma emitter 144Ce as the oxide
[L39]. A total of 1,059 F344/N male and female rats (about
12 weeks of age) were exposed to graded levels of 144CeO2,
and a further 1,064 rats were maintained as controls (exposed
to stable CeO2). Groups of rats received mean lung doses of
3.6, 12, and 37 Gy. The incidence, I (%), of lung tumours
increased with increasing lung dose and could be represented
by a linear function of the form I = 0.13 + 0.51D Gy�1, where
D is the dose in gray. Because the data are limited in extent,
more complex functions such as the linear-quadratic, expo-
nential linear-quadratic, and Weibull functions also described
the dose response adequately over the dose range of the study.

157. An extensive series of studies has been carried out in
rodents exposed to radon and its decay products. They have
demonstrated that exposures at high doses can give rise to
radiation-induced lung cancers. Experimental animal studies
have been valuable for understanding the consequences of
exposure at varying dose rates and the influence of other
environmental factors on the lung tumour response as the
animals can be exposed to a variety of agents under carefully
controlled conditions. Much of the information available on



ANNEX G: BIOLOGICAL EFFECTS AT LOW RADIATION DOSES 103

a 15 mg m3 ore dust exposures accompanied radon and radon progeny exposures; data in parentheses at 50 WLM per week are significantly
(p<0.05) higher than corresponding data at 500 WLM per week.

experimental animals was reviewed by Cross [C22]. In
animals, exposure to radon has resulted in respiratory tract
tumours (adenomas, bronchiolar carcinomasor adenocarcino-
mas, epidermoid carcinomas, adenosquamous carcinomas,
and sarcomas). In addition, pulmonary fibrosis, pulmonary
emphysema, and life shortening have occurred at exposures
above about 1,000 WLM�1 (3.5 J m�3). Excess respiratorytract
tumours have occurred in rats at exposure levels well below
100 WLM�1 (0.35 J m�3), even at levels comparable to those
found for typical lifespan exposures in homes. Further,
tumours occurred in animals exposed to radon decayproducts
alone; thus indicating that exposure to other environmental
agents (uranium ore dust, cigarette smoke) is not necessaryfor
carcinoma development. Most (~80%) radon-induced lung
tumours in rats are considered to originate peripherallyand to
occur at the bronchiolar-alveolar junction. The remaining
20% are centrally located in association with the bronchi, the
actual percent depending on exposure rate and possibly on

exposure level. [Note: Working level (WL) is defined as any
combination of short-lived radon decay products in 1 litre of
air resulting in the ultimate emission of 1.3 105 MeV of
potential alpha energy (1 WL = 2.08 10�5 J m�3). Working-
level month: exposure equivalent to 170 hours at 1 WL
concentration (1 WLM = 3.5 10�3 J h m�3).]

158. A notable finding in these animal studies has been that
longer duration of exposure at a lower dose rate induces more
lung cancers than exposures for a shorter duration at a higher
dose rate. Table 9 compares the incidence of lung tumours in
rats exposed at either 50 or 500 WLM per week. With
exposure levels between 320 and 5,120 WLM, in all except
the lowest exposure group there is a higher incidence of
tumours in the groups exposed at the lower dose rate. The
decrease in exposure rate not only increased the tumour
incidence but specifically increased the incidence of
epidermoid carcinomas.

Table 9
Percentage incidence of primary and fatal lung tumours in rats exposed to radon and decay products a

[C22]

Cancer type
Exposure (WLM)

320 640 1 280 2 560 5 120

At 500 WLM per week

Number of animals examined
Adenoma
Adenocarcinoma
Epidermoid carcinoma
Adenosquamous carcinoma
Sarcoma
Fatal lung tumours
Animals with lung tumours (%)

131
5
8
1
0
0
2

15

70
3
7
0
0
0
1

10

38
0

26
0
3
0
5

29

38
3

24
3
0
3

11
32

41
2

44
2
0
2

15
49

At 50 WLM per week

Number of animals examined
Adenoma
Adenocarcinoma
Epidermoid carcinoma
Adenosquamous carcinoma
Sarcoma
Fatal lung tumours
Animals with lung tumours (%)

127
5
5
1
1
1
2

10

64
3

(20)
3
3
2
6

(28)

32
(22)
41

(13)
9
3

(22)
(66)

32
9

41
(47)
(9)
0

(50)
(69)

32
(22)
53

(44)
3
0

(44)
(75)

159. A series of studies has also been conducted in France on
the effects of radon exposure [G18, M48]. In these
experiments more than 2,000 rats were exposed to cumulative
doses of up to 28,000 WLM of radon gas. There was an
excess of lung cancer at exposures down to 25 WLM
(80 mJ h m�3). These exposures were carried out at relatively
high concentrations of radon and its decay products (2 J m3).
Above 6,000 WLM, rats suffered increasingly from life
shortening due to radiation-induced non-neoplastic causes,
thus limiting tumour development. When the dose-response
data were adjusted for these competing causes of death, the
hazard function for the excess risk of developing pulmonary
tumours was approximately linearly related to dose. This

suggests that the apparent reductions in tumour induction
found at high doses may have been chiefly the result of acute
damage. Later experiments, however, found that chronic
exposure protracted over 18 months at an alpha energy of
2 WL (0.0042 mJ m3) resulted in fewer lung tumours in rats
(0.6%, 3/500 animals, 95% CI: 0.32�2.33) than similar
exposures at a potential alpha energy of 100 WL (2 mJ m�3)
protracted over 4 months (2.2%, 11/500 animals, CI:
0.91�3.49) or over 6 months (2.4%, 12/500, CI: 1.06�3.74).
The incidence of lung tumours in controls was 0.6% (5/800,
CI: 0.20�1.49) [M48]. The confidence intervals are, however,
wide, and the longer period of exposure (18 months) would in
itself have been expected to result in fewer lung tumours.
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160. It has been suggested byMoolgavkar et al. [M13, M29],
based on a two-stage initiation-progression model for carcino-
genesis, that extended duration of exposure allows time for
proliferation of initiated cells and thus for a higher disease
incidence. The findings are that the first mutation rate is very
strongly dependent on the rate of exposure to radon progeny
and consistent with in vitro rates measured experimentally.
The second mutation rate is much less so, suggesting that the
nature of the two mutational events is different. Furthermore,
by incorporating cell killing into such a model, Luebeck et al.
[L12] proposed that the model that gave the best fit to the data
indicated that the initial increase in the proliferation rate of
initiated cells depended on a second promotional step, which
may be due principally to the presence of ore dust and not to
radon decay products. The inverse exposure rate effect may
thus be reduced in the absence of ore dust.

161. The main factors found to influence the tumorigenic
potential of radon exposure in laboratory rats include
cumulative exposure to radon progeny, exposure rate,
unattached fraction, and associated cigarette smoke exposure.
The respiratory tract cancer risk increases with the increase in
cumulative exposure to radon progeny and in the magnitude
of the unattached fraction. The increased risk with a high
unattached fraction of radon progeny is particularly relevant
to indoor radon exposure, where the unattached levels are
generally much higher than in mines. The influence of
cigarette smoke has been variable, depending in part on the
temporal sequence of radon and cigarette smoke exposure.

162. Overall, the data on lung cancer risk resulting from
exposure to radon and its decay products show an
increasing risk with increasing exposure, although there
are strong indications of an inverse dose-rate effect that is
influenced by the presence of ore dust in the atmosphere.
The data are broadly similar to those obtained from follow-
up studies on uranium miners (see Chapter III).

2. Cancer risks at low doses

163. An essential input to the analysis of dose-response
relationships is not only the shape of the dose response but
the extent to which a statistically significant effect of
radiation can be detected at low doses. It is informative to
examine a number of studies that have been concerned
with assessing risks at low doses.

(a) Studies

164. Laboratory animal studies that are most suitable for
determining the lowest doses at which effects of radiation on
tumour induction can be detected have been carried out
predominantly with mice. Comprehensive data are, however,
rather limited. Some of the more significant studies are briefly
summarized below and analysed in the following Section.

165. Mole and Major [M3] and Mole et al. [M4] reported
myeloid leukaemia incidence in male CBA-H mice acutely
exposed to x rays (0.5 Gy min�1) and 60Co gamma rays
(0.25 Gy min�1) and chronically exposed to gamma rays

over a period of 28 days (0.4�0.11 mGy min�1). This strain
of mice is exceptional, in that no case of myeloid leukae-
mia has been observed in more than 1,400 unirradiated
male mice, so that every case occurring in irradiated
animals can be regarded as radiation-induced. Total acute
doses were from 0.25 to 1.0 Gy for x rays and 1.5 to 3.0 Gy
for gamma rays.

166. Upton et al. [U21] used RFM mice of both sexes. For
acute exposures of female mice, a dose rate of 67 mGy min�1

from 60Co gamma rays was used, giving doses between 0.25
and 4 Gy. For male mice, x rays at 800 mGy min�1 were used,
with doses from 0.25 to 3 Gy. Male and female mice were
also exposed chronically. Data are available on the induction
of myeloid leukaemia, thymic lymphoma, and ovarian
tumours.

167. Ullrich [U14] and Ullrich et al. [U15, U16, U17, U18,
U19] carried out experiments similar to those of Upton et al.
[U21] using RFM male and female mice acutelyexposed (450
mGy min�1) to 137Cs gamma rays. Data were reported on the
tumours examined by Upton et al. [U21], together with data
on Harderian gland and pituitary tumours.

168. Ullrich [U14], Ullrich and Storer [U16], and Ullrich
and Preston [U20] also used BALB-C female mice to obtain
further data on dose-response relationships. Acute (450
mGy min�1) and chronic (0.06 mGy min�1) exposures from
137Cs were given. Acute doses were between 0.01 and 1 Gy,
and chronic doses were between 0.25 and 2 Gy. Tumours
showing a positive increase with dose were ovarian tumours
as well as mammary and lung adenocarcinomas.

169. Coggle [C6] reported data on the induction of lung
adenocarcinomas in male and female SAS/4 mice acutely
exposed to x rays at 0.6 Gy min�1. The dose range used was
0.25�3.0 Gy.

170. Covelli et al. [C7, C8] reported tumour induction in
male and female BC3F1 mice. They observed various types
of radiation-induced tumours following acute exposure of
113 mGy min�1 (dose range males, 0.04�2.5 Gy; females,
0.5�5.0 Gy). The authors gave age-adjusted incidences of
tumours and described tests showing which doses gave
significant increases in cancer yield.

(b) Analysis

171. To determine the lowest dose at which a significant
increase in tumour yield occurred in the various studies, the
following method was used. The tumour yield in control
animals was tested against the yield at the lowest dose used in
the study. If the difference in tumour incidence is statistically
significant, then that dose is taken as the lowest dose at which
a significant effect is found. If the difference is not significant,
the data point with the next lowest dose is included and a
weighted linear regression performed, either byweighted least
squares or, where possible, by iteratively re-weighted least
squares. This process is continued at progressively higher
doses until the linear regression coefficient becomes signifi-
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a Excluding ovarian tumour.
b p=0.05.

cantly different from zero (p=0.05). The last dose added is
then taken to be the lowest dose to give a significant effect.
When calculating statistical significance, any lack of fit to a
straight line is taken intoaccount in computing uncertainties.

172. The exposure levels at which significant increases in
risks of leukaemia and solid cancers could be observed are

given in Table 10. The lowest dose at which a significant
effect on tumour incidence could be determined is very
different from study to study. It depends on factors that
influence statistical power, such as the number of mice
used and the spontaneous cancer rate, the cancer type, the
level of radiation risk, the dose range used, and the period
of follow-up.

Table 10
Lowest acute doses at which significant increases in cancers have been observed in mice

Cancer Mouse strain Sex Irradiation Dose (Gy) Ref.

Myeloid leukaemia RFM

CBA-H
BC3F1

Male
Male

Female
Female
Male
Male

Female

x rays
Gamma rays
Gamma rays
Gamma rays

x rays
Gamma rays

x rays

0.25
1
1
2

0.5
1.5
1

[U21]
[ U16, U17, U20]

[U15, U16, U17, U18]
[U21]
[M4]
[M3]

[C7, C8]

Thymic lymphoma RFM Male
Male

Female
Female

Gamma rays
x rays

Gamma rays

1
3
1
2

[U16, U17, U20]
[U21]

[U15, U16, U17, U18]
[U21]

Lung
adenocarcinoma

BALB-c
SAS/4

Female
Both

Gamma rays
x rays

0.5
2.5

[U16]
[C6]

Mammary
adenocarcinoma

BALB-c Female Gamma rays 0.2 [U14]

Ovarian tumour BC3F1

BALB-c
RFM

Female
Female
Female

x rays
Gamma rays
Gamma rays

0.16
0.25
0.5

[C7, C8]
[U18]
[U21]

Harderian gland
tumour

RFM Male Gamma rays 3 [U16, U17, U20]

All solid tumours BC3F1 Female x rays 1.3 a b

4
[C7, C8]
[C7, C8]

173. For leukaemia induction in mice there was little
evidence for an increase in risk below 1 Gy, although two
studies indicated statistically significant increases at
0.25 Gy [U21] and 0.5 Gy [M3]. Most of the dose-response
data for acute exposures showed no significant departure
from linearity. An exception was the study by Mole and
Major [M3], which showed a reduced effectiveness of
radiation, per unit dose, at 1 Gy. There was also a
suggestion of a departure from linearity at high doses in
the results reported by Ullrich et al. in RFM mice [U16,
U17, U20].

174. For solid cancers the overall results (Table 10) are
similar to those for leukaemias, with significant increases
in tumour incidence occurring principally at acute doses of
1 Gy and above. Increases in risk were, however, seen at
lower doses for ovarian tumours (0.16 and 0.25 Gy),
mammary adenocarcinomas (0.2 Gy), and lung adeno-
carcinomas (0.5 Gy). Although data are not given here, the
use of a lower dose rate consistently resulted in a lower risk
per unit of dose.

B. HEREDITARY DISEASE

175. In addition to inducing neoplastic changes in somatic
tissues, ionizing radiation may produce transmissible
(heritable) effects in irradiated populations by inducing muta-
tions in the DNA of male or female germ cells. These muta-
tions, while having no direct consequences for the exposed
individual, may be expressed in subsequent generations as
genetic disorders of widely differing types and severity.

176. Studies of germ-cell mutations in vivo are not only
relevant for assessing dose-response relationships for
hereditaryeffects but theyalso have value for assessing effects
on the primary lesion in DNA likely to be involved in tumour
initiation. As described in Chapter IV, subsequent tumour
expression will depend on the influence ofmanyother factors.

177. The evaluation of genetic hazards associated with the
exposure of human populations to ionizing radiation is an
important area in which the Committee has been active
since its inception. To date, however, there has been a lack
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of direct data that give quantitative information on genetic
effects leading to disease states in humans. The substantial
amount of data from other species indicates that radiation
can give rise to mutations in humans that will be
manifested as disease. So far there has been no alternative
but to use data from experimental animals as the main
basis for predicting quantitative effects in humans.

178. In the UNSCEAR 1988 Report [U4], the Committee
summarized the principal assumptions thought to be
necessary for extrapolating data on hereditary damage in
mice and other animals to humans. The main considera-
tions are the following:

(a) the amount of genetic damage induced by a given type
of radiation under a given set of conditions is the same
in human germ cells and in those of the test species
used as a model;

(b) the various biological and physical factors affect the
magnitude of the damage in similar ways and to a
similar extent in the experimental species from which
extrapolations are made and in humans; and

(c) at low doses and low dose rates of low-LET radiation
there is a linear relationship between dose and the
frequency of genetic effects studied.

179. Studies in mice have provided the main basis for
assessing the risks of hereditary disease in humans. The
doubling dose for hereditary disease that has been adopted by
most national and international organizations for chronic
exposure is 1 Gy (e.g. [C1, M18, U4]). Reviews of experi-
mental data from mice generallygive values in the range from
1 to 4 Gy and would therefore suggest that the value of 1 Gy
adopted for humans is conservative [M18, S13].

180. A series of studies have been reported on dose-response
relationships for the induction of germ-cell mutations in mice.
The most comprehensive information comes from studies in
male mice in which specific locus mutations were measured.
Russell et al. [R5, R6], for example, presented data on dose-
response relationships for male mice exposed to 0.72�0.9
Gy min�1 for doses between 3 Gy and 6.7 Gy and
�8 mGy min�1for doses between 0.38 and 8.61 Gy. In both
cases the data could be fitted by a linear dose-response
relationship over the whole dose range examined. For chronic
exposure, I = (8.04 10�6 ± 1.19 10�6) + (7.34 10�6 ± 0.83
10�6)D; for acute exposure, I = (8.12 10�6 ± 1.19 10�6) + (2.19
10�5 ± 0.19 10�5)D, where I is the mutation frequency per
locus and D is the dose in gray. The difference in slope for the
two exposure conditions, by a factor of about 3, reflects the
difference in the dose rates and opportunity for repair of
damage at lower dose rates (Figure XVI). It might be expected
that if lower doses had been used in the high-dose-rate study
(0.72�0.9 Gy min�1), the slope of the response at lower total
doses would approach that found for low-dose-rate exposures.

181. It was notable that although the incidence of mutations
fell by a factor of about 3 for a reduction in dose rate from
800�900 mGymin�1 to 8 mGy min�1, further reduction in the
dose rate to 0.007 mGymin�1 failed to further reduce the yield

of mutations. This independence of dose rate was shown over
a range of doses differing by rather more than a factor of
1,000, and it was concluded that it was unlikely that a further
reduction in mutation frequency would be obtained at even
lower dose rates [R6]. This suggests that a substantial fraction
of the damage to DNA that results in the induction of
heritable mutations is not amenable to effective repair.

182. Similar results for specific-locus mutations in male mice
were obtained in studies by Lyon et al. [L40]. For a gamma
ray dose from 60Co of 6.3 Gy given in 60 equal daily fractions
at 0.17 Gymin�1, the mutation frequency(4.17 10�5 per locus)
was very similar to that obtained in mice chronically exposed
at 0.08 mGy min�1 to a total dose of 6.2 Gy (3.15 10�5 per
locus). The mutation rate with fractionation was, however,
about a third of that obtained for a single exposure to 6.4 Gy
at 0.17 Gy min�1 (13.1 10�5 per locus).

Figure XVI. Specific locus mutations in mouse
spermatogonia following radiation exposure [R6].

183. Searle [S10] reviewed data from a number of
publications on specific-locus mutations in spermatogonia of
mice after chronic exposure to gamma rays. Data points from
a number of authors, including those by Russell et al. [R5,
R6], were obtained for doses in the range 0.38�8.6 Gy. A
linear relationship gave a good fit to the data on mutation
frequency: I = 8.34 10�6 + 6.59 10�6D (assuming 100
roentgens � 1 Gy). This fit does not differ significantly from
that obtained byRussell and Kelly[R6]. With acute exposures,
a peak in the incidence of mutations was obtained with a
decline in the incidence at doses between 6.7 and 10 Gy. The
reduction at high dose rates may be attributed to more
extensive killing of spermatogonia at doses above 6.7 Gy and
toa lower mutational response in those more resistant sperma-
togonia that survive.

184. Searle [S10] also reviewed data on specific locus
mutations in mice both acutely and chronically exposed to
neutron irradiation with dose rates varying between
0.79 Gy min�1 and 0.01 Gy min�1. A linear function fitted
essentially all the data points between 0.5 Gy and 2.1 Gy,
with the exception of a single value at 1.9 Gy. The fit had
the form I = 8.30 10�6 + 1.25 10�4D. There was no evidence
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of a dose-rate effect for neutrons. The ratio between the
slopes for male mice chronically exposed to low-and high-
LET radiations gives an RBE of 19.

185. In female mice irradiated just before birth, there is a
more pronounced dose-rate effect for mutational damage to
oocytes than in those irradiated later. Using the specific-
locus method, Selby et al. [S24] examined the effect of
dose rate on mutation induction in mouse oocytes. Female
mice were given 3 Gy of whole-body x-irradiation at dose
rates of 0.73�0.93 Gy min�1 and 7.9 mGy min�1 at 18.5
days after conception. The frequency of specific-locus
mutations measured in the offspring decreased from 8.7
10�6 to 6 10�7 mutations per gray per locus (a factor of
about 14) between the high-dose-rate and low-dose-rate
exposure. In practice, the mutation rate at the low dose rate
(7.9 mGy min�1) did not differ significantly from that in
controls, indicating very effective repair. Similar
calculations based on the results of irradiating mature and
maturing oocytes at the same dose rates [R19, R20] suggest
an approximately fourfold drop in the induced mutation
frequencyin the adult. These results suggested that females
irradiated just before birth have a more pronounced dose-
rate effect, although the confidence limits of magnitude of
the dose-rate effect are too wide for firm conclusions to be
drawn.

C. SUMMARY

186. The results of animal studies contribute to the
database of information available for assessing the
biological effects of low doses of ionizing radiation and
dose-response relationship. Because of differences in
radiosensitivity between animals and humans, the results
obtained from animals cannot be used directly to obtain
quantitative estimates of cancer risks for human popula-
tions. Animal studies are, however, valuable for deter-
mining the shape of dose-response relationships as well as
for examining the biological and physical factors that may
influence radiation responses. They are also of use for
examining how factors such as age at exposure, radiation
quality, and dose protraction or fractionation can influence
the tumour response. Laboratory animals have the
advantage that they are a homogeneous population with
minimal biological variability, and the influence of con-
founding factors can be eliminated. Although studies with
laboratoryanimals generallyinvolve fewer individuals than
epidemiological studies, they have the advantage that they
are carried out under controlled conditions with good
estimates of the radiation dose and with a known spon-
taneous cancer rate. In the case of radiation-induced
hereditary disease animal studies provide the principal
source of quantitative information.

187. Dose-response relationships for many tumour types in
various animal models following exposure to both low- or
high-LET radiation can be reasonably well represented by a
linear or linear-quadratic function for the dose ranges
analysed. In many cases, however, alternative fits to the data
are also possible. Other model fits include the possibility of a
threshold dose below which tumours will not occur, as well as
more complex functions in which the time for the tumour to
appear is much later at low dose rates than at high dose rates
and thus can also suggest the presence of a threshold for a
response. For some lung tumours it has been demonstrated
that high local doses from alpha irradiation are required to
cause proliferation of initiated cells and to promote the
development of malignant lesions.

188. Analysis of a series of studies in mice has shown that
the lowest dose at which a statistically significant (p=0.05)
increase in tumour yield is observed varies from study to
study. It depends on the number of animals used in each
experiment, the radiation sensitivity of the species to specific
cancers, and the spontaneous cancer rate. It also depends on
the range of doses used. From the animal data reviewed, the
lowest single (acute) dose to give a significant (p=0.05) effect
on tumour yield is of the order of 100�200 mGy (low-LET).
The higher values obtained in other studies can be attributed
to lack of sensitivity, high control incidence, or to small
numbers of animals. Values for the lowest dose to give a
significant increase in risk following continuous (chronic)
irradiation are generally higher than those for acute
irradiation. It may be concluded that animal studies provide
quantitative information on risks of radiation-induced tumour
induction at low to intermediate doses but do not, and
probablycannot, provide direct information at dosesmuch less
than about 100 mGy.

189. For radiation-induced hereditary disease, the most
comprehensive information comes from measurements of
specific-locus mutations in mouse spermatogonia. Data from
a number of laboratories have demonstrated a dose-response
relationship for low-dose exposures from low-LET radiation
that is well fitted by a linear response. The lowest dose tested
in these studies was 380 mGy. Data from both male and
female mice indicate a significant effect of dose rate. It was
notable that although the incidence of mutations in male mice
fell by a factor of about 3 for a reduction in dose rate from
800�900 mGy min�1 to 8 mGy min�1, a further reduction in
the dose rate to 0.007 mGy min�1 failed to further reduce the
yield of mutations. This independence of dose rate occurred
over a range of doses differing by rather more than a factor of
1,000, and it was concluded that it was unlikely that a further
reduction in mutation frequency would be obtained at even
lower dose rates. This suggests that a substantial fraction of
the damage to DNA that results in the induction of heritable
mutations is not amenable to effective repair.
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III. EPIDEMIOLOGY

190. The extent to which epidemiological studies can
provide information on the effect of ionizing radiation on
the induction of cancer at low doses is considered in this
Chapter. Although the role of radiation in inducing cancer
was recognized soon after the discovery of x rays by
Röntgen in 1895, up to the early 1950s only high doses
causing acute tissue damage were considered to be
important. This view was reflected in the early recommen-
dations of the International Commission on Radiological
Protection (ICRP) and by national organizations. By 1959,
however, the stated aim of ICRP in setting dose limits was
to “prevent or minimize somatic injuries and to minimize
the deterioration of the genetic constitution of the popula-
tion” [I6]. These recommendations reflected an increasing
awareness of the effect of radiation in inducing cancer,
particularly leukaemia, at low doses and was largely the
result of information becoming available from the follow-
up of the survivors of the atomic bombings and groups
exposed for medical reasons (see, for example, [L29]).

191. By the early 1970s it was known that radiation is
capable of causing tumours in many tissues of the body,
although the frequency of appearance following a unit dose
varied markedly from one organ or tissue to another.
Information on the dose-related frequencyof tumour induc-
tion by radiation had become available from a number of
epidemiological studies of persons exposed to external
radiation or internally incorporated radionuclides. In the
UNSCEAR 1972 Report [U8], the Committee gave pre-
liminary estimates of the risk of leukaemia and some solid
cancers based on the survivors of the atomic bombings and
other groups exposed at high dose rates. It also pointed out
that animal studies suggested that risks per unit dose at
lower dose rates could be lower and that risk estimates
based on groups exposed at high dose rates would be over-
estimates for doses and dose rates received from
environmental sources.

192. The chief sources of information on the risks of
radiation-induced cancer were the survivors of the atomic
bombings exposed to whole-body irradiation at Hiroshima
and Nagasaki; patients with ankylosing spondylitis and
other patients who were exposed to partial body irradiation
therapeutically, either from external radiation or from
internally incorporated radionuclides; and various
occupationally exposed populations, in particular uranium
miners and radium dial painters. Follow-up of these
populations had shown that there is a minimum period of
time between irradiation and the appearance of a radiation-
induced tumour, although this “latencyperiod” varies with
age and from one tumour type to another. Some types of
leukaemia and bone cancer have latency periods of only a
few years, with most of the risk being expressed within
about 25 years of exposure. Many tumours of solid tissues
(e.g. liver or lung) have latency periods of 10 years or
more, and it was not clear whether their incidence passes
through a maximum and subsequently declines with time

following exposure or whether the risk levels out or even
increases indefinitely during the remainder of life.

193. To project the overall cancer risk for an exposed
population, it is therefore necessary to use empirical
models that extrapolate over time data based on only a
limited portion of the lives of the individuals. Two such
projection models have been generally considered:

(a) the additive (absolute) risk model, which postulates
that radiation will induce cancer independentlyof the
spontaneous rate after a period of latency and that
variations in risk due to gender and age at exposure
may occur; and

(b) the multiplicative (relative) risk model, in which the
excess cancer risk (after latency) is given by a constant
factor applied to the age-dependent incidence of natural
cancers in the population.

Both models imply an increasing risk of cancer with
increasing radiation dose. In addition to these two models,
alternative fits to the epidemiological data to assess life-
time risks have also been used such as a model expressing
excess relative risk as a function of attained age [K27].
Further information is given in Annex I, “Epidemiological
evaluation of radiation-induced cancer”.

194. Most organizations assessing risks in the 1970s,
including UNSCEAR in its 1977 Report [U7], adopted the
additive model for the assessment of cancer risks, although
the Committee on the Biological Effects of Ionizing Radia-
tion (BEIR I) [C17] of the United States National Academy
of Sciences used both models for risk assessment. In a
major revision of its recommendations in 1977, ICRP, in
its System of Dose Limitation, considered it necessary to
limit the incidence of radiation-induced fatal cancers and
severe hereditarydisease to a level accepted by society [I8].
Implicit in this approach for stochastic effects was the
necessity to use quantified risks of radiation-induced dis-
ease in setting limits on exposure. The risks of cancer and
hereditary disease adopted by ICRP were derived mainly
from reviews by UNSCEAR [U7]. Organ-specific risks
were given for the red bone marrow, the lungs, cells on
bone surfaces, and the thyroid and breast. No specific risks
were given for the other organs and tissues of the body,
which were pooled in a risk factor for all the “remain-
der”organs and tissues.

195. During the 1980s new information progressively
became available from the Life Span Study in Japan, and
this necessitated a revision of the earlier risk estimates by
UNSCEAR. The data available from the extended follow-
up of the survivors of the atomic bombings indicated that
a multiplicative risk model now gave a best fit to data for
most solid cancers [U4]. These new risk estimates, which
also allowed for improvements in dosimetry, were taken
into account by ICRP in its 1990 recommendations [I2].
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196. Overall, the lifetime risks calculated in recent years by
various national and international organizations are not too
different (e.g. [C1, I2, M18, U4]). The estimates of risk have,
however, been obtained by direct extrapolation from
epidemiological studies. They are, therefore, appropriate for
populations exposed at high doses and dose rates. Toallowfor
a reduced effect of radiation in inducing cancer when
exposures are at low doses or low dose rates, most
organizations have recommended the use of a reduction factor
to obtain risks for application in radiation protection. ICRP
[I2] applied a reduction factor of 2 (it called the factor a dose
and dose-rate effectiveness factor (DDREF)) to give a risk
coefficient for radiation protection purposes. In the
UNSCEAR 1993 Report [U3], the Committee reviewed
epidemiological and experimental data relevant to the choice
of a reduction factor. It recommended that for tumour
induction, the DDREF adopted should, to be on the safe side,
“have a low value, probablyno more than 3”. Insufficient data
were available to make recommendations for specific tissues.

197. Epidemiological studies were recently reviewed in the
UNSCEAR 1994 Report [U2], and further studies and results
are reviewed in an accompanying Annex I, “Epidemiological
evaluation of radiation-induced cancer”. In this Chapter the
statistical difficulties associated with obtaining quantitative
estimates of the risk of radiation-induced cancer from
epidemiological studies at low doses are first examined. The
available data from groups exposed at high dose rates, from
which dose-response relationships and quantitative risk
estimates are generally obtained, and from groups exposed at
low doses and dose rates are then reviewed. Also considered
is the choice of an appropriate value of the reduction factor for
assessing risks at low doses and doses rates from studies of
groups exposed at high doses and high dose rates.

198. There are no human data so far that can be applied in
determining quantitative dose-response relationships or
risk estimates for hereditary disease. Risk factors for
hereditary disease have been considered in previous
UNSCEAR reports [U3, U4].

A. STATISTICAL CONSIDERATIONS

199. Making quantitative estimates of the risk of cancer
associated with low doses of ionizing radiation is compli-
cated. Small epidemiological studies often have insufficient
statistical power to detect any increase in risks. If bias has
arisen in a study through, for example, failure to follow up a
large percentage of a cohort of persons or to allow for con-
founding factors, then spurious positive or negative findings
could occur. In low-dose studies where the excess risks are
predicted to be small, it is particularlyimportant toensure that
the potential for bias and confounding is kept as low as
possible, as this can create spurious results.

200. It is not, at present, possible to distinguish cancers
induced by ionizing radiation from those due to other
causes. A particular result of an epidemiological study is
normally considered to be “statistically significant” if, in

the absence of an effect, the probability of its occurrence is
less than 1 in 20. If a large number of disease outcomes
(e.g. different cancer types) are examined, however,
possibly for each of several age groups and time periods, it
is quite likely that a “statistically significant” finding will
arise simplybychance. It is therefore important to examine
the results of any epidemiological study in the context of
possible dose-responserelationships, other epidemiological
studies, and supporting experimental evidence.

201. As with animal studies, the statistical power of an
epidemiological study to detect an excess risk associated with
ionizing radiation exposure depends on a number of factors.
In AnnexI, “Epidemiological evaluationof radiation-induced
cancer”, a procedure is described for assessing the power of
a study to detect an elevated risk of a disease before a study is
conducted. The statistical precision of completed studies is
also examined. An example illustrates how the power of a
cohort study to detect an elevated risk depends on the relative
sizes of both the exposed and control populations, their
absolute numbers, and the total numbers of cancers. These, in
turn, depend on the baseline cancer rates, the length of follow-
up, the radiation dose, and the specific radiation sensitivity of
the organ(s) or tissue(s). Thus a study based on a very large
cohort may not be particularly informative if a rare cancer is
under investigation and the follow-up is short. Conversely, a
study based on a fairly small cohort may be quite informative
if a common cancer is being investigated and the follow-up is
long. The distribution of the population and the number of
cancer cases between various exposure dose groups will also
influence the ability of a study to define a dose-response
relationship. More detailed information on statistical
considerations is given in the above-mentioned Annex.

202. The limitations of statistical power and the possibilityof
bias or confounding will constrain not only the ability to
detect small increases in the risk of cancer but also the
determination of whether or not there is the potential for a
dose threshold for radiation carcinogenesis in specific tissues.
Some examples of dose-response relationships obtained from
epidemiological studies and the ability to detect risks at low
dose are illustrated below.

B. HIGH-DOSE AND HIGH-DOSE-RATE
EXPOSURES

203. The primary basis for evaluating risks of cancer
associated with radiation exposure is the epidemiological
study of human health in populations that include groups
exposed at high doses and generally at high dose rates. The
main features of the major high-dose-rate epidemiological
studies were considered in the UNSCEAR 1994 Report [U2]
and are reviewed in Annex I, “Epidemiological evaluation of
radiation-induced cancer”. The Life Span Study of the
survivors of the atomic bombings at Hiroshima and Nagasaki
by the Radiation Effects Research Foundation (RERF) is of
particular importance in risk estimation. As well as involving
a population of all ages and both sexes, the Life Span Study
is based on large numbers of persons with a wide range of
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whole-body doses. Consequently, it has high statistical power
to examine any variation in cancer risk with dose. The
interpretation of the dose-response data is, however,
complicated by the fact that exposure was to both gamma rays
and neutrons. An RBE of 10 has generally been assumed
when fitting the dose-response data.

204. Other high-dose, high-dose-rateepidemiological studies
are more limited in terms of the sex and age structure of the
exposed population or in terms of the organs irradiated.
However, they do provide additional information on risks for
particular organs or for exposures at particular ages.

205. As discussed in Annex I, “Epidemiological evaluation
of radiation-induced cancer”, the statistical power of
epidemiological studies to assess risks depends on the range
of doses received by the studypopulation and the spontaneous
cancer rate. Analyses based on a restricted set of data for
exposures in the low-dose region would have much reduced
statistical power to detect risks. However, it may still be
possible to detect raised risks in some circumstances.
Furthermore, analysis of the dose-response relationship over
the whole range of doses can be informative in making
inferences about risks at low doses, when interpreted in
conjunction with the mechanistic and computational
modelling approaches described in Chapters IV and V.

1. Dose-response relationships

(a) Survivors of atomic bombings

206. Various analyses of the dose-response data for the Life
Span Study have been reported, and with increasing length of
follow-up the quality of the information available has
improved considerably. Pierce and Vaeth [P1] examined
mortality data from the follow-up of the Life Span Study to
1985, based on the most recent published DS86 dosimetry. In
their analyses, those persons with shielded kerma estimates in
excess of 4 Gy were excluded, in view of an apparent
levelling-off in the dose response that may be associated with
errors in the estimates of such high doses or with cell killing.
The authors concluded that for all cancers other than
leukaemia the data could be well fitted by a linear dose-
response model, although a linear-quadratic model would not
be inconsistent with the data.

207. Shimizu et al. [S1] assessed the slopes of the dose-
response curves for the survivors of the atomic bombings
in various low-dose regions. Over the lowest dose range
(0�0.49 Gy) with a statistically significant trend (p<0.05),
the value of the excess relative risk per gray for all cancers,
other than leukaemia, was 0.38. This is similar to the value
obtained for the whole dose range (0.41), in line with the
analysis by Pierce and Vaeth [P1], suggesting a linear
dose-response relationship.

208. For leukaemia mortality, the data up to 1985 on
survivors of the atomic bombings suggested that a linear
dose-response model did not provide a good fit and that a
linear-quadratic model would be preferred [P1]. In the
analysis of Shimizu et al. [S1], the excess relative risk per

gray of leukaemia mortality in the dose region 0�0.49 Gy
was 2.40 (p<0.05), which is about half of the value over the
whole dose region (0�6 Gy) of 5.21 (p<0.001). This
supported the conclusions of Pierce and Vaeth [P1] that a
linear-quadratic dose-response model better fits the data.

209. Errors in the estimates of dose in the Life Span Study
can substantially alter the shape of dose-response relation-
ships. The problem of random dosimetry errors for the RERF
data on the Life Span Study has been investigated by a
number of authors [G2, J3, P1, P7]. Pierce and Vaeth [P1]
found that after adjustment for dosimetric errors there were
non-significant indications of upward curvature in the dose-
response function for mortality from all solid cancers, while
for leukaemia the evidence for curvilinearitybecame stronger.

210. The evidence for possible curvilinearity in the dose
response for leukaemia and for solid cancers in the most
recent cancer incidence data [P3] has been examined [L7,
M19]. A variety of relative risk models have been fitted to
the data, including those that allow for a possible dose
threshold. Errors in estimates of doses were also allowed
for, as these can substantially alter the shape of the dose-
response relationship.

211. For solid cancers taken together, a variety of models
provided little evidence for curvilinearity. A significant
positive dose response was found for all survivors receiving
doses less than 0.5 Sv but not for doses less than 0.2 Sv
(assuming an RBE of 10 for neutrons). A threshold-linear
relative risk model fitted to the data gives no support for a
threshold above about 0.2 Sv, and the data are consistent
with the absence of a threshold. For most solid cancers taken
separately, the data on cancer incidence are also consistent
with a linear dose-response relationship [T4] (also see
Annex I, “Epidemiological evaluation of radiation-induced
cancer”). These findings are in accord with previous analyses
of the dose response for all solid cancers taken together.

212. In contrast, the latest data on non-melanoma skin
cancer incidence indicate substantial curvilinearity, consistent
with a possible dose threshold of about 1 Sv to the skin or
with a dose response in which the excess relative risk (ERR)
is proportional to the fourth power of dose, with a decrease in
the response at high doses (>3 Sv) [L30] (Figure XVII).
Supporting epidemiological data on the shape of the dose
responsefor non-melanoma skin cancer are, however, limited.
For example, Ron et al. [R15] found no evidence for curvi-
linearity in the dose response in a group of children in Israel
who had been treated with large therapeutic doses of radiation
for tinea capitis (ringworm of the scalp). However, the doses
in this study were generally much higher than those received
by survivors of the atomic bombings. Thus there are no
patients with doses less than 5 Gy (low-LET) in the Israeli
data set. The only other information on the shape of the dose
response for skin cancer comes from animal experiments.
Some evidence of a threshold has been obtained in studies
with mice and rats [A5, B23, O3, P8], although a linear-
exponential form of induction curve was obtained for beta-
irradiated male SAS/4 mice [W8].
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Figure XVII. Observed incidence of non-melanoma skin cancer in survivors of atomic bombings (CI: 90%)
compared with fourth-power exponential (solid line) and linear-exponential threshold (dotted line)

models of dose response [L30].
The diagram on the right shows the low-dose region in detail.

213. In contrast with solid cancers, the analysis by RERF
and other groups of the dose-response relationship for
leukaemia incidence in the Life Span Study cohort found
quite a marked upward quadratic component, i.e. signi-
ficant upward curvature [P2, P3], with the evidence for
non-linearity being strongest for acute myeloid leukaemia
[P3]. For the three main radiation-inducible leukaemia
subtypes analysed together (acute lymphatic leukaemia,
acute myeloid leukaemia, and chronic myeloid leukaemia),
there is a significant increase in the risk of leukaemia if
the dose responses for all survivors with doses less than
0.5 Sv are considered together [L7, M19]. This
significance vanishes, however, if doses less than 0.2 Sv
are considered.

214. Analysis of leukaemia incidence among the Japanese
atomic bomb survivors by Little and Muirhead [L7]
showed that incorporation of a threshold in the linear-
quadratic dose response yielded an improvement in fit at
borderline levels of statistical significance [best estimate of
threshold for a linear-quadratic-threshold model was
0.12 Sv (95% CI: 0.01�0.28; two-sided p=0.04)]. This
analysis takes account of random dosimetric errors, but not
possible systematic errors in dose estimates. The fits of a
linear-quadratic-threshold dose response to the recently
released leukaemia mortality data [P2] and that takes
account of random dosimetric errors, demonstrated that the
threshold was not significantly different from zero [best
estimate of threshold for a linear-quadratic-thresh-old
model was 0.09 Sv (95% CI: <0.00�0.29; two-sided
p=0.16)] [L44]. Similar findings have been reported by
Hoel and Li [H26] in analyses that do not take account of
dosimetric error. Comparison of the incidence and
mortality data by Little and Muirhead [L44] and Little
[L49] demonstrates the essential similarity of the
leukaemia incidence and mortality data. Little and
Muirhead [L44] concluded that the most probable reason
for the difference between the findings in the incidence and
mortality data sets was the finer subdivision of dose groups
in the mortality data set. (There are 14 dose groups in the
mortality data sets in their publicly available form,
compared with 10 dose groups in the incidence data sets.)

215. Recent analyses by Kellerer and Nekolla [K25] and
Little and Muirhead [L52] of the tumour incidence and
mortality data demonstrate that if account is taken of
possible systematic errors in the Hiroshima DS86 neutron
dose estimates, then there is evidence of appreciable
upward curvature in the dose response for solid tumours in
the Life Span Study data. This is particularly marked if
analysis is restricted to the 0�2 Gy dose range rather than
the 0�4 Gydose range that has been used for most analyses
of dose response in the Life Span Study. Over the 0�2 Gy
dose range, the low-dose extrapolation factor (LDEF) for
all solid tumour incidence is 1.43 (95% CI: 0.97�2.72),
and so is comparable with the LDEF for leukaemia
incidence, 1.58 (95% CI: 0.90�10.58) [L52].

216. Recent data on the mortality of the atomic bomb
survivors was reported by Pierce et al. [P2]. The follow-up
covers the period to 1990 and includes an extra 10,500
survivors for whom DS86 dose estimates have been
calculated. The total cohort comprises approximately
86,500 persons, 60% of whom received doses in excess of
5 mSv. Of the total population, 44% had died by 1990,
including 8,827 who died of cancer. The shape of the dose-
response curve for all solid cancers is essentially linear up
to 3 Sv, beyond which there is an apparent decrease in risk.
This may be attributed both to cell killing and to
imprecision in the estimates of high doses (Figure XVIII).

217. As discussed in Annex I, “Epidemiological
evaluationof radiation-induced cancer”, the dose-response
relationships for mortalityfrom manyspecific tumour types
(stomach, colon, lung) are consistent with a linear response
although generally based upon the analysis of a restricted
number of cases. For leukaemia, the dose response over the
range 0�3 Sv can be fitted with a linear-quadratic dose-
response relationship (Figure XVIII).

218. While the Life Span Study provides information on
cancer risks in a number of tissues, there are others for
which there is either very little or no evidence for an effect.
These include, for example, the bone, cervix, prostate,
testes and rectum.
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Figure XVIII. Dose response for mortality from solid cancer (males of 30 years of age at exposure)
and leukaemia in survivors of atomic bombings in Japan [P2].

(b) Other groups exposed to low-LET radiation

219. Additional data on dose-response relationships for
groups exposed to low-LET radiation are available from a
number of other studies. For Canadian tuberculosis patients
given fluoroscopies, Miller et al. [M2] showed that a linear
dose-response relationship gave a good fit to the data on
breast cancer among patients in Canadian provinces other
than Nova Scotia. For patients from Nova Scotia, who
generallyreceivedhigher doses, thedose-responserelationship
was also consistent with linearity, but it had a steeper slope
than for other Canadian provinces. Howe and McLaughlin
[H31] have given further results from an extended follow-up
of this population. The data on breast cancer mortality could
again be fitted with a linear dose-response relationship. As
before, the slope of the dose trend was greater for patients in
Nova Scotia than for patients in other provinces.

220. Dose-response analyses have also been performed for
some other groups with medical exposures. Boice et al. [B6]
studied the relationship between the risk of breast cancer and
dose for women in Massachusetts (United States) given
multiple chest x-ray fluoroscopies. For this study, doses were
mostly in the range 0�3 Gy. A linear dose-response model
was found to provide as good a fit to these data as a linear-
quadratic model, whereas a purely quadratic model did not fit
well. Among women given radiotherapy for cervical cancer,
the risk of leukaemia increased with dose up to 4 Gy, in a
manner consistent with linearity, although the data were also
consistent with a quadratic dose response; beyond 4 Gy the
risk decreased, probably as a result of cell killing [B7]. At
lower doses, Ron et al. [R8] found that the risk of thyroid
cancer among children in Israel irradiated for tinea capitis was
consistent with a linear dose-response relationship, based on
doses that were mostly less than 0.15 Gy.

(c) Groups exposed to high-LET radiation

221. Information on dose-response relationships that depart
from the conventional linear or linear-quadratic response has
been obtained for bone tumours arising from alpha particle
irradiation of bone following the deposition of isotopes of

radium. Extensiveepidemiological information isavailableon
groups of persons exposed, principally by ingestion, to 226Ra
and 228Ra in the 1920s and 1930s. The most comprehensive
data relate to female radium dial painters. The data on tumour
induction in this population have been the subject of extensive
analysis over the last 40 years (e.g. [E1, F13, H21, R4]). After
the radium programme at the Argonne National Laboratory
finished in the early 1990s, Rowland brought together all the
data collected in this long-term study [R16]. His most recent
analysis considered all female radium dial painters with body
content measurements and who had entered the studyprior to
1950, a total of 1,530 women [R17]. In this cohort, 46 women
had bone sarcomas and 19 had head sinus carcinomas; 3
women had both a bone sarcoma and a head sinus carcinoma.
Theanalysis incorporated revisedestimatesof systemicintake,
which took into account the magnitude of the original intake.
This has been shown to influence the retention kinetics and
hence the cumulative doses [K15, R7]. The intakes by the
various members of the cohort covered several orders of
magnitude. The 46 bone sarcomas had appearance times
ranging from 7 to 63 years. The lowest systemic intake asso-
ciated with a bone sarcoma was 3.7 MBq (100 µCi). This
malignancy, diagnosed in 1981 and resulting from an intake
in 1918, was thus detected 63 years later.

222. Various forms ofa general incidence�systemic intake
expression

were fitted to the data and tested with a χ2 statistic. In the
equation, I is the incidence of bone tumours, α, β, and γ are
constants, and SI is the systemic intake. No acceptable fit
to the equation was found. However, when a constant, C,
was included in a general function of the form

in which k and β are constants, a good fit to the data could
be obtained with C = �1.44 10�4, k = 2.14 10�15, β = 3.15,
and γ = 7.06 10�5. With the incidence I equal to zero, this
gives an intercept at 2,920 kBq. This fit to the data, shown
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in Figure XIX, gives good evidence for a threshold dose for
the induction of bone tumours. The dose-response data
were further analysed byThomas [T12], who suggested the
data were consistent with a threshold for tumour induction
in the range 3.9�6.2 Gy high-LET (average bone dose). He
proposed a rounded value of 10 Gy (average bone dose) as
a “practical threshold” below which there should be little
cause for concern.

Figure XIX. Bone sarcoma incidence in female radium
dial painters [R17].
Systemic intake is kBq 226Ra plus 2.5 × 228Ra activities.

223. Various forms of the general dose-response expression
were also fitted to the data on head sinus carcinoma. In con-
trast to the data on bone sarcomas, linear, linear-exponential,
and dose-squared-exponential functions all provided accept-
able fits. Models that included a threshold would also fit the
data, but the threshold value was not statistically significant.

224. It was concluded that the tumour induction data for
osteosarcoma induction show a very steep dose response
[R16]. Whether this actually demonstrated a threshold or
simply showed a very low probability of osteosarcoma
induction at intakes below about 3,000 kBq could not be
determined. For head sinus carcinoma, the data did not
suggest the presence of a threshold, although various model
fits to the data were possible, reflecting the paucity of data,
which preventeddiscrimination between alternativefunctions.

225. Further information on bone tumour pathology in
persons exposed to external radiation or internally incorpor-
ated radionuclides mayexplain some of these observations. A
review of bone tumour pathologyin patients treated with 224Ra
revealed an unexpectedlyhigh proportion of bone sarcomas of
the fibrous connective tissue type, including the first case of
malignant fibrous histiocytoma (MFH) ofbone described after
internal irradiation [G17]. Out of46 bone tumours in the 224Ra
patients, osteosarcoma wasthemost common histological type
(48% of cases), but 30% of these were fibrosarcoma-MFHs
and the remainder were chondrosarcomas, malignant lym-
phomas, myelomas, and malignant chordomas. The 30% of
fibrosarcoma-MFHs substantially exceeds the usual preval-
ence of this disease, which is 8%�11% in spontaneous bone

tumours. In a follow-up study, a similar spectrum of tumours
was obtained in persons occupationally exposed to 226/228Ra,
patients given external irradiation and other so-called second-
ary bone tumours arising at sites of pre-existing bone lesions
as had been obtained in the 224Ra patients [G17].

226. The authors of the review [G17] concluded that disturb-
ance of the local cellular system caused bydeterministic radia-
tion damage and repair resulted in the unexpectedly high
proportion of fibrosarcoma-MFHs. It was considered that the
development of the tumours reflected the cell types involved
in a disturbed remodelling process in the skeleton. The
reactive proliferation of the predominantly fibroblastic tissue
at the site of tissue damage could be the presumptive origin of
this special type of radiation-induced bone sarcoma. As a
fibrotic response would be likely to arise as a consequence of
deterministic radiation damage, the fibrosarcoma-MFH type
of tumour might well arise only at doses above a limiting
threshold.

(d) Groups exposed to radon

227. Radon has been extensively studied as a human
carcinogen. Epidemiological studies are reviewed in Annex I,
“Epidemiological evaluation of radiation-induced cancer”
and are summarized here only briefly. The results of a series
of cohort studies of miners in countries throughout the world
have provided the basis for estimates of the risk of lung cancer
associated with exposure to radon and its decay products.
These data, although subject to some uncertainties, have
allowed characterization of exposure response relationships
[L51]. The exposure response relationship in the various
studies of radon exposed miners is consistent with linearity,
but the slope appears to be higher at lower exposure rates
(Figure XX). As discussed in Annex I, this apparent inverse
exposure-rate effect does not imply that low exposures carry
a greater risk than higher exposures; rather it suggests that for
a given total exposure, the risk is higher if the exposure is
received over a long rather than a shorter period of time. This

Figure XX. Relative risks of lung cancer from pooled
data for miners, restricted to <100 WLM exposure and
also to <50 WLM exposures [L53].
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could reflect some cell killing at high exposure rates. Case-
control studies of residential radon exposure and lung cancer
have also been conducted in various countries. Although these
have also been informative, the generally lower exposures of
people and methodological difficulties have meant the power
of these studies is less than that of the occupational studies.
However, the estimates of lung cancer risk based upon a
recent meta-analysis of these eight studies are in close agree-
ment with the risk predicted on the basis of miner data [L53].

228. The Committee on Biological Effects of Ionizing
Radiations (BEIR VI) considered the data on 11 miner
cohorts exposed to radon previously analysed by Lubin et al.
[L48]. The most recent data available were used in
developing the Committee�s risk models for radon exposure
[C26]. The Committee recognized that care is needed in
combining data from different cohorts of underground miners
around the world. The levels of exposure to radon and other
relevant covariates, such as arsenic and tobacco smoke,
differed appreciably among groups of miners. The
completeness and quality of the data available on relevant
exposures also differed notably among the cohorts.
Information on tobacco consumption was available for only 6
of the 11 cohorts; of these 6, only 3 had information on
duration and intensityof exposure to tobacco smoke. Lifestyle
and genetic factors that influence susceptibility to cancer
might also account for heterogeneity among cohorts.

229. Despite those differences, the Committeeconcluded that
the best possible estimate of lung cancer risk associated with
exposure to radon and its decayproducts would be obtained by
combining, in a judicious manner, the available information
from all 11 cohorts. The Committee used statistical methods
for combining data that both allowed for heterogeneityamong
cohorts and provided an overall summaryestimate of the lung
cancer risk. Confidence limits for the overall estimate of risk
allowed for such heterogeneity.

230. The Committee�s risk models described the excess
relative risk as a simple linear function of cumulative
exposure to radon, allowing for differential effects ofexposure
during the periods 5�14 years, 15�24 years, and 25 years or
more before death from lung cancer. The most weight was
given to exposures occurring 5�14 years before death from
lung cancer. The Committee examined two types of risk
models in which the excess relative risk was modified either
by attained age and duration of exposure or by attained age
and exposure rate. The excess relative risk decreased with
both attained age and exposure rate and increased with
duration of exposure. For cumulative exposures below
0.175 J h m�3 (50 WLM), a constant-relative-risk model
without these modifying factors appeared to fit the data as well
as the two models that allow for effect modification.

2. Minimum doses for a detectable increase
in cancer risk

231. It is important to examine the lowest levels of dose at
which a significantly elevated level of radiation-induced
cancer has been observed in human populations. Relevant

information from epidemiological studies is available from
the follow-up of the atomic bomb survivors, from other
studies of thyroid cancer in infants, children, and adults,
and from studies of the risk of cancer in children following
radiation exposure in utero.

(a) Survivors of atomic bombings

232. The analysis by Pierce et al. [P2] of the atomic bomb
survivor mortalitydata set finds a statisticallysignificant (two-
sided p<0.05) trend in mortality risks in the 0�50 mSv range
for all solid cancers combined, based upon follow-up to 1990
(assuming an RBE for neutrons of 10). This finding is based
on the fitting of a linear relative risk model to the 0�50 mSv
data, but using fixed adjustments for sex and age at exposure
based on fits of a model to the full data set. Pierce et al. [P2]
pointed out that without these adjustments for sex and age, the
significance of the trend in dose in the 0�50 mSv group
would be lost.

233. As discussed by Little [L11], this procedure is stati-
stically problematic. Little [L11] and Pierce et al. [P11] pro-
posed modified forms of the one-degree-of-freedom test for
trend in the low-dose region, using nested models that
incorporate sex and age adjustments but that do not rely on
fixed modifications fitted to the whole dose range. When
either of these modified tests is used, the finding of a
significant increasing (two-sided p<0.05) trend with dose in
the low-dose region (0�50 mSv) remains valid [P11].

234. Notwithstanding these statistical considerations,
Pierce et al. [P2, P11] were cautious in their interpretation
of this finding, which is at variance with the findings in
the latest atomic bomb survivor solid tumour incidence
data in which a significant excess risk of solid cancers is
only seen down to doses of 200�500 mSv [T4]; they
indicated that the finding in the 0�50 mSv group might be
artefactual, resulting from the differential misclassification
of cause of death in the lowest dose groups. Further
information on recent data from the atomic bomb survivors
is given in Annex I, “Epidemiological evaluation of
radiation-induced cancer”.

(b) Thyroid cancer incidence

235. Information on the risks of radiation-induced thyroid
cancer is described in Annex I, “Epidemiological evaluation
of radiation-induced cancer”. Studies of thyroid cancer
incidence following radiation exposure were reviewed by
Shore [S6], and a combined analysis of seven studies was
performed by Ron et al. [R9]. Among various cohorts with
external low-LET exposures, the excess relative risk per gray
tends to be higher for thyroid cancer than for most other solid
cancers. Furthermore, the excess relative risk is higher for
those irradiated at young ages than for adults. Studies of
cohorts with low-dose, external irradiation of the thyroid in
childhood are therefore of value for examining risks at low
doses. The risks of thyroid cancer following exposure to 131I
are less well understood, as discussed in Annex I,
“Epidemiological evaluation of radiation-induced cancer”.
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236. A studyof about 10,800 children in Israel given x-ray
treatment for tinea capitis was reported by Ron et al. [R8].
The total dose was given in five daily fractions to five
treatment fields on the scalp. While the dose to the scalp
was of the order of several gray, the average total thyroid
dose was calculated to be only about 100 mGy. An analysis
over the range 0�0.5 Gy showed a statistically significant
trend of increasing risk of thyroid cancer with increasing
thyroid dose. In addition, the trend in relative risk per unit
dose was greater for those irradiated at ages under five
years than for those irradiated at older ages, in line with
the general observation of an increasing relative risk with
decreasing age at exposure, as well as being consistent with
a study of thyroid cancer in young persons irradiated for
enlarged tonsils [P4]. Among the tinea capitis patients less
than five years old at exposure, the relative risk at about
0.1 Gy (100 mGy) was approximately 5 and was
significantly greater than 1. This finding was, however,
based on a fairly small number of cases, although it arose
among those persons for whom the risk would be predicted
to be greatest.

237. Thyroid cancer in a cohort of 2,657 infants in New
York State given x-ray treatment for a purported enlarged
thymus gland and followed for an average of 37 years has
been reported by Shore et al. [S2]. Estimated thyroid doses
ranged from 0.03 to more than 10 Gy, with 62% receiving
less than 0.5 Gy. The dose-response relationship for thyroid
cancer was fitted by a linear dose-response relationship, with
no evidence of a quadratic dose component. An analysis
restricted to the range 0�0.3 Gy showed a statistically
significant trend with dose (p=0.002), although based on just
four thyroid cancer cases with non-zerodoses. The estimate of
absolute excess risk per unit dose over this dose range was
similar to that from the Israeli tinea capitis study [R8].

238. Ron et al. [R9] conducted a combined analysis of data
from seven studies of thyroid cancer after exposure to external
radiation. The range of doses varied considerablybetween the
different studies. For exposure before age 15 years, linearity
was considered to best describe the dose response, even down
to 0.1 Gy. The estimated excess relative risk per gray of 7.7
(95% CI: 2.1�28.7) is one of the highest values found for any
organ.

239. Thyroid cancer in a cohort of 4,404 children of whom
2,827 were given x-ray treatment for cancer in childhood and
followed for an average of 15 years has been reported by de
Vathaire [D14]. Estimated thyroid doses ranged from 0.001
to 75 Gy, with 41% receiving less than 0.5 Gy. The dose-
response relationship for thyroid cancer was best fitted by a
linear dose-response relationship, with no evidence for a
quadratic component. A standardized incidence ratio of 35
(90% CI: 10�87, p<0.01) was found to be associated with a
dose of 0.5 Gy to the thyroid.

(c) Exposures in utero

240. A number of studies have been published that have
examined the risks of cancer in childhood following
exposures in utero. These studies have particular
advantages for detecting risks of cancer at low doses
because of the low spontaneous cancer rate in childhood.

241. Information on cancer risks following radiation
exposure in utero are available from studies of those with
prenatal diagnostic x-ray exposures, as well as those
irradiated as a consequence of the atomic bombings of
Hiroshima and Nagasaki. The largest study of childhood
cancer following prenatal x-ray exposure is the Oxford
Survey of Childhood Cancers (OSCC), which is a national
case-control studyofchildhood cancer mortalitycarried out
in the United Kingdom. Information is also available from
other studies of prenatal x-ray exposure that have been
carried out in North America and elsewhere [B28].

242. The Oxford SurveyofChildhood Cancers was started in
the mid-1950s. Up to 1981, mothers of 15,276 cases and the
same number of matched controls had been interviewed
[K10]. During the late 1950s, the study investigators reported
a doubling in the risk of childhood cancer associated with
prenatal x-rayexposure [S7]. Later analysis covering a longer
period indicated a falling risk with time and an average raised
risk of about 40% (95% CI: 31�50) [B8, K10].

243. Data on doses to the embryo and fetus are available
for the Oxford Survey of Childhood Cancers, although
there is some uncertainty in these values. Table 11 shows
the mean number of films per x-ray examination in the

Table 11
Doses from prenatal x rays in the Oxford Study of Childhood Cancers

Birth year
Mean number

of films
per examination

Mean dose per film according to reference (mGy)

[U8] [S21]

1943-1949
1950-1954
1955-1959
1960-1965

1.9
2.2
1.9
1.5

18
10
5
2

4.6
4.0
2.5
2.0

Survey according to calendar period, together with estimates
of the average dose per film made by the Committee in the
UNSCEAR 1972 Report [U8] and by Stewart and Kneale

[S21]. UNSCEAR estimated that the average dose per
examination was 10�20 mGy (low-LET) during the 1950s
and decreased over time. Stewart and Kneale’s dose estimates
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were about half of the UNSCEAR values. Based on the
UNSCEAR dose estimates, Muirhead and Kneale [M8]
estimated the absolute radiation-induced risk for the incidence
of all cancers up to age 15 years to be about 0.06 Gy�1 (low-
LET) (95% CI: 0.04�0.10). A similar risk estimate was
calculated by Mole [M6] based on a national survey in the
United Kingdom of doses from obstetric radiography
performed in 1958, for which the average dose was about
6 mGy.

244. There has been concern that owing to the retrospective
nature of the Oxford Survey of Childhood Cancers, which
relied at least partially on mothers’ memories, some bias may
have been introduced. The results of the follow-up were
supported by a study in the United States [M9, M10] of
contemporary records of x-ray exposures of children born in
hospitals in the north-eastern United States. In an initial study
[M9] of 734,243 children born between 1947 and 1954, 556
children were identified as having died from cancer between
1947 and 1960. Prenatal x-ray exposure was associated with
an increased risk of cancer, with relative risks for leukaemia
of 1.58 and for solid cancers of 1.45. These increases were
very similar to those in the Oxford Survey. In an extension of
the study, however, with a further 695,157 children born up
to1960 and having 786 additional cases of cancer, the relative
risk for leukaemia was similar to the first phase (1.48) but that
for solid cancers was appreciably lower (1.06). The overall
values of relative risks for leukaemia (1.52) and solid cancers
(1.27) do not differ significantly when compared directly
(p=0.4).

245. Bithell [B28] reviewed a number of studies that
examined the risk of childhood cancer following in utero
radiation exposure. None of the studies on their own had
the statistical power of the Oxford Survey of Childhood
Cancers, but a total of 12 studies, when taken together,
gave a weighted average of an increase in relative risk of
1.37 (95% CI: 1.26�1.49). Including the Oxford Survey of
Childhood Cancers data gave a relative risk of 1.39 (CI:
1.33�1.45). While the individual study designs and
methods of analysis were very different, the overall finding
lends support to the results of Childhood Cancers.

246. Doll and Wakeford [D3] reviewed the evidence from
epidemiological studies on the risk of cancer in childhood
from exposure of the fetus in utero from diagnostic radiology.
They also considered the limited studies in experimental
animals. They concluded that while information is available
from a number ofepidemiological studies, themost significant
comes from the Oxford Survey. It was concluded that there is
strong evidence for a causal relationship, with radiation doses
to the fetus of the order of 10�20 mGy giving increases in the
risk of childhood leukaemia and solid cancers of about 40%.
Because of the low risk of cancer in childhood, the calculated
absolute risk coefficient was approximately 6% Gy�1. The
analysis supports the view that small doses of radiation are
potentially carcinogenic. The possibility still exists that there
may be some as yet unidentified confounding factor in the
Oxford Surveyaffecting both the probabilityof the fetus being
irradiated in utero and the risk of subsequent cancer. A feature

of the data from the Oxford Survey that remains unexplained
is that the increase in risk for both leukaemia and solid
cancers following exposure in utero is essentially the same,
with a relative risk of about 1.4. Most other human and
animal studies consistently indicate different sensitivities of
leukaemia and solid cancers [B45].

247. Several cohort studies of in utero exposures have not
shown evidence of excess risk. Those studies, however, were
small in size. Among those exposed to atomic bomb radiation
in utero [J1], no childhood leukaemia cases have been
observed. For 1,263 children irradiated in utero and followed
from birth, two cases of cancer arose up to 15 years of age,
compared with 0.73 expected from Japanese national rates
[Y2]. The resulting upper limit on the 95% confidence
interval for the absolute radiation-induced risk is 2.8 10�2 Gy�1

(low-LET). Continued follow-up showed an excess of adult
cancers among those exposed to atomic bomb radiation in
utero. Based on the follow-up to 1988, the relative risk at
1 Gy was estimated to be 3.77 [Y2], which is similar to that
seen among survivors of the atomic bombings irradiated in the
first 10 years of life [S1]. Further follow-up to the end of 1989
suggested a subsequent decrease in the relative risk [Y1], in
line with the pattern indicated by the earlier follow-up of those
exposed post-natally at ages under 10 years.

248. More recently, Delongchamp et al. [D2] reported
cancer mortality data in atomic bomb survivors exposed in
utero for the period October 1950 to May 1992. Only 10
cancer deaths were reported among persons exposed in
utero. Although there were only two leukaemia deaths, this
was higher than in a control group (p=0.054). Mortality
from solid cancers at ages over 16 years was in excess of
expected (ERR = 2.4 Sv�1; 90% CI: 0.3�6.7); all the deaths
occurred in females.

249. Thus, although there is someconsistencyin case-control
studies in showing a raised risk of childhood cancer, the
absence of clear confirmation in cohort studies leaves some
uncertainty in establishing a risk estimate. For the Oxford
Survey of Childhood Cancers, however, an increase in
childhood cancer risk by about 40% is associated with doses
of about 10�20 mGy (low-LET). A number of other studies,
taken together, support this finding.

3. Effect of dose and dose rate

250. As explainedabove, quantitative information on the risk
ofcancer in human populations comes largelyfrom epidemio-
logical studies of population groups exposed at intermediate
and high doses and dose rates. For the assessment of the risk
of cancer from environmental and occupational exposure to
radiation, a reduction factor, frequently termed a dose and
dose-rate effectiveness factor (DDREF), has normally been
used to assess risks at low doses and low dose rates. The
choice of reduction factors was reviewed most recently in the
UNSCEAR 1993 Report [U3] and has also been reviewed by
ICRP [I2] and by a number of other international bodies. In
the UNSCEAR 1993 Report [U3], the Committee examined
cellular studies, data from experimental animal studies, and
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information from epidemiological studies that would allow
judgements to be made on an appropriate reduction factor.
The judgements made in that report remain valid and are
summarized here only briefly.

251. The dose-response information on cancer induction in
the survivors of the atomic bombings in Japan provided, for
solid tumours, no clear evidence for a reduction factor much
in excess of 1 for low-LET radiation. For leukaemia, the dose
response fits a linear-quadratic relationship, and a best
estimate of the reduction factor is about 2. Analyses by Little
and Muirhead [L52] of the latest cancer incidence data that
takeaccount ofpossible random errors andpossiblesystematic
errors in DS86 dose estimates show that there is little
indication of upward curvature in the dose response for solid
tumours over the 0�4 Gy dose range, although over the
0�2 Gy dose range and after adjustment of Hiroshima DS86
neutron dose estimates the upward curvature is more
pronounced. There is marked upward curvature in the dose
response for leukaemia over the 0�4 Gy dose range, which
becomes less pronounced if attention is restricted to those
receiving less than 2 Gy [L52]. If adjustments are made to the
Hiroshima DS86 neutron dose estimates, then over the
0�2 Gy dose range the LDEF for all solid tumours is 1.43
(95% CI: 0.97�2.72), and so is comparable with the LDEF for
leukaemia, 1.58 (95% CI: 0.90�10.58) [L52]. There is only
limited support for the use of a reduction factor from other
epidemiological studies of groups exposed at high dose rates,
although for both thyroid cancer and female breast cancer
some data suggest a value of about 3 may be appropriate.

252. The results of studies in experimental animals con-
ducted over a dose range that was similar to, although
generally somewhat higher than, the dose range to which the
survivors of the atomic bombings in Japan were exposed, and
at dose rates that varied by factors between about 100 and
1,000 or more, give reduction factors from about 1 to 10 or
more, with a central value of about 4. Some of the tumour
types for which information is available have a human
counterpart (e.g. myeloid leukaemia and tumours of the breast
and lung) while others do not (e.g. Harderian gland in the
mouse)or requirefor their development substantial cell killing
and/or changes in hormonal status (ovarian tumour, thymic
lymphoma). Similar results to those obtained with animal
tumour models have been obtained for somatic mutations and
for transformation of cells in culture, although the reduction
factors obtained have not been as large. In a number of the
experimental studies on tumour induction, linear functions
would give a good fit to both the high- and low-dose-rate data
in the range from low to intermediate doses. This indicates
that even if the cellular response can, in principle, be fitted by
a linear-quadratic dose response, in practice it is not always
possible to resolve a common linear term for exposures at
different dose rates.

253. If human response is similar to that in experimental
animals, then it can be envisaged that at lower dose rates than
were experienced in Hiroshima and Nagasaki, a reduction
factor greater than the value of about 1.5 that is suggested by
analysisof the dose-response data couldbeobtained. However,

information from human populations exposed at low dose
rates suggests risk coefficients that are not very different from
those obtained for the atomic bomb survivors, although the
risk estimates have wide confidence intervals.

254. In the UNSCEAR 1993 Report [U3], the Committee
concluded that, when taken together, the available
epidemiological and experimental data suggested that for
tumour induction, the reduction factor adopted should, to be
on the safe side, have a low value, probably no more than 3.
Insufficient data were available to make recommendations for
specific tissues [U3]. For high-LET radiation, a reduction
factor of1 was indicated on the basis of experimental data that
suggested little effect of dose rate or dose fractionation on
tumour response at low to intermediate doses. It was noted
that a value of somewhat less than 1 is suggested by some
studies, but the results are equivocal, and cell killing may be
a factor in the tissue response [U3].

255. In the case of hereditary disease, the adoption of a
reduction factor of 3 was supported by experimental data
in male mice, although a somewhat higher value has been
found with one study of female mice.

C. LOW-DOSE-RATE EXPOSURES

256. Information from studies of groups exposed to low
dose rates is potentially of more direct relevance to risk
estimates. However, studies of low-dose-rate exposure
generally involve low doses and, because of the probably
low excess risks, are likely to be hampered by a lack of
statistical power and possibly also by confounding factors.
Examination of the results of low-dose-rate studies can,
however, provide a check on the risks derived by
extrapolation from high-dose-rate studies.

1. Occupational exposures

257. Several studies have been conducted of nuclear industry
workers. In the United States, Gilbert et al. [G3] performed a
joint analysis of data for about 36,000 workers at the Hanford,
Oak Ridge, and Rocky Flats weapons plants. Neither for the
grouping “all cancers” nor for leukaemia was there any
indication of an increasing trend in risk with dose. However,
the upper limit of the 90% confidence interval for the excess
relative risk per unit dose was several times greater than the
corresponding value for the survivors of the atomic bombings
in Japan in the case of all cancers other than leukaemia and
slightly greater than the value from Japan in the case of
leukaemia.

258. The first analysis of the National Registry for Radiation
Workers (NRRW) in the United Kingdom examined cancer
mortality in relation to dose in a cohort of over 95,000
workers [K3]. The mean lifetime dose received was 33.6 mSv;
however, over 8,000 workers had a lifetime dose in excess of
100 mSv. For all malignant neoplasms, the trend in the
relative risk with dose was positive but was not statistically
significant (p=0.10). Basedon a relative risk projection model,
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the central estimate of the lifetime risk based on these data
was 10% Sv�1, which is 2½ times the value of 4% Sv�1 cited
byICRP [I2] for risks associated with the exposure of workers
(based on applying a DDREF of 2 to the Japanese data). The
90% confidence interval for the NRRW-derived risk ranged
from a negative value up to about six times the ICRP value.
For leukaemia (excludingchronic lymphatic leukaemia,which
does not appear to be radiation-inducible), the trend in risk
with dose was statistically significant (p=0.03). Based on a
projection model as used byBEIR V [C1], the central estimate
of the corresponding lifetime leukaemia risk was 0.76% Sv�1,
which is 1.9 times the ICRP [I2] value for a working
population (0.4% Sv�1), with 90% confidence limits ranging
from just above zero up to about six times the ICRP value.

259. A second analysis of the NRRW cohort was published
in 1999 [M47] and covered a total of 124,743 workers. For
leukaemia, excluding chronic lymphatic leukaemia, there was
a marginallysignificant increasing risk with dose. The central
estimate of excess relative risk per sievert, 2.55 (90% CI:
�0.03�7.16), is similar to that estimated for the Japanese
atomic bomb survivors at low doses (2.15 Sv�1, 90% CI :
0.43�4.68); the corresponding 90% confidence limits were
tighter than in the first analysis, ranging from just under four
times the risk estimated at low doses from the Japanese atomic
bomb survivors to about zero. For all malignancies other than
leukaemia, the central estimate of the trend with dose,
0.09 Sv�1 (90% CI: 0.28�0.52), was closer to zero than in the
first analysis and smaller than the Japanese atomic bomb
estimate of 0.24 Sv�1 (90% CI: 0.12�0.37) (without the
incorporation of a dose-rate reduction factor). Also, the 90%
confidence intervals were tighter than before and include zero.
Overall, the second NRRW analysis provides stronger
evidence than the first on occupational radiation exposure and
cancer mortality; the 90% confidence interval for the risk per
unit dose now excludes values that are more than four times
those seen in the atomic bomb survivors, although they are
also consistent with there being no risk at all.

260. The NRRW therefore provides some evidence of an
elevated risk of leukaemia associated with occupational
exposure to radiation and, like the combined study of workers
in the United States, is consistent with the risk estimates for
low-dose/low-dose-rate exposures derived by ICRP [I2] from
the data on the survivors of the atomic bombings in Japan.

261. A cohort study of occupational radiation exposure has
been conducted using the records of the National Dose
Registry of Canada [A17]. The cohort consisted of 206,620
individuals monitored for radiation exposure between 1951
and 1983, with mortality followed up to the end of 1987. A
total of 5,425 deaths were identified by computerized record
linkage with the Canadian Mortality Database. A trend of
increasing mortality with increasing cumulative radiation
exposure was found for all causes of death in both males and
females. In males, cancer mortality appeared to increase with
radiation exposure without any relationship to specific types.
Unexplained trends of increasing mortality due to
cardiovascular diseases (males and females) and accidents
(males) were also noted. The excess relative risk for radiation-

induced cancer was calculated to be 3.0% per 10 mSv (90%
CI: 1.1�4.8) for all cancers combined and was significantly
higher than the comparable risk estimate for survivors of the
atomic bombings. However, the very low SMR for all-cause
mortality suggests that record linkage procedures between the
Canadian National Dose Registryand the Canadian Mortality
Database may have been imperfect and that there could have
been some confounding of the dose response.

262. In the UNSCEAR 1994 Report [U2] information was
given on the association of leukaemia and radiation exposure
among workers at the Mayak facility in the Russian
Federation, some of whom received substantial exposures
several decades ago [K26]. Risk coefficients for radiation-
induced leukaemia were similar to those given by the ICRP
[I2] for workers, although no confidence interval was
provided. Limitations in the study were that 15% of the
original cohort had been lost to follow-up, and bone marrow
doses from plutonium remained to be evaluated.

263. An international studyofcancer risk among radiation
workers in the nuclear industry was coordinated by the
International Agency for Research on Cancer (IARC)
[C20, I1]. It consisted of a combined analysis of mortality
data for nearly 96,000 workers in Canada, the United
Kingdom, and the United States. The groups of workers
studied were the subject of individual analyses that had
been published in 1988 or earlier. The United Kingdom
component of this study was the Nuclear Industry
Combined Epidemiological Analysis (NICEA) [C3], based
on workers at BNFL Sellafield, the United Kingdom
Atomic Energy Establishment, and the Atomic Weapons
Establishment. The other groups studied were workers at
the three United States Department of Energy plants
referred to earlier (Hanford, Oak Ridge, and Rocky Flats)
[G3] and workers at Atomic Energy Canada Ltd. [G4].

264. Analysis of the combined cohort of radiation workers
showed a statistically significant trend in the risk of
leukaemia (excluding chronic lymphatic leukaemia) with
external dose. This finding is similar to that reported in the
first analysis of the NRRW [K3], although the results are not
independent, since many of the workers in the NRRW were
also in the IARC study. The central estimate of risk per unit
dose corresponded to 0.59 times the value estimated from the
atomic bomb survivors based on a linear dose-response model
and 1.59 times the value based on a linear-quadratic model
fitted to the atomic bomb survivor data; the corresponding
90% confidence interval ranged from about zero up to four
times the value from the linear-quadratic atomic bomb
survivor model. The evidence for a trend with dose was
particularlystrong for chronic myeloid leukaemia, as was also
reported in the large study of workers in the United Kingdom
[M47], some of whom were included in the international
study.

265. For all cancers other than leukaemia, the central
estimate of the trend in risks with dose was negative, but the
upper 90% confidence limit corresponded to about twice the
value arising from a linear extrapolation to low doses of
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results for the survivors of the atomic bombings in Japan, i.e.
about four times the estimate for low-dose-rate exposures
based on a reduction factor of 2.

266. The authors of the IARC study concluded that their
analysis provides little evidence that the risk estimates that
form the basis of current radiation protection standards are
appreciably in error. Since most of the workers studied are
still alive, however, they recommended further follow-up of
these and other workers to increase the precision of risk
estimates. To further address the issue of effects at low doses,
IARC is now coordinating an enlarged International
Collaborative Study of Cancer Risk among Radiation
Workers in the Nuclear Industry [C2]. This studywill contain
additional workers from countries such as France and Japan,
and the combined cohort should number several hundred
thousand.

2. Environmental exposures

267. Studies of exposures to natural background radiation
(other than radon) or to environmental contamination from
man-made sources have generally involved examining geo-
graphical correlations in cancer rates. Such studies can be
difficult to interpret, owing to the effect of confounding
factors such as sociodemographic variables and other factors
that vary geographically, together with the lack of
information on doses.

268. Sources of natural background radiation include
terrestrial gamma rays and cosmic radiation, which vary
considerablywith geographical location. Manyattempts have
been made to correlate radiation exposure with cancer
mortality or incidence in different populations. While this
would in principle give information on exposures at relatively
low radiation doses, such attempts are subject to considerable
difficulties, as was described in the UNSCEAR 1994 Report
[U2]. Interpreting the data is made difficult byuncertainties in
the doses actually received, geographical variation in the
accuracy of cancer diagnoses, and confounding with the
numerous other environmental factors. Furthermore, when
different geographical areas are compared, exact matching of
control groups or groups exposed at different levels can be
difficult. As a consequence, studies that have tried to compare
cancer risks from natural background radiation in different
geographical locations are subject to considerable uncertainty
and must be interpreted with care [C1].

269. Darby[D10] has made some estimates of the proportion
of deaths from various cancers that might be caused by
exposure to natural background radiation based on models
developed by the BEIR V Committee [C1]. These models
were based on the data from the survivors of the atomic
bombings in Japan. They predict that about 11% of deaths
from leukaemia might be caused by post-natal exposure to
natural background sources, excluding radon. For other
cancers the estimate was 4% or less. The interval between
exposure and the development of the disease is shorter for
leukaemia than for most other tumours. There is a higher
relative risk for leukaemia, and the influence of other

environmental factors on leukaemia risk is less than for many
other types of cancer. It might be expected, therefore, that any
effect of variations in natural background would be more
readily detectable for leukaemia than for other cancer types.
As described in the UNSCEAR 1994 Report [U2], however,
well designed studies conducted in a number of countries find
no significant association between natural background
radiation and leukaemia (excluding chronic lymphatic
leukaemia) (e.g. [I7, T10, U2, W11]).

270. Few of the studies examining cancer incidence in
relation to exposure to natural background radiation have
tried to obtain realistic dose estimates that take into account
differences between indoor and outdoor exposure and the
effects of population movement. One exception is a Chinese
study [W12] that compares leukaemia mortality in two
neighbouring regions having quite different levels ofexposure
as a result of the high thorium content in monazite sands.
Yangjiang is a high-background-radiation area and Taishan/
Enping is a control area. In both regions there was a highly
stable population, and considerable effort went into measur-
ing radiation exposure both indoors and outdoors. In the high-
background area the radiation dose calculated to the red bone
marrow by age 50 years would have been about 60 mSv
greater than that for someone living in the low-background
area. During 1970�1985, the age-adjusted mortality rates for
leukaemia in females were 2.21 and 3.56 10�5 PY�1 in the
high- and low-background areas, respectively, while in males
the rates were 3.32 and 3.82 10�5 PY�1, where PY stands for
person-years. Thedifferenceswerenot significant; ifanything,
they suggested a lower risk in the more highly exposed
population [W12]. The study had low statistical power to
detect an effect, if one existed, as the relative risk expected
was about 1.2 in the highly exposed group, and effects of this
magnitude are very difficult to detect epidemiologically.

271. An extension to this study covering 1987 to 1990 has
also been reported [T9]. The later studycovered a fixed cohort
with 78,614 persons in the high-background-radiation area
and 27,903 in the control area at the start of 1987. Dose
estimates were obtained by measurements using environ-
mental gamma-ray dose-rate measurements and individual
TLDs. The cohort was added to that monitored previously to
give a total population of 64,070 subjects in the high-
background-radiation area and 24,876 in the control area at
the beginning of 1979. In total, the study covered 949,018
person-years (PY) during 1979�1990 (696,181 in the high-
background-radiation area and 252,837 in the control area).
The relative risks (the high-background-radiation area
compared with the control area) for all cancers and for all
cancers except leukaemia in each of three dose subgroups in
thehigh-background-radiation area didnot differ significantly
from 1. The relative risks for site-specific cancers of the lungs,
liver, and stomach were generally less than 1, while for
nasopharyngeal cancer and leukaemia they were greater than
1. It is noteworthy that the result for leukaemia was the
reverse of that found in the earlier study [W12]. The authors
concluded that even for the combined data the sample size in
each group was not large enough to come to any definite
conclusions.



ANNEX G: BIOLOGICAL EFFECTS AT LOW RADIATION DOSES120

272. A further extension to the study has also been
reported [T17] covering a total of 125,079 subjects with
1,698,350 PY (10,415 cancer deaths) followed from 1979
to 1995. The population was separated into controls and
high, medium and low dose groups. Despite higher death
rates in the males than in the females no significant
difference was found between the persons from the high-
background-radiation area and the controls; if anything,
the death rates in the high-background-radiation area were
lower.

273. It may be concluded from this and other studies
reviewed in the UNSCEAR 1994 Report [U2] that
comparative studies of groups exposed to differing levels of
natural background gamma radiation have not demonstrated
any significant effects on cancer incidence.

274. Some studies of environmental exposures have
examined the temporal trends in cancer rates. For example,
Darby et al. [D1] examined temporal trends in childhood
leukaemia in the Nordic countries in relation to fallout
from atmospheric nuclear weapons testing during the
1950s and the 1960s. They concluded that there was some
evidence of a raised risk associated with the “high”
exposure period, when children would have received a dose
from fallout of about 1.5 mSv, compared with the adjacent
“medium” exposure period, when the dose received would
have been about 0.5 mSv (relative risk for ages 0�14 years
is 1.07; 95% CI: 1.00�1.14). These data are consistent
with a relative risk of 1.03 predicted with the BEIR V
leukaemia model [C1], although the central estimate from
this study is larger than the BEIR V value, a difference that
maybe explained bythe different follow-up times on which
the two values are based (0�7 years and 5�15 years,
respectively).

275. Studies have been reported of a population in the
East-Urals that was exposed to radioactive materials
following an accident at the Mayak reprocessing plant in
September 1957 [K29]. A total of 7,854 persons who
received radiation doses estimated to be between 40 and
500 mSv have been followed. No statistically significant
changes in causes of death, mortality or reproductive
function have been found compared with control values
from the province and USSR data. Although this study is
to be continued, it illustrated the difficulties in conducting
carefullycontrolled epidemiological studies, which require
a defined control group and accurate dose estimates.

D. SUMMARY

276. Epidemiological studies provide direct quantitative data
on the risks of cancer in humans following radiation
exposure. The main source of information is the Life Span
Study of survivors of the atomic bombings in Hiroshima and
Nagasaki in 1945. Substantial information is also available
from studies of people occupationally or medically exposed
either to external radiation or to internally incorporated
radionuclides.

277. The Life Span Study is important, as it gives
information on the effects ofwhole-bodyirradiation following
exposure at different ages. The interpretation of the dose-
response data is, however, complicated by the fact that
exposure was to both gamma rays and to neutrons. An RBE
of 10 has generally been assumed when fitting the dose-
response data. The data show a pattern of increasing risk with
increasing dose for both leukaemia and most solid cancers.
The most recent analyses of the data suggest that the numbers
of solid cancers induced in the population depends on the
spontaneous cancer rate, and that at least for those exposed in
adulthood the absolute level of the radiation-induced risk
increases with age over the period of follow up. The follow-up
study indicates a significant (p=0.05) increase in the risk of
radiation-induced fatal solid cancers over the dose range of
0�50 mSv (assuming an RBE for neutrons of 10). Caution is
needed in interpreting this finding, however, as an increased
incidence of solid cancers is seen only at doses down to
200�500 mSv, suggesting the possibility of bias at the lower
dose range.

278. The data on mortality from leukaemia are best fitted
by a linear-quadratic dose response, while for all solid
cancers taken together, a linear dose response provides a
best fit for dose-response data up to doses of about 3 Sv.
However, while a linear dose response can also be fitted to
the data for a number of individual tumour types, in the
case of non-melanoma skin cancer there is substantial
curvilinearity in the dose response, consistent with a
possible dose threshold of about 1 Sv or with a dose
response in which the excess relative risk is proportional to
the fourth power of dose. It is notable that if analyses are
restricted to the dose range up to 2 Gy and account taken
of possible systematic errors in the Hiroshima DS86 data,
then there is evidence of appreciable upward curvature of
the dose response for solid tumours. It has become clear
that further follow-up and improved information on the
doses received will be needed before the shape of the dose
response at low doses for both morbidity and mortality can
be determined with confidence at doses below about
100�200 mSv. While the Life Span Study has shown
elevated cancer risks in a number of tissues, there are
others for which there is either very little or no evidence
for an effect. These include, for example, the bone, cervix,
prostate, testes and rectum.

279. Information on cancer risks is also available from a
number of studies of patients irradiated for medical
reasons. Manyof the patients in these studies received high
doses to particular organs, often 1 Gy or more, although
some received much lower doses. Patients were generally
given acute exposures, although women treated with
fluoroscopyfor tuberculosis were given highly fractionated
doses. As with solid cancers in the Life Span Study, the
dose-response data from many of these studies are
generally consistent with a linear dose-response
relationship at low to intermediate doses. Results from
several studies have suggested a statistically significant
increase in the risk of thyroid cancer at doses of about
100�300 mGy received in childhood.
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280. In contrast, the best fit to the data on bone tumour
induction in radium dial painters exposed to 226/228Ra can be
obtained with a model indicating a “practical threshold” for a
response at an average bone dose in the range 3.9�6.2 Gy
(high-LET). This observation might also reflect the extent of
the data available at low doses. For head sinus carcinomas in
the radium dial painters, linear, linear-exponential, or dose-
squared exponential functions all provided acceptable fits to
the data. Data are also available on the risk of bone sarcomas
in patients given 224Ra. Recent analysis of the pathology of
these tumours has shown that a high proportion of them
(30%) are malignant fibrous histiosarcomas, which is higher
than would have been expected in sarcomas occurring
spontaneously (8%�11%). It has been proposed that these
tumours can only be expected to arise in tissue with
deterministic radiation damage and so would be expected to
appear only above a threshold dose. Similar conclusions have
been drawn for the bone tumours arising in the radium
workers.

281. Extensive data are available on cohorts of miners
occupationally exposed to radon and its decay products.
These studies have provided information on the risk of
radiation-induced lung cancer. The most recent analyses of
the data examined a range of risk models. However, for
cumulative exposures below 0.175 J h m�3 (50 WLM), a
constant-relative-risk model without anymodifyingfactors,
such as attained age and exposure rate, appeared to fit the
data well.

282. A number of studies have provided information on the
risk of childhood cancer following obstetric radiography. In
the Oxford Survey of Childhood Cancers, a statistically
significant 40% increase in the childhood leukaemia rate (up
to 15 years of age) has been seen following doses of
10�20 mGy(low-LET). Similar results have been obtained in
a number of other, smaller studies of the effects of obstetric
radiography. Although there may be some increase in sensiti-
vity to radiation at this early stage of development, there is

no reason to believe the mechanisms involved in tumour
induction will be fundamentallydifferent from those in adults.
The number of cells at risk would, however, be different. The
principal reasons for being able to determine this increase in
risk, which in absolute terms is small, is the low background
incidence of leukaemia in childhood and greater sensitivity to
radiation. A feature of the data from the Oxford Survey that
remains unexplained is that the increase in risk for both
leukaemia and solid cancers following exposure in utero is
essentially the same, with a relative risk of about 1.4. Most
other human and animal studies consistentlyindicatedifferent
sensitivities of leukaemia and solid cancers.

283. More recently, direct information on the effects of low-
dose, chronic exposure has become available from studies of
radiation workers. The estimation of cancer risks associated
with exposure to low doses poses particular problems. The
predicted level of excess risk associated with such exposures
is lower than that for high-dose exposures, and consequently
the size of the study population required to detect a raised risk
is usually much larger than that required for the high-dose
studies. The information available to date is generally
consistent with information on the risks of cancer obtained
from the high-dose-rate studies, although having wide
confidence intervals, and would also be consistent with there
being no risk at all. A long period of follow-up and pooling of
data from different studies will be necessary if statistically
useful data are to be obtained.

284. A number of studies have been published that have
examined the risks of cancer in areas of high natural
background. Comparative studies on groups exposed to
different levels of natural background radiation do not,
however, have the statistical power to detect significant effects
on cancer incidence. There are difficulties in interpreting the
data as a result of uncertainties in the doses actually received,
geographical variation in the accuracy of cancer diagnoses,
and confounding by other environmental factors.

IV. MECHANISMS AND UNCERTAINTIES IN MULTI-STAGE
TUMORIGENESIS

285. The development and application of modern
molecular methods has, in recent years, substantially
increased the understanding of the mechanisms of
tumorigenesis. At the same time, there has been an
equivalent increase in the understanding of the action of
radiation on cellular DNA, control of the reproductive cell
cycle, and the mechanisms of DNA repair and muta-
genesis.

286. Mechanisms of radiation oncogenesis were reviewed
by the Committee in the UNSCEAR 1993 Report [U3] and

are considered further in Annex F, “DNA repair and
mutagenesis”; and Annex H, “Combined effects of
radiation and other agents”. Accordingly, the aim of this
Chapter is to provide an updated view of the mechanisms
of tumorigenesis in order to relate them to data on dose-
effect relationships. Emphasis will be placed on current
uncertainties surrounding the mechanisms of radiation
tumorigenesis, with a view to exploring their importance
for the development of biologically based computational
models that seek to describe radiation cancer risk at low
doses and low dose rates (Chapter V).
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A. MULTI-STAGE PROCESSES IN
TUMORIGENESIS

287. In accord with earlier proposals on spontaneously
arising neoplasia [F1, F5, V1], UNSCEAR supports a multi-
stage model as a conceptual framework for describing
radiation tumorigenesis [U3]. A generalized model of this
form is illustrated in Figure XXI. In this model, radiation
tumorigenesis is imprecisely subdivided into four phases:
neoplastic initiation, promotion, conversion, and progression.
This operational framework, while subject to considerable
uncertainty, may be used to illustrate the critical cellular and
molecular processes that direct neoplastic change.

Figure XXI. A simple generalized scheme for multi-
stage oncogenesis.

1. Initiation of neoplasia

288. Neoplastic initiation may be broadly defined as
essentially irreversible changes to appropriate target somatic
cells, driven principally by gene mutations that create the
potential for neoplastic development [C9, U3]. Such tumour
gene mutations can have profound effects on cellular
behaviour and response, e.g. dysregulation of genes involved
in biochemical signallingpathwaysassociatedwith thecontrol
of cell proliferation and/or disruption of the natural processes
of cellular communication, development, and differentiation.
Although the full expression of such neoplasia-initiating
mutations invariably requires interaction with other later-
arising gene mutations and/or changes to the cellular
environment, the initiating mutation creates the stable
potential for pre-neoplastic cellular development in cells with
proliferative capacity.

2. Promotion of neoplasia

289. Neoplastic development is believed to be highly in-
fluenced by the intra- and extracellular environment, with the

expression of the initial mutation being dependent not onlyon
interaction with other endogenous mutations but also on
factors that may transiently change the patterns of specific
gene expression, e.g. cytokines, lipid metabolites, and certain
phorbol esters. As a consequence, there may be an enhance-
ment of cellular growth potential and/or an uncoupling of the
intercellular communication processes that act to restrict
cellular autonomy and thereby coordinate tissue maintenance
and development [T5, U3]. In this way, tumour-initiated cells
can receive a supranormal growth stimulus and begin to
proliferate in a semi-autonomous manner, allowing for the
clonal development of pre-neoplastic lesions in tissues, e.g.
benign papillomas, adenomas, or haemopoietic dysplasias.

3. Neoplastic conversion

290. Neoplastic conversion of pre-neoplastic cells to a state
in which they are more committed to malignant development
is believed to be driven by further gene mutations accumulat-
ing within the expanding pre-neoplastic cell clone. Evidence
is accumulating that the dynamic cellular heterogeneity that
is a feature of malignant development may in many instances
be a consequence of the early acquisition of gene-specific
mutations that destabilize the genome. Mutations of the TP53
gene or one of a set of DNA mismatch repair genes provide
examples of such destabilizing events in neoplasia [F3, H6,
H17, L10]. There is also evidence that mutations resulting in
enhanced chromosomal non-disjunction may also contribute
to oncogenic change [L3].

291. An elevated mutation rate established relativelyearly
in tumour development may, therefore, provide for the
high-frequency generation of variant cells within a pre-
malignant cell population. Such variant cells having the
capacity to evade the constraints that act to restrict
proliferation of aberrant cells will tend to be selected
during tumorigenesis.

4. Progression of neoplasia

292. The progression ofneoplastic disease maybe dependent
on metastatic changes that facilitate (a) the invasion of local
normal tissues, (b) the entry and transit of neoplastic cells in
the blood and lymphatic systems, and (c) the subsequent
establishment of secondarytumour growth at distant sites [H4,
T1]. It is the metastatic process and tumour spreading that are
mainly responsible for the lethal effects of many common
human tumours. Again, it is believed that in many cases gene
mutations are the driving force for tumour metastasis, with the
development of tumour vasculature an important element in
disease progression [F4].

B. MUTATIONAL EVENTS MEDIATING
THE TUMORIGENESIS PROCESS

293. Although models such as that shown in Figure XXI are
most useful in placing clinical, histopathological, and
cellular/molecular experimental data in the context of a
generalized mechanism of tumour development, important
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uncertainties remain. Identification of these uncertainties
should help to guard against over-interpretation of data
relating to radiation tumorigenesis, particularly with respect
to biological modelling.

294. The gene-specific determinants of the initiation process
that is believed to operate to allow entry of normal somatic
cells into a given neoplastic pathway are incompletely
understood, although for some organs there are strong
associations with specific tumour gene mutations [U3, V1]. A
similar degree of uncertainty attaches to the molecular events
that determine the other cellular transitions noted in
Figure XXI. While it is accepted that, in general, target cells
for tumorigenic initiation will reside in the stem cell
compartment of most tissues, the specific identityand location
of these cells is poorly understood. As noted earlier in the
Annex, this represents a significant uncertainty in some areas
of radiation tumorigenesis, particularly with respect to alpha
particle irradiation.

295. In general, the concept of stepwise interaction between
loss-of-function mutation of tumour-suppressor genes and
gain-of-function mutations of proto-oncogenes [U3] is still
believed to apply. Further tumour-specific gene mutations
have been identified, and there is much new information on
the biochemical interactions between tumour gene mutations,
which maydestabilize thegenome, compromise control ofcell
signalling, proliferation, anddifferentiation, and interferewith
the normal interaction of cells in tissues (see [K1, S3]).

296. In the UNSCEAR 1993 Report [U3], the Committee
concluded that the somatic genetic changes to cells that inter-

mediate multi-stage tumour development potentially involve
sequential mutation of different classes of genes, i.e. proto-
oncogenes, tumour-suppressor genes, genes involved in cell-
cycle regulation, and genes that play roles in maintaining
normal genomic stability. It should be recognized, however,
that the above classification serves principally as a framework
for discussion and that there is substantial functional overlap
between these classes.

1. Proto-oncogenes

297. Proto-oncogenes may be broadly defined as tumour-
associated genes that can sustain productive gain-of-function
mutations that result in over-expression or more subtle
functional abnormalities in a wide range of cellular proteins.
These proteins normally serve to control or effect cellular
signalling and the temporal maintenance of growth and
development [H9, L14, M20, W3]. Indeed, the known proto-
oncogene proteins perform an extraordinary range of specific
cellular functions, many of them interacting with each other
in biochemical signalling cascades that, for example, target
mitogenic processes, apoptotic activity, cell-to-cell inter-
actions, and cytoskeletal functions. The capacity to effect
transcriptional or post-translational activation of such path-
ways is a common theme for many such genes.

298. Thus, mutations resulting in altered proto-oncogene
activity/specificity can lead to profound and constitutively
expressed cellular effects; the close linkage between many
cellular signalling pathways means that these effects are
frequentlypleiotropic. Table 12 gives a convenient scheme for
classifying proto-oncogenes, along with a few examples.

Table 12
Classification scheme for proto-oncogene products

Designation Product Examples

Class 1
Class 2

Class 3
Class 4
Class 5
Class 6
Class 7
Class 8
Class 9

Growth factors
Receptor and non-receptor protein tyrosine kinases (RPTK and
NRPTK)
Receptors lacking protein kinase activity
Membrane-associated G proteins
Cytoplasmic protein-serine kinases
Cytoplasmic regulators
Nuclear transcription factors
Cell survival factors
Cell cycle genes

PDDGF-β chain (sis) and FGF-related growth factor (hst)
src (NRPTK) and erbB (RPTK); also ret

Angiotensin receptor (mas)
Ras family
raf-1 and mos
SH2/SH3 protein (crk)
myc, myb, jun, fos
bcl-2
PRAD1 (cyclin D1)

299. Numerous and often multiple proto-oncogene activa-
tion events characterize different tumours; some of these
were discussed in the UNSCEAR 1993 Report [U3]; others
are noted in a series of reviews [B9, L14, M20, M21, V1]
and are also mentioned later in this Annex.

300. In the context of this Annex, a very important issue is
the nature of the mutational events that characterize proto-
oncogene activation. Although there has been a large gain in
the biochemical understanding ofproto-oncogeneaction, little
has changed since 1993 in respect of mutational activation
mechanisms[U3]. In essence, human proto-oncogenesmaybe

activated by point mutation (e.g. RAS), by gene amplification
(e.g. MYC), or by chromosomal rearrangement (e.g. ABL)
[W3].

301. There has, however, been a rapid increase in
knowledgeof the range ofproto-oncogene activation events
via chromosomal rearrangement and their often early role
in tumorigenesis. These advances have been reviewed [R2],
and cytogenetic data relevant to human tumorigenesis have
been subject to detailed analyses [M23].

302. In brief, an increasingly wide range of chromosomal
rearrangements associated with many subtypes of human
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lympho-haemopoietic neoplasms have been characterized at
the molecular and biochemical levels. More than 30 gene
activation events resulting from proto-oncogene juxtaposition
with T-cell receptors and immunoglobulin loci are known in
T- and B-cell neoplasms, respectively. In the case of specific

gene fusion by chromosome translocation/inversion, more
than 25 examples have been characterized, with myeloid neo-
plasms the predominant carriers. Table 13 provides examples
ofchromosometranslocations in human lympho-haemopoietic
neoplasms.

Table 13
Examples of human tumour-suppressor genes

Gene Chromosome
map location

Cancer type Product location Mode of action

APC
DCC
NF1
NF2
p53
RB1
VHL
WT-1
p16

BRCA-1
PTCH
TSC2

5q21
18q21
17q21
22q12
17p13
13q14
3p25

11p13
9p21

17q21
9q

16p13

Colon carcinoma
Colon carcinoma
Neurofibromas
Schwannomas and meningiomas
Multiple
Multiple
Kidney carcinoma
Nephroblastoma
Multiple
Breast carcinoma
Skin (basal cell)
Multiple

Cytoplasm
Membrane
Cytoplasm
Inner membrane
Nucleus
Nucleus
Membrane
Nucleus
Nucleus
Nucleus
?
?

Transcription regulator
Cell adhesion/signalling
GTPase-activator
Links membrane to cytoskeleton?
Transcription factor
Transcription factor
Transcription factor
Transcription factor
CDK inhibitor
Transcription factor/DNA repair
Signalling protein
?

303. It has also become apparent that although proto-
oncogene juxtaposition/fusion is most commonly observed
in lympho-haemopoietic tumours, such events are also
charac-teristic of certain solid tumours. For example,
Ewing’s sarcoma frequently carries a chromosomally
mediated FLI/EWS gene fusion [R2], and in some papillary
thyroid cancers the RET proto-oncogene can be activated
by a set of specific chromosome rearrangements [Z1].

304. Since the cytogenetics of solid tumours are often
complex and difficult to resolve accurately, it may be that
proto-oncogene activation via chromosomal rearrangement
is being underestimated. New methods of cytogenetic
analysis by FISH are now available to approach this
problem [S14].

2. Tumour-suppressor genes

305. Tumour-suppressor genes are defined as genes that can
act as negative regulators of cellular processes such as signal
transduction, gene transcription, mitogenesis, and cell
development/ differentiation [H10, H11, L15, W3]. As noted
later, some genes that act to regulate cell-cycle progression,
apoptosis, and various aspects of DNA processing mayalsobe
included in this category. Consequently, all cancer-associated
genes that act via a loss-of-function mechanism may be
described as tumour suppressors even though, universally,
they may not have true tumour-suppressing activity [H11].
The loss of function of tumour-suppressor genes characterizes
a broad range of human neoplasms; some examples discussed
in this Annex are listed in Table 14.

Table 14
Examples of chromosome translocations in lympho-haemopoietic neoplasia

Chromosome translocation Disease Translocation Genes involved

Involving T-cell receptors T-cell acute lymphatic leukaemia t(1;7)(p32;q34)
t(1;14)(p32;q11)
t(1;7)(p34;q34)
t(7;9)(q34;q32)
t(7;9)(q34;q34)

TCRβ-TCL5
TCRδ-TCL5
TCRβ-LCK
TCRβ-TAL2
TCRβ-TAN1

Involving immunoglobulin Burkitts lymphoma/B-cell acute lymphatic leukaemia

B-cell chronic lymphatic leukaemia
Pre-B-cell acute lymphoma

t(8;14)(q24;q32)
t(2;8)(p11;q24)

t(8;22)(q24;q11)
t(2;14)(p13;q32)
t(5;14)(q31;q32)

IgH-MYC
Igk-MYC
Igl-MYC
IgH-REL
IgH-IL-3

Involving fusion gene sequences Pre-B-cell acute lymphoma
Acute myeloid leukaemia

Chronic myeloid leukaemia /B-cell acute lymphatic leukaemia

t(1;19)(q23;p13)
t(6;9)(p23;q34)
t(9;9)(q34;q34)

t(8;21)(q22;q22)
t(9;22)(q34;q11)

E2A-PBXσσ
DEK-CAN
SET-CAN

AML1-ETO
BCR-ABL
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306. Unlike activated proto-oncogenes, which are
functionallydominant, most tumour-suppressor genes require
mutation of both autosomal copies to occur, often via
intragenic point mutation of one copy and complete deletion
of the other [U3]. Thus, the genomic location of potential
tumour-suppressor genes is often revealed by the presence of
consistent, region-specific DNA losses in a given tumour type.
As noted in the UNSCEAR 1993 Report [U3], there are,
however, examples where the mutation of one copy of such a
gene can result in a change in cellular phenotype via
intragenicmutations that result in so-calleddominant negative
effects. There are other examples where it seems that one gene
copyis mutatedconventionallyand the other silenced byDNA
methylation; there are also cases where effects from gene copy
number have been found [H11]. Changes in chromosome
complement (ploidy) are common during the development of
many tumours, and it seems likely that some specific
numerical chromosome changes in neoplasia relate to the loss
of tumour-suppressor functions.

307. Overall, the loss of function that is characteristic of the
role of tumour-suppressor genes means that the responsible
mutational events can varygreatly, i.e. there can be intragenic
point mutation/deletion, interstitial chromosome segment
deletion, whole chromosome loss, or epigenetic silencing.
Much will depend on the capacity of the target cell to remain
viable, particularly with the deletion of large segments of
DNA. This position contrasts with proto-oncogene activation,
which demandsrelativelyhigh DNA sequence specificitywith
respect to both intragenic point mutation and gene-specific
juxtaposition or fusion. Few such gain-of-function mutations
are expected to involve large DNA losses.

3. Genes involved in cell-cycle control and
genomic stability

308. Abrogation of normal control of the cell cycle and
maintenance of genomic stability is frequently observed in
neoplasia. These phenotypes are sometimes closely linked,
and recent advances have led to the consensus view that
mutations leading to cell-cycle defects and mutator pheno-
types can be critical for neoplastic development [H12, L10].

309. An example of the effect of tumour-suppressor muta-
tions on cell-cycle control and genomic stabilityis provided by
the TP53 gene, which is mutated in a high proportion of
tumours of various types [G8, L41]. The p53 protein is known
to bind DNA and can act on a transcriptional regulator with
potential effectson cell-cycle progression, DNA repair/recom-
bination, and apoptosis [B43, H13, O1].

310. The half-life of the p53 protein in cells is short but
increases in response to cellular stress, including DNA
damage. Through mechanisms that remain uncertain, the
increase in p53 protein serves to check the cell cycle in G1/S
or sometimes in G2/M. It is believed that such cell-cycle
checkpoints promote cellular recovery from stress, including
the facilitation of DNA repair [H6, H14].

311. According to these proposals, when TP53 is appro-
priately mutated, cell-cycle control and its checkpoints for

repair are compromised, and during subsequent cellular
development, errors of DNA replication and damage repair
accumulate. Failure to adequately effect apoptotic death in
damaged cells is also believed to be a feature of TP53-
deficiency that contributes to neoplastic development [O1].
Other protein products of tumour-suppressor genes that
impinge on cell-cycle control include pRb, p16, p27, and p85,
and a complex series of cascade interactions involving
tumour-suppressor andproto-oncogeneproteins, together with
cytokines, is believed to maintain close control of cell
replication and apoptosis (see [K11, M22, N2]). It can be seen
that many of the mutations that accumulate during neoplastic
development do so because of the need for cooperation in
order to fully compromise normal proliferative control.

312. In this context it has been argued for many years that
the accumulation of the series of gene-specific clonal muta-
tions that are believed to drive tumorigenesis would be
improbable ifnormal genomic stabilitywas maintained. Thus,
recent findings regarding the spontaneous development of
genomic instability in tumours has come as no great surprise.
In addition to the TP53-mediated effects noted above, other
aspects of somatically acquired genomic instability have been
debated widely [H6, L10, L17]. The most important of these
is the role of defects in DNA mismatch repair.

313. Mismatches in DNA base pairing occur at a relatively
high spontaneous rate through replication errors (RER)
and spontaneous oxidative/hydrolytic damage; these mis-
matches are corrected at high fidelity by a repair system
that is highly conserved across species [F3]. Following the
finding of a high frequency of replication errors in short
microsatellite repeat sequences (the RER+ phenotype) in a
variety of tumours, some form of DNA mismatch repair
defect was suspected.

314. Subsequently, manyRER+ human tumours, particularly
those of the gastrointestinal (GI) tract, were shown to harbour
mutations in DNA mismatch repair genes, principallyhMSH2
and hMLH1 [A2, F3, H17, S15]. It is clear, however, that
“instability” genes other than TP53 and those associated with
DNA mismatch repair are somatically mutated in human
tumours. For example, the onset of aneuploidy is often a
feature of the transition from pre-neoplastic to malignant
phenotype, but the genes participating in the control of ploidy
remain poorly understood. Recently, however, a dominantly
expressing gene in this category has been revealed by a
combination of FISH cytogenetics and somatic cell fusion
techniques applied to a panel of colorectal cell lines [L3]; this
gene appears to be functionally independent of TP53 status.

315. Some progress is also being made with respect to
somatic tumour genes that have a known or suspected role
in DNA damage recognition and processing. The 11q22-
encoded ATM gene of human ataxia-telangiectasia (A-T)
and its role in the cellular and biochemical response to
radiation damage are described in Annex F, “DNA repair
and mutagenesis”. With the knowledge that ataxia-
telangiectasia patients are genetically predisposed to the
development of neoplasms of the T-lymphoid lineage, a
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search has been conducted for somatic ATM mutation in
sporadic T-prolymphocytic leukaemia (T-PLL) [S16]. This
investigation revealed that 11q22 losses and biallelic ATM
mutations were present in a high proportion of sporadic
T-PLL, suggesting a tumour-suppressor-like role for this
gene in target T-cell precursors. It may be speculated that
this is associated with its role in controlling genomic stability,
particularly with respect to T-cell receptor sequences. Also
noted in Annex F, “DNA repair and mutagenesis”, is the
growing recognition that the breast cancer suppressor genes
BRCA1 and BRCA2 play a role in the recognition/repair of
damage to cellular DNA. Although the specific functions of
these genes with respect to genomic stability remain to be
resolved, their importance to heritable and sporadic breast
cancer is well established.

4. Early events in multi-stage tumorigenesis

316. In the UNSCEAR 1993 Report [U3], the Committee
recognized the difficulties of identifying the specific genes
that, in mutant form, act at the initiation phase of tumori-
genesis. For some lympho-haemopoietic neoplasms,
specific chromosomally mediated proto-oncogene events
were suggested to occur early in neoplastic development,
and the Mll1 gene data outlined later strengthen this view.
Equally, however, many human myeloid neoplasms are
characterized by region-specific chromosome deletions
[M23], some of which are believed to arise early.

317. In the case of human solid tumours of certain tissues,
there is growing evidence that those genes that act early are
also represented as rare germ-line determinants of heritable
cancer; the principal examples of this association are the RET
gene in thyroid cancer, the APC gene in colorectal cancer, the
VHL gene in renal cancer, the PTCH(patched) gene in basal
cell carcinoma, and the RB1 gene in retinoblastoma/
osteosarcoma [H11, S17, W3].

318. Although the BRCA1 and BRCA2 genes of breast
cancer may be exceptions, a concept of early tumour
development is evolving from the above associations. The
concept requires a relatively tissue-specific “gatekeeper”
gene to be mutated in order for stem-like cells to enter a
phase of inappropriate clonal expansion [K12, S17]; this
expansion then allows for the accumulation of further
mutations. According to the concept, the accumulation of
other mutations in the neoplastic pathway in the absence of
gatekeeper defects will only infrequently result in the
clonal development of recognizable tissue lesions. In
essence, the temporal order of mutational events is likely
to be important for productive neoplastic growth with loss
of specific gatekeeper genes as critical early events.

319. In the UNSCEAR 1993 Report [U3], the Committee
drew heavily on evolving models of colorectal
carcinogenesis to support its views on the mechanisms that
drive the genesis of solid tumours. In the same way, further
data relating to this tumour type, while not necessarily
fully representative of all solid cancers, may also be used
to support the gatekeeper hypothesis.

320. A key element in this hypothesis as it relates to
colorectal cancer is that the first consistent mutation in
tissue lesions should be monoclonal mutation of the APC
gatekeeper gene, which acts as a transcriptional regulator
[N4]. In the main, the data to be discussed later [K12]
support this, but a recent investigation of the temporal
sequence ofgene mutations adds considerable weight to the
argument.

321. Using tumourmicrodissection andallelotypingmethods,
the sequence and tempo of allelic losses in a series of
colorectal cancers at different stages of development was
followed [B10]. The principal losses that were tracked were
those associated with deletion of APC (5q21), TP53
(17p13), and DCC (18q21). In brief, loss of heterozygosity
(LOH) via allelic loss was not recorded in normal tissue
surrounding colorectal tumours. However, 5q but not 17p
losses arose abruptly and consistently at the transition from
normal tissue to benign adenoma; a proportion of adenomas
also showed 18q losses. Losses to 17p occurred equally
abruptly and consistently at the adenoma to carcinoma
transition border, and in highly advanced and invasive
carcinomas, there was a high level of allelic variation
indicative of clonal heterogeneity due to genomic instability.

322. Thus, commencing with APC loss from cells in
normal tissue, the development of colonic tumours is
characterized by abrupt waves of clonal expansion, with
TP53 loss and chaotic allelic variation being critical
watersheds in the evolution of the fully malignant
phenotype. Considering these and other molecular genetic
observations with colorectal cancer, a temporal model of
neoplastic initiation and malignant development has been
proposed [B10]. This is illustrated in Figure XXII.

323. Although critical evidence in support of the gatekeeper
gene hypothesis remains to be gathered, the hypothesis does
account for many key observations made with respect to
tumour genetics. Assuming for the moment that the
hypothesis realistically reflects the processes of tumour
initiation and subsequent development, then the spontaneous
or induced mutation of rate-limiting and tissue-specific genes
will be critical. Albeit less forcefully, the data discussed in this
Chapter also imply that induced mutation of other genes in
the neoplastic pathwayfor a given tissue will tend to be of less
importance. This would be particularly true if a mutator
phenotype, as described earlier, were to arise relatively early
in the development of a malignancy; evidence for such early
development of genomic instability is accumulating [S34].
With such mutator phenotypes, secondarymutations might be
expected to arise in a developing neoplastic clone at a
sufficiently elevated spontaneous rate for exogenous DNA-
damaging agents at low doses to have no great effect on
subsequent tumour development. Some caution is needed,
however, before concluding firmly that the majority of
induced neoplasms will spontaneously acquire genomic
instability during malignant development. In this context it
has been argued that current models of tumorigenesis place
too much emphasis on the elevation of mutation rates and that
cellular selection of evolving clones is more critical [T8].
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Figure XXII. A model of the sequence of genetic events in neoplastic
development in the human colon [B10].

Initial mutations of loss of heterogeneity at the APC locus of a colonic epithelial cell is followed by adenoma
development involving k-ras mutation and DCC loss.
Loss of p53 from advanced adenoma marks the transition between benign and malignant disease characterized in
turn by the development of genomic instability, multiple gene losses and invasive behaviour/metastasis to regional
lymph nodes.

5. Non-mutational stable changes
in tumorigenesis

324. It has been recognized for some years that non-
mutational but stable changes to cellular genomes can
contribute to neoplastic development [C10, F2, U3]. In the
light of knowledge of the role of specific genes in the tumori-
genic process, the central questions are whether the activa-
tion/silencing of such genes can be identified in neoplasms
and what mechanisms are involved. Such non-mutational
mechanisms are broadlytermed epigenetic and are believed to
involve DNA methylation, genomic imprinting, and changes
in DNA-nucleoprotein structure. As will be seen, these
mechanisms are not mutually exclusive.

325. The DNA methylation status is believed to be one of the
principal determinants of gene expression, and numerous
studies have revealed widespread changes in the methylation
patterns of the genomes of neoplastic cells [B11]. According
to one theory, these changes contribute to the epigenetic
modulation of gene expression, while another theory states
that increasedabundanceof5-methylcytosine serves toelevate
spontaneous mutation rates in affected genomic domains.
There is some evidence that both processes can occur, but
attention will be given here to gene expression effects.

326. The promotor regions of genes are often rich in
islands of CpG dinucleotides. These islands are normally
free of methylation, irrespective of the state of expression
of the genes in question [C10]. Studies with a wide range
of neoplastic cells have revealed that de novo methylation
of CpG islands is frequently acquired, e.g. [D4, J2, J3,
M24]. Such effects have been recorded, for example, in a
significant fraction of sporadic retinoblastoma and renal
tumours for the RB1 and VHL genes, respectively. Recently
the p16 gene (various cancers) and oestrogen receptor gene
(colonic cancers) have been shown to be similarly

methylated, sometimes at an early stage of tumorigenesis
[I3, I4, M1]. In essence, methylation-mediated epigenetic
changes in somatic gene expression appear to be an
alternative route tomutation for the inactivation of tumour-
suppressor genes.

327. Cytosine methylation of CpG dinucleotides is also
known to be involved in the process of genomic imprinting,
whereby specific genes are marked during gametogenesis for
subsequent differential somatic expression [B12, C10]. These
imprints, which inactivate one gene copy of sets of autosomal
genes throughout the genome, are retained throughout
development in spite ofa wave ofgenome-wide demethylation
during embryogenesis. Since certain genes involved in
neoplastic development are believed to lie within imprinted
genomic regions, the remaining active copy will be exposed,
and a single somatic mutation can therefore result in the full
expression of a mutant cellular phenotype [F2, U3].

328. Evidence of the involvement of this gametic form of
imprinting on tumorigenesis was outlined in the
UNSCEAR 1993 Report [U3] and has been discussed in
depth elsewhere [F2]. Although the original gene-
inactivating role ascribed to gametic imprinting with
respect to the RB1, IGF2, and H19 genes may be correct in
certain instances, an alternative process may also operate.
According to this second hypothesis, genomic imprinting
serves principally to repress the expression of one somatic
copy of growth-promoting genes. Loss of imprinting (LOI)
during tumorigenesis acts to de-repress this normally silent
copy, thereby increasing gene dosage and contributing to the
deregulation of cellular growth and development. The data
that support this second hypothesis include N-MYC gene
amplification in neuroblastoma, loss of imprinting in
colorectal cancer, and certain aspects of H19 gene activation
and BCR-ABL gene fusion, together with the overall picture
of DNA demethylation in neoplasia [F2, R10, M31].
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329. However, a considerable degree of uncertainty attaches
to the contribution of genomic imprinting in tumorigenesis.
Overall it appears that classical region-specific genomic
imprinting established during gametogenesis may not play a
large role in the development of common tumours. On the
other hand, somatic changes in gene expression that do
involve changes in the methylation status ofcritical genesmay
be widespread in common tumours and contribute signifi-
cantly to their development.

330. The third stream of knowledge concerning epigenetic
changes in gene expression derives from relatively recent
findings in yeast concerning the nature ofDNA-nucleoprotein
interactions and its relationship to chromatin structure. So-
called mating-type switches in yeast depend on the silencing
ofHM mating loci bytrans-acting factors [R11]. Thesilencing
of HM loci has been shown to occur via the action of silent
information regulator (Sir) proteins; these also act on silent
genes close to chromosome termini. Current evidence favours
a role for a complex of Sir and other regulators in sequence-
specific binding to silent target genes, with the acetylation of
neighbouring histone proteins as a critical factor; CpG island
methylation may also be important.

331. Overall it seems that gene silencing demands the
formation of tightly folded nucleoprotein configurations in
chromatin (heterochromatization), with the Sir proteins
playing a role in establishing the necessary pattern of histone
deacetylation. In subsequent studies, a mutant form of the
yeast gene SAS2 was found to enhance the loss of gene
silencing; the yeast and mammalian forms of this gene have
been shown to have sequence homology with several known
acetyltransferase genes. Again, a role in the formation of
heterochromatin structure is implied [R11]. These and other
mechanisms that link gene expression with chromatin
structure have been considered in depth [E4]. Knowledge of
the biochemistry and genetics of Sir proteins also provides
evidence that their diverse functions include regulation of the
cell cycle and repair of DNA double-strand breaks. It has been
suggested that such regulation may involve the provision of
heterochromatic sites for the storage of DNA repair and
replication proteins [G19]. DNA strand break repair is
considered in depth in Annex F, “DNA repair and
mutagenesis”.

332. An association between these gene-silencing
observations in yeast and tumorigenic processes in man
was established by the finding that MOZ, a human
homologue of yeast SAS2, was a partner in a fusion gene
(MOZ-CBP) generated by the primaryt(8;16) chromosome
translocation in human myeloid leukaemia [B13].
Although critical evidence is lacking, it seems feasible that
the fusion protein could act to redirect MOZ acetylation
function to an inappropriate set of genomic domains. In
this waynormal patterns of heterochromatization and gene
activation/silencing would be compromised. Further to
this, there is now evidence of a synergy between DNA
demethylation and inhibition of histone deacetylase in the
re-expression of genes silenced during tumorigenesis
[C18].

333. Thus it is becoming clearer that region-specific
changes in the heterochromatic state of chromosome
regions can have profound effects on gene expression.
Given the accepted role of gene expression changes in
neoplasia, it would be surprising if the acetylation-related
MOZ-CBP fusion noted above proved to be an isolated
example of oncoprotein involvement, and recent studies
point towards a more general role in neoplasia of the genes
involved in modifying chromatin [K18].

6. Summary

334. Proto-oncogenes and tumour-suppressor genes
control a complex array of biochemical pathways involved
in cellular signalling and interaction, growth, mitogenesis,
apoptosis, genomic stability, and differentiation. Mutation
of these genes can, in an often pleiotropic fashion, com-
promise these controls and contribute to the multi-stage
development of neoplasia. Mutant proto-oncogenes disturb
cellular homeostasis in a dominant gain-of-function
manner, whereas for tumour-suppressor genes sequential
loss-of-function mutation of both autosomal copies is
usually, but not always, required. Thus, proto-oncogene
mutations are invariably subtle, while the mutations of
tumour-suppressor genes can range up to gross DNA
deletion.

335. On the basis of accumulating knowledge it is argued
that early proto-oncogene activation by chromosomal
translocation is often associated with the development of
lympho-haemopoietic neoplasia. In contrast, for many solid
tumours there is a requirement that tissue-specific tumour-
suppressor genes that act as gatekeepers to the neoplastic
pathway must undergo mutation; some of these mutations
directly or indirectly affect control of the cell cycle and
apoptosis. On the basis that solid tumour initiation is most
frequently associated with tumour-suppressor gene mutation,
it has also been proposed that the subsequent onset of
spontaneous genomic instabilityvia further clonal mutation is
a critical event in neoplastic conversion from a benign to a
malignant phenotype. Loss of apoptotic control is believed to
be an important feature of neoplastic development and is
described in more detail later in this Annex. Apoptosis as a
response to radiation is also discussed in Annex F, “DNA
repair and mutagenesis”.

336. In spite of continuing gains in knowledge, it is
important to recognize that much of the information
available on multi-stagetumorigenesis remains incomplete,
thus limiting the predictive power of mechanistic models
that seek to describe these complex cellular processes.
Although the concept of sequential and interacting gene
mutations as the driving force is more firmly established,
there is a lack of understanding of the complex physio-
logical interplaybetween these events and its consequences
for cellular behaviour and tissue homeostasis. It is also
important to stress that the concepts outlined in this
Section derive from detailed studies in a somewhat limited
set of tumour types; there is an inherent danger in applying
a single mechanistic concept to all or many tumour types.
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337. Uncertainty also surrounds the degree to which non-
mutational (epigenetic) changes to the genomes of neoplastic
cells contribute to tumorigenesis. Increases in the methylation
status of critical tumour-suppressor genes is known to be an
alternative to mutational inactivation in a range ofneoplasms,
and loss of methylation imprints may also serve to increase
the activity of some growth-promoting genes. DNA methyla-
tion is also believed to be involved in the genomic imprinting
processes occurring during gametogenesis, but these may not
make a major contribution to tumorigenesis. New evidence
also implicates histone acetylation in genomic hetero-
chromatization and gene silencing. It is suggested that such
gene silencing maymake a potentially important contribution
to epigenetic change.

338. An important feature of recent studies has been the
clarification of the role of specific gene mutations in tumours
that serve to destabilize the genome, thereby allowing for the
rapid spontaneous development of clonal heterogeneity and
tumour progression. Although critical evidence is lacking, it
is possible to envisage that after this transition point is
reached, tumour development may be relatively independent
of exogenously induced DNA damage.

C. CELLULAR AND MOLECULAR
TARGETS FOR TUMOUR INITIATION

339. In the UNSCEAR 1993 Report [U3], the Committee
reviewed data for appraising the cellular targets that are or
might be involved in tumour initiation. The critical question
posed was whether the mutation of single genes in a single
normal target cell in tissue could, in principle, divert that
mutant cell into a potentially neoplastic pathway. At the time
of the UNSCEAR1993 Report, the evidence available broadly
supported thisview. Uncertaintieson this issue were, however,
recognized, and since that time there have been further
developments, which are summarized in the following
paragraphs.

1. Monoclonal origin of tumours

340. The critical features of human and animal tumours that
lend support to the single-cell (monoclonal) origin of tumours
are that they exhibit (a) consistent and characteristic
chromosomal and/or gene mutations in all neoplastic cells, (b)
clonality with respect to the expression of X-chromosome-
encoded genes in tumours of females, and (c) characteristic
monoclonal restriction enzyme polymorphism of known and
anonymous DNA sequences. It has also been noted that
molecular analysis of human tumours associated with
exposure to chemical carcinogens and ultraviolet radiation,
together with that of tumours arising in genetically pre-
disposed individuals, adds weight to the concept that the
majority of tumours are of single-cell origin [U3].

341. It was recognized, however, that because such analyses
are performed on macroscopic neoplasms, monoclonality
might, in some circumstances, be due to cellular selection via
proliferative advantage, i.e. initially neoplasms are pre-

dominantly polyclonal but become increasingly monoclonal
during early growth. Although this issue remains somewhat
problematical, a number of recent observations allow further
comment.

342. The first observation concerns tumours that are believed
to have their origins in utero. Some leukaemias arising in
monozygotic twin children have, in the past, been shown to
share the same primary chromosomal anomaly, implying, but
not proving, that they arose in a monoclonal fashion from an
early precursor cell population present when the two fetuses
shared a common (in utero) blood supply. This interpretation
has been greatly strengthened by the finding that such
leukaemia in monozygotic twins can have identical molecular
rearrangements of a proto-oncogene termed Mll1 [F6].

343. The monoclonality of childhood solid cancers is also
strongly supported by the finding that a specific tumour-
suppressor-gene-associated chromosome loss/reduplication
event in early embryogenesis can lead not only to mosaicism
in normal tissue but also to the development of monoclonal
Wilms’ tumour [C11].

344. A second line of evidence concerns further
developments in the understanding of multi-stage colon
carcinogenesis [U3]. Mutation/loss of the tumour-suppressor
gene APC has for some time been believed to be a critical
early event in the development of human colon cancer. Up to
about 70% of early colonic adenomas show apparently
monoclonal structural/functional loss of this gene [P5], and a
critical role in tumour initiation seems likely [B10].

345. With use of a mouse (Min) model of intestinal carcino-
genesis, this view of monoclonal tumour initiation has been
strengthened. In essence, aberrant crypts, the earliest
intestinal lesions detectable microscopically, have been
microdissected from Min mice and shown to be monoclonal
with respect to Apc loss [L18, L19] (but see also para. 284].
This and another mouse model of myeloid leukaemia,
described below, have also been used to provide evidence of
early monoclonal events associated with radiation tumori-
genesis. There are also data describing early events in thymic
lymphomagenesis [M33].

346. Given the recent evidence outlined in this Annex and
that previously reviewed by the Committee [U3], it seems
likely that the vast majority of tumours in humans and
animals arise from mutation of single target stem-like cells in
tissues. This view continues to find the support of most
commentators but has been debated widely [A3, F7, F8, R12].

347. The Committee also noted publications where tumour
monoclonality has been questioned [U3], and a striking
contribution to the debate was recently published [N3]. The
basic finding was that a large proportion of intestinal
adenomas in the gastrointestinal tracts of human familial
adenomatous polyposis patients, who were also XO/XY in
genotype and therefore mosaic for the Y-chromosome, was
apparently polyclonal. In this study polyclonality was judged
by the presence within single adenomas of a mixed
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population of cells with respect to the Y-chromosome
sequence. By this measure, up to 76% of adenomas were
polyclonal. However, early Y-chromosome loss and field
effects creating tumour clustering and collision [U3] might
contribute to this finding.

348. Tumour clustering may also explain new data on the
apparent polyclonality of a proportion of spontaneously
arising intestinal adenomas in Min mice as assessed by
genetic features other than Apc loss [D9]. Thus, polyclonality
may be acquired during adenoma development rather than
arising de novo at the time of initiation. For example, fusion
of independent Apc-deficient microclones may allow for
cooperativegrowth. Thesedata illustrate some of the problems
that remain in resolving the early molecular events and
complex cellular interactions of tumour development. In spite
of these uncertainties there remain experimental data on
intestinal tumorigenesis that forcibly support monoclonality
for induced neoplasms [G11].

2. Molecular targets for radiation
tumorigenesis

349. Following its reviewof the mechanisms of mutagenesis,
oncogenesis and the data available on molecular targets, the
Committee suggested that loss of critical tumour-suppressor
genes via DNA deletion might be the principal mechanism by
which radiation damage might contribute to tumour develop-
ment [U3]. It was suggested that proto-oncogeneactivation via
point mutation or chromosomal rearrangement played a less
critical role overall but might be important for certain
tumours.

350. Direct human data relating to these issues remain,
however, fragmentary. As noted in Annex F, “DNA repair
and mutagenesis”, more data have emerged on TP53 gene
mutations in radiation-associated human tumours, particu-
larly lung tumours. Unfortunately the interpretation of these
data remains highly problematical, and at present it is not
possible to judge whether intragenic mutation of this gene is
an earlyradiation-associated event in anyhuman tumour type.
TP53 gene mutations have also been studied in liver tumours
arising in excess in patients treated with the radiographic
contrast agent thorotrast, which contains alpha-emitting
thorium oxide [I14]. These studies comment more on
secondary TP53 mutation than on early radiation-associated
events in liver tumorigenesis.

351. In the case of human thyroid cancer, chromosomally
mediated rearrangement of the RET proto-oncogene is a
common but not invariate feature; such events are believed to
occur early in the genesis of the papillary form of this tumour
[Z1]. RET proto-oncogene rearrangementshavebeen found in
some cases of papillary childhood thyroid cancer arising in
areas contaminated by the Chernobyl accident. Since three
different forms of RET rearrangement are present, overall,
among spontaneously arising papillary thyroid cancer cases,
it is possible that in radiation-associated cases one particular
form will predominate. A recent commentary [W4] on one
data set suggests that the spectrum of these rearrangements in

Chernobyl-related papillary thyroid cancer is unremarkable,
although in other studies [B14, K13] one type (RET/PTC3)
appeared to be more frequent than expected. A causal
relationship between RET rearrangement and radiation
remains, therefore, a matter ofsomeuncertainty. Nevertheless,
the finding of RET rearrangement following experimental
high-dose irradiation of human thyroid cells [M25] suggests
that specific and rare RET proto-oncogene rearrangements
associated with the genesis of these tumours can be induced by
radiation.

352. The study of second cancers after radiotherapy [C12,
C28] provides another direct approach to the problem.
Investigations of gene-specific mutations in such tumours
have yet to be particularly informative, and at this stage of
knowledge cytogenetic approaches may prove to be more
productive. Studies that include cytogenetic evaluation of
therapy-related sarcoma, meningioma, and rectal carcinoma
provide some evidence that chromosomally complex mono-
clonal tumours having hypodiploid karyotypes with multiple
deletions may be most common [C13, C28]. The number of
therapy-related tumours characterized in this way remains,
however, too small to make these findings conclusive.

353. With respect to target DNA regions and genes for
radiation tumorigenesis, more rapid progress is being made
through the use of experimental models of tumorigenesis in
rodents. Regarding as yet uncharacterized molecular targets,
some studies with breast and thyroid clonogens provide
evidence of an apparently high frequencyof tumour-initiating
events that, it is argued, may reflect the involvement of non-
mutational processes [C19, U3]. Uncertainties attaching tothe
status of these events are discussed later in this Annex, and
here attention will focus on mouse models that more
specifically suggest genomic targets for tumorigenesis. Three
examples of this work are given below.

354. In a mouse genetic model of germ-line p53-deficiency
(p53+/�), quantitative studies of tumorigenesis (principally
lymphomas and sarcomas) showed these mice to be extremely
sensitive to tumour induction by an acute dose of 4 Gy from
gamma rays [K2]. Of particular note was the shortening of the
tumour latency period after irradiation. Molecular studies of
these tumours revealed that complete loss of wild type p53
was a consistent event; these data, together with those from
quantitative studies, provided good evidence that p53 and
surrounding sequences could act as a direct target for
radiation.

355. A somewhat unexpected finding was that in almost all
cases of p53 loss from induced tumours there had been
duplication of the mutant p53 gene. A likely reason for this
was provided by subsequent in vivo analyses of post-irradia-
tion cytogenetic damage in the haemopoietic system ofmurine
p53 genotypes [B4]. These studies showed that although p53-
deficiency had only marginal effects with respect to the
frequency of structural chromosomal rearrangements after
radiation, there were substantial effectson whole chromosome
loss and gain (aneuploidy). This enhancement of radiation-
induced aneuploidy appeared to be driven bya p53-associated
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defect in a G2/M cell-cycle checkpoint. Thus, it was suggested
that loss of wild type p53 occurred through loss of the whole
of the encoding chromosome (chromosome 11). For the
purposes of establishing genetic balance and viability, there
was strong selection for those cells that had duplicated the
remainingchromosome11, which accounts for theduplication
of mutant p53. On this basis it may be seen that in some
circumstances the molecular target for radiation oncogenesis
may be as large as a whole chromosome.

356. Somewhat similar studies have been undertaken using
the Min mouse (Apc+/�) model of intestinal carcinogenesis
[S18]. Using F1 hybrid mice carrying the Apc mutation, a
2 Gy whole-body dose from x rays has been shown to double
the spontaneous incidence of intestinal adenomas [E5]. In
hybrid genetic backgrounds it is possible todetermine through
the use of polymorphic microsatellites whether spontaneous
and radiation-associated adenomas arise through early loss of
wild type Apc and, if so, the type/extent of the mutation
involved. Published studies [H32, L20] reveal that complete
loss of wild type Apc is characteristic of the majority of both
spontaneously arising and radiation-associated early adeno-
mas. These mutational events may involve whole chromo-
some loss or interstitial deletions, but deletion events tend to
predominate in radiation-associated adenomas [H32]. Again,
therefore, a tumour-suppressor gene appears to be acting as a
direct target for radiation, with gene losses usually being
associated with gross deletion events.

357. The third example of informative animal data concerns
the induction byradiation of acute myeloid leukaemia (AML)
in certain strains of mice. It has been known for some years
that theseacutemyeloid leukaemiasareconsistentlyassociated
with early arising deletions from chromosome 2 [B15, H15].
More recently, however, cytogenetic studies of bone marrow
cells of irradiated mice [B16] have revealed that characteristic
chromosome 2 deletions are apparent within the first few days
following in vivo irradiation. Carrier cells of stem-like origin
remain, however, relativelyindolent in bone marrowfor many
months until unknown secondary events trigger them into
rapid clonal expansion prior to the development of overt
monoclonal acute myeloid leukaemia. The identityof the gene
loss from mouse chromosome 2 that initiates acute myeloid
leukaemia development remains unknown, but the critical
chromosomal region encoding an acute myeloid leukaemia
suppressor gene has been narrowed to around 1 cM (~106 base
pairs) [C5, S40]. Thus, data on the mechanisms of radiation-
induced murine acute myeloid leukaemia point to tumour-
initiating loss of gene function from stem-like cells in bone
marrow, followed by the accumulation of spontaneous
secondary events that trigger initiated cells into a pathway
leading to monoclonal leukaemia development.

3. Summary

358. On the basis of a large body of data it may be judged
that, in the main, tumours appear to have their origin in
gene/chromosomal mutations affecting single target stem-like
cells in tissues. It is recognized, however, that there are

circumstanceswhere earlyphasesoftumour development may
be bi- or even polyclonal and that monoclonal selection occurs
later.

359. Direct evidence on the nature of radiation-associated
initiating events in human tumours is sparse, and rapid
progress in this area should not be anticipated. By contrast,
good progress is being made in resolving early events in
radiation-associated tumours in mouse models. In the case of
tumours induced in p53 and Apc heterozygously deficient
mice, radiation appears to target the remaining wild type
tumour-suppressor gene via gross chromosomal deletion.
Radiation-induceddeletion ofa specificchromosomal segment
also appears to act as an initiating event for mouse acute
myeloid leukaemia. Thesemolecular observations lendfurther
support to the view expressed in the UNSCEAR 1993 Report
[U3] that radiation-induced tumorigenesis will tend toproceed
via gene-specific losses from target stem cells.

D. CELLULAR FACTORS THAT COUNTER
ONCOGENIC DEVELOPMENT

360. Somatic cells employ a series of measures to protect
against the development of abnormal and potentially
neoplastic phenotypes. In essence, a certain proportion of
these barriers has to be breached by the cell before it
becomes committed to malignant development. Thus, the
process of multi-stage oncogenesis may be viewed as the
stepwise acquisition of cellular properties that allow
evasion of these protective functions [U3].

1. Control of cellular proliferation
and genomic stability

361. The ordered replication of DNA during the
reproductive cell cycle, the equal sharing of the replicated
genome to the daughter cells, and the close control of mitotic
activity is an essential element of normal tissue development
and maintenance [U3]. Under normal circumstances cells can
respond to specific mitogenic stimuli, continue proliferation
while that stimulus is maintained, and fall to a resting state
when it is removed. Such normal somatic cells are also
believed to have a finite lifespan, and as a consequence of an
internal genetic programme, after completing a given series of
reproductive cycles, they cease proliferative activity and enter
a degenerative senescence phase. There is also a strong
requirement for phase controls within the reproductive cycle
itself, such that DNA replication is appropriately initiated and
completed before genomic segregation to daughter cells and
that in the event of non-optimal cellular conditions, the cell
cycle is checked until the problem is rectified. Cell-cycle
checkpoints may be particularly sensitive to induced DNA
damage, and there is some evidence that the presence of very
few DNA double-strand breaks can lead to cell-cycle arrest
[H23].

362. In recent years much has been learned of the control of
cellular proliferation [N2], the process of cellular senescence
[H3, H5, S4], and the importance of cell-cycle checkpoint
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control [H7] for maintenance of genomic stability. As this
information accumulates, it has become evident that all of the
above normal controls are potentially subject to mutational
change during multi-stage oncogenesis and therefore require
some consideration in the modelling of tumour development.

363. The information discussed previouslybythe Committee
[U3] and in Section B of this Chapter includes a number of
examplesofhowgene/chromosomal mutationsandsometimes
epigenetic events in tumours can compromise control of the
cell cycle (e.g. RB1, TP53, and p16) and/or decrease genomic
stability, e.g. TP53, DNA mismatch repair genes, and ATM.
As noted earlier, the resulting abnormal patterns of cellular
proliferation and the generation of clonal heterogeneity are
sentinel features of neoplastic growth, representing the escape
from normal cellular constraints. Thus, precise control of the
cell cycle and high-fidelity DNA damage recognition/repair
are clearly important protective factors against tumour
development. Also associated with proliferative control and
genomic stability are the DNA sequences present at
chromosome termini (telomeres).

364. The characteristic hexamer repeat sequences
(TTAGGG) at mammalian telomeres erode via incomplete
replication during each cell cycle. Since the majority of
human somaticcells lack expression of the enzyme telomerase
that adds these hexamer repeats to telomeres, it has been
suggested that the process of erosion acts as a “molecular
clock” (see [H16, K14]). In this way the replication potential
of somatic cells is limited, and there is direct evidence that the
senescence of human cells is, in some part, determined by the
absence of telomerase [B35, J4].

365. During the senescence process as measured in vitro,
there is a tendency for cells to become chromosomally
unstable, with manyof the resulting aberrations being centred
on chromosome termini [C14, K14]. Thus, telomeric erosion
during senescence renders chromosomes prone to end-to-end
association and subsequent cycles of breakage and fusion.

366. It is believed that telomere-sequence-mediated cellular
senescence is one of the means whereby cells may be
eliminated from neoplasticpathways. It follows, therefore, that
in human cells the stabilization of telomeres and the
generation of immortal or lifespan extended phenotypes is
likely to be a critical step in tumorigenesis [G9, K14]. In
accord with thisproposition many, but not all, human tumours
have been shown to carrystabilized telomeres via reactivation
of telomerase or utilization ofalternative pathwaysoftelomere
maintenance (see [B17, K14]).

367. Although good progress continues to be made in this
whole area, a simple relationship between senescence,
immortalization, telomerase, and tumorigenesis should not
be inferred [B17, J4, L21].

2. Programmed cell death and gene expression

368. Programmed cell death, also termed apoptosis, plays
an important role in restricting the growth of many normal

cell lineages and is an important element in the regulation
of organ development and maintenance [R3]. Apoptotic
processes are believed to be controlled by the interaction of
intra- and extracellular factors with the signalling machinery
of the cell. These signals, or in some cases their absence, can
trigger the recipient cell into a characteristic biochemical
suicide pathway that usually involves genomic degradation.
Importantly, apoptotic responses can also accompany
exogenous insult, induced by ionizing radiation, genotoxic
chemicals, and other sources of stress; in some cellular
systems these responses have been associated with prior
perturbation of the cell cycle. The biochemistry and genetics
of apoptosis are becoming much better understood, and
advances in the whole area have been reviewed extensively
[C16, H22, K6] and have received comment with respect to
radiation protection [S22]. A detailed description of these
mechanisms is beyond the scope of this Annex, but a brief
outline is appropriate.

369. The process of cellular apoptosis may be divided
conveniently into three phases: initiation, effector, and
degredation (nucleolytic and cellular). The initiation phase
differs according to cell type and the source of stress, while
the effector and degradation phases, although regulated, tend
to be more uniform [K7]. As noted in Section B, a range of
proto-oncogenes and tumour-suppressor genes participate in
the intracellular signal cascades that can initiate apoptosis.
Here, information on two apoptosis-related genes, TP53 [E3]
and Bcl2 [K7], will be presented.

370. Biochemical studies indicate that almost all productive
mutations of TP53 compromise the ability of the protein to
bind to gene-specific DNA sequences and to regulate tran-
scription; in general, the cellular consequences are alterations
in growth arrest or apoptosis. Although p53 protein response
is apparent under a range of stresses, recent studies suggest a
common root. A series of findings (see [K5]) imply that intra-
cellular oxidative stress is a critical trigger for p53-mediated
apoptosis. Together with p85 and perhaps Abl protein, p53 is
believed to regulate the redox state of the cell [K5, Y3], and
it is this state that maybe a common determinant of apoptosis
or survival. Other aspects of p53-dependent and develop-
mentally regulated apoptosis including the role of ceramide
are discussed in Annex F, “DNA repair and mutagenesis”.

371. The second example concerns the genes in the Bcl2
family [K6, K7]. These include Bcl XL, Bcl-w, and Blf-1
(death antagonists) and Bax, Bak, Bcl X5, and Bad (death
promotors). The protein products of these genes participate
in a complex network of biochemical reactions that differ
between cell types. These pathways may be linked with
Raf, MEK, and Jun amino terminal kinase (JNK) protein
and also, via Ras protein, with the p85 pathway noted
above [K7, P6].

372. In a broad sense it is believed that it is the balance
between pro- and anti-apoptotic factors that determines cell
fate [K7]. Thus, apoptotic signals via, for example, cell
surface receptors, redox changes, reactive oxygen species,
and Ca++ ion concentration (initiation phase) are sensed by
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a All changes evident within the first four hours following radiation exposure. Neutron dose rates: 1 mGy min -1 and 140 mGy min -1; gamma ray
dose rates: 10 mGy min -1 and 120 mGy min -1.

the Bcl-2 regulatory complex, resulting in changes in
mitochondrial permeability (effector phase). According to
current proposals, the degredative and nucleolytic phases
then proceed as a consequence of the release of directly
apopto-genic factors, e.g. caspases, superoxide anions, and
endo-nucleases from mitochondria into the cellular cytosol
[K7].

373. Overall, it may be seen that cells possess a highly
developed system for detecting stress, eliciting biochemical
responses, and, in essence, deciding on the basis of bio-
chemical balance whether to survive or to proceed towards
cell death.

374. The potential of these stress-related apoptotic pathways
to reduce tumorigenic risk, although not formally established,
is strongly indicated. There appear to be at least two principal

points of action of apoptosis during tumorigenesis. There is
evidence for at least three stress-related pathways in cells that
respond to genotoxic insult, including that from ionizing
radiation, i.e. those pathways centred on Abl, JNK, and p53
proteins [C4]; the p53 pathway has been judged to be the
“universal sensor” of damage in normal cells. A variety of
other cellular genes have also been shown to be up- or down-
regulated in response to radiation. While a comprehensive
review of such studies is beyond the scope of this Annex,
Table 15 provides, by way of example, a summary of the data
obtained after neutron or gamma-ray exposure of Syrian
hamster cells [W10]. These results were obtained after
exposures of 0.21�2.0 Gy of neutrons or 0.96�3.0 Gy of
gamma rays at low and high dose rates. These data should
not, however, be taken as representative of mammalian cells
in general, and cell type dependency in induced gene
expression should be expected.

Table 15
Radiation effects on gene expression in Syrian hamster cells
[W10]

Gene
Effect on expression a

Function
Neutrons Gamma rays

Interleukin-1
β-actin
γ-actin
β-PKC
Rp-8
c-fos
c-myc
α-tubulin
fibronectin
Interleukin-6
Proliferating cell nuclear Ag (PCNA)
Superoxide dismutase
c-jun
Rb
H4-histone
p53

Increase
Decrease
Increase

No change
Increase
Decrease

No change
Increase
Decrease
Increase
Increase

-
Increase
Decrease
Decrease

No change

Increase
Decrease
Increase
Increase

No change
Increase

No change
Increase
Increase

-
Increase
Increase
Increase
Increase
Increase

No change

Cytokine
Cytoskeleton
Cytoskeleton
Signal transduction
Apoptosis
Transcription factor
Nuclear protein
Cytoskeleton
Cellular matrix
Cytokine
Transcription factor/repair
Scavenger
Transcription factor
Nuclear protein
Nuclear protein
Nuclear protein

375. The development of high-throughput screening
technologies promises to greatly increase the power of
resolution of studies on such radiation-associated changes in
gene expression in mammalian cells. For example, using
these new techniques a linear non-threshold dose response for
the transcriptional induction of the stress-related genes
CIP1/WAF1 and GADD45 has been demonstrated for gamma
raydoses in the range 20�500 mGy[A18]. The consequences
of such induced stress responses for low-dose tumorigenesis
remain a matter for speculation. Nevertheless, an association
between the in vitro induction ofPBP 74 gene transcription by
250 mGy radiation and human cell hypersensitivity to cell
inactivation might be explained by some form of damage
threshold for the enhancement of DNA repair [A18, S41].
One speculation is that if such a hypersensitive mechanism for
cell inactivation were to dominate at low doses (say, up to
around 100 mGy), mutation induction rates would be

depressed, leading to a non-linear and, perhaps, a threshold-
type relationship for radiation cancer risk [J8]. If, however,
this increased sensitivity to cell inactivation were to be
accompanied by increased cell mutation rates, no such
threshold would be expected. The data available do not allow
these two possibilities to be distinguished, although some of
the data discussed in Annex F, “DNA repair and
mutagenesis”, suggest a direct dose-effect relationship
between cell inactivation and gene mutation. Stress-related
cellular responses are also discussed in Annex F, “DNA
repair and mutagenesis”, which draws attention to new work
that associates the appearance of specific novel proteins with
cellular stress.

376. In the absence of complete DNA repair fidelity, the
whole organism gains a large advantage by promoting the
death of damaged and potentially neoplastic cells. However,
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the true effectiveness of apoptotic pathways in removing such
aberrant cells cannot be judged at this time. The mere fact that
the frequency of gene/chromosomal mutations increases in
cell populations surviving genotoxic insult argues against an
extremely high capacity for apoptotic surveillance of muta-
genic damage in all cell types. In the context of ionizing
radiation, the shape of the low dose response for the induction
of apoptosis in different cell types remains veryuncertain, and
equal uncertainty surrounds the influence of dose rate.
Accordingly, for the purposes of modelling tumorigenic risk,
judgements on thebalance between mutagenesis and apoptosis
at low doses cannot be made with confidence. The
radiobiological factors that influence the induction of
apoptosis vary with cell type, and there is also some
dependency on the mechanisms involved [B27, S29]. In
general, doses greater than 0.5 Gy of low-LET are necessary
to obtain statistically significant increases in apoptotic rates;
a plateau in the dose response is frequently seen at doses
>5 Gy. In the well-studied human lymphocyte system there is
evidence that the induction ofapoptosis is largelyindependent
ofLET and dose rate, implying that in these cells, initial DNA
damage is more important than its repair [V4]. DNA double-
strand lesions are believed to be one of the determinants of
apoptotic response, but some have suggested that damage to
plasma membranes may also act as an apoptotic signal [O4].
There is also evidence of linkage of the signalling of apoptosis
and cell-cycle arrest; for example, a protein known as survivin
has been implicated in the control of both apoptosis and a
mitotic spindle checkpoint [L37]. Additional aspects of
apoptotic response are discussed in Annex F, “DNA repair
and mutagenesis”.

377. Apoptosis is also believed to play an important role
in tumour cell survival during post-initiation clonal
expansion. At a critical point during clonal expansion, the
oxygen supply to the neoplasm begins to become limiting
[F4, U3]. It has been proposed that under these circum-
stances the redox stress placed on tumour cells triggers an
apoptotic response, with cell death being most pronounced
in the regions most distant from vascular supply [K5, N5].
Thus, during this phase in tumorigenesis, apoptosis will be
playing a crucial role in limiting in situ growth and
invasive behaviour.

378. Given the scenarios noted above, it is not surprising
that a broad array of tumour types carry a variety of mutant
genes that directly or indirectly uncouple stress response
and apoptosis. Resistance to apoptosis may be viewed as
the means wherebycell survival is favoured over cell death,
and under conditions of in vivo stress, this phenotype will
tend to be strongly selected. The p53 pathway appears to be
the universal sensor of cellular stress, and it is this feature
that may make loss-of-function TP53 mutations so
prominent in human tumorigenesis.

379. Overall, it is judged that apoptotic suicide of cells
provides an important protective mechanism against aberrant
cell growth and neoplasia. However, via gene-specific
mutation, a number of potential bypasses or mechanisms of
tolerance are available.

3. Cellular differentiation and other
cellular interactions

380. The stepwise accumulation of genetic/epigenetic events
demands continuing growth potential in cells that have
sustained a neoplasia-initiating event. Running counter to this
is the normal process of terminal cellular differentiation,
whereby uncommitted progenitor cells assume specialized
functions in tissues and no longer retain proliferative
potential. Thus, a developing subpopulation of cells maycarry
a tumour-initiating mutation that, for example, deregulates
cellular proliferation but in the absence of further phenotypic
change will complete a quasi-normal programme of terminal
differentiation mediated by cellular interactions.

381. In this way neoplasia-initiated cells will, in the absence
of other changes, exit the pathway to malignancy. Thus, the
antiproliferative process of terminal differentiation will tend
to be rate-limiting with respect to overt malignancy and may
be evidenced by the accumulation of benign lesions in tissues.
There are numerous examples of associations between proto-
oncogene/tumour-suppressor gene functions and cellular
differentiation/development [K1, L1, R2, S3]; here it will be
sufficient to give only a few examples.

382. In the case of the lympho-haemopoietic system, the
development of the different cell lineages is known to depend
on a complex interplay between cell-cell interaction, cyto-
kines, and intracellular signalling cascades [O2]. The genes
AML1 and tal/SCL have been implicated in haemopoietic
stem-cell differentiation and, in mutant form, are known to
contribute to the genesis of certain types of leukaemia. Other
examplesof leukaemia/lymphoma-associatedgeneswith roles
in normal differentiation processes include genes of the Hox
and Pax families, RBTN2, RARA, and Mll1 [O2, R2]. As
noted in Section B, the functional development of the T- and
B-haemopoietic cell lineages is highly dependent on the
recombination of immune gene sequences, and specific mis-
recombination of these sequences makes a major contribution
to T- and B-cell neoplasia. Recent evidence also links
downstream signals from these recombinogenic processes
with subsequent clonal growth and differentiation; that is,
normal growth and differentiation of cells may be blocked
if recom-bination does not proceed normally [W5]. In
general, it may be concluded that many mutations in
lympho-haemopoietic neoplasia serve to compromise the
closely controlled process of cell-lineage-dependent
differentiation.

383. Similar evidence exists with respect to solid tumours
[L14]. For example, via its interaction with Ras proteins,
the protein product of the NF1 tumour-suppressor gene
plays a role in regulating the normal growth and
differentiation ofneural cells, and the Ras/Raf/MAP kinase
intracellular signalling pathway appears to play a more
general role in the regulation of cellular differentiation. In
addition, there are data that support a role for tumour-
associated catenin/APC, Rb1, and DCC proteins in
transcriptional regulation/cellular signalling processes that
control cell-lineage-dependent growth and differentiation.
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384. Thus,manyformsofproto-oncogene/tumour-suppressor
gene mutations, often in combination and via perturbation of
cellular signalling, will have dual effects on cellular growth
and differentiation. The maintenanceofconstitutive growth of
stem-like cells having differentiation defects maybe viewed as
an important element in the early phases of tumour
development. In essence, the homeostatic imbalance created
by these mutations will tend to promote the clonal expansion
of cells having limited potential for terminal differentiation.
Alone, however, such clonal growth may not be productive,
since the cells will be potentially subject to senescence and
apoptosis, both of which serve to limit the opportunity to
accumulate the further mutations necessary for overtly
malignant development. Nonetheless, as noted earlier, each of
the processes of senescence and apoptosis may itself be
compromised by gene mutation, e.g. by telomerase
deregulation and TP53 gene mutation, respectively. In
principle, therefore, extended clonal growth can be achieved.
Further to this, and in accord with previous discussion, the
early appearance of genome-destabilizing mutations may
dramatically accelerate neoplastic development.

385. Overall, the frequencywith which the genes involved in
normal cellular differentiation are mutated in tumours
testifies to the protective function offered by terminal cellular
differentiation to a non-proliferative state. It is judged,
however, that alone, such aberrant differentiation is usually
insufficient for full malignancy and that cooperating
mutations that further extendclonal lifespan and/or destabilize
the genome are likely to be required.

386. Intercellular transmission of biological signals followed
by intracellular biochemical cascades is believed to be an
integral component of the differentiation of cells. Not sur-
prisingly, cell-to-cell communication has alsobeen implicated
in the expression of neoplastic phenotypes, and more recently,
cellular communication has been shown to influence radiation
response.

387. The UNSCEAR 1993 Report [U3] reviewed the role of
cellular communication via gap junctions in neoplastic
development. In summary, it is believed that the
establishment of such intercellular communication can lead to
the suppression ofneoplastic features byneighbouring normal
cells. During clonal evolution, however, many tumour cells
lose the capacity to communicate with normal cells and in this
way become less receptive to tissue regulation, i.e. they
become increasingly autonomous. Mechanistic links between
gap junction processes, tumour promotion, and cell cycle
control were also discussed in the UNSCEAR 1993 Report
[U3]. In respect of radiation response, the term “bystander
effect” has been coined to describe a range of in vitro
responses occurring in unirradiated cells that are close
neighbours of others receiving a given radiation dose, usually
from single ionizing particles.

388. The effects seen in bystander cells include changes in
gene expression [A19], lethality [M49], sister chromatid
exchange [D13], chromosome breakage [P21], and gene
mutation [N11]. The mechanisms involved are not well

understood but are believed to involve the transfer of factors
from irradiated cells via the extracellular medium or via
intercellular communication [A19, M50]. Such effects have
yet to be demonstrated in vivo, and their consequences for
tumour risk cannot be judged. In the context of this Annex,
the most important data set concerns apparent alpha-particle-
induced bystander effects on gene mutation [N11]. These
studies imply that at a low fluence of alpha particles, the
frequencyof gene mutations arising in bystander cells exceeds
byup to fivefold that in cells intersected bysingle particles. At
higher particle fluences, the bystander contribution to
mutation rates decreases, and in this way the dose response for
mutation induction is supralinear, with a steep rise at doses
below ~50 mGy. Assuming that there is a direct relationship
between mutation rate and tumour risk, the data noted above
imply that per unit dose of alpha particles, tumour risk at
doses below ~50 mGy is substantially greater than that at
higher doses. Whether these data represent an important
source of uncertainty in high-LET radiation risk estimates
must await replication of the studyand the establishment of its
generality, particularly in the in vivo situation. Other data on
radiation response implicate cellular interactions in the
induction of genomic instability [G20, M51] and in adaptive
responses [I15]. Some studies in this general area also imply
that cellular DNA may not always be the principal target for
radiation effects, particularly those that may have transient
epigenetic components. Although it remains difficult to
integrate such data intoa mechanisticframeworkfor assessing
tumour risk at low doses, the findings noted above caution
against a dogmatic view in the modelling of dose-response
data on the basis of DNA damage alone.

4. Cellular surveillance

389. Following review of epidemiological, animal, and
cellular studies, the Committee concluded that conventional
T- and B-lymphocyte-mediated immune response was not a
particularly effective protective mechanism against the
development of most human tumours [U3]. Although these
immune responses appear to be able to target the specific non-
self antigens presented by oncogenic viruses or their
associated neoplasms, the common radiogenic tumours seem
unable to effectively initiate timely immune responses or are
capable of efficiently evading surveillance [B18, U3]. The
Committee did, however, recognize some uncertainty
surrounding the potential protective role of certain classes of
cytotoxic T-lymphocytes (CTL), including natural killer (NK)
cells [U3]. A number of novel approaches have been used to
resolve some of these uncertainties.

390. One area of recent study [L23] has been to determine
whether the poor immunogenicity of most tumour types is
due to the lack of signals for co-stimulation of full CTL
activity; this is believed to be mediated by specialized
antigen-presenting cells. A study with mice using an
antibody to block CTLA-4, a negative regulator of CTL
activation, showed that such a blockade resulted in the
rejection of transplanted and pre-existing human tumour
cells and also the development of resistance to a second
challenge. It seems, therefore, that with fully malignant
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cells, an effective anti-tumour response can be elicited
provided that specific immune regulators are manipulated.

391. Another approach to the problem has been to seek
mutational signatures in tumours indicative of evasion of
immune surveillance. In one such study [B19], it was argued
that the RER+ mutator phenotype of certain colorectal
carcinoma cell lines might generatea sufficientlydiversearray
of mutant protein neo-antigens to elicit a strong CTL
response. If this is the case, inefficient antigen presentation via
the loss of beta-2-microglobulin (β2M) would be strongly
selected in the resulting tumour cell population. Such
correlation was observed in a study of 37 cell lines, where the
four mutator lines were the only examples in which β2M
expression was lost.

392. Beta-2-microglobulin associates with polymorphic
heavy-chain glycoproteins in cell membranes for the
purposes of antigen presentation by the resulting class I
major histocompatibility complex (MHC). Intracellular
antigens are believed to be transported to the MHC by
proteins of the TAP family [E6]. Not only do a substantial
fraction of human tumours lack expression of the class I
MHC, but there is some evidence of the involvement of
TAP gene mutation in tumours. Other strategies adopted by
tumour cells in order to evade immune surveillance include
the expression of decoy receptors, the Fas-mediated
inactivation of CTL/NK cells at membrane surfaces, and
the secretion of factors that inhibit or inactivate CTL [V5].

393. In general, these observations, while providing some
correlative support for the view that evasion of CTL-mediated
surveillance may be of some importance in tumour
development, provide no information on the effectiveness of
this surveillance in reducing tumour risk. It is, however,
intriguing to note emerging evidence of a possible two-way
interaction between genomic instability in neoplasia and CTL
response. On the one hand, the RER+ mutator phenotype may
serve togeneratesufficientlystrong tumour antigen signals for
CTL response; on the other, it can provide an enhanced
mutational capacity to evade the resulting T-cell surveillance.
For potentially anti-tumorigenic CTL response, there is also
some evidence to support a model whereby normal cells that
engulf apoptotic tumour cells can migrate to lymph nodes,
where, in principle, they can invoke a response to tumour
antigens [A8].

394. With respect to NK cells, it is now well established
that this class of cytotoxic cells can, in principle, exert a
degree of anti-tumour activity via the release of factors
such as interferon γ, tumour necrosis factor, and Fas
ligand. There is also some evidence of an additional
antitumour mechanism involving NK attack on tumour
vasculature [B24, F9]. In spite of numerous studies, there
is, however, no convincing evidence of a correlation
between NK abundance/function in vivo and tumour
development or prognosis (see [F9]). In general, this area
of study remains most controversial, and with current
knowledge it is not possible to judge the extent to which
NK cells act to protect against non-viral human cancers.

395. Overall, the role of immune surveillance in protecting
against common neoplasms has yet to be adequately
described, and some studies tend to argue against this
proposition [B18, U3]. Gains in fundamental knowledge will
probably contribute to the debate. For example, the comple-
ment protein system is an important determinant of humoral
immune surveillance and is believed to target certain
malignant cells. In accord with this, a novel stress-related
protein has been revealed that appears to participate in the
discrimination ofmalignant cells byhomologous complement
[M26]. The recent observation that the proto-oncogene PML
of human myeloid leukaemia plays a role in the regulation of
antigen presentation in cells also implies the need for some
developing haemopoietic neoplasms to evade cellular
surveillance [Z2]. Equally, however, the tumorigenic expres-
sion of Apc-deficiency in Min mice is not enhanced by a
defect (scid) in immune function [S18]. Thus, recent findings
can be used to both support and question the true role of
cellular surveillance in tumour defence. Studies of low-dose
stimulation of immune functions, e.g. [L58, M54] have
previously been reviewed by the Committee [U2] and a few
additional studies have been published (e.g. [H36, K30, S42,
S43]) in more recent years. Doubts were expressed as to
whether the immune system plays a significant role in any
cancer-related adaptive processes at low doses.

5. Summary

396. Through a better understanding of the processes that
mediate multi-stage tumorigenesis it has become evident
that neoplastic development is subject to a number of
cellular constraints. The main constraints are control of
cellular proliferation/genomic stability, the induction of
programmed cell death, tumorigenic suppression by cell-
cell communication, and terminal differentiation to a non-
proliferative cellular state. In addition, for at least certain
tumour types there is evidence that immunosurveillance
mechanisms can recognize and restrict the growth of
neoplastic cells.

397. These protective mechanisms are believed to provide
a high level of protection against neoplastic growth and
development. In spite of this, there is growing evidence
that during the evolution of tumours, resistance to or
tolerance of all these countermeasures can be developed via
gene-specific mutation. Thus a substantial proportion of
consistent mutations in tumours may be linked directly
with cellular strategies aimed at maintaining viability and
growth, avoiding terminal differentiation and immune
recognition, and promoting genomic instability such that
a wide range of clonal variants are available for the full
development of malignancy. On the basis of current
molecular genetic knowledge, there seems no good reason
to suppose that different modes of in vivo constraint apply
to spontaneously arising and carcinogen-induced tumours.
Evidence is also accumulating in support of the view that
cellular communication can also influence early in vitro
radiation responses, with possible effects on cellular
recovery, genomic stability, and mutation rates. The
present state of knowledge does not allow for extrapolation
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of these findings to tumorigenesis in vivo, but some recent
alpha-particle mutation data, if confirmed, may be of
importance.

E. DNA REPAIR AND TUMORIGENESIS

398. For the purposes of relating mechanisms of radiation
tumorigenesis to mechanisms that are believed to apply to
spontaneouslyarising disease, it is important to consider in
greater depth the evidence on the role of DNA repair and
the uncertainties that attach to this association.

1. DNA repair as a determinant of
oncogenic response

399. Data relating to the influence of DNA repair on
mutagenic and other cellular radiation responses are dis-
cussed in Annex F, “DNA repair and mutagenesis”. Critical
to the role of DNA repair in radiation tumorigenesis is the
now unambiguous evidence that heritable human deficiency
in genes controlling DNA repair and maintenance ofgenomic
stability is frequently associated with an increased incidence
of spontaneously arising neoplasms.

400. Thus, such DNA processing functions in normal
somatic human cells must play a critical role in protecting
against spontaneous neoplastic development. As discussed
in the UNSCEAR 1993 Report [U3], these data also
provide important support for the mutational origin of
neoplasia via failures in repair of DNA damage.

401. With respect to tumours associated with human
exposure to exogenous genotoxic agents, studies with two
categories of genetic disorders, xeroderma pigmentosum
(XP) [K8] and Li-Fraumeni syndrome (LFS) [H8], provide
evidence that defects in DNA damage processing are also
important to oncogenic development after ultraviolet and
ionizing radiation, respectively.

402. In the case of xeroderma pigmentosum, there is
unambiguous evidence that the inherited deficiency in
repair of DNA photoproducts is associated with an excess
of cancer in regions of skin receiving significant solar
exposure [K8]. Unexposed skin of XP patients shows an
unremarkable frequencyof these neoplasms, indicating the
critical importance of DNA photoproduct induction for
skin carcinogenesis and the high level of protection
afforded by high-fidelity DNA repair processes.

403. The cancer-prone genetic disorder Li-Fraumeni
syndrome (LFS) is frequently, although not always,
characterized by a deficiency in the TP53 tumour-
suppressor gene that normally plays a role in DNA damage
sensing, cell-cycle control, and apoptosis (see Sections
IV.B and IV.D). Although the data are less compelling
than those for ultraviolet radiation exposure ofXP patients,
there is evidence that LFS and LFS-like patients exhibit, in
childhood, an elevated risk of tumour induction after
radiotherapy [H8, S19]. Thus, inherited human defects in

DNA damage processing can be reflected in an increased
risk ofcarcinogen-induced as well as spontaneouslyarising
tumours.

404. In addition to these important human studies,
experimental animal data relating to the role of DNA
repair in radiation tumorigenesis are also beginning to
emerge, largely through studies of mice that have been
genetically manipulated to be deficient in specific genes
involved in DNA repair and genomic stability [W2].

405. These animal data are discussed in Section IV.C. In
brief, studies with p53-deficient mice give evidence of
enhanced tumorigenic radiosensitivity associated with
abrogation of a G2/M cell-cycle checkpoint for chromo-
somal repair; radiation-induced p53 gene loss via increased
sensitivity to the induction of aneuploidyappeared to be the
principal mechanism involved.

406. The ATM gene of human ataxia-telangiectasia is
discussed in Annex F, “DNA repair and mutagenesis”,
together with recent data relating to the radiosensitivity of
mice manipulated to be deficient in this critical DNA
damage response gene. In brief, Atm-deficient mice are
highly radiosensitive, and while radiation tumorigenesis
studies have yet to be reported, the animals, like their
human counterparts, are prone to the spontaneous develop-
ment of lymphoma and specific lymphoma-associated
chromosomal rearrangement in haemopoietic cells [B1]. It
may be anticipated that radiation tumorigenesis studies
with these and other relevant genetically manipulated
animals, e.g. those deficient in BRCA1, BRCA2, and
Rad51, will be informative on the further relationships
between DNA damage repair and tumorigenesis.

2. Implications and uncertainties

407. The Annex F, “DNA repair and mutagenesis”,
provides evidence that certain forms of DNA double-strand
lesions are the principal biologicallyrelevant event induced
by radiation in mammalian cells. Since current data imply
that these lesions are usually repaired via a process of
illegitimate rather than homologous recombination, there
will be an inherent degree of error proneness in DNA
repair after radiation exposure. Such misrepair events may
be represented bygross chromosomal abnormality(deletion
or rearrangement) or subchromosomal and intragenic
events. Judging from molecular analyses of radiation-
induced somatic cell mutants, these misrepair events take
the form of DNA base-pair substitutions, frameshift
mutations, or, more frequently, DNA deletions of varying
size. Some data are suggestive of changes in mutational
spectra with radiation dose rate and LET, but this issue
remains controversial.

408. Also noted in Annex F, “DNA repair and muta-
genesis”, is the growing evidence that DNA repair
functions are important determinants of dose, dose rate,
and radiation quality effects in mammalian cells. In brief,
there is evidence that the extent and fidelity of repair
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strongly influence the initial and final slopes of low-LET
dose-effect relationships and the progressively steeper
slopes of these relationships with increasing LET. It is
concluded that RBE-LET effects are largely dependent on
the repairabilityof initial DNA damage. To what extent are
these in vitro data reflected in current knowledge of
radiation tumorigenesis in vivo?

409. The data discussed in the UNSCEAR 1993 Report
[U3] and in this Annex are broadly consistent with the
single-cell mutational origin of most tumours. Loss-of-
function mutations of critical gatekeeper genes appear tobe
early events in the genesis of many human solid tumours,
and gain-of-function chromosomal events occur early in
leukaemias and lymphomas (see Section B). There is
evidence from animal studies, described earlier, that
radiation-associated gene and chromosomal loss/deletion
can act as an initiating event for tumorigenesis and that
DNA damage processing is a crucial protective factor for
in vivo radiation response. Given the obvious parallels
between in vitro and in vivo data, it becomes possible to
consider a general mechanistic framework within which to
model dose-effect/RBE-LET relationships for radiation
tumorigenesis and the protective functions that may
operate. These modelling approaches will be discussed and
developed later in this Annex.

410. There are, however, aspects of the data discussed in
Annex F, “DNA repair and mutagenesis”, that caution
against seeking oversimplistic correlations between in vitro
cellular response data and tumorigenesis in vivo. First is
the issue of novel mechanisms of genetic change in
mammalian cells. In addition to epigenetic changes such
as imprinting and gene silencing noted in this Annex, it
has also been speculated that radiation may induce unknown
cellular pathways that promote untargeted mutation. In some
studies the activity of these pathways has been shown to
persist for many post-irradiation cell generations, leading to
an apparent elevation of the spontaneous mutation rate. As
discussed in Annex F, “DNA repair and mutagenesis”, such
findings have been made with respect to lethal mutation, gene
mutation, and unstable chromosomal damage.

411. Given the emphasis in this Annex on the early
development of genomic instability in tumour development, it
is possible to speculate that any persistent genomic instability
induced by radiation in target somatic cells in vivo might
makea significant, late-expressingcontribution totumorigenic
risk [L24]. The cellular processes underlying this induced
instability remain uncertain, however, and no single
mechanism seems capable of explaining the various and
sometimes inconsistent manifestations referred to in Annex F,
“DNA repair and mutagenesis”. A collection of recent papers
[M32] addresses various aspects of this developing field; of
particular note is the finding of a possible genetic association
in mouse strains between the post-irradiation expression of
persistent chromosomal instability and susceptibility to
radiation tumorigenesis [U25]. The authors were, however,
cautious about the implications of these initial findings. In
follow-up studies [O7], late-expressing chromosomal instabi-

lity in the mammary-tumour-susceptible BALB/c mouse was
shown to be geneticallyassociated with changes in expression
of repair-related DNA PK protein as well as with reduced
DNA double-strand break repair. From these studies it is
possible to indirectly implicate late-expressing genomic
instability in radiation tumorigenesis in certain genetic
settings, but whether a causal relationship applies is uncertain.

412. Overall, a general link between such induced instability
and radiation tumour risk remains to be established. Indeed,
the cytogenetic findings of in vivo studies relating to
mechanisms of radiation-induced lymphomagenesis in p53-
deficient mice and myeloid leukaemogenesis in CBA mice
tend to argue against a significant contribution from induced
and persistent genome-wide instability [B4, B20]. However,
a specific and persistent clonal feature of chromosomal
instability that has been closely associated with the
development of human neoplasia is the so-called segmental
jumping translocation. These events are not uncommon in
spontaneous human lymphohaemopoietic tumours [U3] and
were reported recently in myeloid neoplasms arising in
irradiated survivors of the atomic bombings [N8]. It may be
concluded that certain elements of radiation-associated
persistent genomic instability probably do play a role in
tumorigenic processes, but there is much uncertainty as to the
overall importance of that role and therefore as to how it
might be taken into account in the modelling of radiation risk.

413. A second source of uncertainty discussed in the
UNSCEAR 1994 Report [U2] and in Annex F, “DNA
repair and mutagenesis”, is the cellular phenomenon of
adaptive response to DNA damage; the data describing
such responses were reviewed recently [W6]. In brief, in
certain experimental systems a small priming dose of
radiation (or of some other genotoxic agents) can result in
the development of partial resistance to a challenge by a
second, higher dose. The radiobiological endpoint most
frequently employed in cellular and animal systems has
been cytogenetic damage, but there are also some data with
respect to gene mutation and cell survival. In addition,
some mechanistic studies have been undertaken of the
possible role of activation/induction of novel proteins and
cell-cycle perturbation. In principle, inducible DNA repair
might underlie some manifestations of adaptive response,
but as noted in Annex F, “DNA repair and mutagenesis”,
evidence for the up-regulation of relevant repair genes is
fragmentary. There is, however, growing evidence for
subtle post-irradiation modification of repair-related
protein complexes and the induction of stress-response
genes. More detailed information on adaptive responses to
cytogenetic and lethal cellular damage in mammalian cells
are provided in Annex F, “DNA repair and mutagenesis”.

414. These studies lend credibility to the true existence of
adaptive responses, but they also draw attention to the fact
that the response is transient, not usually robust, and
frequently lacking a clear mechanistic basis. For example,
at the cellular level, adaptive responses have rather
uncertain dose and dose-rate dependency and when
expressed lead to only a modest decrease in sensitivity to
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the subsequent radiation challenge. In addition, at the
cytogenetic level this response is not consistently
expressed, with cells from some humans and mouse strains
failing, for unknown reasons, to show adaptive responses.
Although some novel proteins have been detected in
“adapted” cells, cell-cycle-related changes are not obvious,
and the relationships between cytogenetic adaptive
responses and known stress-related biochemical signalling
pathways remain to be clarified [W6].

415. In the UNSCEAR 1994 Report [U2], the Committee
reviewed animal studies of life-shortening and tumour
induction that were relevant to the possible role of adaptive
responses, but these studies did not report convincing
evidence of such effects. Subsequently there have been
reports of possible adaptive effects in relation to radiation
lymphomagenesis [B21] and life-shortening in mice [Y4].
Of particular note is a recent report on a possible gamma-
ray-induced adaptive response in respect of acute myeloid
leukaemia (AML) induction in the mouse [M52]. This
study reported that a chronic priming dose of 100 mGy did
not influence the incidence of acute myeloid leukaemia
following a chronic challenge dose of 1 Gy; the lifespan of
mice without acute myeloid leukaemia was similarly
unaffected. However, the animals receiving the priming
dose showed modestly increased latency for induced acute
myeloid leukaemia, implying that the later stages of the
leukaemogenic process had been modified. The
mechanistic basis of this unexpected result remains highly
uncertain, but the authors speculate that the increased
tumour latency might reflect the triggering of some form
of persistent stress response.

416. Although the relevance of adaptive responses to
human tumorigenesis should not be discounted, in the
absence of a consistent body of in vivo tumorigenesis data
and with current uncertainties on cellular mechanisms, it
would be most difficult to include adaptive response
parameters in mechanistic models of low-dose radiation
tumorigenesis.

417. A third area ofuncertaintysurrounding DNA damage
and repair concerns the relationships between spontaneous
and radiation-induced damage and their implications for
low-dose tumorigenic risk. Debate on these issues has been
conducted for some years [A4, B22, C15, W7], and the
main areas of contention may be outlined as follows.

418. In spite of its critical information-carrying role in the
cell, genomic DNA has limited chemical stability. Via
hydrolysis, oxidative attack, and chemical methylation
processes, cellular DNA is constantly modified by its
endogenous environment irrespective of the influence of
exogenous agents such as electrophilic chemicals,
ultraviolet radiation, and ionizing radiation [L25].

419. Endogenous damage to the mammalian genome may
take the form of hydrolytic depurination and deamination
of DNA bases, oxidative attack on DNA bases and the
sugar-phosphate backbone, and non-enzymatic DNA

methylation of certain bases. For largely technical reasons,
estimates of the rate of accumulation and abundance of
such endogenous DNA lesions vary considerably [L25].

420. Less uncertainty surrounds the general form that this
DNA damage takes [L25]. By their very nature, hydrolytic,
oxidative, and methylation events are random and
unclustered, affecting chemical moieties on one or the other
strands of the DNA duplex; examples are the formation of
abasic sites due to hydrolytic depurination, 8-hydroxyguanine
formation via hydroxyl radical attack, and uracil formation via
deamination of 5-methylcytosine. DNA single-strand breaks
as a consequence of base loss, oxidative attack, and as repair
intermediates also arise spontaneously.

421. The evidence concerning the type, abundance, and
repair of endogenously arising spontaneous DNA damage is
summarized in Annex F, “DNA repair and mutagenesis”.
The Annex emphasizes the technical uncertainties sur-
rounding estimates of the abundance of such DNA damage.

422. The general conclusion that may be reached from
these data is that while it is difficult to make precise
quantitative comparisons, there are differences between the
spectra of DNA damage types arising spontaneously and
those induced by radiation; there are also differences in
their repair characteristics (see also [C15, L25, W7]).

423. This view of endogenous damage and its conse-
quences may be set against the following theoretical
proposition: since the cell is able to repair a very high level
of endogenous DNA damage without frequent mutagenic
consequences, a further small increment of DNA damage
from low doses of radiation will not impose significant
risk; that risk only becomes significant at relatively high
doses, when, at a given level of genomic damage, DNA
repair capacity is exceeded.

424. The fundamental scientific uncertainty surrounding
this proposition is that it assumes that the nature and
reparability of spontaneous and radiation-induced DNA
damage are essentially equivalent [C15, W7]. The data in
Annex F, “DNA repair and mutagenesis”, provide evidence
that although there are some similarities between the DNA
lesion types arising spontaneously and those induced by
radiation, DNA double-strand breaks almost certainly make
a substantially greater relative contribution after radiation
exposure. More important, however, is the evidence
accumulating on the chemical nature of radiation-induced
DNA double-strand breaks and other double-strand lesions.

425. Through a combination of cellular, biophysical,
biochemical, and molecular approaches, it has become
apparent that a high proportion of radiation-induced DNA
double-strand breaks and related lesions are chemically
complex and/or part of multiply damaged DNA sites. This
feature stems from the requirement for local clustering of
energy loss events from a given radiation track to effect
coincident damage to both sugar-phosphate backbones of
the DNA duplex [G5, G10]. This chemical complexity of
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DNA double-strand breaks is apparent after low-LET
radiation but will increase with LET.

426. As noted in Annex F, “DNA repair and mutagenesis”,
the correct repair of such complex damage is difficult because
of multiple and coincident damage to coding on both DNA
strands. In most instances such repair is believed to proceed
via illegitimate recombination, which is inherently error-
prone, and it is this reparability factor that will principally
distinguish spontaneous and radiation-induced DNA lesions.
Accordingly, excess dicentric chromosomes have been
recorded in human lymphocytes in vitro at low-LET doses of
around 20 mGy, while the spontaneous rate of generation of
these events is very low (~1 per 1,000 cell generations) [L8].

427. Stated simply, the relative abundance of complex and
poorly repairable DNA lesions after radiation exposure is
judged to be very much greater than that of lesions that
arise spontaneously. Therefore, it is this feature rather than
lesion abundance overall that should guide judgements on
the role of DNA repair in low-dose response and radiation
quality effects. Accordingly, the proposition stated in
paragraph 423 runs counter to advances in fundamental
knowledge and therefore has no obvious role in the
modelling of tumorigenic risk.

3. Summary

428. A large body of information points to the crucial
importance of DNA repair and other damage-response
functions in tumorigenesis. Not only do these DNA damage-
processing functions influence the appearance of initial events
in the multi-stage process, but they also serve to reduce the
probabilitythat a benign neoplasm will spontaneouslyacquire
the secondary mutations necessary for full malignant
development. Thus, mutations of DNA damage-response
genes in tumours play important roles in the spontaneous
development of genomic instability. Various forms of
radiation-induced persistent genomic instability have been
recorded in experimental cellular systems. With the possible
exception of instability at certain chromosomal translocation
junctions, these phenomena are not well understood, and their
association with in vivo tumorigenesis has yet to be
established.

429. With respect to radiation damage to DNA, it is
concluded that the repair of sometimes complex DNA double-
strand lesions is inherentlyerror-prone and is most likelytobe
an important determinant of dose, dose rate, and radiation
quality effects for the induction of tumorigenic lesions.
Uncertainties remain on the significance for tumorigenesis of
adaptive responses to DNA damage; the mechanistic basis of
such responses has yet to be clarified. In contrast, recent
scientific advances provide clear evidence of the differences in
complexity and reparability between spontaneously arising
and radiation-induced DNA lesions. In the modelling of
radiation tumorigenesis these data argue against basing
judgements about low-dose response on uncritical
comparisons between overall lesion abundance and repair
capacity. Overall, the general concepts linking DNA damage

repair and tumorigenesis that were summarized previously in
the UNSCEAR 1993 Report [U3] remain valid. However, the
data discussed here and in Annex F, “DNA repair and
mutagenesis”, provide a far more robust scientific framework
to support these concepts than was available to the Committee
in 1993.

F. BIOLOGICAL MODELLING OF
TUMORIGENIC RESPONSES

1. Implications of current data

430. As knowledge of the fundamental basis of multi-stage
tumorigenesis continues to advance, it becomes possible to
identify critical features of the process and the uncertainties
that may attach to the development of biological models to
describe risk at low doses.

431. The earliest phase of tumour development (initiation)
appears, in the main, to involve loss- or gain-of-function
mutation of single genes in single target stem-like cells in
tissue. In the case of solid tumours, a set of tissue-/cell-type-
specific gatekeeper genes in the tumour-suppressor category
may be the principal loss-of-function gene targets. For
lympho-haemopoietic tumours, both loss-of-function
mutations and gain-of-function chromosomal translocations
are likely to be important. In biological modelling, these two
types of tumorigenic event may require different forms of
treatment. Not only do mutational mechanisms differ but also
gain-of-function mutations in leukaemia/lymphoma can have
more profound cellular effects than loss of a single tumour-
suppressor gene.

432. An important source of uncertainty is provided,
however, by the non-mutational (epigenetic) events that
can, for certain genes, substitute for gene mutation. The
overall contribution of, for example, gene silencing and
loss of imprinting to human tumorigenesis, although very
difficult to quantify, seems likely to be significant.

433. Some uncertainties about the probability of accumula-
tion of multiple genetic events in tumorigenesis have been
reduced by the characterization of the spontaneous develop-
ment of genomic instability at a relatively early point in
neoplastic development. Some of the mutator genes that
serve to drive tumorigenesis have been characterized, and
from a modelling standpoint it seems most appropriate to
view the development of the mutator phenotype as marking
the transition between benign and malignant disease.
Although critical evidence is lacking, the early appearance
of a strongly expressing mutator phenotype with respect to
spontaneously arising DNA damage may mean that low
doses of exogenous carcinogens such as radiation will
make a relatively small contribution to later phases of
tumour development compared with those phases occurring
before the spontaneous onset of genomic instability. This
might serve as a mechanistic explanation for the
observation that radiation usually acts only weakly on
tumour promotion and progression [U3].
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434. Evidence is growing, however, that in some
circumstances, the expression of radiation-induced DNA/
chromosomal damage in cells may be a persistent
phenomenon. Secondary chromosomal change centred on
primary exchange junctions, e.g. jumping translocations, is
not unexpected and has been recorded in cellular systems and
human/animal lymphohaemopoietic neoplasms [B44, G21,
N8, U3]. The other cellular features of induced genomic
instability discussed in this Annex and in Annex F, “DNA
repair and mutagenesis” are more difficult to relate directly
to tumorigenesis, so for this reason it may be premature to
attempt to integrate them specificallyintomechanistic models
of tumour risk. Thesame general problem applies tobystander
effects of radiation on cell inactivation and mutagenesis,
although the alpha-particle data [N11] discussed earlier
deserve some attention. That said, the Committee recognizes
recent signs of progress in resolving the mechanistic
uncertainties associated with the role of stress-related
processes in cellular response to radiation and anticipates that
much better informed judgements will be possible within a
few years.

435. By contrast, many sources of data on tumorigenesis
point toward the crucially important protective role played
by high-fidelity DNA repair. In the light of information on
DNA repair capacity in relation to the high flux of
spontaneous DNA damage in mammalian cells, it has been
suggested by some that low doses of radiation would be
expected to contribute little to tumour risk. If true, this
would have important implications for biological modelling.
Uncertainties on this contentious issue have been reduced by
the growing evidence that an important fraction of the DNA
double-strand lesions induced by radiation is chemically
complex, extremely difficult to repair correctly, and only very
rarely occurs spontaneously. In the context of biological
models of tumorigenesis, it is judged that overly simplistic
analysis of data on DNA lesion abundance and repair can be
most misleading. New data on the role of DNA repair in
cellular dose and dose-rate effects and the associations
between DNA lesion complexity and RBE-LET effects do,
however, have implications for mechanistic models.

436. Other important protective factors in tumorigenesis
include apoptotic cell death, cellular senescence, terminal
differentiation of cells to a non-proliferating state, and the
elimination of neoplastic cells by immunosurveillance
mechanisms. Through their capacity to remove cells from
neoplastic pathways, these processes collectively serve to
provide a high level of protection against tumours arising
spontaneously or induced by carcinogens. Critically, how-
ever, molecular genetic studies have provided compelling
evidence of gene-specific neoplastic mutations that serve to
block these processes. Thus, a given overtlymalignant tumour
will have succeeded via mutation or epigenetic change in
evading or gaining tolerance to each of the protective
challenges it has faced during development.

437. There are few quantitative data on which to base
judgements on the relative magnitude or efficiency of the
protective factors noted above. Indeed, it seems likely that

this relative magnitude will vary from one tumour type to
another, and the differences between virallyassociated and
other tumour types with respect to immunological protection
may be evidence of this. Thus, with limited knowledge, the
modelling of protective factors in tumorigenesis can, at best,
be only empirical.

438. In spite of this, a critically important question is
whether the extent or effectiveness of such protective factors
might be different for tumours arising spontaneously and
those induced by radiation. As noted in the UNSCEAR 1993
Report [U3], exposure to high doses of radiation, where cell
killing becomes important, would be expected to influence
final tumour yield not only by initially reducing target cell
numbers but also by subsequently mobilizing quiescent stem
cells for tissue repopulation. High-dose suppression of
immune functions might also be important for certain tumour
types, principally those associated with oncogenic viruses.

439. At low doses and dose rates, where cell killing is not
significant, there is, however, no specific reason to anticipate
profound and long-term effects of radiation on the function of
protective mechanisms. Transient changes in the activity of
these systems resulting from stress-related effects on cellular
biochemical signalling might be anticipated, but with current
knowledge it is not possible to relate these to final tumour
yields.

440. The possible exception to this are the adaptive
responses to radiation noted in this Annex and discussed in
depth in the UNSCEAR 1994 Report [U2]. These would
include not only adaptive DNA damage responses but also
possible stimulating effects on immune system and other
potentially protective functions.

441. Stated simply, if low doses of radiation could be shown
to enhance profoundly, over an extended period, the anti-
tumour activities outlined in this Annex, then radiation-
induced tumours would be expected to be subject to greater
suppression than those arising spontaneously. Under these
theoretical circumstances the shape of the dose-effect relation-
ship for tumorigenesis would not be expected tobe simple and
might well depart from those for related radiobiological
endpoints in single cells, i.e. the induction of chromosome
aberrations, gene mutation, or cell transformation.

442. Although current knowledge does not exclude the
possibility of this scenario, the data available on adaptive
responses in cells or animals are judged to be insufficiently
well developed for the purposes of biological modelling.
Accordingly, the existence or otherwise of an adaptive
response for radiation tumorigenesis remains a continuing
source of debate.

2. Basic premises

443. Although much knowledge has been gained on the
cytogenetic, molecular, and biochemical processes involved
in the development of neoplasia, considerable uncertainty
remains, particularly with respect to the quantitative
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aspects ofmulti-stage tumour development. For this reason
any attempts to include such data in the modelling of
radiation tumorigenesis demands a set of simplifying
judgements.

444. In full recognition of the uncertainties discussed in
earlier Sections of this Annex, the following premises,
based on the weight of current evidence, may be stated:

(a) The principal role of radiation in tumour develop-
ment is to generate the DNA damage that can give
rise to gene-specific mutation in critical target cells.
Repair of that damage may be enhanced by cell-cycle
checkpoints and, possibly, adaptive repair processes,
but there is no specific expectation of wholly error-
free repair, even at low doses and dose rates. Equally,
the elimination of radiation-damaged cells byapopto-
tic processes is very unlikely to be complete;

(b) The vast majority of spontaneous and induced tumours
have their origin in single specific mutations in single
target cells in tissues. The probability of such a mutated
cell progressing to overt malignancy is, however, very
low because of the defences afforded by protective
processes such as apoptosis, terminal differentiation,
senescence, and cellular surveillance. Further mutation
during pre-neoplastic clonal development can serve to
bypass these defensive measures, and none are likely to
be wholly protective or to be consistently enhanced by
low doses of radiation;

(c) Although both loss-of-function (tumour-suppressor)and
gain-of-function (proto-oncogene) gene mutations can
contribute to multi-stage tumorigenesis, the DNA
deletion mechanism characteristic of radiation will tend
tomakeloss-of-function events the predominant process
at all doses of radiation; and

(d) Radiation acts principally at the early stages of
tumorigenesis by inducing specific mutations in
normal stem-like cells. During protracted radiation
exposures a contribution to the later stages of tumour
development is possible, but during these later phases
the acquisition of a mutator phenotype and/or one
associated with epigenetic gene silencing/activation
may be the primary driving force for neoplastic
selection and progression.

445. Assuming these premises to be correct, it would seem
that the dose-response parameters for radiation tumorigenesis
at low doses are determined principally by factors that apply
to the induction of the specific gene/chromosomal mutations
in the target cells in question; the abundance and kinetics of
these target cells will also be important determinants of the
response. Stated simply, these radiation-induced mutations
would be adding in a dose-dependent manner to the in vivo
pool of tumour-initiating mutational events contributed by
spontaneous processes and other genotoxic exposures.
Thereafter, it seems reasonable to assume that all such events
will be subject to the same variable sets of cellular and
humoral factors that serve to suppress or enhance malignant
development. On this basis, significant departure from a
simple dose-response relationship would demand a dose-

dependent change in the kinetics of one or more of these post-
irradiation modifying processes. For example, if there were to
be persistent post-irradiation elevation of error-free DNA
repair, apoptosis, terminal differentiation, cellular senescence,
or immunosurveillance, then the radiation cancer risk might
be depressed. Conversely, ifpost-irradiation mutation rates are
persistently high (as a form of induced genomic instability),
tumour development might be enhanced.

446. Although it is possible to speculate on the roles that the
above processes might play in determining tumorigenic
responses, any such hypotheses currently lack critical
experimental support and plausible mechanisms that might
operate after low doses. It is not, however, difficult to
envisage substantial modification of cellular/tissue behaviour
during the long-term cellular repopulation required for tissue
regeneration after high doses; these processes may well have
consequences for local tumour development.

447. At low doses, transient changes in biochemical
equilibria and cell kinetics should be expected, but these
are probably part of the normal cellular damage response
pathways associated with the cell-cycle checkpoint, DNA
repair, and mutagenesis functions alreadydiscussed. There
is, however, no reason to believe that induced transient
changes are unique to radiation.

448. The overall judgement that, on mechanistic grounds,
cancer risk at low doses will increase as a simple function
of dose is, however, subject to a number of important
caveats. Some of these have already been rehearsed in this
Annex, but two deserve additional attention.

3. Error-free DNA repair at low doses

449. Recombinational repair involving fully homologous
DNA sequences may be regarded as the sole source of
potentially error-free repair, particularly with respect to
DNA double-strand breaks/lesions that involve complexity
of DNA damage at single sites, so-called multiplydamaged
sites. It has been argued that such homologous recom-
bination is not the predominant mode of repair after
ionizing radiation and that the majority of the relevant
double-strand lesions are processed via error-prone
pathways involving non-homologous recombination. The
data that underpin this judgement have, however, been
obtained largely through cellular and molecular studies
conducted after relatively high radiation doses. For
example, as discussed earlier, the formation of dicentric
chromosome aberrations probablyreflects such error-prone
repair processes, and for these aberrations, the lowest dose
at which an excess has been reproducibly obtained is
around 20 mGy (low-LET). Human epidemiological
studies, also outlined in this Annex, reveal evidence of
excess cancer risk at somewhat higher doses. Below these
doses there must be complete dependence on an
understanding of mechanistic processes and, critically, on
the contention that error-prone DNA repair processes
remain in place in cells down to single-track intersections
of DNA.
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450. Although there is no specific reason to depart from
this position, it remains possible that at low doses, below,
say, 10 mGy(low-LET), where radiogenic DNA lesions are
few, error-free homologous recombination predominates.
In this hypothetical situation, error-prone repair would be
a secondaryresponse that applied onlywhen the abundance
of DNA lesions increased above some critical level. Under
these conditions the form of the dose-response relationship
for mutational/tumorigenic risk would be expected to have
a threshold-like component at very low doses.

451. Formal experimental approaches to this problem are
beyond the resolution of current quantitative techniques in
cellular radiobiology. One particular set of observations
argues, however, against the proposition of wholly error-free
repair at very low abundance of radiogenic DNA lesions.

452. As noted in this Annex and in Annex F, “DNA
repair and mutagenesis”, spontaneously arising DNA
double-strand breaks have a relatively low abundance in
mammalian cells. In spite of this, dicentric chromosome
aberrations, a manifestation ofDNA break misrepair, occur
at a reproducibly measurable spontaneous rate of about 1
per 1,000 cell generations [L8]. These observations argue
that such DNA misrepair processes are not solely a product
of a high incidence of DNA lesions and therefore that
error-free repair at low doses is unlikely. Although
somewhat less certain, a proportion of the DNA deletions/
rearrangements that characterize some spontaneously
arising gene mutations in mammalian cells may also arise
as a consequence ofDNA break misrepair mechanisms (see
Annex F, “DNA repair and mutagenesis”).

453. Finally, although in a repair context homologous
recombination is potentially error-free, it may carry its own
risk in that it can serve to duplicate genes from the
undamaged homologous chromosome of a given target cell.
Theserecombinational processesarewell-recognizedmechan-
isms for the unmasking ofvariant heterozygous genes that can
contribute to tumorigenic development, i.e. homologous
recombination as well as DNA deletion results in the loss of
heterozygosity in DNA that characterizes many human and
animal tumours [V2]. Thus, it maybe that there is no risk-free
way in which complex DNA double-strand lesions can be
processed in the cells of genetically heterozygous organisms
such as humans.

4. Epigenetic events in tumorigenesis

454. Stable epigenetic effects on gene activity such as gene
silencing via heterochromatization and gene activation via
loss of imprinting have been described in this Annex as being
involved in tumour development. Whereas there is a wealth of
information on dose-response relationships for the induction
of gene/chromosomal mutations, it remains most uncertain
whether radiation damage contributes directlyto theestablish-
ment of these stable epigenetic events and whether there is
any form of dose response. In general, the implications for
low-dose cancer risk remain a matter of speculation, but a
number of issues may be raised.

455. First and most simply, in some instances the trans-
location of intact genetic material from one genomic
location to another can lead to changes in gene activity, so-
called position effects (see [P12]). The dose response for
such effects should follow that of chromosomal exchange,
so there should be no major uncertainty. Cellular targets
for loss of imprinting and/or changes in the status of DNA
methylation and/or heterochromatin in situ remain obscure,
however.

456. Second, some in vivo/in vitro studies with rodents
noted in the UNSCEAR 1993 Report [U3] and in this
Annex imply that the rate of induction byradiation of early
tumour-associated events in clonogens of thyroid and
breast tissue is too high to be explained by conventional
mutational mechanisms. These observations, together with
those made in certain cellular transformation systems, have
led to suggestions that induced epigenetic processes may
play an important role in radiation tumorigenesis [C19].

457. Thecellular andmolecular basisofthesehigh-frequency
events remains unresolved. Nevertheless, the finding of
induced frequencies for tumour-initiated clonogens of around
10�2 cannot possibly be explained by a gene-specific deletion
mechanism such as that which applies to HPRT in cultured
cells, where induced frequencies after low-LET irradiation
rarely exceed a value of 10�4. As noted in Annex F, “DNA
repair and mutagenesis”, induced mutation frequency is,
however, influenced strongly by genetic context, with
toleranceofDNA loss an important factor; recent observations
concerning tumorigenic mechanisms in mice, outlined below,
suggest that extreme forms of such tolerance may not be
unusual and may be misleading with respect to gene targets.

458. In studies of radiation tumorigenesis in p53-deficient
(+/�) mice, Kemp et al. [K2] noted the veryhigh frequency
at which tumour-initiating events appeared to be induced
and suggested that radiation-induced persistent genomic
instability with respect to wild type p53 might be
responsible. Follow-upstudies [B4]suggest, however, that this
high frequency of initial events can be explained by a
mechanism involving whole chromosome gain and loss
(aneuploidy), where the target size for p53 gene loss from
critical cells maybe orders of magnitude greater than the gene
itself. In the same way, loss of wild-type Apc during the early
development of intestinal neoplasia in Apc+/� mice frequently
involves loss of the whole of the encoding chromosome [L20,
S18] and is also likely to be a much more frequent event than
single gene deletion. Thus, alone, frequency of tumour
initiation may not be a reliable indicator of epigenetic
involvement in radiation tumorigenesis. In this respect the
extrapolation of mechanistic data from rodent experimental
systems to human tumorigenesis should be undertaken with
caution.

459. Nevertheless, these findings indicate that in seeking
to model multi-stage radiation tumorigenesis, it is not
always necessary to be constrained by conventional values
of induced mutation frequency that apply to single genes in
cells irradiated in vitro. Very large chromosomal deletions
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and specific forms of aneuploidy can be tolerated and
selected during in vivo tumour development, and the rate
of many forms of gene/chromosomal mutation is often
enhanced following the spontaneous development of mutator
phenotypes. In addition, the suppression of apoptosis during
tumorigenesis may allow the proliferation of genomically
aberrant cells that would otherwise have been eliminated. In
effect, the loss of apoptotic processes can further enhance the
rate at which viable mutant cells appear within evolving
neoplastic clones.

G. SUMMARY

460. Current evidence suggests that the biological
modelling of radiation tumorigenesis might best proceed
on the initial assumption that at low doses radiation acts
primarily as a mutational initiator of neoplasia. The
situation regarding protracted low-dose irradiation is
biologically more complex, and mechanistic studies have
yet to comment specifically upon the extent to which
radiation may influence the later stages of tumorigenesis.
The possible existence of error-free DNA repair in target
cells that might generate a low-dose threshold for tumour
induction is recognized but judged on fundamental grounds
to be unlikely. Other cellular and humoral factors would
need to be modulated in a dose-dependent fashion to
specificallychange the initial slope of the dose response for
tumour induction. At present, conclusive evidence for these
radiation-specific modulations operating at low doses is
lacking, but such effects would not be unexpected after
high-dose irradiation. An additional uncertainty is the
balance between mutational and epigenetic contributions
to induced neoplasia, particularly the role and possible
dose response for epigenetic effects. Epigenetic effects
following radiation could, in principle, impact all stages of
tumour development. Transient biochemical stress responses
and bystander effects are most likely to influence the
mutagenic and apoptotic aspects of tumour initiation, while

induced and persistent genomic instability may be envisaged
to impact pre-neoplastic clonal evolution and malignant
development. Although fundamental knowledge is increasing
rapidly, the extent to which such processes specifically
determine low-dose tumorigenic response remains largely a
matter of speculation.

461. Overall, evidence on the fundamental aspects of
radiation action and its relationship to tumour induction
provide no firm scientific reasons to believe that at low doses
the form of cellular dose response is related in a complex
fashion to increasing dose. Employing the principle of
parsimony, it is therefore suggested that low-dose cellular
mutagenic risk and, by implication, that for tumorigenesis
rises from the zero-dose baseline as a simple function of dose.
The linear form is the simplest of these responses and is not
inconsistent with the majority of the quantitative data
discussed in this Annex. Irrespective of future scientific
developments, however, it may well be impossible to provide
formal scientific proof of linearity or any other form of low-
dose radiation response for tumorigenesis in vivo.

462. In addition, for a complex multifactorial response such
as in vivo tumorigenesis, the expression of initial in vivo
cellular events may in some circumstances be subject to high
dose modification. Accordingly, caution needs to be exercised
in interpreting dose-response data for in vivo tumorigenesis
that encompass wide dose ranges, say, 0�5 Gy low-LET.

463. The observation of apparently simple forms of in vivo
dose response over such a dose range can, in principle,
disguise competing dose-dependent elements in the tumori-
genic process. For example, at high doses, the suppressive
effects of initial inactivation of target cells may compete with
subsequent tumour promotion in damaged normal tissue. For
the purposes of modelling the biological elements of radiation
tumorigenesis, it is not possible at present to quantify such
competing effects, but as knowledge accumulates these
problems will demand increasing attention.

V. BIOLOGICALLY BASED MODELLING OF RADIATION CARCINOGENESIS

464. The principal aims of this Chapter are (a) to review
general aspects of the computational models that seek to
interpret epidemiological data on cancer risk, (b) to describe
the empirical and mechanistic models that have been
developed, and (c) to illustrate and compare the predictive
features of empirical and mechanistic models with emphasis
on risk at low doses. Computational models of cancer risk can
also playa role in describing the possible interactions between
radiation and other agents. This complex issue is explored in
Annex H, “Combined effects of radiation and other agents”.

465. In Chapter IV the review of fundamental data on
radiation tumorigenesis allowed proposals to be made on how
evolving knowledge might guide the development of
mechanistic models of radiation risk. At this early stage of

understanding, much of the guidance remains to be
implemented, but three main principles can be considered: (a)
radiation will tend to act at the earliest stage of tumorigenesis
(initiation), (b) in general, no low-dose threshold should be
expected, and (c) time-constant relative risk is suggested on
the basis that radiation-induced and spontaneously arising
tumorigenic events will be subject to the same host and
environmental modifications although this is recognized as
being somewhat simplistic.

466. The biological uncertainties noted in earlier Chapters
suggest, however, that dose-dependent differences between
tumour types with respect to their induction and the
mechanisms involved should be expected. Accordingly,
general comment will be provided on the predictive value of
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biologicallybased models with respect to the projection of risk
with time and dose response for radiation tumorigenesis. At
the outset it is however important to stress that although a
number of valuable mathematical and statistical tools have
been developed, the outcome of cancer risk modelling is often
dependent on the initial biological assumptions made. Even
using the same data sets, different groups of workers can
arrive at different optimal mathematical/statistical solutions
depending on these assumptions. This is clearly a significant
source of uncertainty.

A. GENERAL ASPECTS OF THE PROBLEM

467. One of the principal uncertainties that surround the
calculation of cancer risks from epidemiological data results
from the fact that few radiation-exposed cohorts have been
followed up to extinction. For example, 50 years after the
atomic bombings of Hiroshima and Nagasaki, about half of
the survivors were still alive [P2]. In attempting to calculate
lifetime population cancer risks it is therefore important to
predict how risks might vary as a function of time after
radiation exposure, in particular for that group for whom the
uncertainties in projection of risk to the end of life are most
uncertain, namely those who were exposed in childhood.

468. One way to model the variation in risk is to use
empirical models incorporating adjustments for a number of
variables (e.g. age at exposure, time since exposure, sex) and
indeed this approach was used by the BEIR V Committee
[C1] in its analyses of data on the Japanese atomic bomb
survivors and various other irradiated groups. Recent analyses
of solid cancers for these groups have found that the radiation-
induced excess risk can be described fairly well by a relative
riskmodel [I2]. Thetime-constant relative risk model assumes
that if a dose of radiation is administered to a population,
then, after some latent period, there is an increase in the
cancer rate, the excess rate being proportional to the
underlying cancer rate in an unirradiated population. For
leukaemia, this model provides an unsatisfactory fit,
consequently a number of other models have been used for
this group of malignancies, including one in which the excess
cancer rate resulting from exposure is assumed to be constant
i.e. the time-constant additive risk model [U4].

469. It is well known that for all cancer subtypes (including
leukaemia) the excess relative risk (ERR) diminishes with
increasing age at exposure [U2]. For those irradiated in
childhood there is evidence of a reduction in the excess
relative risk of solid cancer 25 or more years after exposure
[L6, L33, P2, T4]. For solid cancers in adulthood the excess
relative risk is more nearly constant, or perhaps even
increasing over time [L32, L33], although there are some
indications to the contrary [W9]. Clearly then, even in the
case of solid cancers various factors have to be employed to
modify the excess relative risk.

470. Associated with the issue of projection of cancer risk
over time is that of projection of cancer risk between two
populations with differing underlying susceptibilities to

cancer. Analogous to the relative risk time projection model
one can employa multiplicative transfer of risks, in which the
ratio of the radiation-induced excess cancer rates to the
underlying cancer rates in the two populations might be
assumed to be identical. Similarly, akin to the additive risk
time projection model one can use an additive transfer of
risks, in which theradiation-induced excess cancer rates in the
two populations might be assumed to be identical. The data
that are available suggests that there is no simple solution to
the problem [U2]. For example, there are weak indications
that the relative risks of stomach cancer following radiation
exposure may be more comparable than the absolute excess
risks in populationswith different background stomach cancer
rates [U2]. The breast cancer relative risks observed in the
most recent analysis of the Japanese atomic bomb survivor
incidence data [T4] are rather higher than those seen in
various other data sets, particularly for older ages at exposure
[B6, M2, S20]. The observation that sex differences in solid
tumour excess relative risk are generally offset by differences
in sex-specific background cancer rates [U2] might suggest
that absolute excess risks are more alike than excess relative
risks. Taken together, these considerations suggest that in
various circumstances relative or absolute transfers of risk
between populations may be advocated, or indeed, the use of
some sort of hybrid approach such as that which has been
employed by Muirhead and Darby [M12] and Little et al.
[L56].

471. The exposed populations that are often used for deriv-
ing cancer risks e.g. the Japanese atomic bombsurvivors, were
exposed to ionizing radiation at high doses and high dose
rates. However, it is the possible risks arising from low dose
and low dose-rate exposure to ionizing radiation which are
central to the setting of standards for radio-logical protection.
The ICRP [I2] recommended application of a dose and dose-
rate effectiveness factor of 2 to scale cancer risks from high
dose and high dose-rate exposure to low dose and low dose-
rate exposure on the basis of animal data, the shape of the
cancer dose response in the bomb survivor data and other
epidemiological data. Although the linear-quadratic dose-
response model (with upward curvature) found for leukaemia
is perhaps the most often employed departure from linearity
in analyses of cancer in radiation-exposed groups [P1, P2],
other shapes are possible for the dose-response curve [U3].
While for most tumour types in the Japanese data linear-
quadraticcurvatureadequatelydescribes the shape of thedose-
response curve, for non-melanoma skin cancer (NMSC) there
is evidence for departures from linear-quadratic curvature.
The non-melanoma skin cancer dose response in the Japanese
cohort is consistent with a dose threshold of 1 Sv [L7, L30] or
with an induction term proportional to the fourth power of
dose, with, in each case, an exponential cell sterilization term
to reduce non-melanoma skin cancer risk at high doses
(>3 Sv).

472. Arguably, models which take account of the biological
processes leading to the development of cancer can provide
insight into these related issues of projection of cancer risk
over time, transfer of risk across population and extrapolation
of risks from high doses and dose-rates to low doses and dose-
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rates. For example, Little and Charles [L32] have demon-
strated that a variety of mechanistic models of carcinogenesis
predict an excess relative risk which reduces with increasing
time after exposure for those exposed in childhood, while for
those exposed in adulthood the excess relative risk might be
approximatelyconstant over time. Mechanistic considerations
also imply that the interactions between radiation and the
various other factors that modulate the process of carcino-
genesis may be complex [L2], so that in general one would
not expect either relative or absolute risks to be invariant
across populations. Some of the general features of interaction
between radiation and other factors are described in Annex H,
“Combined effects of radiation and other agents”.

B. EMPIRICAL AND MECHANISTIC
MODELS

1. Armitage-Doll multi-stage model

473. Mechanistic models of carcinogenesis were originally
developed to explain phenomena other than the effects of
ionizing radiation. One of the more commonly observed
patterns in the age-incidence curves for epithelial cancers is
that the cancer incidence rate varies approximately as Ctβ for
age t and some constants C and β. At least for most epithelial
cancers in adulthood, the exponent β of age seems to lie
between 4 and 6 [D5]. The so-called multi-stage model of

Figure XXIII. Empirical/mechanistic models of multi-stage carcinogenesis.
SC: Initial stem cell SCi: Stem cell of stage i SCM: Malignant stem cell
M(i)(t): Mutation rate G(i)(t): Stem cell rate D(i)(t): Death/differentiation rate
at stage i and age t at stage i and age t at stage i and age t

carcinogenesis of Armitage and Doll [A1] was developed in
part as a way of accounting for this approximately log-log
variation of cancer incidence with age. The model supposes
that at age t an individual has a population of X(t) completely
normal (stem) cells and that these cells acquire one mutation
at a rate M(0)(t). The cells with one mutation acquire a second
mutation at a rate M(1)(t), and so on until at the (k � 1)th

stage the cells with (k � 1) mutations proceed at a rate M(k �
1)(t) to become fully malignant. The model is illustrated
schematicallyin Figure XXIII. It can be shown that when X(t)
and M(i)(t) are constant, a model with k stages predicts a
cancer incidence rate that is approximately given by the
expression Ctk�1, with C = M(0) M(1)...M(k � 1)/(1 × 2 ... (k
� 1)) [A1, M27].
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474. In developing their model, Armitage and Doll [A1]
were driven largely by epidemiological findings and, in
particular, by the age distribution of epithelial cancers. In the
intervening 30 years, substantial biological evidence has been
gathered that cancer is a multi-step process involving the
accumulation of a number of genetic and epigenetic changes
in a clonal population of cells. This evidence was reviewed in
the UNSCEAR 1993 Report [U3], and subsequent data and
concepts are outlined in Chapter IV of this Annex. However,
there are certain problems with the model proposed by
Armitage and Doll [A1] associated with the fact that to
account for the observed age-incidence curve Ctβ with β

between 4 and 6, between five and seven stages are needed.
For colon cancer there is evidence that six stages might be
required [F1, U3]. However, for other cancers there is, at
present, insufficient evidence to conclude that there are as
many rate-limiting stages as this. BEIR V [C1] surveyed
evidence for all cancers and found that two or three stages
might be justifiable, but not a much larger number. To this
extent, the large number of stages predicted by the Armitage-
Doll model appears to be verging on the biologicallyunlikely.
Related to the large number of stages required by the
Armitage-Doll multi-stage model are the high mutation rates
predicted bythe model. Moolgavkar and Luebeck [M28] fitted
the Armitage-Doll multi-stage model to data sets describing
the incidence of colon cancer in a general population and in
patientswith familialadenomatouspolyposis. Moolgavkar and
Luebeck [M28] found that Armitage-Doll models with five or
six stages gave good fits to these data sets, but that both of
these models implied mutation rates that were too high by at
least two orders of magnitude. The discrepancy between the
predicted and experimentally measured mutation rates might
be eliminated, or at least significantly reduced, if account is
taken of the fact that the experimental mutation rates are
locus-specific. A “mutation” in the sense in which it is defined
in this model might result from the "failure" of any one of a
number of independent loci, so that the “mutation” rate would
be the sum of the failure rates at each individual locus.

475. Notwithstanding these problems, much use has been
made of the Armitage-Doll multi-stage model as a framework
for understanding the time course of carcinogenesis,
particularly for the interaction of different carcinogens [P10].
Thomas [T3] has fitted theArmitage-Doll model with one and
two radiation-affected stages to the solid cancer data in the
Japanese Life Span Study 11 cohort of bomb survivors.
Thomas [T3] found that a model with a total of five stages, of
which either stages one and three or stages two and four were
radiation-affected, fitted significantly better than models with
a single radiation-affected stage. Little et al. [L5, L35] also
fitted the Armitage-Doll model with up to two radiation-
affected stages to the Japanese Life Span Study11 data set and
also to data on various medically exposed groups, using a
slightlydifferent technique to that of Thomas [T3]. Little et al.
[L5, L35] found that the optimal solid cancer model for the
Japanese data had three stages, the first of which was
radiation affected, while for the Japanese leukaemia data the
best fitting model had three stages, the first and second of
which were radiation affected. A version of the Armitage-Doll
has also been fitted to the Life Span Study solid tumour

incidence data by Pierce and Mendelsohn [P22], who found
that a model with five or six stages gave the best fit to this
data.

476. Both the paper of Thomas [T3] and those of Little et al.
[L5, L35] assumed the ith and the jth stages or mutation rates
[M(i �1), M(j � 1)] (j > i) in a model with k stages to be
(linearly) affected by radiation and the transfer coefficients
(other than M(i �1) and M(j �1)) to be constant, as is the
stem-cell population X(t). In these circumstances, it can be
shown [L5] that if an instantaneously administered dose of
radiation d is given at age a, then at age t (>a) the cancer rate
is approximately as follows:

for some positive constants µ, α and β, and where γ is
given by

and Γ(i) is the gamma function [A6].

477. The first term (µtk�1) in expression (5) corresponds to
the cancer rate that would be observed in the absence of
radiation, while the second term (αdai�1tk�i�1) and the third
term (βdai�1tk�j�1) represent the separate effects of radiation
on the ith and jth stages, respectively. The fourth term
(γd2ai�1tk�j�1), which is quadratic in dose, d, represents the
consequences of interaction between the effects of radiation
on the ith and the jth stages and is only non-zero when the
two radiation-affected stages are adjacent (j = i + 1). Thus
if the two affected stages are adjacent, a quadratic (dose
plus dose-squared) relationship will occur, whereas the
relationship will be approximatelylinear if the two affected
stages have at least one intervening stage. Another way of
considering the joint effects of radiation on two stages is
that for a brief exposure, unless the two radiation-affected
stages are adjacent, there will be insignificant interaction
between the cells affected by radiation in the earlier and
later of the two radiation-affected cell compartments. This
is simply because very few cells will move between the two
compartments in the course of the radiation exposure. If
the ith and the jth stages are radiation-affected, the result
of a brief dose of radiation will be to cause some of the
cells that have already accumulated (i -1) mutations to
acquire an extra mutation and move from the (i - 1)th to
the ith compartment. Similarly, it will cause some of the
cells that have already acquired (j - 1) mutations to acquire
an extra mutation and so move from the (j - 1)th to the jth
compartment. It should be noted that the model does not
require that the same cells be hit by the radiation at the ith
and jth stages, and in practice for low total doses, or
whenever the tworadiation-affected stages are separated by
an additional unaffected stage or stages, an insignificant
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proportion of the same cells will be hit (and mutated) by
the radiation at both the ith and the jth stages. The result
is that unless the radiation-affected stages are adjacent, for
a brief exposure the total effect on cancer rate is
approximately the sum of the effects, assuming radiation acts
on each of the radiation-affected stages alone. One interesting
implication of models with two or more radiation-affected
stages is that as a result of interaction between the effects of
radiation at the various stages, protraction of dose, in general,
results in an increase in cancer rate, i.e. an inverse dose-rate
effect [L5]. However, it can be shown that in practice the
resulting increase in cancer risk is likely to be small [L5].

478. The variant of the Armitage-Doll model fitted by Pierce
and Mendelsohn [P22] is unusual in that it assumes that
radiation equally affects all k mutation rates in the model
except the last. (In the last stage, radiation is not assumed to
have any effect.) This assumption distinguishes their use of
this model from the approaches of Little et al. [L5] or Thomas
[T3], both of which assumed that radiation affected at most
two of the mutation rates (and neither of which constrained
the effects of radiation to be equal in these stages). There are
some technical problems with the paper of Pierce and
Mendelsohn [P22] arising from the authors’ failure to take
account of interactions between the effects of radiation on the
(k � 2) pairs of adjacent stages. These interactions contribute
significantly by adding a quadratic term in the dose response
and cannot be ignored, even to a first-order approximation.
The fact that in general there is little evidence for upward
curvature in the solid cancer dose response in the Life Span
Study [P1, L7, L44] argues that if proper account had been
taken of these interaction terms, the model of Pierce and
Mendelsohn [P22] would not fit the data well. Moreover, one
implication of the model of Pierce and Mendelsohn [P22] is
that the excess relative risk will be proportional to 1/a, i.e. the
inverse of attained age. However, this is known to provide a
poor description of the excess relative risk of solid cancer,
even within the Life Span Study cohort [L56, L57].

479. The optimal leukaemia model found by Little et al. [L5,
L35], having adjacent radiation-affected stages, predicts a
linear-quadratic dose response, in accordance with the
significant upward curvature which has been observed in the
Japanese data set [P1, P2, P3]. This leukaemia model, and
also that for solid cancer, predicts the pronounced reduction
of excess relative risk with increasing age at exposure which
has been seen in the Japanese atomic bomb survivors and
other data sets [U2]. The optimal Armitage-Doll leukaemia
model predicts a reduction of excess relative risk with
increasing time after exposure for leukaemia. At least for
those exposed in childhood, the optimal Armitage-Doll solid
cancer model also predicts a reduction in excess relative risk
with time for solid cancers. These observations are consistent
with the observed pattern of risk in the Japanese and other
data sets [L33, U2]. Nevertheless, there are indications that
the Armitage-Doll model may not provide an adequate fit to
the Japanese data [L6]. For this reason, and because of the
other problems with the Armitage-Doll model discussed
above, a slightly different class of models need to be
considered.

2. Two-mutation models

480. In order to reduce the biologically implausible number
of stages required by their first model, Armitage and Doll
[A7] developed a further model of carcinogenesis, which
postulated a two-stage probabilistic process whereby a cell
following an initial transformation into a pre-neoplastic state
(initiation) was subject toa period ofaccelerated (exponential)
growth. At some point in this exponential growth a cell from
this expanding population might undergo a second
transformation (promotion) leading directly to the
development of a neoplasm. Like their previous model, it
satisfactorily explained the incidence of cancer in adults, but
was less successful in describing the pattern of certain
childhood cancers.

481. The two-mutation model developed by Knudson [K16]
to explain the incidence of retinoblastoma in children took
account of the process of growth and differentiation in normal
tissues. Subsequently, the stochastic two-mutation model of
Moolgavkar and Venzon [M7] generalized Knudson's
model, by taking account of cell mortality at all stages as
well as allowing for differential growth of intermediate
cells. The two-stage model developed by Tucker [T7] is
very similar to the model of Moolgavkar and Venzon but
does not take account of the differential growth of inter-
mediate cells. The two-mutation model of Moolgavkar,
Venzon, and Knudson (MVK) supposes that at age t there
are X(t) susceptible stem cells, each subject to mutation to
an intermediate type of cell at a rate M(0)(t). The
intermediate cells divide at a rate G(1)(t); at a rate D(1)(t)
they die or differentiate; at a rate M(1)(t) they are
transformed into malignant cells. The model is illustrated
schematically in Figure XXIII. In contrast to the case of
the (first) Armitage-Doll model, there is a considerable
body of experimental biological data supporting this
initiation-promotion type of model (see, e.g. [M5, T6]).
The model has been developed to allow for time-varying
parameters at the first stage of mutation [M30]. An
additional generalization of this model (to account for
time-varying parameters at the second stage of mutation)
was presented by Little and Charles [L32], who also
demonstrated that the excess relative risk predicted by the
model when the first mutation rate was subject to
instantaneous perturbation decayed at least exponentially for
a sufficiently long time after the perturbation. Moolgavkar et
al. [M29] and Luebeck et al. [L12] and Heidenreich et al. [H2]
used the two-mutation model to describe the incidence of lung
cancer in rats exposed to radon, and in particular to describe
the inverse dose-rate effect that has been observed in these
data. Other groups have also modelled lung tumour risk in
rats exposed to radon [H35, L2], and in this experimental
system the modelling suggests effects of radiation on the
later stages of tumorigenesis. Moolgavkar et al. [M13] and
Luebeck et al. [L16] also applied the model to describe the
interaction of smoking and radiation as causes of lung
cancer in the Colorado Plateau uranium miner cohort.
More recently the two-mutation model has been utilized to
model lung, stomach, and colon cancer in the atomic bomb
survivor incidence data [K17].
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482. Moolgavkar and Luebeck [M28] have used models
with two or three mutations to describe the incidence of
colon cancer in a general population and in patients with
familial adenomatous polyposis. They found that both
models gave good fits to both data sets, but that the model
with two mutations implied biologically implausibly low
mutation rates. The three-mutation model, which predicted
mutation rates more in line with biological data, was
thereforesomewhat preferable. The problem of implausibly
low mutation rates implied by the two-mutation model is
not specific to the case of colon cancer, and is discussed at
greater length by Den Otter et al. [D6] and Derkinderen et
al. [D7], who argue that for most cancer sites a model with
more than two stages is required.

3. Generalized Moolgavkar-Venzon-Knudson
(MVK) multi-stage models

483. A number of generalizations of the Armitage-Doll
and two- and three-mutation models have been developed
[L31, T6]. In particular, two closely related models have
been developed, whose properties have been described by
Little [L31]. The first model is a generalization of the two-
mutation model ofMoolgavkar, Venzon, and Knudson and
so will be termed the generalized MVK model. The second
model generalizes the multi-stage model of Armitage and
Doll and will be termed the generalized multi-stage model.

For the generalized MVK model it may be supposed that at
age t there are X(t) susceptible stem cells, each subject to
mutation to a type of cell carrying an irreversible mutation
at a rate of M(0)(t). The cells with one mutation divide at
a rate G(1)(t); at a rate D(1)(t) they die or differentiate.
Each cell with one mutation can also divide into an
equivalent daughter cell and another cell with a second
irreversible mutation at a rate M(1)(t). For the cells with
two mutations there are also assumed to be competing
processes of cell growth, differentiation, and mutation
taking place at rates G(2)(t), D(2)(t), and M(2)(t),
respectively, and so on until at the (k � 1)th stage the cells
that have accumulated (k � 1) mutations proceed at a rate
M(k � 1)(t) to acquire another mutation and become
malignant. The model is illustrated schematicallyin Figure
XXIII. The two-mutation model of Moolgavkar, Venzon,
and Knudson corresponds to the case k = 2. The
generalized multi-stage model differs from the generalized
MVK model only in that the process whereby a cell is
assumed to split into an identical daughter cell and a cell
carrying an additional mutation is replaced by the process
in which only the cell with an additional mutation results,
i.e. an identical daughter cell is not produced. The classical
Armitage-Doll multi-stage model corresponds to the case
in which the intermediate cell proliferation rates G(I)(t)
and the cell differentiation rates D(i)(t) are all zero.

Figure XXIV. Comparison of generalized MVK models fitted to the observed excess relative risk Sv�1 (CI:
90%) in survivors of the atomic bombings in Japan [L36].
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484. It can be shown [L31] that the excess relative risk for
either model following a perturbation of the parameters
will tend to zero as the attained age tends to infinity. One
can also demonstrate that perturbation of the parameters
M(k � 2), M(k � 1), G(k � 1), and D(k � 1) will result in
an almost instantaneous change in the cancer rate [L31].

485. Generalized MVK models have been fitted to the
atomic bomb survivor mortality data [L36]. For both
leukaemia and solid cancers, the only models with a single
radiation-affected parameter that give even slightly
satisfactory fits are those in which radiation is assumed to
affect M(0) [L36]. For both leukaemia and solid cancer,
generalized two- and three-mutation MVK models fit equally
well. For leukaemia, the three-mutation model provides a
satisfactoryfit onlywhen M(0) and M(1) are assumed affected
by radiation. For solid cancer and leukaemia there are
indications of lack of fit to the youngest age-at-exposure group
for the three-mutation model; there is also some lack of fit of
the optimal solid cancer three-mutation model to this age-at-
exposure group (Figure XXIV).

486. For solid cancer, only M(0) is (linearly) affected by
radiation for two- or three-mutation generalized MVK
models. In contrast to the solid cancer models, both leukae-
mia models assume a linear-quadratic dose dependence of the
M(i). The non-linearity found in the leukaemia M(i) dose

response reflects known curvature in the leukaemia dose
response in the atomic bomb survivor data [C1, P1]. There is
some evidence, e.g. for chromosome aberrations, that the
mutation induction curve is linear-quadratic at least for low-
LET radiation, although linearity is generally observed for
high-LET radiation [L34].

487. Despite the indications of lack of fit discussed above, the
variation of excess relative risk with time since exposure and
age at exposure predicted by the optimal two- and three-
mutation models for solid cancer (Figure XXIV) is in
qualitative agreement with the variation seen in the Japanese
bomb survivors and in other irradiated groups [U2]. In
particular the optimal models demonstrate the progressive
reduction in excess relative risk with increasing age at
exposure seen in many data sets [U2], together with the
marked reduction in excess relative risk with increasing time
since exposure observed in various groups exposed in
childhood [L42, P2].

488. Figure XXIV reinforces the theoretical predictions of an
earlier paper byLittle [L31] and shows that immediately after
perturbing M(0) in the two-mutation model, the excess
relative risk for solid cancers and leukaemia quicklyincreases.
However, there are no data in the first five years of follow-up
in the survivor cohort [P2], so that it is difficult to test the
predictions [L31] in respect of the variation in risk shortly
after exposure using that data set.

Figure XXV. Excess relative risk (CI: 90%) of solid cancers and leukaemia in Ankylosing Spondylitis Study in
United Kingdom and the International Study of Cervical Cancer [B5, D8].
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489. There is a suggestive increase in the excess relative
risk of cancers other than leukaemia and colon cancer in
the UK ankylosing spondylitis patients <5 years after first
treatment (the first two datapoints in the top-left panel of
Figure XXV), but the authors caution against interpreting
this as the effect of the x-irradiation [D8]. There are no
strong indications of an elevation in risk in the first five
years after radiotherapy for cancers other than leukaemia
and of the reproductive organs in a study of women
followed up for second cancer after radiotherapy for
cervical cancer [B5]. This corresponds to the first two
datapoints in the bottom panel of Figure XXV. (Lung
cancers are also excluded from the International Radiation
Studyof Cervical Cancer (IRSCC) data shown in the lower
left panel of Figure XXV because of indications of above-
average smoking rates in this cohort [B5].) In general there
are no strong indications of an elevation in solid cancer
risk soon after irradiation in other exposed groups [U2]. To
this extent there are indications of inconsistency for solid
cancers between the predictions of the two-mutation model
and the observed variation in risks shortly after exposure.

490. In their analysis of the Colorado uranium miners
data, Moolgavkar et al. [M13] partially overcame the
problem posed by this instantaneous rise in the hazard after
perturbation of the two-mutation model parameters by
assuming a fixed period (3.5 years) between the appearance
of the first malignant cell and the clinical detection of
malignancy. However, the use of such a fixed latency
period only translates a few years into the future the sudden
step-change in the hazard. To achieve the observed gradual
increase in excess relative risk shortly after exposure, a
stochastic process must be used to model the transition
from the first malignant cell to detectable cancer; such a
process is provided by the final stage(s) in the three- or
four-mutation generalized MVK models used in the
analysis of Little [L36]. In particular, an exponentially
growing population of malignant cells could be modelled
by a penultimate stage with G(k � 1) > 0 and D(k � 1) = 0,
the probability of detection of the clone being determined
by M(k � 1). In their analysis of lung, stomach, and colon
cancer in the atomic bomb survivor incidence data, Kai et
al. [K17] did not assume any such period of latency,
perhaps because of the long time after the bombings (12.4
years) before solid cancer incidence follow-up began in the
Life Span Study.

491. The evidence with respect to the variation in excess
relative risk shortly after exposure for leukaemias is rather
different from that for solid cancers. In the United
Kingdom ankylosing spondylitis patients [D8] there is
significant excess risk even in the period <2.5 years after
first treatment (first datapoint in top-right panel of Figure
XXV). The IRSCC data [B5] shows a significant excess
risk for acute non-lymphocytic leukaemia in the period 1�4
years after first treatment (the second datapoint in the
lower-right panel of Figure XXV), and this pattern is
observed in many other groups [U2]. More detailed
analysis of UK leukaemia incidence data indicate that the
age-incidence curves for all subtypes of lymphocytic

leukaemia can be adequately modelled by two- and three-
mutation generalized MVK models [L26, L36]. However,
the two-mutation models for acute lymphocytic leukaemia
(ALL) imply a very small number of stem cells (<104 cells)
if the model is not to yield implausibly low mutation rates
[L26].

492. Little [L55] fitted various generalized MVK models
to the three main radiogenic leukaemia subtypes, namely
acute myeloid leukaemia (AML), chronic myeloid
leukaemia (CML) and acute lymphocytic leukaemia (ALL)
in two incidence data sets, one relating to a subset of the
population of the United Kingdom recently assembled by
the Leukaemia Research Fund (LRF) [C21] and the second
the Japanese atomic bomb survivors [P3]. The results of
this model fitting are illustrated by Figures XXVI and
XXVII. Figure XXVI shows that the optimal two-mutation
models adequatelydescribe the background incidence ofall
three leukaemia subtypes in the United Kingdom
Leukaemia Research Fund data [L55]. The optimal two-
mutation model for AML assumes a step change in the
numbers of susceptible stem cells and a simultaneous
change in the intermediate cell proliferation parameters,
G(1)(t) and D(1)(t). The optimal two-mutation model for
CML assumes a step change in the numbers of susceptible
stem cells and a simultaneous change in the number of
susceptible stem cells and a simultaneous change in the
intermediate cell growth parameter, G(1)(t), although the
cell death or differentiation rate, D(1)(t), is constant. The
optimal two-mutation model for ALL assumes a susceptible
stem cell population of the form X = X0 exp [X1 t + 1[1>T]

X+] and a step change in the intermediate cell proliferation
parameters, G(1)(t) and D(1)(t). As can be seen from
Figure XXVI, three-mutation models provide a rather
worse fit for all leukaemia subtypes, particularly for ALL
[L55]. For ALL, two-mutation models which assumed
ionizing radiation acts to elevate mutation rates for life
fitted the Japanese atomic bomb survivor incidence data
rather worse than models which assumed ionizing
radiation acts to elevate the first mutation rate
instantaneously [L55] (see Figure XXVII, lower panel).
For CML, two-mutation models which assumed ionizing
radiation acts to elevate mutation rates for life fitted the
Japanese atomic bomb survivor incidence data rather better
than models which assumed ionizing radiation acts to
elevate the first mutation rate instantaneously [L55] (see
Figure XXVII, center panel). For AML (Figure XXVII,
upper panel), both sorts of two-mutation models fitted
equivalently well [L55].

4. Multiple pathway models

493. Little et al. [L6] fitted a generalization of the Armitage-
Doll model to the Japanese atomic bomb survivor and IRSCC
leukaemia data which allowed for two cell populations at
birth, one consisting of normal stem cells carrying no
mutations, the second a population of cells each of which has
been subject to a single mutation. The leukaemia risk
predicted by such a model is equivalent to that resulting from
a model with two pathways between the normal stem cell
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Figure XXVI. Fit of optimal two-stage and three-stage generalized MVK models
to Leukeamia Research Fund data for acute myeloid leukaemia (AML), chronic myeloid leukaemia (CML),

and acute lymphocytic leukaemia (ALL) [L55].
Observed risks are shown with 95% CI.
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compartment and the final compartment of malignant cells,
the second pathwayhaving one fewer stage than the first. This
model fitted the Japanese and IRSCC leukaemia data sets
significantly better, albeit with biologically implausible
parameters, than a model which assumed just a single
pathway [L6]. The findings of Kadhim et al. [K4], namely
that the exposure of mammalian haemopoietic stem cells to
alpha particles could generally elevate mutation rates to very
much higher than normal levels, imply (if they are at all
relevant to tumorigenesis) that there might be multiple
pathways in the progression from normal stem cells to
malignant cells (discussed in Chapter IV). The mutation rates
and indeed the number of rate-limiting stages might be
substantially different in these two or more pathways. A
number of such models are described by Tan [T6], who also

discusses at some length the biological and epidemiological
evidence for such models.

C. DOSE-RESPONSE RELATIONSHIPS

494. The shape of the cancer dose response is largely driven
by assumptions made about the shape of the dose-response
curve for the initiating lesion or lesions. In particular, if a
lesion induced bya single acutelydelivered dose D of ionizing
radiation at age α has a dose response given by the function
F(D,a) and this is assumed to act on a single stage (not
necessarily the first) in the multi-stage process of carcino-
genesis and assuming also that the dose is low enough to
avoid saturation effects, then it can be shown [L5, L31] that
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Figure XXVII. Fit of optimal two-stage MVK models
to Japanese data for acute myeloid leukaemia (AML), chronic myeloid leukaemia (CML),

and acute lymphocytic leukaemia (ALL) [L55].
Observed risks are shown with 95% CI.
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the dose-response curve for carcinogenesis i years after
exposure is given by w0 (t,a) + F(D,a) � w1(t,a) for some
functions w0(t,a) and w1(t,a). In other words, the dose response
for cancer has the same shape as the dose response for initial
lesion production. In particular, if the initial lesion production
is a linear-quadratic function of dose D, F(D) = σ0 + σ1 � D
+ σ2 � D2, then the cancer dose response will also be linear-
quadratic, with the same ratio of quadratic to linear
coefficients.

495. It is a crucial assumption underlying this invariance in
“shape” of the dose-response curves for the production of

initial lesions and cancer that the radiation-induced lesions act
only at a single “stage” in the carcinogenic process. If, for
example, there is a quadratic term in the dose response
resulting from interactions between the (linear) effects of
radiation on different “stages” (e.g. adjacent “stages” in the
classical multistage model of carcinogenesis) then the ratio of
the quadratic to the linear coefficients for the cancer dose
response would change with time after exposure [L5]. It has
been hypothesized that the quadratic term in thedose-response
curve for chromosome aberrations results from interactions
between the effects of two radiation tracks through the cell
nucleus [E10, M42].
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496. Comparison of the shape of dose-response relationships
for tumour induction with that of in vitro cellular endpoints
such as chromosome aberration induction is not
straightforward. Chapter IV provides evidence of the cellular
complexity of multistage tumour development, and some
distortion of dose-response parameters for initial events in
single cells seems likely. Accordingly, such dose-response
comparisons need to be made with some caution.

497. Nevertheless, the assumption made here is that
tumorigenic dose response is determined largely by the dose
response for the production of initial lesions. The shape of the
dose response for the various candidate lesions that might be
associated with cancer has been discussed in earlier Chapters
of this Annex. There is some information on this question that
can be obtained from the epidemiological data, although this
is generallyobtained from moderately high dose studies (with
total dose up to 5 Gy). There is very little reliable epidemio-
logical data relating to total doses less than 20 mGy. In most
analyses of epidemiological data, linear dose-response models
are used, and give satisfactory fit. In particular this is the case
for most solid tumours in the Japanese atomic bomb survivors
[P2, T4] and in many other radiation-exposed groups [U2].
The linear-quadratic dose response (with upward curvature)
that is found for leukaemia is perhaps the most often
employed departure from linearity. However, in analyses of
the shape of the cancer dose-response curve in radiation-
exposed groups [P1, S1], there are various other possible
shapes to the dose-response curve [U3]. For the class of
deterministic effects defined by the ICRP [I2], it is assumed
that there is a threshold dose, below which there is no effect
[E9]. Such a form of dose response has also been employed in
analyses of brain damage among those exposed in utero to the
atomic bombings in Hiroshima and Nagasaki [O9, O10].
Arguments have been put forward that sufficiently small
doses of radiation induce either no increase in cancer risk (i.e.
a dose threshold), or a reduction in cancer risk (i.e. hormesis)
[L45, K19, K22, P9], although these interpretations have been
challenged [C15, U3].

498. Recently there have appeared a number of assessments
of possible threshold-type departures from linear-quadratic
curvature in the cancer dose-response curve in the Japanese
atomic bomb survivor tumour incidence and mortality data.
These data are noted earlier in the Annex and are discussed
in detail below.

499. Analysis by Little and Muirhead [L7, L43] and by Hoel
and Li [H26] of the Japanese atomic bomb survivor incidence
data demonstrated a significant improvement in fit to the
leukaemia incidence data when a threshold is incorporated in
a linear-quadratic relative risk model, albeit at borderline
levels of statistical significance (two-sided p=0.04). Little and
Muirhead [L7, L43] examined the three radiogenic leukaemia
subtypes (AML, ALL, CML), as well as the principal solid
cancer sites in the incidence data, and found that, apart from
leukaemia, only for non-melanoma skin cancer was there
evidence of a threshold (at about 1 Sv); this last finding was
reinforced by a more detailed examination of this cancer type
[L30]. The evidence for there being a significant excess risk

of non-melanoma skin cancer at relatively low doses (<1 Gy)
in other (Caucasian) populations [S31] may indicate the
limited relevance of these findings in the Japanese data to
Western populations with respect to this cancer type.
Paralleling the analysis of Little and Muirhead [L7, L43].
Hoel and Li [H26] also examined the fit of linear-threshold
models to a number of solid cancer sites in both the Japanese
incidence and mortality data and found that for none of the
cancer sites was there evidence that incorporation of a
threshold significantly improved the fit.

500. It is well recognized that errors in the estimates of
dose can substantially alter the shape of the dose-response
relationship and hence the evidence both for a dose
response and also for any possible curvature in that dose
response. The problem of random dosimetric errors for the
Radiation Effects Research Foundation (RERF) data has
been previously investigated by Jablon [J5], Gilbert [G2],
Pierce et al. [P7] and Pierce and Vaeth [P1]. Such random
errors in doses were taken into account in the analysis of
the tumour incidence and mortality data by Little and
Muirhead [L7, L32, L44], but not by Hoel and Li [H26].
The issue of dosimetric errors in epidemiological data is
considered in Annex I, “Epidemiological evaluation of
radiation-induced cancer”.

501. There are certain technical problems associated with
use of threshold models. In general, the asymptotic (χ2)
distribution of the deviance difference statistic used for
significance tests is not guaranteed, because of a lack of
sufficient smoothness in the likelihood as a function of the
dose threshold parameter [S30]. This problem is circum-
vented by the likelihood-averaging techniques used to take
account of dosimetric errors in the analysis by Little and
Muirhead [L7, L43, L44]; this problem is not addressed in
the analyses of Hoel and Li [H26].

502. Other subtle problems affect the interpretation of the
results of both Hoel and Li [H26] and Little and Muirhead
[L7, L43, L44]. These problems are connected with the use
of the grouped form of the data, and in particular the
grouped dose categories, in the publicly available forms of
both the Japanese incidence and mortality data sets. A
likelihood-averaging technique used to take account of
dosimetric errors [L7, L43, L44] is one possible way around
this problem. Little and Muirhead [L7, L43, L44], following
the methodology of Pierce et al. [P7], evaluated the average,
for a given “nominal” dose, d, of the relative risk, RR(i,D),
evaluated at the “true” dose D: Avg[RR(i,D)�d]. The data set
used was in grouped form, the strata being defined in each
case by the variables city, sex, age at exposure, time since
exposure, and dose. (In the mortality data set [P2], there is
additional stratification by attained age.) For each such
stratum, i, the average “nominal” dose was available for the
persons in that stratum Avgi[d]. Ideally one should calculate
for each strata Avgi[Avg[RR(i,D)�d]], i.e. the average of
Avg[RR(i,D)�.] over all individuals in the stratum i. It was not
possible to calculate this quantity using the grouped data that
were publicly available, so that in the analyses of Little and
Muirhead [L7, L43, L44] the quantity Avg[RR(i,D)�Avgi[d]]
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a In the incidence data a neutron relative biological effectiveness (RBE) of 1 is used to calculate the neutron component of bone marrow dose
(in Gy), for the mortality data a neutron RBE of 10 is used to calculate dose (in Sv).

b All leukaemia cases over the years 1950-1987.
c All leukaemia deaths over the years 1950-1987.
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Table 16
Leukaemia cases and deaths in various dose groups in the Japanese atomic bomb survivor incidence and
mortality data

Bone marrow dose group a
Number of cases

Incidence b [P3] Deaths c [P2]

0.0-0.1
0.1-0.2
0.2-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-3.0
3.0-4.0
�4.0

128
8
27
24
19
8
17
2
4

125
11
24
22
16
9
18
7
4

Total 237 236

was evaluated, i.e. the value of Avg[RR(i,D)�.] evaluated at
the average “nominal’ dose (Avgi[d]) within stratum i. Even
for linear dose-response models there can be differences
betweenAvg[RR(i,D)�Avgi[d]]andAvgi[Avg[RR(i,D)�d]]. As
shown by Little and Muirhead [L43], at least when 35%
dosimetric errors were assumed, this approximation did not
introduce appreciable errors for the optimal linear-quadratic-
threshold model for leukaemia; errors were at most 5% [L43].

503. Although the errors introduced bythis approximation
were small, nevertheless they may be sufficiently great to
question the analyses of Little and Muirhead [L7, L43] and
Hoel and Li [H26]. As discussed previously, one of the
main findings of the analysis of leukaemia incidence
among the Japanese atomic bomb survivors by Little and
Muirhead [L7] was that incorporation of a threshold in the
linear-quadratic model yielded an improvement in fit at

borderline levels of statistical significance (best estimate of
threshold for a linear-quadratic-threshold model was 0.12
Sv, 95% CI: 0.01�0.28; two-sided p=0.04). In contrast, the
fits of a linear-quadratic-threshold model to the mortality
data by the same authors demonstrated that the threshold
was not significantly different from zero (best estimate of
threshold for a linear-quadratic-threshold model was 0.09
Sv, 95% CI: <0.00�0.29; two-sided p=0.16) [L44].
Comparison of the leukaemia incidence and mortality data
in Figure XXVIII and Table 16 demonstrates their
similarity. Little and Muirhead [L44] concluded that the
most probable reason for the difference between the
reported findings in the incidence and mortality data sets
was the finer subdivision of dose groups in the mortality
data set. (There are 14 dose groups in the mortality data
sets in a publicly available form, compared with 10 dose
groups in the incidence data sets.)

Figure XXVIII. Relative risk of leukaemia in survivors of the atomic bombings [L44].
The diagram on the right shows the low-dose region in detail.

504. Substantial low-dose curvilinearity in dose response has
been observed for skin cancer in some human populations
[L30] (although not in all [S31, R15]) and in CBA/CaH mice
[P8], which is consistent either with a threshold or with a

power of dose substantially greater than 2. Low-dose curva-
ture, consistent with a quadratic-exponential dose response,
has also been observed for myeloid leukaemia in CBA mice
[M4, D11]. For a specific endpoint a threshold dose response,
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or something approximating to it (e.g. a dose response
proportional to some high power (>2) of dose), might be
expected if radiation must hit a large number of targets
relevant to that endpoint, for example in order to inactivate a
critical number of cells in a particular tissue [E9]. In
particular, there are grounds for believing that this might be
the case for induction of cataract, sterility, in utero severe
mental retardation and various other deterministic effects
[E9]. There is substantial evidence that oncogenesis arises
from damage to a single cell, and in particular from damage
to the genetic material in a cell, as reviewed by UNSCEAR
[U3], in Chapter IV of the present Annex and discussed by
Little and Muirhead [L7]. Given the evidence that single
tracks of all types of ionizing radiation can induce a variety of
damage, including DNA double-strand breaks [C15, G10,
G12], a dose threshold for cancer induction is judged to be
unlikely but cannot be excluded formally. These mechanistic
issues have been discussed in depth in Chapter IV. The
finding of a significant excess leukaemia risk in various
occupationally exposed groups [C20], in which total doses
generally are administered in an episodic manner, and also
among those exposed to small doses (<0.02 Sv) of
x-irradiation in utero [K23], provide further evidence that
argues against a low dose threshold in the leukaemia dose
response.

505. In conclusion, although there is evidence at borderline
levels of statistical significance for threshold departures from
linear-quadratic curvature for leukaemia incidence in the
Japanese atomic bombsurvivor data, the groupednature of the
Japanese data make inferences on a possible dose threshold
problematic. Based on the most current analysis of the
mortality data [L44], there is no evidence for a threshold
departurefrom linear-quadratic curvature for leukaemia in the
Japanese atomic bomb survivor data, nor is there for anyother
cancer type, with the possible exception of non-melanoma
skin cancer. In arriving at these conclusions the Committee
recognizes the uncertainties that attach to current modelling
approaches to cancer risk and the shape of the dose-response
relationship.

D. SUMMARY

506. The classical multi-stage model of Armitage and Doll
and the two-mutation model of Moolgavkar, Venzon, and
Knudson, and various generalizations of them also, are
capable of describing, at least qualitatively, many of the
observed patterns of excess cancer risk following ionizing
radiation exposure. However, there are certain inconsistencies

with the biological and epidemiological data for both the
multi-stage and two-mutation models. In particular, there are
indications that the two-mutation model is not totally suitable
for describing the pattern of excess risk for solid cancers that
is often seen after exposure to ionizing radiation, although
leukaemia may be better fitted by this type of model.
Generalized MVK models which require three or more muta-
tions are easier to reconcile with biological and epidemio-
logical data relating to solid cancers. Firm statements on the
relative validity of different biologically based models of
radiation tumorigenesis must await further developments. In
general, however, it appears that those models retaining
biologically realistic parameters while providing satisfactory
fits to the data tend to require radiation action at the early
stage of tumorigenesis. This feature is consistent with the
conclusions reached in Chapter IV following review of
mechanistic data. At the same time it is recognized that the
optimal solutions in such modelling can often depend on
initial assumptions made on the role of radiation-induced
damage in complex multi-stage tumorigenic processes. Some
influence of radiation on the later stages of tumorigenesis
should be anticipated, particularly perhaps with respect to
protracted exposures.

507. Although there is evidence at borderline levels of
statistical significance for threshold departures from linear-
quadratic curvature for leukaemia incidence data in the
Japanese atomic bombings, the grouped nature of the
Japanese data make inferences on a possible dose threshold
problematic. Based on the most current analysis of the
mortality data, there is no evidence for a threshold departure
from linear-quadratic curvature for leukaemia in the Japanese
atomic bomb survivor data, nor is there for any other cancer
type, with the possible exception of non-melanoma skin
cancer. Thus, as is the case for data from animal, cellular and
molecular studies, evidence from the modelling of
epidemiological data tends to favour the view that, in general,
cancer risk at low doses rises as a simple function of dose. It
is recognized, however, that, at present, the descriptions of
dose-effect relationships that have been published are
principally qualitative in nature and the choice of models for
the quantitative estimation of risk remains to be satisfactorily
resolved. Substantial uncertainties attach to the true form of
these dose-response relationships and the extent to which they
are determined by biological assumptions. The Committee is
supportive of further work aimed at the further development
and validation of these biologically-based models; it is
believed that they will have an important role in the future
work of the Committee.
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SUMMARY AND CONCLUSIONS

508. A number of considerations are important in determin-
ing the risks of exposures to radiation at low doses and low
dose rates. These include (a) analysis of epidemiological and
experimental studies to determine the lowest doses at which,
for statistical and methodological reasons, radiation effects are
directly observable; (b) examination of the shape of the dose-
response relationships in the low-dose region using available
epidemiological and experimental data; and (c) assessment of
the possibilities for extrapolation to lower levels of dose based
on an understanding of the mechanisms involved in radiation
response. The aim of this Annex has been to provide an
overview of the data available on the relationship between
radiation exposure and the induction of cancer and hereditary
disease, with emphasis on the limits of detection of effects at
low doses of low-LET radiation and the associated uncer-
tainties. This information, coupled with the understanding to
date of mechanisms of damage to cells and tissues, provides
a basis for reasoned judgements to be made about the likely
form of the dose response at exposures below those at which
direct information is available.

509. DNA damage. It is generally recognized that damage
to DNA in the nucleus is the main initiating event by which
radiation causes long-term damage to organs and tissues of
the body. Double-strand breaks in DNA are generally
regarded as the most likely candidate for causing the critical
damage. Single radiation tracks have the potential to cause
double-strand breaks and in the absence of 100% efficient
repair could result in long-term damage, even at the lowest
doses, although with a low probability. Damage to other
cellular components (epigenetic changes) may influence the
functioning of the cell and progression to the malignant state.

510. Direct observations. Studies of cellular systems, ani-
mal experiments and human epidemiological investigations
provide direct and relatively consistent evidence of linear or
linear-quadratic dose-response relationships at high to
intermediate levels of dose and dose rate. However, all such
studies are hampered by statistical limitations in providing
clear indications of effects at acute doses much less than about
100 mGy(low-LET). Epidemiological studies at lowdosesare
also subject to uncertainties due to methodological issues
related to bias and confounding that can limit interpretation
of the data. Some exceptions are the induction of cancer
following irradiation in utero for which an increase in risk has
been observed at doses of about 10�20 mGy, experimental
data on mouse hair mutations at 10 mGy, and unstable
chromosomal aberrations at 20 mGy. In the case of high-LET
radiation, the experimental data on cellular damage generally
indicate a linear dose-response relationship.

511. For the induction of unstable chromosome aberrations
and mutations, a small primingdoseof low-LET radiation can
sometimes reduce the effect caused by a subsequent higher
dose. This adaptive response seems to be a consequence of
stimulating the expression/production of genes/proteins in
cells involved in DNA damage response and takes a few hours

to become effective. Such adaptive responses appear to be
transient and have alsobeen observed for cell transformation.

512. Animal studies are valuable for determining the shapes
of dose-response relationships and examining how the
biological and physical conditions of exposure may influence
radiation responses. For manytumour types, the dose response
following exposure to both low- or high-LET radiation can be
reasonably well represented by a linear or linear-quadratic
function. In many cases, however, alternative fits to the data
are also possible. Other model fits include the possibility of a
threshold dose below which tumours do not occur, as well as
more complex functions in which the time for the tumour to
appear is much later at low dose rates, which can also suggest
the presence of a threshold for response. Animal studies do
not, and probably cannot, provide direct information at acute
doses much less than about 100 mGy. Values for the lowest
doses to give a significant increase in tumour yield following
chronic irradiation are generally higher than those for acute
irradiation.

513. For radiation-induced hereditary disease, the most
comprehensive information comes from measurements of
specific locus mutations in mouse spermatogonia. The
dose-response relationship for low-dose exposures from
low-LET radiation is well fitted by a linear response. The
lowest dose tested in these studies was 380 mGy (low-
LET). The incidence of mutations in male mice falls by a
factor of about three for a reduction in dose rate from
800�900 mGy min�1 to 0.007 mGy min�1. This suggests
that a substantial fraction of the damage to DNA that
results in the induction of heritable mutations is not
amenable to effective repair.

514. Epidemiological studies provide a substantial amount of
direct quantitative data on the risks of cancer in humans
following radiation exposure. The main source of information
is the Japanese Life Span Study (LSS), which gives
information on the effects of whole-body irradiation following
exposure at different ages. The follow-up study indicates a
significant (p=0.05) increase in the risk of radiation-induced
fatal solid cancers in the 0�50 mSv dose range.

515. The dose-response relationship for mortality from
leukaemia has been fitted bya linear-quadratic function, while
for all solid cancers taken together, a linear dose response
provides a best fit for the data for doses up to about 3 Sv. A
linear dose response can also be fitted to the data for a number
of individual tumour types. There are a number ofcancers that
have not been significantly increased, including those of the
rectum, bone, prostate and testes. Further follow-up and better
information on the doses received will be needed before the
shape of the dose response for both morbidity and mortality
can be determined with confidence at doses below about
100 mSv.

516. Dose-response data from a number of other
epidemiological studies can also be fitted with a linear or
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linear-quadratic dose response at doses up to a few gray, but
alternative relationships have also been obtained. Thus, in
radium dial painters exposed to the alpha emitters 226/228Ra, the
best fit to the data on bone tumour induction can be obtained
with a model indicating a “practical threshold”. Data are also
available on an increased risk of bone sarcomas in patients
given 224Ra. It has been proposed that some of these tumours
would be expected to arise only in tissue with deterministic
radiation damage and only above a threshold dose. Similar
conclusions have been drawn for the bone tumours arising in
the radium dial painters. For exposure to radon and its decay
productsa constant-relative-riskmodel without anymodifying
factors, such as attained age and exposure rate, appear to give
a good fit to the data at low doses.

517. Data on patients irradiated for medical reasons are
generally consistent with a linear dose-response relationship
at doses below a few gray. Results suggest a statistically
significant increase in the risk of thyroid cancer at external
radiation doses above about 100 mGy received in childhood.

518. A number of studies provide information on the risk of
childhood cancer following obstetric radiography at low
doses. A statistically significant, 40% increase in the relative
risk of leukaemia and other childhood cancers (up to 15 years
of age) has been seen following doses in the 10�20 mGy(low-
LET) range. The principal reason for being able to determine
this increase in risk, which in absolute terms is modest, is the
low background incidence of cancer in childhood.

519. Data on the effects of low-dose, chronic exposure in
radiation workers are generally consistent with results
obtained from the high-dose-rate studies on leukaemia
induction, although having wide statistical uncertainties. A
longer period of follow-up and pooling of data from different
studies will, however, be necessary if information on the slope
of the dose-response relationship is to be obtained.

520. Some data are available on the risks of cancer in areas
of high natural background. Comparative studies of groups
exposed to different levels of natural background radiation do
not have the statistical power to detect predicted effects on
cancer incidence. Generally, there are substantial difficulties
in interpreting the data because of uncertainties in the doses
actually received, geographical variation in the accuracy of
cancer diagnoses, and confounding by environmental factors.

521. Mechanistic considerations. Proto-oncogenes and
tumour-suppressor genes control a complex array of bio-
chemical pathways involved in cellular signalling and inter-
action, growth, mitogenesis, apoptosis, genomic stability, and
differentiation. Mutation of these genes can, in an often
pleiotropic fashion, compromise these controls and contribute
to the multi-stage development of neoplasia.

522. On the basis of accumulating knowledge it is argued
that early gain-of-function proto-oncogene activation by
chromosomal translocation is often associated with the
development of human lympho-haemopoietic neoplasia,
although gene loss is not infrequent. For many solid tumours

there is a requirement for loss of function mutation of tissue-
specific tumour-suppressor genes that act as cellular
gatekeepers. It has also been proposed that the subsequent
onset of spontaneous genomic instability via further clonal
mutation is a critical event in neoplastic conversion from a
benign to a malignant phenotype. Loss of apoptotic control is
also believed to be an important feature throughout neoplastic
development.

523. Much information on multi-stage tumorigenesis still
remains to be learned. Although the concept of sequential and
interacting gene mutations as the driving force for neoplasia
is more firmly established, there is insufficient understanding
of the complex physiological interplay between these events
and the consequences for cellular behaviour and tissue
homeostasis.

524. Uncertainty also surrounds the degree to which non-
mutational (epigenetic) changes to the genomes of
neoplastic cells contribute to tumorigenesis. Increases in
the methylation status of critical tumour-suppressor genes
is known to be an alternative to mutational inactivation in
a range of neoplasms, and loss of methylation imprints
may also serve to increase the activity of some growth-
promoting genes. DNA methylation is also believed to be
involved in genomic imprinting processes. Loss of such
imprinting may be important in a number of tumour types.
New evidence also implicates histone acetylation in
genomic heterochromatization and gene silencing; this
process is suggested to be a potentially important contri-
butor to epigenetic change. Epigenetic processes (by-
stander effects and induced genomic instability) have been
shown to influence certain aspects of cellular response in
vitro. The relevance of these poorly understood processes
to in vivo tumour induction at low doses of radiation
remains to be established.

525. Studies have clarified the role of specific gene
mutations in tumours that serve to destabilize the genome,
therebyallowing for the accelerated spontaneous development
of clonal heterogeneity and tumour progression. Although
critical evidence is lacking, it is possible to envisage that after
this transition point is reached, tumour development may be
relatively independent of exogenously induced DNA damage.
Cellular selection during neoplastic development is judged to
be of crucial importance at all stages of tumorigenesis.
Overall it is judged that most tumours have their origin in
gene/chromosomal mutations affecting single target stem-like
cells in tissues.

526. Direct evidence on the nature of radiation-associated
initiating events in human tumours is sparse, and rapid
progress in this area should not be anticipated. Bycontrast,
good progress is being made in resolving early events in
radiation-associated tumours in mouse models. These
molecular observations strengthen the view expressed in
the UNSCEAR 1993 Report [U3] that radiation-induced
tumorigenesis will tend to proceed via gene-specific losses;
a contribution from early arising epigenetic events should
not, however, be discounted.
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527. Neoplastic development is subject to a large number of
cellular constraints, which provide a high level of protection
against neoplastic growth and development. Principal of these
are control of cellular proliferation/genomic stability, the
induction of apoptosis, and terminal differentiation to a non-
proliferative cellular state. For at least certain tumour types
there is evidence that immunosurveillance mechanisms can
recognize and restrict the growth of neoplastic cells. In spite
of these constraints, resistance to or tolerance of all these
countermeasures can bedevelopedvia gene-specific mutation.
On the basisofcurrent molecular genetic knowledge, different
modes of in vivo constraint are unlikely to apply to
spontaneously arising and radiation-induced tumours.

528. Much information points to the crucial importance of
DNA repair and other damage-response functions in
tumorigenesis. DNA damage response functions influence
the appearance of initial events in the multi-stage process,
and reduce the probability that a benign neoplasm will
spontaneously acquire the secondary mutations necessary
for full malignant development. Thus, mutations of DNA
damage-response genes in tumours play an important role
in the spontaneous development of genomic instability.

529. The repair of sometimes complex DNA double-strand
lesions is largely error-prone, and is an important
determinant of dose, dose rate, and radiation quality effects in
cells. Uncertainties continue to surround the significance to
tumorigenesis of adaptive responses to DNA damage; the
mechanistic basis of such responses has yet to be well
characterized although associations with the induction of
biochemical stress responses seems likely. Recent scientific
advances highlight the differences in complexity and
reparability between spontaneously arising and radiation-
induced DNA lesions. These data argue against basing
judgements concerning low-dose response on comparisons of
overall lesion abundance rather than their nature.

530. Biological uncertainties and dose-response models.
Evidence suggesting the predominance of error-prone repair
of radiation damage tocellular DNA has grown, implying that
mutational/ tumorigenic risk should be expected at low doses.
Important uncertainties remain, however, on whether error-
free DNA repair might applyat very low doses, although there
are some arguments against it.

531. There are also uncertainties about whether radiation-
induced non-mutational (epigenetic) events, such as induced
genomic instability, contribute significantly to tumour risk.
The dose-response characteristics of such events are obscure,
and there is no way to judge the ensuing risk at low doses, if
indeed it exists. The involvement of such processes cannot be
inferred solely on the basis of the frequency of phenotypic
effects after radiation.

532. Since tumorigenic processes are highly complex,
attention is drawn to the problems of judging the shape of the
low-dose response on data sets that are over-reliant on high-
dose estimates of effect. Apparently simple dose-response
relationships may disguise competing processes that have
different dose dependencies.

533. In spite of these uncertainties the weight of evidence
from fundamental studies favours the mutagenic action of
radiation acting primarily at a very early stage of
tumorigenesis (initiation), with risk rising as a function of
dose. Thus the risk of developing malignant tumours should
follow the dose response for initiating lesions unless there are
dose-dependent effects on the later phases of tumorigenesis.

534. Computational modelling of tumorigenesis. The
different characteristics of empirical and biologically based
models of radiation tumorigenesis have been considered by
the Committee. The classical multi-stage model of Armitage
and Doll and the two-mutation model of Moolgavkar,
Venzon, and Knudson, and various generalizations of both,
are capable of describing, at least qualitatively, many of the
observed patterns of excess cancer risk following ionizing
radiation exposure. However, different solutions have been
obtained by different investigators and there are certain
inconsistencies with the biological and epidemiological data
for both the multi-stage and two-mutation models.
Generalized MVK models that require three or more
mutations are easier to reconcile with biological and
epidemiological data relating to solid cancers.

535. Although there is evidence at borderline levels of
statistical significance for threshold departures from linear-
quadratic curvature for leukaemia incidence in the Japanese
atomic bombsurvivor data, the grouped nature of the Japanese
data make inferences on a possible dose threshold
problematic. The most current analysis of the mortality data
provides no evidence for a threshold departure from linear-
quadratic curvature for leukaemia in the Japanese atomic
bomb survivor data, nor is there evidence of this for any other
cancer type, with the possible exception of non-melanoma
skin cancer.

536. Conclusions. DNA is the principal target for the
initiation of radiation-induced cancer and for radiation-
induced hereditarydisease. Experimental studies of the effects
of ionizing radiation on cellular systems, including the
induction ofchromosome aberrations, cell transformation and
somatic mutations are of value for providing information on
damage to DNA. The data obtained have been generally
consistent with a linear or linear-quadratic dose response at
exposures below those at which cell killing becomes
significant (a few gray). In general, significant radiation
effects can be detected at doses of about 100 mGy (low-LET)
and above, although there are some experimental systems for
which effects at lower doses have been observed. In the case
of high-LET radiation, the experimental data generally
indicate a linear dose-response relationship in the absence of
cell killing.

537. For most tumour types in experimental animals and in
man a significant increase in risk is only detectable at doses
above about 100 mGy. An exception is for human exposures
in utero when a significant increase in tumour induction in
children has been found for doses in the 10�20 mGy range
(low-LET). No such excess was observed in the studies of
Japanese atomic bomb survivors irradiated in utero.
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538. In both experimental animals and in humans the dose-
response data for tumour induction can be frequently fitted by
a linear or linear-quadratic dose response at doses belowa few
gray. There is evidence though that for some cancer types this
form of response does not apply and there may be a practical
threshold for a response. Other forms of dose response can
also be fitted for the induction of some tumour types.

539. With respect to direct observations of radiation effects,
which all carry statistical and/or methodological uncertainty,
there are no circumstances where it is scientifically valid to
equate the absence of an observable biological effect with the
absence of risk.

540. Although mechanistic uncertainty remains, studies on
DNA repair and the cellular/molecular processes of radiation
tumorigenesis provide no good reason to assume that there
will be a low-dose threshold for the induction of tumours in
general. However, curvilinearity of the dose response in the
low-dose region, perhaps associated with biochemical stress
responsesand/or changingDNArepair characteristics, cannot
be excluded as a general feature. The mechanistic modelling
of radiation tumorigenesis is at a relatively early stage of
development, but the data available tend to argue against a
dose threshold for most tumour types.

541. Until the above uncertainties on low-dose response are
resolved, the Committee believes that an increase in the risk
of tumour induction proportionate to the radiation dose is
consistent with developing knowledge and that it remains,
accordingly, the most scientifically defensible approximation
of low-dose response. However, a strictly linear dose response
should not be expected in all circumstances.

542. The dose response for the induction of heritable disease
carries fewer low-dose biological uncertainties than that of
multi-stage tumorigenesis, but the same uncertainties
surrounding DNA damage response remain; an increase in

the risk of germ-cell mutation that is proportionate to radia-
tion dose is judged to be a scientificallyreasonable approxima-
tion for the induction of heritable effects at low doses.

543. The Committee recognizes that ongoing and future
studies in epidemiologyand animal sciences, while remaining
of great importance for quantitative risk assessment, will not
resolve the uncertainties surrounding the effects in humans of
low-dose radiation. Accordingly, there will be an increasing
need for weight-of-evidence judgements based on largely
qualitative data from cellular/molecular studies of the
biological mechanisms that underlie health effects; the
provision of such judgements demands strong support from
biologically validated computational models of risk. With
ever-improving experimental technology, fundamental
knowledge will continue to grow. On this basis, the
Committee emphasizes the need for further work on the
mechanisms of DNA damage response/cellular stress and
studies of the consequences of these responses for neoplastic
development. Current uncertainties on the role of epigenetic
factors, such as bystander effects and induced genomic
instability, are expected to be reduced, but it may remain
difficult toestimatetheir overall contribution to risk. However,
the development of mechanistic models of radiation risk
demands more than a simple improvement in the under-
standingofcellular/molecular processes. Issues such as target-
cell identity/multiplicity; the kinetics of pre-neoplastic clonal
development; and rates of cell mutation, clonal proliferation,
differentiation, and apoptosis, as well as the pattern of energy
deposition in critical cellular targets, all need to be better
understood in order to define biological parameters for use in
the biological modelling of tumorigenesis. These are difficult
areas of research, and it is not easy to anticipate the rate of
progress. In spite of such experimental difficulties, the
Committeebelieves that advances in computational modelling
of the physical and biological aspects of radiation
tumorigenesis will provide an essential tool for estimating
radiation risk at low doses and low dose rates.
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INTRODUCTION

1. Living organisms are exposed to numerous natural and
man-made agents that interact with molecules, cells, and
tissues, causing reversible deviations from homeostatic
equilibrium or irreversible damage. Many aspects of aging
and many diseases are thought to stem from exogenous and
endogenous deleterious agents acting on key components of
cells within the body. Because of the worldwide proliferation
of a number of man-made agents and the increasing release of
natural agents due to human activities into the environment,
the assessment of toxicity, carcinogenicity, and mutagenicity
of a specific chemical, physical, or biological agent is, in fact,
a study of combined exposures [G10]. Although this has been
recognized for a long time, risk assessment is generally
performed with the simplifying assumption that the agent
under study acts largely independently of other substances.
Studies of interactions have indicated, however, that, at least
at high exposures, the action of one agent can be influenced
by simultaneous exposures to other agents. The combined
effects may be greater or smaller than the sum of the effects
from separate exposures to the individual agents. The action
at low levels of exposure, which are commonly encountered
in occupational and environmental situations, is less clear.
Continued, critical review of studies on the effects of
combined exposures to radiation and other toxic agents is
necessary, particularly at the lowest levels of exposure, to be
sure that any modifications of the radiation effects caused by
other environmental or occupational agents are recognized
and, as far as possible, taken into account in risk assessments.

2. In the UNSCEAR 1982 Report [U6], the Committee
discussed the problem of the combined action of radiation
with other agents. In reviewing the approaches and the many
reports in which synergisms were claimed, the Committee
noted that, in general, an adequate conceptual framework was
lacking. Despite many reports showing the potential import-
ance of interactions between different agents under specific
conditions, mostly occupational, information on the mechan-
isms of action was largely missing, and the methodologies for
data analysis in different branches of the biological sciences
were based on different approaches. The UNSCEAR 1982
Report concluded that it was not possible to document clear
cases of interaction that could justifysubstantial modifications
to the existing radiation risk estimates. The Committee felt
that systematic investigationsofcombined effects were needed
to allow this field to move forward from its early stage of
development.

3. The objective of this Annex is to update the Com-
mittee's previous review of this subject [U6] and to reconsider
whether interactions of radiation and one or more other agents
should be taken into account in evaluating radiation risks at
lowdoses. To achieve this objective, the following subjects are
considered:

(a) the concepts of doses, targets, and detriments currently
used in risk assessments of radiation and chemical
agents;

(b) recent developments from research on the possible
mechanisms of combined effects from low-level
exposures to radiation and other agents;

(c) results and evaluations ofdata from experimental and
epidemiological studies;

(d) mechanistic models applied to experimental and epi-
demiological results, with generalizations and extra-
polations that might be pertinent to low and chronic
exposures;

(e) concepts and approaches in other areas of biological
science (for example, molecular biology and toxico-
logy) that could suggest ways to develop databases
and to identify and assess the effects of interactions
important for human populations.

4. Combined effects must be viewed in the light of the
considerable insights gained from wider studies of cancer
induction (see Annex E, “Mechanisms of radiation onco-
genesis", in the UNSCEAR 1993 Report [U3] and Annex G,
“Biological effects at low radiation doses”), heritable defects
(see Annex G, “Hereditary effects of radiation” in the
UNSCEAR 1993 Report [U3]), and DNA integrity (see
Annex F, “DNA repair and mutagenesis”). Where necessary,
the following text refers to these and other Annexes.

5. Since at low levels of exposure, the main endpoints
from ionizing radiation alone and from its interaction with
other agents are stochastic in nature, this Annex will mainly
focus on this type of effect and consider cancer induction,
mutation and the possibility of prenatal effects. Several
specific areas where the combined action of high doses of
radiation and chemical agents are known to lead to
considerable deviation from additivity will also be considered
but only in so far as they help to elucidate the mechanisms of
combined exposures. These areas include the interaction of
chemotherapeutic compounds and sensitizers to enhance
radiation effects in clinical radiotherapy, the effects of
protective agents on acute radiation exposure, and stimulatory
responses to radiation (reviewed in the UNSCEAR 1994
Report [U2]). The endpoints of interest in these situations of
high-dose exposure are deterministic effects.

6. The Annex begins by introducing the problem of
combined effects, considering the additivity or non-additivity
of biological effects and the possible differences between
radiation and chemical carcinogenesis. This is followed by
concepts and definitions of physical and biological dosimetry
for radiation and other agents. Interactions of other agents in
the development of radiation-induced cancer are then
considered from a mechanistic point of view. A very
important part of the Annex is a review of data on the effects
of specific combined exposures on carcinogenesis. This is
followed by a chapter on interactions in humans that produce
effects other than cancer. Finally, conclusions are drawn and
recommendations are offered. A detailed account of the
combined effects of radiation and specific physical, chemical,
and biological agents is provided in the Appendix.
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I. IDENTIFYING INTERACTIONS AND COMBINED EFFECTS

A. SCOPE OF THE PROBLEM

7. When discussing combined effects, it is of utmost
importance to provide clear definitions and terminology.
Multiple-agent toxicology uses many concepts the nomen-
clature for which is not unambiguous. Different names are
sometimes used for the same phenomenon, and sometimes the
same name is used for different mechanisms. The confusion
arises in part because the concepts were developed in different
disciplines, such as pharmacology, toxicology, biology, stati-
stics, epidemiology, and radiation biology. Starting from
different basic assumptions and with different aims in mind,
attempts are made to describe the effects of combined expo-
sures tochemical and physical agents. The confusing termino-
logy inhibits clear understanding and thwarts the comparison
of different investigations and results. In this Chapter some
basic problems concerning combinedexposures are discussed.

1. Additivity and deviations from additivity

8. One of the basic questions surrounding the com-
bined effects of two agents is the question of whether the
effect of a combined exposure to two or more agents is
the same as or different from the sum of the effects of
each agent separately. Many terms and synonyms are
used to indicate the result (Table 1). They are, in
general, based on deviations from the expected outcome
(additivity). On a descriptive level, two classes of com-
bined effects can be considered. In the first case, both
ionizing radiation and the other agent (or agents) are
deleterious on their own and combine to produce an
effect not directlypredictable from the single exposures.
In the second case, only ionizing radiation produces an
effect, but its nature or severity may be modified by the
other agent, which is non-toxic by itself.

Table 1
Terms and synonyms for combined effects

Effect smaller than anticipated Effect as anticipated Effect larger than anticipated

Antagonism
Antergism
Depotentiation
Desensitation
Inhibition
Infra-additivity
Negative interaction
Negative synergism
Subadditivity

Additivity
Additivism
Independence
Indifference
Non-interaction
Summation
Zero-interaction

Augmentation
Enhancement
Positive interaction
Potentiation
Sensitation
Superadditivity
Supra-additivism
Synergism
Synergy

9. On a mechanistic level, insights gained in more recent
years indicate that a much more refined classification may be
needed. The main classes of genotoxic and non-genotoxic
agents must be considered in relation to specific targets of
action. For example, a chemical mayact specificallyat the site
of a radiation-induced lesion, modifying DNA repair fidelity,
or it may modify cell growth, strongly influencing the clonal
expansion of precancerous cells. The many possibilities for
interaction are related to the complexityof the development of
the radiation effect and the many steps involved in
carcinogenesis. These steps are prone to the influence ofmany
classes of agents, both endogenous and environmental. The
multi-step process and the many levels of interaction to be
considered are schematically depicted in Figure I. In view of
this complexity, it is not surprising that many models, both
descriptive and mechanistic, have been developed to describe
the combined effects ofexposures todifferent agents [B11, L2,
L8, L28, M16, S15, S16, S23, S25, Z1]. In the UNSCEAR
1982 Report [U6], the Committee reviewed these approaches.

10. Although classical epidemiology is important in
identifying critical combined effects, it has little potential for
dissecting such interactions from the complex interplay

possible among the undocumented (and sometimes unknown)
exposures that the individuals in these studies incur during
their lifetimes. In epidemiological studies, effects that may be
associated with exposures to specific agents or circumstances
may be the result of interactions among components of a
mixture of agents and may have resulted from, or been
influenced by, previous exposures. The emerging field of
molecular epidemiologymaybe able toaddress such questions
in the near future.

11. Most knowledge of interaction effects has been provided
byexperimental studies. These studies have an advantage over
epidemiological studies: they retain control of

(a) the population (e.g. selection of systems ranging from
DNA to intact animals and of species, strain, age,
gender and previous exposure history);

(b) the exposure (e.g. precise knowledge of the type,
dose, dose rate and timing of exposure); and

(c) the endpoints (e.g. selection of sampling time and
frequency, use of invasive and destructive tests,
consistency and completeness of health status
evaluations).
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Figure I. Schematic development of the events leading to stochastic radiation effects.

Moreover, in experimental studies one can relate exposures to
effects more directly than is typically possible in human
studies. This is due, in part, to the fact that both the history of
the subject and the exposures under study are known and
controlled, making cause-effect linkage easier. In addition,
experimental scientists can often determine that an exposure
actually results in a dose to the tissue manifesting an effect.

12. Experiments with animals or cells have the disad-
vantage that the results and conclusions have to be extra-
polated to humans. Additionally, conclusions drawn from
high-level exposures of animals and cells have to be extra-
polated to the low levels of human exposures. The greatest
uncertainty is largely a problem of not knowing the shape of
the dose-effect relationshipat lowexposure levels and whether
there are effect thresholds. A well balanced conclusion on the
combined action of two agents can only be given if the dose-
effect relationships of both agents separately and of the
combined exposure are known and can be analysed using a
(mathematical) model in which the interaction can be
consistentlyandquantitativelydefined. Themajorityofstudies
on combined effects, including those with radiation, do not
meet these conditions.

13. For the basic case of a single agent acting on a
biological system, the resulting effect will be dependent on the
dose of the agent and will follow some kind of functional
dose-effect relationship. The effect level in the absence of the
agent is termed the spontaneous or background effect. The
simplest relationship between dose and effect is linear. In the
realm of linear dose-effect relationships, the three most
commonlyconsidered typesofinteractionsbetween twoagents
are additivity, synergism and antagonism, giving a combined
effect equal to, greater or less than the effects of independent
actions, respectively (reviewed in [M16]).

14. For combined effects of agents with non-linear dose-
effect relationships, the analysis is complicated, and more
precise definitions of the terms antagonism, additivity, and
synergism must be provided [S25, S49]. For example, for an
upward-bending dose-effect relationship (Figure II), an
additional increment of dose from a single agent will result in
a non-linear increase in response, even in the case of additi-
vity. The term synergism has sometimes been erroneously
used for such situations [Z3]. Although correct on a descrip-
tive and mathematical level, such a broad definition would
render the term synergism practically useless in the study of
combined effects. With such a definition, different agents with
the same action spectrum, i.e. fullyindependent agents, would

Figure II. Interaction of two agents having non-linear
dose-effect relationships. Isoaddition results for mecha-
nically similar agents, heteroaddition for independently
acting agents [I3, S49].
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produce an apparent synergism in anycombination ofconcen-
trations as long as the single dose-effect relationships are bent
upwards, as is often the case in the dose range of interest.
From a mechanistic point of view, synergism can be defined
more narrowly to imply that agents combine by acting at
different rate-limiting steps of a multi-step process or at
different sites of a molecule, therebyenhancing the chance for
a negative outcome, such as cancer, by different mechanisms
[B23]. Such an assessment is often hindered by insufficient
knowledge of the underlying mechanism of action and
therefore can rarely be made. Clearly, deviation from additi-
vityis a poor indicator of synergism or antagonism, since non-
linear dose-effect relationships and threshold phenomena are
the rule rather than the exception for most endpoints in
biological systems, and interaction in the statistical-mathe-
matical sense does not define an interaction in a biological-
mechanistic sense [B69].

15. In this Annex the term synergism will be used in a
narrow sense. The most important question is whether data on
combined effects do show some modification of stochastic
radiation effects as a result ofcombined exposure with another
agent. If not, no interaction will be assumed, and the resulting
effect is additive; if the result of combined exposure is
different, some form of interaction has to be assumed, and the
resulting effect will be called sub- or supra-additive, depend-
ing on whether the effect is lesser or greater, respectively, than
the sum of the single-agent effects separately.

2. Radiation effects and effects of other agents

16. As far as carcinogenesis is concerned, the primary
effects of ionizing radiation are on DNA, compromising
cell survival, cell proliferation, and proper physiological
cell functioning. Although the deposition of energy along
the track of ionizing radiation can directly affect DNA,
most of the damage to DNA from low-LET radiation
comes from the formation of radical intermediates stable
enough to diffuse several nanometers and interact with
critical cellular constituents (for details see Annex F,
“DNA repair and mutagenesis”). Only a small fraction of
the radiation-induced molecular modifications occur in the
DNA of the cell nucleus, but practically all experimental
and theoretical evidence indicates that DNA, the main
carrier of genetic information in living matter, is the
critical target. Especially at the doses under consideration
in this Annex, damage to structural and functional proteins
and lipids has not been shown to contribute noticeably to
the detriment from ionizing radiation. To protect the
integrity of the genetic information, most cells have highly
intricate enzyme systems to repair DNA damage efficiently
and effectively based on information contained within the
undamaged complementary DNA strand. Despite that,
residual fixed damage may result even from low-dose
exposures, especially when both DNA strands are
damaged. Such damage may lead to reproductive cell
death, and therefore possible deterministic effects; to
somatic cell mutation, enhancing the risk of cancer; or to
mutations in germ cells, with possible deleterious effects in
offspring.

17. Longer wavelength radiation, such as ultraviolet
(UV) light, although not ionizing itself, still acts mainly by
modifying DNA. The UV portion of the electromagnetic
spectrum covers the wavelengths between 200 and 400 nm.
Conventionally, a distinction is made between UV-C
(200�280 nm), UV-B (280�320 nm), and UV-A (320�
400 nm). The effects of UV light depend on the wavelength
and the absorption properties of the target. Ultraviolet
radiation mainlycauses the formation ofpyrimidine dimers
and 6�4 photoproducts, which may also lead to residual
DNA damage after repair. Apart from visible light up to
525 nm, which can still interact with photosensitizers to
generate reactive species and, subsequently, oxidative
damage to DNA, infrared, microwave, and low-frequency
electromagnetic radiation have no direct genotoxic effects
of their own. Indirect effects might arise from local heating
or from charge effects across membranes activating signal
transduction pathways and neurons. Such cellular changes
may be long-lasting or even be passed from one cell to its
progeny. Sugahara and Watanabe [S10] reviewed the
epigenetic aspects of radiation carcinogenesis. Studies using
cell culture systems show that magnetic fields, depending on
their frequency, amplitude, and wave form, interact with
biological systems. Such effects have been seen on enzymes
related to growth regulation, on intracellular calcium balance,
on gene expression, and on peripheral levels of the oncostatic
hormonemelatonin [H45]. Theseeffectsarepotentiallyrelated
to tumour promotion. However, the considerable research
conducted thus far has not elucidated critical mechanisms or
revealed important health risks from non-thermal exposures.
Other than crude effects present only at high exposures, for
example strong irritations or protein denaturation, cellular
perturbations resulting from non-ionizing radiation cannot be
labelled harmful per se.

18. Chemical agents may act as genotoxicants by, for
example, forming direct covalent links, by transferring
reactive molecular subgroups to DNA, by inducing DNA-
DNA or DNA-protein cross-links, or by generating strand
breaks. The mode of action may be direct, by the formation of
small or bulky DNA adducts as well as strand breaks, or
indirect, by the formation of radicals in the vicinity of DNA,
leading to strand breaks or small adducts. On the epigenetic
or non-genotoxic level, chemicals may interfere with DNA
synthesis or repair or mayprevent radical scavenging, thereby
promoting DNA damage. Non-genotoxic agents may also
influence a broad spectrum of other cellular events. Of
concern in cancer induction is any interference with cell
proliferation, cell differentiation, cell senescence, and
apoptosis or with the regulation of these processes.

19. Biological agents may also act at the genetic and
epigenetic levels, i.e. theymaybe genotoxic or non-genotoxic,
respectively. Virusesareeffectivetransport vectors for genome
fragments and may activate or block the expression of
endogenous genetic information. Viral involvement in many
animal tumours and also in human malignancies is well
established, e.g. the DNA tumour viruses of the papilloma
family in cervical carcinoma and the retroviruses HTLV-1 in
adult T-cell leukaemia (reviewed in [H13]). In addition,
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biological-agent-induced influences on immune responses,
inflammation, fever, and endogenous radicals may lead to
cytotoxic and/or growth stimulatory responses that are co-
carcinogenic, as described later.

B. EXPOSURE ASSESSMENT

20. The most important prerequisite for a comparative
assessment of biological effects of different agents, and also of
their possible interactions, is the characterization of the
exposure or the dosimetry of both agents that may be related
to subsequent effects. Some of the main concepts used in
toxicology and radiation biology to convert exposures into
meaningful measures of dose and health impact are intro-
duced in the following paragraphs.

21. The toxicity of an agent can be defined as its inherent
ability to adversely affect living organisms. The spectrum of
undesired effects is very wide, ranging from local, reversible
effects to irreversible changes leading to the failure of critical
organ systems and then to death. The objective of dosimetry
is to relate the amount of agent presented to the organism in
a way that is relevant to the effects observed and that is
measurable in a physical, chemical, or biological manner.
Identification ofprocessesoccurringat themolecular level, i.e.
at a mechanistic level of the effect, would give the most basic
indication of a dosimetric measure. The present approaches
and possibilities are discussed below. In Section I.B.1,
dosimetry based on the measurement of physical or chemical
parameters of the agent itself, the physical or chemical
dosimetry, is considered. In Section I.B.2, measurement of
immediate biological damage caused by the agent (biochemi-
cal monitoring) is discussed; this damage may or may not be
directly related to the biological effect being considered.

22. Sometimes, when physical, chemical, or biochemical
measurements are not possible or cannot be made accurately
enough, certain biological effects may be detectable. Such
effects may serve as indicators of the exposure to biologically
active agents. These “biological markers“ reflect damage
resulting from toxic interaction, either at the target or at an
analogous site that is known or believed to be pathogenically
linked to health effects. A wide variety of biological markers
fall into this category, including gene mutation; alterations in
oncogenes and tumour-suppressor genes; DNA single- and
double-strand breaks; and unscheduled DNA synthesis, sister
chromatid exchanges, chromosomal aberrations; and
micronuclei. None of these markers is highly agent- or
exposure-specific, and other factors (lifestyle and environ-
ment) that affect these endpoints can act as confounding
variables in molecular studies. Some possibilities for assay
systems to measure biological markers such as specific gene
mutations and cytogenetic damage in exposed humans are
presented in Sections I.B.3 and I.B.4, respectively.

1. Dose concepts for physical and
chemical agents

23. Ionizing radiation exposure is generally measured in
terms of absorbed dose, i.e. the average energy deposited

per unit mass. The unit of absorbed dose is the gray (Gy),
with 1 Gy equal to 1 J kg�1 [I3]. At the level of a cell or cell
nucleus, the minimal dose is determined by the ionization
density of a single track. Averaged over the volume of a
cell nucleus, a single event amounts to between one and
several milligray (mGy) for electrons and about 300 mGy
for an alpha particle [U3]. Below these dose levels, the
probability of a cell being hit varies but the absorbed dose
per cell nucleus does not. For internally deposited radio-
nuclides, their location and fate in the organism are used
to calculate the absorbed dose in the organs of interest, and
usually the average absorbed dose in the organ is taken as
the relevant dose that causes the biological effect, assuming
a rather homogeneous distribution of energy absorption in
the tissue.

24. The definition of exposure or dose for non-ionizing
radiation and for most chemical and biological agents is more
difficult than for radiation. Ultraviolet radiation can penetrate
into tissue at most only for several millimetres, depending on
wavelength. The energyabsorbed in the tissue of interest, and
thus the effectiveness of UV, cannot be easily estimated.
Exposure to a toxic agent may be estimated by environmental
monitoring (referred to as external dose evaluation in
toxicology), internal monitoring (internal dose evaluation),
and biochemical effect monitoring (tissue dose or biologically
effective dose determination) [E1].

25. For chemical and biological agents, the dose can be
based on the time integral of concentration, as for internal
exposures with radionuclides. However, in addition to the
common important question of defining the critical cellular
targets, it is the activation and biodegradation of a chemical
agent in the different compartments of the organism that will
determine the degree of genetic damage or strength of an
epigenetic signal. Although the local concentrations of
receptors or reactants could possibly be estimated or
determined, these vary considerably in their response to
endogenous and environmental factors, which can lead to
different sensitivities to the physical or chemical agent. This
may restrict the use of biochemical markers somewhat,
because their concentrations in body fluids will depend on the
mechanisms of uptake, the formation of reactive molecular
species, and their breakdown. Somewhat like the dose concept
for ionizing radiation, exposure can be related to the number
of primary chemical events on DNA leading to the effect
under consideration. The above-mentioned quantitative link
between DNA alkylation and the product ofconcentration and
time for ethylene oxide may serve as an example [E3] (see
also paragraph 34). However, only rarely is the nature of such
events known or quantifiable.

26. To give exposure (or dose) its full biological meaning,
the concentration-time product at the level of the cellular
target structure should be known. Even this is difficult to
determine owing to the many membranes and other barriers
to be crossed between the intake port and the place of action.
Many chemicals also undergo modifications bydetoxification
in the liver, lung, and other organs, which change both their
toxicity and their biokinetics. One of the best known carcino-
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gens, benzo(a)pyrene, becomes toxic only after metabolic
activation, leading to the ultimate reactive electrophilic car-
cinogen. Such transformations, called metabolic activation,
maydiffer considerablyamong species and even between male
and female subjects, making inferences from experimental
systems still more difficult. The induction of kidney cancer in
male rats by a group of chemicals (n-1,4-dichlorobenzene,
hexachloroethane, isophorone, tetrachloroethylene, and
unleaded gasoline) may serve as an example. It took a great
deal of research [B29, E4] to show that the risk for the
endpoint under consideration, namelykidneytumours in male
rats, is a species- and sex-specific finding that relates to male
rats but not to female rats, mice of either sex, or humans.
Mechanistic studies showed that male rats have a specific
circulating protein, alpha-2u-globulin, that binds the chemi-
cals under consideration and leads torenal accumulation, with
subsequent kidney damage and the development of kidney
tumours. This protein was shown to be absent in humans.
Onlysuch detailed molecular information allows a reasonable
riskestimatetobe generated for humans[B29]. Unfortunately,
thespecies-specificdetection andquantification oftoxicagents
formed in biochemical pathways are rarely achieved.

2. Biochemical monitoring

27. For chemical agents, internal dose evaluation involves
the measurement of the amount of a carcinogen or its meta-
bolites present in cells, tissues, or body fluids. Analysis of
internal dose takes into account individual differences in
absorption or bioaccumulation of the compound in question.
It may be relatively easy to measure the concentrations of the
compound in bodyfluids. However, doing so does not provide
data on the interactions of the compound with critical cellular
targets. Examples of this type of monitoring include organic
compounds or metals (e.g. lead) in the diet, cigarette smoke,
or industrial exposures that can be detected in blood or urine
[P3]. The binding of chemicals with cell constituents may be
measured directly with radioactive labels. Even in vivo,
correlations between the administered amount of the toxicant,
the number of molecules bound to critical targets, and the
biological effect can be established [P6].

28. From the energydeposition pattern of ionizing radiation
in the tissue constituents and from some critical biochemical
parameters, such as oxygen pressure and the local concentra-
tions of radical scavengers, the primary damage, i.e. the
number of primary DNA lesions, can be estimated. A few of
these parameters are even stable enough to be used as
biological indicatorssuch as cytogenetic changes in peripheral
blood lymphocytes to assess exposures retrospectively.

29. In toxicology, the tissue dose or biologically effective
dose reflects the amount of carcinogen that has directly
interacted with cellular macromolecules at a target site. It can
be assessed from the amount of DNA and protein damage
(strand breaks, DNA adducts, protein adducts) in the target
tissue or by extrapolating from damage levels found in
surrogate tissues, such as white blood cells. Experiments have
shown that, in general, DNA damage levels in target tissues
and non-target cells are proportional to the external dose. This

class of markers is more mechanistically relevant to carcino-
genesis than internal dose, since it takes into account differ-
ences in metabolism (activation vs. detoxification) of the com-
pound in question, as well as the extent of repair of carcino-
gen-altered DNA. Perera and Santella [P3] provided
examples ofcompounds and exposures that might be analysed
using this type of biologically effective dosimetry, as well as
the populations that have been studied.

30. DNA and protein adducts are measures of exposure to
carcinogenic compounds [E1]. They are mechanistically
linked to cancer, as they cause DNA damage and mutations
in important genes, such as genes coding for growth control
or damage repair enzymes. Adducts have been used to
estimate cancer risk by comparing their mutagenicity relative
to that of x rays. In the same way that the unit cancer risk of
x rays is defined, the relative mutagenicity is used to estimate
the cancer risk of a chemical exposure that causes adducts
(gray-equivalent approach) [E1, E3].

31. In the case of agents binding covalently to different
cellular macromolecules, the degree of alkylation of proteins
can be used as a surrogate measure for their effects on DNA.
Ehrenberg et al. [E3, E10] showed in the mouse that the tissue
dose of ethylene oxide, i.e. the concentration of the alkylating
agent integrated over time, correlated well with the alkylation
pattern. In male mice, the authors were able to show with this
method that the tissue dose for ethylene oxide, an agent
rapidly distributed to all organs after inhalation, was about
0.5 mM h per ppm h for most organs, including the testes. On
the basis of dose-effect curves of ethylene oxide and x rays in
barley, the same authors [E3] set a tissue dose of ethylene
oxide in humans of 1 mM h equal to 0.8 Gy of low-LET
radiation. Such an approach facilitates the comparison and
combination of risks of various agents.

32. Despite their relevance as dosimeters of biological
effects, the limitations of the current methods should be noted.
Most available assays provide information on total or multiple
adducts and are rarely capable of pinpointing the critical
adducts on DNA. Only for a few target organs, such as the
lung or bladder, are epithelial cells available for routine
analysis. For other organs, DNA is not readily accessible;
many studies therefore use surrogate tissues (e.g. peripheral
blood cells and placentas). However, the relationship between
adducts in the target and those in surrogate tissues has not
been well characterized in humans, although for certain
carcinogens it has been characterized in experimental animals
[S17]. Again, it must be considered that there are species- and
sex-dependent differences in the absorption and metabolism
of chemicals in their various forms.

33. Bydefinition, all types of ionizing radiations generate
ions. Ionizing radiation can directly induce ionizations in
DNA, causing direct damage. However, the majority of
damage from low-LET radiation occurs in an indirect
manner via the formation of free radicals and H2O2, which
are precursors of oxidative damage [B8, S34]. When living
cells or organisms are irradiated, OH radicals are
generated in cells or tissue, which leads to many DNA
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lesions, including oxidative DNA base products. Both
ionizing radiation and oxidative stress generate free
radicals near DNA. Most of these radicals (�R) interact
with oxygen, forming peroxyl intermediates (�ROO) and
final products (�P). Most of the products are eliminated by
nucleotide excision repair and glycosylases [F10], while a
small fraction remain in the DNA [S35]. Critical are
lesions leading to double-strand breaks or even more
complex local damage.

34. Free radicals are difficult to detect, identify, and
monitor because of their short half-life, particularly in living
organisms. Such detection and monitoring can be achieved
onlybydetecting and measuring the products of their reaction
with endogenous bio-components or exogenous components
selectively added to a biosystem. Specific products of such
reactions or their metabolites may qualify as markers of a
particular process or specific free radical. In biosystems, these
products are called molecular markers, a subclass of bio-
markers [G9]. For a product to qualify as a molecular marker,
there must be unequivocal proof of an exclusive origin of the
product. First, a comprehensive understanding of the kinetics,
energetics, and mechanisms ofproduct generation is required.
Then other possible sources of the product must be excluded
[S39].

35. Although a molecular marker can be quantified by
measurement in vivo, quantification of oxidative stress is
considerably more complex. The reactivity of all five bases,
adenine, cytosine, guanine, thymine and uridine, with OH
radicals is extremely high, whereas that of deoxyribose is
about five times lower [B34]. The distribution of damage will
therefore be governed by the relative abundance and reactivity
of DNA and RNA components. Each DNA and RNA base
contains more than one site of attack. For example, OH adds
to the double bond of thymine at C-5 (56%) and C-6 (35%)
and removes hydrogen from the methyl group (9%) [J7]. The
5-hydroxythymidine intermediate leads to formation of
thymine glycol. The 6-hydroxythymidine intermediate is an
oxidizing radical that gives rise to unstable hydroxy-
hydrothymine. The radical on the methyl group of thymine,
however, is a reducing radical that yields 5-hydroxymethyl-
uracil as the final product (reviewed in [S39]). Addition ofOH
to the C-8 position of guanine yields a well-known product,
8-hydroxyguanine or 8-oxoguanine, which was discovered by
Kasai et al. [K1, K47] and described in detail [J4, S39].

Numerous other products have been identified, and the
kinetics and mechanisms of their formation have been
described [B8, S12, S34, S36].

36. On the basis of extensive studies in radiation chemistry
and radiation biology of the kinetics and mechanisms of OH
radical reaction with DNA components, it was suggested that
detection of thymine glycol, thymidine glycol, and 5-hydroxy-
methyluracil indicated endogenous OH generation in rats and
humans [C3, H18, W8]. Because thymine glycol can be
absorbed through the gastrointestinal tract and 5-hydroxy-
methyluracil maybe generated byenzymatic hydroxylation of
thymine, these products maynot always qualifyas biomarkers
for oxidative damage in organisms. Thymidine glycol is less
prone to such confounders and qualifies as one of the best
endogenous markers of OH [S39]. It was suggested that
8-hydroxyguanine could be another OH marker in biosystems
[B12, F3, K1, R9, S30, W12]. Enzymatic hydroxylation of
guanine, however, has not been ruled out unequivocally.
Hence it is prudent to monitor more than one marker for each
specific free radical under investigation. 8-Hydroxyguanosine
was analysed in the DNA of peripheral blood leukocytes of
patients exposed to therapeutic doses of ionizing radiation
[W12]. Radiation-generated oxidative DNA base products
were also measured in the DNA of irradiated cells [N2].

37. The chemical reaction products in DNA are excised
from damaged DNA over a certain period of time by repair
mechanisms and eventually appear in the cell medium or
urine. Some oxidative DNA base products have been
measured in the urine of irradiated humans and mice. The
radiation yields of these markers, i.e. the increments per unit
of energy(mass × dose), were obtained from the level one day
after irradiation minus the level before irradiation and are
shown in Table 2. In contrast to the metabolic levels of these
markers, the irradiation yields per unit energyare the same for
both mouse and human, as expected, because the same
number of OH radicals is generated in both cases [S39]. The
metabolic rate plays an important role in the variability of
relative rates of oxidative DNA damage. A high metabolic
rate, as in rodents, generates a high yield of urinary markers,
i.e. higher rates of DNA damage. The rate of DNA damage,
however, is not always proportional to the specific metabolic
rate because the efficacy of inhibition and scavenging of
oxygen radicals and peroxides as well as of DNA repair
systems varies in different species.

Table 2
Yield in urine of biological markers of oxidative DNA damage [B12]

Species
Specific

metabolic rate
(kJ kg-1 d-1)

Metabolic yield
(nmol kg-1 d-1)

Increment induced by radiation
(nmol kg-1 Gy-1)

Thymidine glycol 8-Hydroxy-guanine Thymidine glycol 8-Hydroxy-guanine

Human 100 0.3±0.1 0.3±0.1 3.1±0.8 6.7±1.5

Mouse 750 7.3±1 11±2 3.0±0.6 6.9±1.3
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3. Gene mutation analysis

38. The analysis and quantification of genomic changes are
important steps in monitoring and in the elucidation of
mechanisms leading to critical health effects. Functional
changes, i.e. changes in the phenotype of oncogenes and
tumour-suppressor genes, may be of direct relevance to the
process of carcinogenesis. The ultimate effects of ionizing
radiation and other genotoxic agents are genetic changes,
which are heritable, i.e. which can be passed in a clonal
fashion from one somatic cell to the following cell genera-
tions, or from a germ cell to the offspring. Therefore critical
studies of combined effects should include gene mutation
analysis as one very important biological endpoint for
stochastic health effects. Several methods are available for the
study of gene mutations arising in human somatic cells in
vivo. These methods allow determination of the frequency of
mutant lymphocytes or erythrocytes or characterization of
mutations at the molecular level in lymphocytes. The study of
types, frequencies, and mechanisms of human somatic muta-
tions in vivo is valuable in its own right and may also
improve the understanding of individual variation in sensiti-
vity to environmental exposures, the influence of DNA repair
and metabolism, and the relationship between mutagenesis
and carcinogenesis [L7, M21]. Genetic changes arekeyevents
in carcinogenesis. Most human tumours contain more or less
specific mutations that are directly or indirectly related to the
carcinogenic process. A description of mutations in human
tumours and thescientific background ofmanyof the concepts
and methods addressed in this and the following Chapter are
presented in more detail in Annex F, “DNA repair and
mutagenesis”.

39. Early and probably single-step biological end points,
such as morphological changes in in vitro cell lines, might
also serve as indicators of genetic changes. The development
of cell culture systems has made it possible to assess the
oncogenic potential of a variety of agents at the cellular level.
Many assays for oncogenic transformation have been
developed, ranging from those in established rodent cell lines,
where morphological alteration is scored (e.g. loss of contact
inhibition in 10T½ cells), to those in human cells growing in
nude mice, where tumour invasiveness is determined. The
mutational changes involved are rarely defined. In general,
simple in vitro systems that deliver reproducible results are the
least relevant in terms of human carcinogenesis and human
risk estimation. The most important potential of these systems
lies in the opportunity they offer to identify and quantify
factors and conditions that prevent or enhance cellular
transformation by radiation and chemicals [H11].

(a) Mutation frequencies

40. Five systems for biomonitoring humans exposed to
carcinogenic agents havebeen developed in which gene muta-
tion is the endpoint. Two of these use as markers haemo-
globin variants (Hb) [S18, T4] and loss of the cell-surface
glycoprotein glycophorin A (GPA) in donors heterozygous at
the MN locus in erythrocytes [L1, L3, L6]. The other three
involve detection of mutations in T lymphocytes in the

X-linked locus for the purine salvage pathway enzyme,
hypoxanthine phosphoribosyltransferase (hprt) [A5, A6, A8,
M22, R7, R8, T10], in the autosomal locus for human
leukocyte antigen-A (HLA-A) [J3, M18, T7, T8], and in the
autosomal T-cell receptor genes (TCR) [K23, K24, N3, U15].

41. Mean background mutation frequencies in human cells
in vivo, as analysed by the five mutation assays, differ by
about four orders ofmagnitude. In summary, the relative order
of background mutation frequency values from normal adults
for the five markers are Hb (5 10�8) < hprt (5 10�6) < GPA
(1 10�5) < HLA-A (>1 10�5) < TCR (>1 10�4) (reviewed in
[C23]). For at least three of these mutation systems, sufficient
numbers of donors have been tested to show that, as a general
rule, the mutant frequency in normal, non-exposed donors is
low at birth, increases with age, is often elevated in smokers,
and is increased in people who have been exposed to known
mutagens and carcinogens. Despite the great variation in
mutant frequency among individuals at each of the loci
studied, these findings show the potential relevance of muta-
tional analysis in the assessment of combined environmental
exposures. More recently, the polymerase chain reaction
(PCR) has also been applied in the analysis of mutational
spectra. A fairly complete database has been compiled by
Cariello et al. [C51, C52].

42. The frequencies of hprt mutant cells in healthy adults
range from <0.5 to 112 10�6. In most cases the frequency of
hprt mutant cells is significantly increased after smoking
[C17, C19, H2, T4, T11]. There seems to be no effect of sex
on the hprt mutant frequency. In most studies, an age-related
increase in mutant frequency is seen at the hprt locus,
estimated to be 1%�5% per year in adult donors. Radio-
chemotherapy for various malignant disorders, including
breast cancer, hepatoma, other solid tumours, and lymphoma
increased the frequency of hprt mutant T cells by a factor of
3�10 [D5, M20, N8]. Cole et al. [C18, C20] examined factory
workers exposed to styrene or to nitrogen mustard. In contrast
to styrene, nitrogen mustard significantly increased the
number of mutant hprt cells in these donors. Tates et al. [T9]
described a significantly increased mutant frequency in a
group of factory workers exposed to ethylene oxide.

(b) Mutational spectrum

43. The spectrum of mutational changes that arise
spontaneously or that may be induced by a physical or
chemical agent in human cells is broad. At the DNA level it
encompasses, at one extreme, single-base events, and at the
other, chromosomal rearrangements involving small to large
deletions or translocations. In addition, an important category
of mutational events in humans involves losses or gains of
whole chromosomes. The mutation spectrum in the
mammalian genome is reviewed in Annex F, “DNA repair
and mutagenesis”.

44. Many known mutagens form covalent DNA adducts
that are released from DNA either spontaneously or by bio-
logical repair processes [H16]. Mutations induced by a large
number of compounds, e.g. alkylating agents, arylating
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agents, and radiation, have been scored and characterized
using shuttle vectors. These experiments elucidate the
sequence specificity of adduct formation and, subsequently,
the mutations and the mutational efficiencies of different
adducts [D9, I6, M10].

45. About 15%�20% of hprt mutations in normal adults
result from gross structural alterations [A8, B31, H8, N7,
T10], as detected by Southern blot analysis. These include
deletions, insertions, andrearrangements. The break points
or alterations are distributed randomly within the gene,
with no hot spots having thus far been identified [A8]. The
remaining 80% of the background in vivo hprt mutations
in adults consist of point mutations or small deletions,
insertions, and frameshifts beyond the resolution of
Southern analysis. Considering only the in vivo hprt
mutations (46 Lesch-Nyhan germinal, 51 normal adult
somatic, 86 exposed adult somatic), several hot spots of
point mutations were observed. In particular, four base-pair
sites have been observed to be mutated in all groups [C13].

46. Ionizing radiation is known to induce gross structural
alterations in hprt and other reporter genes in cultured human
cells. After exposure to radionuclides for diagnostic purposes,
an increase in the frequency of mutants with gross structural
alterations on Southern blots was observed to be 33%,
compared with 13% before receiving radionuclides [B31].
Mutations from post-radioimmunotherapy patients showed
clearly greater frequencies of gross structural alterations than
mutations from pre-radioimmunotherapy patients or normal
individuals. The latter two frequencies are quite similar,
suggesting that cancer per se does not produce this sort of
damage at hprt [A9]. Taken in toto, the data from Albertini et
al. [A9] on in vivo hprt T-cell mutations indicate that
ionizing radiation produces deletions, particularly large
deletions.

47. The yield ofmutations caused byionizing radiation may
be influenced strongly by adaptive responses to other
toxicants or earlier exposures to the same agent. This topic
was reviewed in Annex B, “Adaptive responses to radiation in
cells and organisms” of the UNSCEAR 1994 Report [U2]. A
70% reduction in hprt mutant frequency in radioadapted
human lymphoblastoid cells has been reported, as analysed by
Southern blot analysis and multiplex polymerase chain
reaction assay [R10, R12]. The treatment was 4 Gy from
gamma rays alone or in addition to an adaptive dose of
0.02 Gy. The proportion of deletion-type mutations was
decreased in adapted cells (42%) compared with that in
mutants treated with the high dose alone (77%).

48. Using a shuttle vector system, Kimura et al. [K12]
analysed mutational spectra of the human cDNA hprt gene, a
recombinant DNA copy of the hprt RNA, arising spontan-
eouslyor induced bythe mutagens methylnitrosourea (MNU);
3-amino-1-methyl-5H-pyridol[4,3-b-]-indole (Trp-P2), a
tryptophan pyrolysate; and acetylaminofluorene (AAF). Most
mutations induced by MNU are G:C to A:T transitions. This
can be predicted by the major premutagenic lesion in DNA
produced by MNU, namely O6-methyl-guanine that specifi-

cally mispairs with thymine [S41]. Mutations that arise spon-
taneously or are caused by x rays, Trp-P2, or AAF give rise to
a similar mutation spectrum of c-hprt. Base substitutions
account for about one third of all mutations. Mutations other
than base substitutions make up some two thirds of all
mutations. The main mutational event in these cases is dele-
tion. A noticeable feature of these deletion mutations is the
frequent presence of short, direct repeats at the site of the
deletion.

49. Mutational alterations in p53, a tumour-suppressor
gene, are mostly (more than 85%) missense mutations, while
those of APC, another tumour-suppressor gene, and hprt are
largely composed of nonsense, frameshift, deletion, and
insertion mutations, resulting in truncated gene products or
loss of genes. The mutational spectrum in p53 is therefore
clearlydifferent from that of other genes. Mutations in the p53
gene detected in tumours seem to be the result of a functional
selection process for mutant p53 protein that gives growth
advantages to the cell. On the other hand, large deletions in
the p53 region may not be compatible with cell survival. This
suggests that the mutations of p53 observed in tumours may
reflect only those mutations of the initial events that are
compatible with cell proliferation and may even reflect those
that give the transformed cell a growth advantage over the
surroundingcells.Mutational selectivityin tumour-suppressor
genes is discussed in detail in Annex F, “DNA repair and
mutagenesis”.

50. With respect to interaction mechanisms leading to
combined effects, present knowledge indicates that the
mutational spectrum found in tumours often reflects not the
agent responsible for the primary DNA damage but rather
growth selection based on specific changes in the phenotype
or general chromosome instability emerging during carcino-
genesis. Analysis of marker cells in peripheral lymphocytes
mayovercome this problem, albeit at the expense of losing the
direct link to human disease.

4. Cytogenetic analysis

51. The main conceptual basis for using cytogenetic assays
for biological monitoring is that genetic damage in easily
available cells, such as peripheral blood lymphocytes, reflects
comparable events in target cells. The fact that chromosomal
abnormalities are often a characteristic feature in malignant
cells points to the direct relevance of such markers for
clastogenic agents to be considered in combined exposures. In
addition, long-term follow-up of populations screened for
chromosomal aberrations shows a clearly higher cancer risk
for the subgroup with an elevated level of chromosome
damage [B20, H5]. Microscopically recognizable chromo-
somal damage includes numerical aberrations and structural
chromosomal aberrations, in which a gross change in the
morphologyofa chromosomehas occurred. Chromosome and
chromatid breaks, dicentrics, and ring chromosomes are
important examples of this class of damage [N11]. The yield
of sister chromatid exchanges, which represent apparently
symmetrical intrachromosomal exchanges between the two
identical sister chromatids and which are already quite
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frequent in unexposed cells, is also increased. Micronuclei
arising either from acentric chromosome fragments or from a
lagged whole chromosome with centromere [W15] are also
important markers, although the second production pathway
points to a mechanism driven partially by epigenetic factors.

(a) Chromosomal aberrations

52. Induced chromosomal aberrations can be divided into
two main classes: chromosome-type aberrations, involving
both chromatids of a chromosome, and chromatid-type
aberrations, involving only one of the two chromatids.
Ionizing radiation induces chromosome-type aberrations in
the G0 or G1 stage of the cell cycle (e.g. prior to replication),
while chromatid-type aberrationsare produced during the S or
G2 stage (e.g. during or after replication of the affected
chromatid segment). In peripheral lymphocytes, most of
which are in the G0 stage of the cell cycle, ionizing radiation
induces mainly chromosome-type aberrations.

53. Most chemical mutagens are S-dependent clastogens
and therefore produce mainly chromatid-type aberrations.
S-dependent compounds have no direct effect on the chromo-
somes of peripheral lymphocytes in vivo, because they
replicate only after stimulation in cell culture. Peripheral
lymphocytes can, however, carry unrepaired/misrepaired,
long-lived lesions that may lead to aberrations during
replication of DNA in vitro [S28].

54. The classical chromosome aberration assay for
measuring dicentrics is a reasonably good measure of dose
down to 100 mGy whole-body exposure [L31] or, with
much effort, even lower. However, it is based on a genetic
change that considerably impairs the survival of indicator
cells and their stem cells, so that the signal fades with
time. Reciprocal translocations are considered less
disruptive to the proliferative future of affected cells. It is
possible to score translocations with G-banding or FISH
(fluorescent in situ hybridization) techniques, with the
latter technique having a higher detection limit, about
500 mGy. In such systems, the preferential loss of affected
cells may still be a minor problem; in addition, clonal
expansion of cells carrying translocations conferring a
growth advantage may lead to an overestimation of the
dose with time. Biological dosimetry using cytogenetic
parameters will be discussed later. It seems that all agents
that apparently induce single-base changes (i.e. base
deletions, transversions, or transitions) also induce gross
chromosomal changes that are visible under the
microscope. However, the number of agents clearly shown
to induce cytogenetic changes in humans is still relatively
limited [A24, S31]. From known or suspected carcinogenic
agents, mixtures, or complex exposures to humans,
cytogenetic data are available for 27 compounds in
Group 1 of the IARC classification (known carcinogens to
humans), for 10 compounds in Group 2A (probable
carcinogens to humans), and 15 compounds in Group 2B
(possible carcinogens to humans) [I1, I2]. Chromosome
damage in humans was found in 19/27, 6/10, and 5/15
cases in these groups, respectively.

55. Most of the informative data on induced chromosomal
aberrations in humans arise from high-exposure occupational
situations. The comparisons of experimental animal data and
human data for the endpoint of chromosomal aberration are
generally in good agreement. However, in a few cases there
are discrepancies between animal and human data. High
occupational exposure to radon induces chromosomal
aberrations in humans. Animal experiments with comparable
exposures are negative. The most likely explanation is a
confounding by other clastogenic exposures in humans, e.g.
smoking.

56. Unlike radiation exposure, chemical exposures have
been considered in very few cytogenetic follow-up studies.
Studies on the induction of chromosomal aberrations after
exposure to alkylating agents expressed in peripheral
lymphocytes show, like studies after radiation exposure, that
damage can be conserved over several months or even years
after treatment [G3]. The persistence of chromosome damage,
however, varies with the type of exposure and the cytogenetic
endpoint examined.

(b) Sister chromatid exchange

57. The induction of sister chromatid exchange can be
observed in cells that have undergone two rounds of DNA
replication in the presence of bromodeoxyuridine (BrUdR),
which results in chromosomes having sister chromatids that
are chemically different from one another: one is unifilarly
labeled with BrUdRand the other bifilarly labeled. Such sister
chromatids stain differently from one another, and any
exchanges that occur between the sister chromatids can be
clearly seen and counted [W7]. A number of studies
confirmed the ability of low-LET radiation to induce sister
chromatid exchanges in rodent cells [G4, L22, R5, U14] and
human lymphocytes [G14]. However, in other studies, when
normal human lymphocytes in G0 were assessed for their
ability to express sister chromatid exchanges following low-
LET radiation exposure, theyfailed to do so, in contrast to the
quantifiable induction of chromosomal aberrations [L21,
M28, P2]. This difference could possibly be attributed to the
presence of BrUdR, a known radiosensitizer, at the time of
irradiation in the rodent cell studies [L25]. Nevertheless, low-
LET ionizing radiation and radiomimetic chemicals are not
veryeffectiveat inducing sister chromatidexchanges, contrary
to S-dependent agents such as UV light [W11], alkylating
agents [T1, Y4], and cross-linking agents [S4]. High-LET
radiation (neutrons and alpha particles), however, induces
sister chromatid exchanges in normal human peripheral
lymphocytes exposed in G0. This suggests that the relative
biological effectiveness for sister chromatid exchange
induction is very large, since there is little low-LET response
[A2, S11]. The induction of sister chromatid exchange as a
function of charged-particle LET in Chinese hamster cells
was recently described [G7]. At each LET examined there
was a dose-dependent increase in the frequency of sister
chromatid exchanges. In contrast to the majority of biological
endpoints, however, where relative biological effectiveness
increases as LET increases up to a maximum and then
declines, it was found that sister chromatid exchange
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induction already declined as LET changed from 10 to 120
keV mm�1 [G7]. These observations can be explained on the
basis of repair differences for DNA damage induced by
radiations of different LET, i.e. the faster the repair, the less
likelihood there will be of unrepaired DNA damage at the
time of replication when sister chromatid exchanges are
formed.

(c) Micronuclei induction

58. Micronuclei can be formed from entire chromosomes or
chromosomefragments [M36]. Theyresult from chromosome
breakage and/or damage to the mitotic spindle and are used as
a measure of genotoxicity [H15]. Techniques to block
cytokinesis in mitogen-stimulated lymphocytes [F4, F5, M24,
P19] allow these micronuclei to be observed in binucleated
cells found after the abortive attempt of the cell to divide.
There is, however, a large and variable background frequency
of some 5�12 micronuclei per 103 binucleated cells [F5, Y2].
The background frequency increases with age from about 4
per 103 among those �20 years, to 8 per 103 for those �30
years, and nearly 12 per 103 for those �40 years [Y2]. The
increase is about 4% per year [F5]. The range of variability
increases with age as well. Farooqi and Kesavan [F18] also
found that theyield of radiation-induced micronuclei in mouse
polychromatic erythrocytes was strongly influenced by small
conditioning doses (25 mGy). Micronuclei assays are faster
and have a greater potential for automation than the scoring
of chromosome aberrations [M36].

59. Caffeinated and alcoholic beverages have no significant
effects on in vivo mean micronuclei frequency in binucleated
lymphocytes. Even the intraperitoneal (ip) injection of large
amounts of caffeine (15 mg kg�1 body weight) did not induce
chromosomal aberrations in mice [F19]. However, the
estimated number of diagnostic x-ray examinations to an
individual in the year prior to measurement was significantly

correlated to micronuclei frequency [Y2, Y5]. The effect of
age and x rays on lymphocyte micronuclei has been shown
repeatedly [A11, E2, F5, I1, I2]. Tobacco smoke and tobacco-
related exposures are listed in the IARC Monograph series
[I1, I2] as micronuclei-inducing agents.

60. In an analysis of micronuclei frequency in survivors of
the atomic bombings, Ban et al. [B4] confirmed the age
dependency of background micronuclei levels in peripheral
lymphocytes. Females showed a somewhat higher frequency
of binucleated cells. Age and sex were independently acting
factors. There is no evidence for an effect of radiation dose on
present-day background micronuclei frequency in the
survivors.

5. Summary

61. The primary molecular and cellular effects of the many
agents potentially involved in combined effects are extremely
diverse. No unifying concept of dose can therefore be applied.
However, comparisons of toxicity may be based on relevant
experimental and clinical endpoints with sometimes only
loose and enigmatic links to primary lesions and interactions.
A large number of quantitative and semi-quantitative
indicators of exposure are presently available. On the level of
genotoxicity, DNA damage can be measured up to the
functional level of single genes, thus allowing a comparison
of the biological activityof different agents and an assessment
of possible interactions on a directly relevant level. The
accessibility of critical cells and tissues to standard analysis
remains a problem. Qualitative and quantitativemonitoring of
biological effects at the different levels of organization, from
molecules to organisms, not only might allow an assessment
of the exposure to the different agents involved but could also
form the basis for a better understanding of the mechanisms
of combined effects and for the elucidation of dose-effect
functions for cellular and clinical endpoints.

II. MECHANISTIC CONSIDERATIONS

62. In view of the many different agents that may be
involved in combined exposures with radiation and the
complexity of the possible interactions, it is necessary to gain
some insight from the mechanistic point of view. This
Chapter will give a qualitative insight into the interaction
processes bydescribing important steps in the development of
the radiation effect and bysuggesting how the radiation effect
might be influenced by other agents. For a quantitative
insight, various models have been developed to describe the
biological effects. Examples of such models will be briefly
discussed, in so far as they serve to improve understanding of
the mechanisms involved in combined effects. However, it
should be kept in mind that models have limited applicability,
and agents do not always have only a single mode of
interaction.

63. Since cancer is the most important health effect for
radiation at low doses, the review presented in this Chapter

deals mainly with mechanisms that are central to the
emergence of malignant growth. An in-depth review of the
scientific background of some of the concepts discussed here
was presented in Annex E, “Mechanisms of radiation
oncogenesis”, of the UNSCEAR 1993 Report [U3], Annex F,
“DNA repair and mutagenesis” and Annex G, “Biological
effects at low radiation doses”.

64. The timescale of events for the various stages of
radiation-induced cancer ranges from less than a second to
tens of years. Schematically, three crude time-scale-based
phases can be defined on the molecular, the cellular, and the
tissue/organ level. The molecular phase ranges from the early
interaction of the radiation track until initial damage in
biologically important molecules has occurred (of the order of
seconds). The cellular phase follows and lasts until the
biological reactions of the cells involved have occurred and
biological cellular effects are induced (of the order of a few
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days). Ultimately, on the tissue/organ level, cellular damage
may progress in due time, with or without cooperation from
other damage, toclinicallydetectable cancer, which can occur
up to 40 or more years after the initial irradiation. These
phases are described below. A schematic representation of the
processes is given in Figure I. The separation into these
phases is arbitrary; it is time-scale-motivated and serves here
only to describe the possible interactions of the radiation effect
with other agents. In reality, the processes are not separated
that rigorously, and interactions with another agent mayoccur
on more than one level or phase.

65. Radiation-induced effects other than cancer, such as
deterministic and teratogenic effects, involve similar
phases in the development of the radiation damage. For
conciseness, these effects are not explicitly mentioned and
considered here, but the data in humans are reviewed
briefly in Chapter V.

A. EFFECTS ON THE MOLECULAR LEVEL

66. Following the primary interaction of a radiation track
with biological matter, an avalanche of events occurs, and
various reactive species are left after passage of an ionizing
particle or photon: molecules are excited and ionized, radicals
are formed, and secondary electrons progress through the
material. Most of these species are chemically very reactive
and produce other molecular species. These initial processes
develop in a very short time (of the order of microseconds)
and at short distances from the radiation track. The processes
are dependent on the physical and chemical characteristics of
the material, the type of radiation, and the conditions in the
immediate environment of the target molecule, such as the
availabilityofoxygen, the presence of sensitizing or protecting
agents, the ambient temperature, and the ionization densityof
the radiation. The processes involved in the interaction of
radiation at the molecular level are extensively studied in
radiation biochemistry and microdosimetry, the concepts of
which have been described by the International Commission
on Radiation Units and Measurements (ICRU) [I7].

67. The biological effects of radiation arise mainly from
damage induced in DNA molecules. Important types of DNA
damage are DNA single- and double-strand breaks, base
damage, intra- and intermolecular cross-links, and multiply
damaged sites (mds) (see Annex F, “DNA repair and muta-
genesis”). A review of special models with emphasis on the
importance of the DNA damage is given by Goodhead et al.
[G17]. As far as epigenetic damage or modifications of other
cell constituents are concerned, cytoplasmic changes and
mitochondrial or membrane damage may also play a role in
certain types of radiation effects, but the importance of these
for radiation-induced cancer is disputed. Indirect effect
modifiers such as growth stimulation as a result of stem cell
killing may become important at higher doses.

68. The possibility of another agent interacting with the
radiation effect in this early phase is dependent on changes in
the DNA environment. The direct environment of the DNA

defines the fate of radiation-induced reactive species, such as
water radicals, and the possibilityfor direct or indirect damage
to the DNA. Interaction leads to changes in the dose-effect
relationship for DNA damage and consequently to changes in
the dose-effect relationship for cellular effects (see Section
II.B). A well known modification of the radiation effect is
caused by a change in the oxygen content. Anoxic cells, in
general, are more resistant to radiation than well oxygenated
cells. Typical agents interacting with the radiation effect at
this level are electrophilic compounds, such as N2O, NO2, NO,
CO2, SO2, and SO3, and nucleophilic agents, such as cystea-
mine and cysteine [G17, O11]. For interaction with the
radiation effect, the agents should, in general, be present in
the DNA environment during irradiation. They may modify
radiation effects by a factor of up to 3. More indirect effects
may result from vasodilators and constrictors modulating
oxygen pressure in irradiated tissue.

69. An important class of agents are hypoxic cell
radiosensitizers, also called oxygen-mimetic agents, which
have potential use in radiotherapy to enhance the effective-
ness of the radiation treatment in anoxic or poorlyoxygenated
parts of the tumour. These sensitizers must be present at the
instant of irradiation. The mechanisms are free-radical-based:
the compounds, in general, have increased electron affinity
and are believed to involve fast electron transfer processes in
DNA[A1]. Well-known agents includenitroheterocycliccom-
pounds, such as metronidazole, misonidazole, and related
compounds, metal-based compounds containing Pt, Rh, Fe,
Co, and other metals, and nitro-compounds, such as nitro-
soureas [S2].

70. Other chemicals protect healthy cells against the
radiation effect. Theymayalso be used in radiotherapy. These
radioprotectors are mainly sulphur-containing compounds.
They act, in part, as radical scavengers and have to be present
at the time of irradiation to produce their protective effect. The
radioprotective effect is a factor of 3 or less. Typical
compounds of this type are cysteine, cysteamine, aminoethyl-
isothiourea (AET), mercaptoethylamine (MEA), and other
sulfhydryl-group-containing agents [M4].

B. EFFECTS ON THE CELLULAR LEVEL

71. When the radiation has induced molecular damage, the
cell reacts by attempting to remove the damage and restore
normal cellular function. The reaction depends on the type of
damage. For simplicity, only damage to the DNA is
considered here, which may be characterized as single-strand
or double-strand damage. Single-strand damage, such as
breaks or base damage, may be readily and effectively
repaired. Complex localized damage, such as a double-strand
break, is more difficult to repair and maylead to a biologically
different behaviour of the cell. Repair depends on the cell’s
genotype. It takes place within a few hours after the
irradiation. Some of the damage maybe persistent and lead to
a radiation effect at the cellular level. The most important
cellular effects are chromosomal aberrations, mutations and
cell inactivation, killing, and apoptosis. Changes leading to
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2 (3)

Ea (D1,D2) � α1D1 � α2D2 � β1D 2
1 � β2 D 2

2
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Ec (D1,D2) � Ea(D1, D2) � 2 β1 β2 D1D2
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malignant transformation, which can be considered a specific
class of somatic mutations or chromosomal aberrations, are
particularly important for radiation carcinogenesis.

72. Attempts to characterize the initial biological effect of a
radiation exposure and its dose-effect relationship have led to
the development of mechanistic biophysical models of
radiation action. The aim of these models is to present a
mathematical description of radiation action based on realistic
assumptions related to basic mechanisms [G12]. Broadly, a
common characteristic of these models is that they describe
the cellular radiation effect E(D) by a linear quadratic dose-
effect relationship:

where E(D) is the cellular effect from a dose D, E0 is the
effect without radiation (D = 0), α is the contribution to the
effect per unit dose and β is the contribution to the effect
per unit dose squared.

73. The interpretation of the linear and quadratic dose
terms depends on the underlying assumptions of the model.
The linear term has a single-track nature, sometimes called
intratrack damage. The quadratic term has a dual or
multitrack nature, involving the accumulation of sublethal
damage or sublesions [C16, K5, K8]. Some models do not
account for repair; in other models, repair is considered
essential for development of the radiation effect. Most models
do not specify the initial type of damage [C16, K4], while
others are more specific [C45]. In general, double-strand
breaks in DNA play an essential role in the radiation effect.

74. Equation (1) broadly describes the dose-effect relation-
ships for exposures within one cell cycle and is generallyused
to analyse cellular experimental data, such as chromosomal
aberrations, mutations, cellular transformation,andcell killing
[I14]. The dose coefficients α and β depend on the effect
considered, the cell type, the type of radiation, and the
development of the radiation damage during the molecular
phase [L11]. For instance, α is particularly dependent on the
type of radiation and, in general, is larger for densely ionizing
radiation than for sparsely ionizing radiation. The coefficient
β, in general, tends todecrease with higher-LET radiation. As
far as irradiation time is concerned, α hardly changes and is
mostly invariable, but β changes markedly: it reaches a
maximum for acute irradiation, decreases for lower dose rates,
and for irradiation times of more than a few hours is
negligible or zero. This implies that for chronic irradiation a
linear dose-effect relationship for cellular effects isanticipated.

75. The mechanism of interaction of another agent with
the radiation effect at the cellular level is broadly based on
three types of action: (a) the accumulation of sublesions
and lesions; (b) interference with cellular repair; and (c)
changes in cell-cycle kinetics. All types of interaction are
most effective when the potentially interacting agent is
present in the cell at the time of irradiation or within a few
hours later, roughly as long as the radiation effect is not
fixed and repair is still possible.

1. Accumulation of (sub)lesions

76. An important category of combined exposures involv-
ing accumulation of sublesions is that of combined exposures
to different types of ionizing radiation. For cellular effects
such as cell killing, mutations, and chromosomal aberrations,
it is well known that the combined exposure to two types of
radiation can lead to a larger than additive effect. Under-
standing how cellular damage produced by densely ionizing
radiation (high-LET radiation) interacts with that produced by
low-LET radiation is important both in radiation therapy and
in evaluating risk.

77. With similarity in the underlying radiation mechanism,
interaction between different types of ionizing radiation can be
shown to be, in general, of the so-called isoadditive type.
Modellers of cellular radiation effects tend to describe the
larger effect of combined radiation exposures in terms of
accumulation of and interaction between sublethal damaged
sites, which may lead to an extra contribution to the radiation
effect (increase of the quadratic term of the linear-quadratic
dose-effect relationship) [B35, C15, L10, Z14].

78. In general, if the (additional) radiation effect Ei of
radiation type i is linear-quadratic with dose Di,

then the combined exposure to radiation types 1 and 2 will
lead to effect Ec, given by

In the absence of interaction, the effect would be given by

The extra effect is expressed in the difference between
equations (3) and (4) and can be calculated to be

Equation (5) indicates that the extra effect is dependent on
β1 and β2. Experimental evidence [B5, C6] shows that β is
practically independent of radiation type (i.e. low- or high-
LET radiation), so that interaction of sublethal damage can
be expected. Using this assumption, the radiation effect of
combined exposures of acute high- and low-LET radiation
could well be described by the equations given here [L10].

79. Considering this interaction process, one has to keep
in mind the following restrictions:
(a) sublethal damage can be repaired by the cell, so that

when there is time between the two exposures, the
extra effect will decrease;

(b) the quadratic term for each radiation type separately
is dependent on dose rate, i.e. irradiation time, which
implies that the extra term for combined exposures
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Es(X) � σX � εX 2 (6)

Ec(D, X) � αD � βD 2
� σX � εX 2

� ηDX (7)

also vanishes for dose rates below a certain value (i.e.
less than 10 mGy min�1);

(c) the interaction process described here is, strictly
speaking, proven onlyfor exposures occurring within
one cell cycle. Deviations may be expected when
exposures occur over more than one cell cycle; and

(d) for practical applications in risk analysis, deviations
from additivity are generally not very large, with the
most significant deviations being expected for acute
irradiation exposures such as are used in radiation
therapy; additivity is virtually expected for combined
chronic exposures.

80. As Lam [L47] has shown, the interaction of two types
of radiation can also be described using the linear isobolic
relationship, which is usually used for the combined action
of two toxic agents. The reverse also applies: the
interaction with radiation of a toxic chemical that has a
supralinear or quadratic exposure-effect relationship for
cellular effects can be similarlydescribed as the interaction
of two types of radiation. As described above, if the
radiation effect after a dose D is given by equation (1) and
the effect after an exposure X of a second agent is given by

then the effect of a combined exposure will be

This means that the effect of the combined exposure to
radiation and the second agent is given by the sum of the
effects of the two agents separately and an extra effect
(ηDX), which is proportional to the dose D of radiation
and exposure X of the second agent. This extra term is the
result of the interaction of sublethal damage of radiation
with sublethal damage of the second agent.

81. This description of the effect of combined exposures can
be used for a number of compounds with radiation [L51]. In
this analysis it is assumed that the cellular effect of physical
and chemical agents can be described as a linear-quadratic
function of exposure X. Examples of such agents are ultra-
violet radiation (UV) [L52]; alkylating agents such as the
nitrosouric compounds ethylnitrosourea (ENU), 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU), and 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea (CCNU)[L48];benzo[a]pyrene(BP);
ethylmethane sulphonate (EMS) [C7] and many more. The
conditions mentioned in paragraph 84 concerning the
interaction of two types of radiation should be kept in mind
for this interaction of radiation with another physical or
chemical agent as well. Repair of the sublesions from the
first agent before the other agent becomes effective can
lessen the enhancement effect of the combined exposure
and lead to an effect more nearly like additivity. In general,
the analysis can be applied to different cellular endpoints,
such as cell killing [L48, L50, L51], chromosomal
aberrations, and mutations [C7].

2. Cellular repair

82. The speed and fidelity of DNA repair is one of the main
determinants of the yield of fixed damage. Most molecular
damage to DNA is subject to a sequential series of enzymatic
reactions that constitutes the repair process. This topic has
been the subject of much recent study, and a spectrum of
analytical procedures, operative at both the molecular and
cellular level, has been developed to monitor DNA repair
[F10]. DNA damage may include altered bases, the covalent
bindingofbulkyadducts, intrastrand or interstrandcross-links
and the generation of strand breaks. Altered bases may be
generated by spontaneous reactions, most importantly deami-
nation of cytosine to form uracil, of adenine to form hypo-
xanthine, and of 5-methylcytosine to form thymine. A range
of alkylated products is formed in DNA as a consequence of
exposure to nitroso compounds and other alkylating agents.
Bulky adducts are formed as a consequence of the covalent
binding, to purines in particular, of polycyclic hydrocarbons,
aromatic amines, aflatoxins, and similar substances. Two
types of pyrimidine dimer are induced by exposure to UV
radiation: cyclobutyl pyrimidine dimers are most common,
and the so-called 6�4 photoproducts are alsoproduced. Cross-
linking of DNA strands may occur following exposure to
bifunctional alkylating agents and chemicals such as cis-
diaminedichloroplatinum. Strand breakage may be caused by
ionizing radiation, heavy metals, chemicals such as
bleomycin, and endogenouslygenerated active oxygen species
(reviewed in [S9]).

83. Efficient repair of DNA damage is necessary to retain
genomic stability and to prevent somatic and genetic disease
in humans and other organisms as well. There are several
modes of repair, and these may also be affected themselves by
mutagenic agents. Failure of repair may thus be as much a
cause of disease as the initial DNA damage. To safeguard the
genome, cells are able to block cell-cycle progression in
response to DNA damage at specific transition points to allow
DNA repair. Most prominent are the so-called checkpoint
control mechanisms at the G1/S phase and G2/M phase
transition. The subject of DNA repair is reviewed in Annex F,
“DNA repair and mutagenesis”.

84. Programmed cell death, known as apoptosis, obviates
the risks from error-prone repair in heavilydamaged cells and
is, accordingly, another important defence mechanism of the
cell, preventing the survival of aberrant cells and, hence,
tumour development [D13]. Apoptosis can become activated
under physiological conditions and also after damage to DNA
[H44, T17]. p53 plays an important role in DNA damage-
induced apoptosis [L32], so the clonal selection of cells with
non-functional p53 by hypoxia [G19] or byUV radiation [Z5]
is potentially an important mechanism to increase tumour
yield. This was also shown for radiation teratogenesis in mice.
Norimura et al. [N18] found that p53-mediated apoptosis
strongly reduced fetal malformations after in utero exposure
to ionizing radiation (2 Gy), whereas p53�/� strains displayed
a 70% incidence of anomalies. Such effects may lead to an
apparent threshold in the dose-effect relationship for
malformations after in utero irradiation [N19]. Several other
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types of cell loss or irreversible growth arrest occur in
mammalian systems in addition to apoptosis; these include
terminal differentiation, senescence, and necrosis. Necrosis, in
contrast to apoptosis, is not an orderly cellular process but
rather the disorganized death of a cell. Several recent reviews
of this topic have been published [S5, T17, W6]. Apoptosis is
discussed further in Annex F, “DNA repair and muta-
genesis”.

85. A second class of agents that can interact with radiation
and cause changes in the radiation effect at the cellular level
are agents that modify the repair capacity of cells. Repair
inhibitors often influence the DNA structure and may be
immunosuppressive [S1]. These agents might have toxic
effects themselves. Examples are the intercalating agents
actinomycin D, adriamycin, and quinacrine. The xanthine
derivatives (caffeine, theobromine, and theophylline) also
belong to this type of agent. The different effects reported for
these agents may be due to the different kinetics of repair in
the cell cycle and the presence of the drugs during different
phases of the cell cycle [B3, T16]. Depending on the drugs,
the repair of sublethal damage or of potentially lethal damage
might be involved in the interaction process.

3. Cytokinetics

86. Another important class of agents are chemicals that
change the behaviour of the cells in the cell cycle. These
agents are indirectly related to those that interfere with repair,
because cells that are irradiated tend to move more slowly
through the cell cycle in order to have more time for repair.
Some cytokinetic agents inhibit changes in the cell cycle.
Caffeine is an agent known to remove or alter the cell’s
capacity to induce a G2 block or shorten the S phase after
irradiation [S1]. The result is that caffeine enhances radiation-
induced cell killing and chromosomal aberrations. Effects of
cytokinetic agents are investigated for different purposes,
among which is to study the mechanism of radiation-induced
cellular response and to answer questions such as, in which
phase of the cell cycle is the radiation damage fixed? These
effects are also investigated for their possible application in
radiotherapy. Cytokinetic agents are not normally considered
important for environmental risks of stochastic radiation
effects. However, some chemicals, for example those with
hormonal side effects such as environmental estrogens, have
been shown to be effective even at environmental concen-
trations [S81].

4. Toxicological analysis

87. The cellular effects of combined exposures to radiation
and other agents are part of the broad, classical field of
toxicology, in which the effects of exposures to two agents are
analysed using the isobolic method. The method is primarily
useful for agents with isoadditive effects, but it is used for
other agents as well. It has been applied to radiation effects
[L47, S1].

88. The use of an isobolic diagram to describe the
combined effect of two agents is shown in Figure III. The

Figure III. Isobolic diagrams for a given level of
response in two agents, both acting with linear (upper
diagram) and non-linear (lower diagram) exposure
response [U6].
The axes are normalized to values of 1.0 for each agent
acting separately, i.e. X*

A and X*
B.

exposures are indicated on the two ordinates, usually with the
single-agent exposures yielding the same effect normalized to
one. The case of additivity is described by a straight isoeffect
line for any combination of two agents with linear dose-
response relationships for separate action (Figure III, upper
diagram). If the points deviate significantly to the left of the
isobolic line, the interaction is synergistic. An antagonistic
interaction is postulated when the experimental points lie to
the right of the isobolic line. Even in such a simple theoretical
case, to assess the combined action of two agents, several
combinations of the two agents leading to the given effect,
EAB, have to be tested. Although there are some important
biological endpoints, such as frequency of point mutations,
that show a linear or nearly linear increase after separate
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exposures to genotoxic chemicals or radiation, the dose-effect
relationships for health impairments caused bycomplex multi-
stage changes in biological systems are often better described
by exponential or sigmoid functions of dose. For these more
realistic circumstances, the line of additivity in the isobolic
diagram becomes curved and transforms into an envelope of
additivity (Figure III, lower diagram). In general, the order of
exposure to agents with differing dose-response relationships
then becomes important as well [R4].

89. Such isobolic analyses are important tools, for example
in optimizing combination therapy [L16, R4], but are of less
value in evaluating the effects of chronic exposures in the
workplace and in non-occupational settings [B69]. An
extended review of this approach and its mathematical
background was presented in the UNSCEAR 1982 Report
[U6]. This approach is based on producing equal effects with
different combinations of the two agents under restricted
conditions of time. Owing to the general lack of such ranges
of exposures in human populations, this method is not
applicable in epidemiology.

90. The interaction at the cellular level is restricted in time,
so that damage from one agent seldom interacts with damage
from a second one. For low dose rates of radiation and long-
term exposures of other agents, the supralinear or quadratic
dose terms of the dose-effect relationships tend to diminish,
and only a linear dose-effect relationship remains. In these
cases, the possible interaction in combined exposure also
decreases, and additivity results. This implies that since
interaction at the cellular level during low-dose, long-term
exposures to radiation and other agents can be expected to
have a low probability of occurrence, it is therefore of limited
importance for carcinogenesis.

C. EFFECTS ON THE TISSUE/ORGAN
LEVEL

91. After fixation of the radiation effect at the cellular level,
which occurs within a few days, a much longer time is needed
before an effect at the organ level occurs, i.e. before a
stochastic radiation effect is evident. The period of occurrence
of a stochastic effect is dependent on the type of effect. For
example, hereditarydefects mayoccur when a germ cell, after
having been irradiated, forms the origin of an organism of the
next generation. For radiation-induced cancer, it is the time
between the initiation event, or possibly one of the following
steps of the carcinogenesis process, and the detection of a
tumour. Full consideration of the mechanistic aspects of
cancer development is given in Annex G, “Biological effects
at low radiation doses”. The events occurring after the
initiation event in the development of tumorigenesis are
considered to take place on the tissue and organ level and may
occur years or decades later.

92. It is generally accepted that carcinogenesis is a multi-
step process. The usual chain of events is considered to be
initiation of damage, tumour promotion, possibly with
activated proto-oncogenes or deactivated tumour-suppressor

genes, and malignant progression. Each oftheseprocesses can
be related to effects at the cellular level. The basic aspects of
these processes were reviewed in Annex E, “Mechanisms of
radiation oncogenesis”, of the UNSCEAR 1993 Report [U3].
The concepts of multi-stage carcinogenesis have evolved over
many years of cancer research [A17, B10, B14, B15, C8, F7,
M27, R6]. Several lines of evidence that support the multi-
stage model of cancer derive from studies of pathology,
epidemiology, chemical and radiation carcinogenesis in
animals, cell biology, molecular biology, and human genetics
[K28, M5]. Germ-line mutations, somatic genetic events, and
epigenetic stimulation by the host organism may all play
important roles in neoplastic development. The definition of
two broad classes of genes, proto-oncogenes with growth-
enhancing functions and tumour- suppressor genes with
growth-inhibiting functions, brought a biological basis and a
unifying concept to the multi-stage theory of cancer [V2].
Owing to the functional diversity of the products of these
genes involving cell surface receptors, protein kinases,
phosphatases, and DNA-binding proteins, to mention only a
few, this concept does not lend itself directly to a better
understanding quantitatively. However, in this area the
modifications of the cancer process after exposure to external
agents may be investigated.

93. The number of genetic changes involved in the
evolution of a specific malignant neoplasm is not known
with certainty. In some cancers that occur early in life,
soon after exposure, or in genetically susceptible
individuals, there may be only one rate-limiting change
needed for malignant disease. Certain forms of leukaemia,
e.g. those resulting from reciprocal translocations [B64] or
cancer induction in retinoblastoma heterozygotes, seem to
follow this course. Multi-hit models developed on the basis
of specific incidence rates of solid cancers from epidemio-
logical data often show an exponential increase in the
incidence of specific cancers with the fifth to seventh
power of age [K11]. Most colorectal cancers have three or
more altered genes, [F6, V1, V2], and estimates of as many
as 10 or more mutational changes have been proposed to
occur in adult human cancers [B17]. Basically, all these
genetic changes might be induced by ionizing radiation,
other genotoxic agents, and the inherent instabilityof DNA
alone.

94. The distinction between proto-oncogenes and
tumour-suppressor genes has important repercussions for
dose-effect models, because the former class would
generally express its function dominantly, whereas the
latter could fulfill its protective function as long as one
allele is functionally intact, i.e. the tumour-suppressor
function would be a recessive trait. However, the
probability of developing cancer is in many cases higher in
heterozygotes than a pure recessive trait would predict,
indicating the importance of penetrance in the genetics of
the different tumour-suppressor genes. Moreover, muta-
tions in some tumour-suppressor genes like p53 and WT1
may be of the dominant negative type, in which the
mutated protein overrides the action of the suppressor wild-
type allele [H4, M25].
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these processes were reviewed in Annex E, “Mechanisms of
radiation oncogenesis”, of the UNSCEAR 1993 Report [U3].
The concepts of multi-stage carcinogenesis have evolved over
many years of cancer research [A17, B10, B14, B15, C8, F7,
M27, R6]. Several lines of evidence that support the multi-
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epigenetic stimulation by the host organism may all play
important roles in neoplastic development. The definition of
two broad classes of genes, proto-oncogenes with growth-
enhancing functions and tumour- suppressor genes with
growth-inhibiting functions, brought a biological basis and a
unifying concept to the multi-stage theory of cancer [V2].
Owing to the functional diversity of the products of these
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phosphatases, and DNA-binding proteins, to mention only a
few, this concept does not lend itself directly to a better
understanding quantitatively. However, in this area the
modifications of the cancer process after exposure to external
agents may be investigated.
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Figure IV. Models of carcinogenesis.
Parameters: µ is the probability of transformation, βi is the birth or replication rate,
δi is the death rate, ρi is the repair rate, i is the stage, d the dose, and t the time.

95. Multi-stage cancer models are described in Annex G,
“Biological effects at low radiation doses”. The multi-stage
model proposed by Armitage and Doll [A16, A17, A18]
represents one of the first attempts to develop a biological
model ofcarcinogenesis. Theypostulated that cancer develops
from a single cell that must pass sequentially through a
particular series of transformations to become a malignant
cell. The multi-stage Armitage-Doll model is illustrated in the
upper portion of Figure IV. This model assumes that a normal
cell must pass through k sequential stages before becoming
fully malignant. This model has k + 1 types of cells: normal
cells, stage 1 cells, stage 2 cells, ..., and stage k (malignant)
cells. The model supposes that at age t an individual has a
population N0(t) of completely normal cells and that these
cells acquire a first mutation at a rate λ1(t). The cells with one
mutation acquire a second mutation at a rate λ2(t), and so on
until at the (k � 1) stage the cells with (k � 1) mutations
proceed at a rate λk(t) to become fully malignant.

96. The instantaneous tumour incidence rate h(t) at time
t in the multi-stage model is therefore approximately of the
form

where N is the number of cells in the target tissue and λi(t) is
the instantaneous rate of the i-th cellular change (i = 1, ..., k).
For simplicity, it is often assumed that the transition rates are
linearly related to the dose di(t) of the carcinogen at time t for
the i-th stage. Therefore the transition rate from one stage to
the next is given by λi(t) = ai + bidi(t). Here, ai denotes the
transition rate in the absence of exposure and bi reflects the
effects of the carcinogen on the transition rate into stage i = 1,
..., k. With similar values for spontaneous transition rates (ai

to ak), this model predicts that the age-specific tumour
incidence rate will be proportional to the (k � 1)st power of
time and provides a good description of human cancer
incidence data with 2 < k < 6 stages [A20, A22].

97. To encompass the growing biological evidence that the
process of carcinogenesis involves intermediate cells having
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a growth advantage over normal cells, Armitage and Doll
[A17] modified their initial model. The initial model is
generally viewed as not biologically plausible, because it does
not account for cell kinetics, more specifically the birth and
death of cells. The modified model that includes cell kinetics
must sometimes assume very small and, in the opinion of
Armitage and Doll [A17], unlikely values for the growth rate
of intermediate cells to fit the data.

98. Moolgavkar and Venzon [M29] and Moolgavkar and
Knudson [M23] proposed a two-stage birth-death-mutation
model to describe the process of carcinogenesis in adults. By
incorporating both cell kinetics and tissue growth, this model
can be used to describe a broader class of tumour incidence
data than the classical multi-stage model. This model has
three cell types: normal cells, intermediate or initiated cells,
and malignant cells. The middle portion of Figure IV displays
the general two-stage model of carcinogenesis in which for a
normal cell to become malignant, it must pass from the
normal state through the intermediate state and into the
malignant state. The simplicity of this model allows
classifying external agents in three categories of carcinogen:
initiators, which stimulate the first transition of a normal stem
cell into the intermediate stage; completers, which transform
an intermediate cell into a malignant cell by the second
transition; andpromoters, which enhance cell division and the
net increase of intermediate cells with time [K46]. Ionizing
radiation and other genotoxic agents may be both initiators
and completers.

99. The Moolgavkar-Venzon-Knudson model was later
extended to account for more than two mutational stages
[L23, L24, M14]. For the generalized Moolgavkar-Venzon-
Knudson model it may be supposed that at age t there are N(t)
susceptible stem cells, each subject to mutation toa type ofcell
carrying an irreversible mutation at a rate of µ0(t). The cells
with one mutation divide into two such cells at a rate γ1(t). At
a rate δ1(t) they die or differentiate. Each cell with one
mutation can also divide into an equivalent daughter cell and
another cell with a second irreversible mutation at a rate µ1(t).
For the cells with two mutations there are also assumed to be
competing processes of cell growth, death and differentiation,
and mutation taking place at rates γ2(t), δ2(t), and µ2(t),
respectively. This continues until at the (k-1) stage the cell
will have accumulated (k-1) mutations. It will eventually
acquire another mutation and become fully malignant.

100. With the advent of more sophisticated experimental
techniques and a growing understanding of the process of
carcinogenesis, more refined mathematical models have been
developed and continue tobe developed toembody the current
scientific knowledge and mechanisms of cancer. Mutation is
the result of DNA damage and the subsequent fixation and
propagation of the damage by DNA replication. This process
is included as a single rate constant in the models described in
the previous paragraphs. However, agents can affect DNA
damage rates, cellular replication rates, and/or the processes
of DNA repair. Kopp-Schneider and Portier [K19] expanded
the modelling of the mutation process to account explicitly for
the process of cellular damage to DNA, DNA repair, and

DNA replication. The two-stage damage-fixation model has
five types of cells: normal cells, damaged normal cells and
damaged initiated cells both of which are subject to DNA
repair, initiated cells, and malignant cells (in which damage
has been fixed by replication). This model is shown in the
lower portion of Figure IV.

101. It is clear that research on quantitative multi-stage
models is still in progress and that the complexity of the
carcinogenic process inhibits a choice of a universally
accepted and applicable model. However, it is also clear that
multi-stage models have a biological basis and could describe
tumour incidence quantitatively and as such have a future in
improving radiation risk estimates and estimates of combined
effects. Always important is the question of complexity vs.
simplicity. The biology of cancer formation is so complicated
that an ever-increasing number of parameters are needed to
cover all possibilities of tumour formation mathematically. On
the other hand the available data are limited, so the number of
parameters that can be fixed is limited as well. As far as the
mathematics and statistics are concerned, it is preferable that
the number of unknown parameters be as low as possible.

102. Most multi-stage models are used to describe the age
dependence of tumour incidence and the influence of
chemical carcinogens in animal experiments. In a few cases,
theyhavebeen used todescribe radiation-induced tumours. As
far as human data are concerned, the induction of lung
tumours by radon in miners [L9, M39] and the lifespan
studies of the Japanese atomic bomb survivors [H1, K45, L5]
were used to test multi-stage models. In general, ionizing
radiation acts mainly as an initiator, although it has some
influenceon other coefficients. An important conclusion ofthe
use of multi-stage models for radiation carcinogenesis is that
radiation generally seems to affect only one step in the
carcinogenesis process; in other words, it is a co-factor of
background tumour incidence. This implies that the radiation
effect is dependent on background tumour incidence as well
as on other agents or factors that produce tumours or cancer.

103. The timescale for effects at the tissue or organ level is
long and can last for years. The implication is that interaction
with another agent is possible even when the exposures of the
two agents are separated in time for up to several years. A
comprehensive treatment of the carcinogenic effect of
combined exposures and the implications for dose-effect
relationships using a two-mutation carcinogenesis model is
given in Krewski et al. [K46]. They classify carcinogenic
agents as initiators, completers, and promoters and conclude
that the joint effect of two compounds that both affect the
same stage in the carcinogenic process will be described well
by the additive risk model; however, the effect of combined
exposure to two carcinogens that influence different stages
will not necessarily result in a multiplicative model. Short
exposures that occur close together in time and do not
occur at either very young or very old ages can produce a
nearly additive relative relationship. Synergism would,
however, arise when the contribution to different transi-
tions by different carcinogenic agents is large compared
with the spontaneous rate and when the time course of
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a See glossary for definition of terms.

exposure is penalizing if the sequence of steps matters.
Brown and Chu [B9] concluded that the observation of a
multiplicative relative risk relationship in studies of joint
exposure to two carcinogens is evidence of action at two
different stages of the carcinogenesis process. These
examples illustrate the importance of a full understanding
of the timescale of exposure for both agents.

104. An overviewof interactions for simple binaryexposures
to agents with specific effects is given in Table 3. According
to the terminology used by Krewski et al. [K46], many
interactions leading to considerable deviations from additivity
are possible although hardly predictable. The effectiveness of
a carcinogenic agent depends not only on the exposure but
also on the time of exposure, age at exposure, time since
exposure, and duration of exposure. This time dependence is
completelydifferent from and should not be confused with the

time involved in the cellular dose-rate effect. It is therefore not
possible to quantitatively predict the dose-effect relationship
for tumour induction after combined exposure.

105. This assessment is based on the evaluation of
carcinogenesis data using a two-mutation model. Deviations
of the carcinogenesis process in other ways, e.g. by disturbing
organ functions in a crude way, are ignored. The assumption
ofotherwise undisturbed functioning of the organ or organism
is probably reasonable for low exposures but may complicate
analysis for high doses and exposures. The long-term develop-
ment of tumours implies a long period of time over which the
process can be influenced. For interaction in the genesis of
radiation-induced tumours, it implies that exposure to a
different agent at a time that is completely separated from the
time of irradiation may influence the radiation effect in often
poorly predictable ways.

Table 3
Anticipated interaction response of two single-agent carcinogens a

[K29]

Carcinogen A Carcinogen B Interaction response

Initiator
Completer
Initiator
Initiator
Initiator
Initiator
Initiator
Promoter

Initiator
Completer
Completer
Promoter

Promoter and completer
Initiator and completer
Initiator and promoter

Promoter and completer

Additive
Additive

Multiplicative
Multiplicative to supra-multiplicative
Multiplicative to supra-multiplicative
Supra-additive to sub-multiplicative

Supra-additive to supra-multiplicative
Supra-multiplicative

D. DOSE MODIFIERS AND OTHER
INDIRECT INTERACTIONS

106. Apart from the direct interference with the develop-
ment of the radiation effect, further indirect interaction
mechanisms are possible when an agent changes the
retention of the radioactive substance following inhalation
or ingestion and consequently changes the organ dose. A
well-known case is blockage of 131I uptake to the thyroid by
stable iodine, which is used in nuclear medicine and
envisaged in future radiological emergencies to greatly
reduce the dose to the thyroid gland. Other drugs, such as
ethylenediaminetetracetic acid (EDTA), are used for
therapeutic reasons, to stimulate the metabolic transfer of
inhaled or ingested radionuclides and, consequently, to
reduce the relevant organ dose. Natural chelators such as
citrate may also modulate the biological half-lives of metal
and actinide ions. Synergistic effects on this level are
known from the inhibition of mucocilliary clearance by a
second agent [F28]. Several examples of dose-modifying
agents are given in the Appendix, which covers specific
interactions. Mechanistic considerations indicate that the
irritants and cytotoxicants implicated here generally
display an effect threshold and are therefore of little
concern for combined effects at low exposure levels.

107. Other modifications of the radiation effect are
possible when the physiological condition of the organism
is changed, either intentionallyor bychance. Examples are
changes in hormone levels or in the immunological system.
Such changes may also be induced by radiation (e.g. UV
radiation). Also, novel mechanisms of genetic change such
as radiation- or chemical-induced genetic instability, which
leads to new genetic damage many cell generations after
exposure (see Annex F, “DNA repair and mutagenesis”),
may be prone to more-than-additive effects. The results of
this type of interaction are dependent on the conditions of
the change and are, in general, poorly predictable.

E. SUMMARY

108. Carcinogenesis and, consequently, also the develop-
ment of radiation-induced tumours is a long-term process.
Mechanistically, three levels can be distinguished in the
development of the radiation effect on cancer: the molecu-
lar, cellular, and tissue/organ levels. On each level, ioniz-
ing radiation induces changes and processes, and these
may be influenced by combined exposures to other agents.
A summary of the levels, processes involved in cancer
development, and examples of the many classes of sub-
stances and agent with a potential to interfere at different
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Nucleophylic agents, cysteamine,
cysteine, sulphydryl compounds,
anoxia, vitamins
Gamma rays, x rays,
beta particles,
alpha particles, UV
Metals, platinum complexes,
actinomycin, bleomycin,
EMS
IUdR, BUdR, 5-FU,
actinomycin D,
adriamycin, quianin

Temperature,
microwaves

Cytokinetins, p53

Caffeine, cyclophosphamide,
hyperthermia,
hydroxyurea

Caffeine

Heat, mineral fibres,
dust, lead

Mutagens, tobacco,
ENU, BNU, DEN, DBE,
BCNU, CCNU, Me-CCNU

Vitamin A, E, K, selenium,
low-fat diet, DFMO

Tobacco, asbestos,
mineral fibres, hormones,
DES, TPA

Mitogens, hormones,
DES, oestrogens,
mineral fibres, dust

Mutagens, asbestos, tobacco,
TPA, benzo(a)pyrene

Tamoxifen, testosterone

UV, Vitamin A, endotoxins,
dietary factors

Tobacco, hormones
(TSH, oestrogen, DES)
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levels of radiation-induced carcinogenesis is presented in
Figure V. The biological effect of combined exposures to
radiation and other agents at low doses is, in general,
expected to be additive, especially in the case of chronic
exposures. Deviations from additivity may primarily be
expected from interactions on the tissue/organ level. In this
phase, exposure to other agents may take a long time, up to
tens of years, and for interaction to occur, the exposures to
radiation and the other agent need not be simultaneous.

Thus, interaction can last a relatively long time, and the
radiation effect can be influenced to a significant extent by
the interactions that take place during this phase. Studies
using multi-stage models show that classifying the agents
involved in terms of their action as initiators, completers,
and/or promoters may help to predict the result of their
interaction with radiation and other agents. These studies
also indicate that the radiation effect depends on the
background tumour incidence.

Figure V. Schematic representation of radiation-induced carcinogenesis and possible interaction mechanisms
with examples of agents having shown a potential for more (+) or less (�) than additive effects

for at least one tumour site.
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a Assuming 80 and 40 years of exposure for environmental (E) and occupational (O) levels, respectively. Risks are generally upper bound
estimates based on linear extrapolations from high exposures.

III. SPECIFIC COMBINED EXPOSURES

109. Recent data on combined exposures to radiation and
specific physical, chemical, or biological agents are reviewed
in this Chapter. For each type of interaction, data from epi-
demiological studies of the adverse health effects in humans
are generally reviewed first. Studies involving experimental
animal models are considered next. Lastly, various effects
observed in in vitro systems are reviewed. Carcinogenesis is
theprincipal endpoint ofinterest; non-neoplasticendpointsare
viewed mainly in relation to mechanistic considerations.

110. Only a minor fraction of the interacting agents
described below are found in the human environment at
potentially critical levels. An overview of agents known or
suspected to affect human health on their own is given in
Table 4. Details of the experimental and epidemiological
conditions and results of studies on specified combined
exposures may be found in the Appendix and are
summarized in Table A.1.

Table 4
Exposure conditions and characteristics of prominent environmental and occupational agents and
substances that may produce combined effects with them
[B6]

Agent

Typical
environmental

exposure
(E)

Occupational
limit for chronic

exposure
(O)

Major health
endpoint

Estimated
contribution to
total incidence/

mortality of
endpoint (%)

Estimated
lifetime risk a

(%)

Substance with
known or
suspected

combined effect

Ionizing radiation 1.5-4 mSv a-1 20 mSv a-1 Cancer 3-8 (E)
�10 (O)

0.4-1 (E)
�4 (O)

Smoking,
asbestos,
hormones,
arsenic?

UV radiation
[W31]

Noontime intensity:
UV-A: 40 W m-2

UV-B: 3 W m-2

350 nm:
150 kJ m-2 in 8 h
300 nm:
100 J m-2 in 8 h

Skin aging
Skin cancer
Melanoma

Important (E)
>50 (E)

?

-
>20 (E)

?

Phototoxicity,
allergy with
UV sensitizers

Asbestos
[I12]

Crocidolite:
0.2 fibers cm-3

Other forms:
2 fibres cm-3

Lung cancer
Mesothelioma

Low
>50%

Smoking

Benzene
[M60, W34]

14 µg m-3 in indoor
air

3.2 mg m-3 Leukaemia 2.5 (E) 0.01 (E) Substrates for
activation/
detoxification
systems

Carbon tetra-
chloride [W34]

3 µg m-3 in indoor air 65 mg m-3 Cancer 0.05 (E) 0.01 (E) Chloroform

Chloroform [I2] 1.2 µg kg-1 d-1 from
tap water and
showering

50 mg m-3 Cancer 0.15 (E) 0.03 (E) Carbon tetra-
chloride

Dioxins/furans
[F8]

1.3 µg kg-1 d-1

dietary intake
50 pg m-3 Cancer 0.1 (E) 0.02 (E)

Ethylenebisdithio-
carbamates
(EBDCs) [L49]

n.a. n.a. Cancer, adverse
reproductive
outcomes

0.17 (E) 0.034 (E)

Polychlorinated
biphenyls (PCBs)

[G8]

14 ng kg-1 d-1 1 mg m-3

(42% CI)
Cancer 0.06 (E) 0.01 (E)
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A. RADIATION AND PHYSICAL
AGENTS

1. Combinations of ionizing radiation

111. Many experiments have been undertaken to investi-
gate the cellular effects of combined exposures of two types
of ionizing radiations. In view of their potential radio-
therapeutic applications, a wealth of data on the combined
action of neutrons, heavy ions, and gamma or x rays was
accumulated in the 1970s and early 1980s. This informa-
tion was reviewed in Annex L, “Biological effects of
radiation in combination with other physical, chemical and
biological agents”, in the UNSCEAR 1982 Report [U6].
The results generally indicate additive effects of combined
exposures characterized by the so-called isoaddition of
these agents at the cellular level [L10, L47], as described
in Chapter II. A few data [E5, L26] were reported on
radiation-induced tumours; these, in general, include
exposure to internal emitters. The results indicate additive
to slightly supra-additive effects for combined exposures,
mainly because of the lower dose rates that are involved in
the internal exposure to alpha radiation in these
experiments. For estimating the risk of carcinogenesis, the
effects of combined exposures to more than one type of
ionizing radiation are expected to be isoadditive, i.e. to add
up in the same way as effects of increments of the same
agents, when at least one of the radiations is delivered at a
low dose rate (chronic irradiation), as is generally the case
for occupational and environ-mental exposure levels.

2. Ultraviolet radiation

112. Ultraviolet (UV) radiation is recognized as the most
important initiator and co-factor for human skin carcino-
genesis [S29]. It is mainly the skin that is exposed to UV
radiation. A study of combined exposures to gamma
radiation and UV radiation was presented by Shore, who
analysed 12 studies on the incidence of skin cancer in
populations irradiated with known skin doses [S29]. In the
absence of a proper control (skin exposed to ionizing
radiation but not to UV), it was concluded that, at least for
combined exposures, the data are compatible with a linear
dose-response relationship for ionizing radiation [S29] but
that the interaction is unclear. The question of whether
relative risk or absolute risk models are more appropriate
remains open. From the mechanistic point of view,
interaction at the cellular level may be expected, which
results in a more or less additive effect for low exposure
rates [L52]. The considerable variations in skin cancer
among different populations and subgroups seem to reflect
the large differences in UV exposures due to latitude and
lifestyle and the differences in genetic predisposition to
skin cancer due to skin type. The overwhelming depend-
ence of skin cancer on extended exposures to UV prevents
conclusive epidemiological data on the interaction of UV
with ionizing radiation. Another important factor to take
into account in possible interactions is UV-induced
suppression of the immune system [B76, L58, N26]

3. Electromagnetic radiation

113. Neither low- nor high-frequencyelectromagnetic radia-
tion have enough single photon energy to directly damage
DNA and therefore cannot be cancer initiators. However,
strong electromagnetic fields may modify and stimulate
growth [K16, S33], and this has led to the hypothesis that
electromagnetic fields may influence cancer development.
However, no straightforward inferences from experimental
results to exposure situations in occupational or environ-
mental settings have been found at this stage for the com-
bination of electromagnetic and ionizing radiation [B77, B78,
B79, U19]. Moreover, there is at present little indication from
a mechanistic standpoint for potentially harmful interactions
between electromagnetic fields and ionizing radiation at
controlled exposure levels in the workplace or the clinic. The
possible modulation of radiation effects by heating produced
by strong electromagnetic fields is considered in the next
Section.

4. Temperature

114. Heat can kill mammalian cells in a predictable and
stochastic way [D3]. Elevated temperature is used as a
modifier of radiation sensitivity in many therapies to control
tumour growth. In combination with ionizing radiation, heat
can act synergistically on cell survival, cell proliferation, and
cytogenetic damage by, for example, interfering with DNA
repair. However, extremely high temperatures, which are
generally not found in the workplace or in environmental
conditions, are needed in the cells at risk, so heat is not
considered as potentially enhancing radiation risk.

5. Ultrasound

115. Ultrasound has achieved widespread use in medical
diagnostic and therapeutic procedures. Studies have shown
that at the intensities used for diagnostic purposes,
ultrasound does not interact with ionizing radiation to
cause cytogenetic damage in treated cells, although the
yield of sister chromatid exchanges was observed to be
slightly increased in one study [K20]. Because cavitation-
induced mechanical damage by ultrasound shows high
thresholds, this mechanism is of little concern for
environmental exposures. Such damage has tobe prevented
in other situations already caused by single-agent effects.

6. Dust, asbestos, and other mineral fibres

116. Mineral dust and fibres such as asbestos generally act
through non-genotoxic mechanisms such as mechanical
irritation and cell killing [B13]. The combination of radiation
exposure and exposure to dusts and fibres is quite common in
industrial settings and in the environment, and these agents
are reported in both animal studies and in vitro studies to act
synergistically at high exposures [B38, H11]. Silicosis was
shown to be a risk factor for human lung cancer in metal
miners in the 1940s [H9] and is implicated as a modifier of
lung cancer risk in radon-exposed underground workers
[K49]. Combined exposure to phosphate ore dust, gamma
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radiation, and radon daughter products also resulted in
elevated lung cancer risks in earlier practices [B74]. Although
exposures and thus risks are considerablylower today, mineral
dust and fibres still deserve attention because they may
interact with radiation, including densely ionizing radiation
such as alpha radiation in mining environments, to enhance
the risk of cancer.

7. Space flight

117. A special form of combined exposure is experienced in
space flights, where a multitude of stressors act in combina-
tion on astronauts. This problem has been investigated using
animals [A13, A14, V3]. The most important environmental
parameter is microgravity. Space radiation effects were
comprehensively reviewed by Kiefer et al. [K54], the inter-
action of microgravityand radiation at the cellular level [H52,
K55]. No synergistic actions were found. A very important
aspect is a possible reduction of the immune response [S86],
which could have an influence on cancer development. The
changes of many parameters that are normally stable in
experimental work on earth make well designed studies in
space potentially important in addressing combined effects of
physical agents.

B. RADIATION AND CHEMICAL AGENTS

118. A multitude of natural and man-made chemicals with
cancer initiating and promoting potential are present in the
human environment and may interact with radiation.
Classification based on their mode of action is often
difficult, as many have more than one type of action, but at
least a crude separation can be made into substances that
mainly act by damaging DNA (genotoxic substances) and
those that act in other ways (non-genotoxic substances)
[C48]. The former group includes chemically active
species, or substances that can be activated, bind to or
modify DNA directly, or indirectly via radicals. The non-
genotoxic substances range from nonspecific irritants and
cytotoxins to natural hormones, growth factors, and their
analogues. They interact with the regulatory systems of
cells and organs and cannot always be considered toxic by
themselves. Some are clearly protective, e.g. theyscavenge
reactive species before they interact with DNA.

1. Genotoxic chemicals

119. Numerousexamples ofcombined exposures to radiation
and chemical genotoxic agents can be found in the literature,
including studies on the improvement of radiation therapy by
simultaneous treatment with a chemical (see Chapter IV). In
many cases, supra-additive effects are reported, caused by
interaction in the cellular phase and by the high exposure
levels involved. The agents include 1,2-dimethylhydrazine
(DMH) [S27], N-methyl-N-nitrosourea (MNU), butyl-
nitrosourea (BNU), N-ethyl-N-nitrosourea (ENU) [H6, K15,
S13, S20, S21, S22], diethylnitrosamine (DEN) [M8, P26],
N-2-fluorenylacetamide (FAA), 4-nitroquinoline-1-oxide
(4NQO) [H39], bleomycin [D6], and 1,2-dibromoethane

(DBE) [L13]. The effects are dependent on the species,
exposure conditions, time ofexposure, etc., and sometimes the
same chemical is involved in a supra-additive and a sub-
additive result. In general, for short exposures to high
concentrations and for low chronic concentrations, deviations
from additivity are small, if at all existent. In most epidemio-
logical and experimental studies, effects exceeding a level
predicted from isoaddition have not specifically been
demonstrated.

2. Non-genotoxic chemicals

120. Many chemicals in the human environment or their
metabolites do not specifically attack DNA but influence
cell proliferation and cell differentiation on an epigenetic
level. These include the tumour promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA) [H3, L24], carbon
tetrachloride, and α-difluoromethylornithine (DFMO)
[O12]. These agents act in combination with radiation on
the cellular and tissue level of cancer development and can
significantly enhance the induction of tumours. Specific
mitogens may interfere with regulatory mechanisms and
cell-cell signalling, but many substances with a high
chemical reactivityact as non-specific irritants or toxicants
via membranes or proteins. For example, toxin-induced
cell death will induce proliferation in neighbouring cells,
which may enhance the progression of premalignant cells.
Substances acting in a non-specific manner, for example
lipophilic solvents, quite often show highly non-linear
dose-response relationships with apparent thresholds.
Other agents may interfere with critical cellular processes
involved in repairing damage to cellular constituents such
as DNA. The assessment of possible synergistic effects at
the exposure levels relevant for risk estimation remains
very difficult because of the high exposures used in
experimental systems and the apparent threshold levels.
One important group of chemicals, which includes cystea-
mine and mexamine, has radioprotective effects; these
chemicals scavenge radicals formed by ionizing radiation
[M4]. A considerable number of agents may have both
genotoxic and epigenetic functionalities such as the base
analogue 5-bromo-2'-deoxyuridine (BrUdR) [A15].

3. Tobacco

121. Given the large collective dose from radon and its decay
products in non-occupational and occupational settings and
the prevalence of active smoking, the combined effect of these
two exposures on human health deserves special attention
[B27]. A large body of epidemiological evidence from
uranium miner studies allows, at least for higher radiation
doses, calculating risks and interaction coefficients directly
from human data [C46]. However, the fact that tobaccosmoke
is itself a complex mixture of genotoxic and non-genotoxic
substances and even contains some natural radionuclides (the
long-lived radon progeny 210Po and 210Pb) makes a
mechanistic assessment difficult.

122. Because of the complex composition of tobacco smoke,
the issues surrounding combined exposures to radiation and
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tobacco smoke are even more difficult to elaborate than for
binary combinations. Some 4,000 individual chemical
components of cigarette smoke have been identified, and there
are probablya number ofadditional important but unidentified
components, for example, extremely reactive, short-lived
compounds or those present in very low concentrations [G1].
The complexity of tobacco smoke means that the action in
combined exposures with radiation can take place in both the
cellular and organ phase of cancer development. Tobacco
smoke contains only relatively small amounts of DNA-
reactive carcinogens such as nitrosamines, polycyclic
aromatic hydrocarbons, and pyrolysis products such as
carbolines. Hence enhancing and promoting factors, e.g.
catechols, other phenols and terpenes, are important.
Discontinuation of smoking progressively reduces the relative
risk of cancer development as time since withdrawal
increases, probably because of reduced pressure from the
action of promoters [W1].

123. In the last few years, joint analyses of original data sets
[C1, L18] and meta-analyses of published results [T14] have
yielded a detailed assessment of risk patterns and have
allowed investigators to test risk models. The most com-
prehensive and complete analysis of radon-induced health
risks was published byLubin et al. [L18]. The reviewcontains
a joint analysis of original data from 11 studies of male
underground miners. Data on smoking were available for 6 of
the 11 cohorts, but the assessmentswerelimited byincomplete
data on lifetime tobacco consumption patterns and the
sometimes exotic forms of tobacco use, such as water pipes in
the Chinese study [L18]. Single studies for which smoking
data could be analysed were generallynot informative enough
to allow choosing between an additive or a multiplicative joint
relationship between radon progeny and smoking. The
Chinese cohort seemed to suggest an association more con-
sistent with additivity, while the Colorado cohort suggested a
relationship more consistent with a multiplicative interaction.
For all studies taken together, the combined influence of
smoking and radon progeny exposures on lung cancer was
clearly more than purely additive but less than multiplicative
and compatible with isoadditivity [B69]. The most recent
analyses of the BEIR VI Committee [C46], which were based
on an update of these data, suggested synergism between the
two agents that is statistically most consistent with a slightly
sub-multiplicative interaction. A best estimate from miner
data indicates that the lung cancer risk for smokers expressed
in absolute terms is higher by a factor of at least 3. To further
characterize the association, more detaileddata on tobaccouse
would be needed. Age of starting to smoke, amount and
duration of smoking, and type of tobacco were recognized as
important determinants of risk. A further handicap of present
studies is that the sub-cohortsoflifetimenon-smokers exposed
only to radon are very small. The statistical power of the
conclusions on the radon-tobacco smoke interaction is cor-
respondingly low. Data are available from a study by Finch et
al. [F28] of smoke exposure and alpha-particle lung irradia-
tion over the lifespan of exposed rats. The pulmonary reten-
tion of inhaled 239Pu was higher, increasing with the con-
centration of the 239Pu, in smoke-exposed rats than in sham-
smoke-exposed rats. This effect on retention resulted in

increased alpha-radiation doses to the lung. Assuming an
approximately linear dose-response relationship between
radiation dose and lung neoplasm incidence, approximate
increases of 20% and 80% in tumour incidence over controls
would be expected in rats exposed to 239PuO2 + low-level
cigarette smoke and 239PuO2 + high-level cigarette smoke,
respectively.

124. Hypotheses on the mechanistic interaction between
tobacco smoke and radon were tested by applying the two-
mutation clonal expansion model of carcinogenesis of
Moolgavkar to data from the Colorado plateau miners [M39].
No interaction between radon and tobacco smoke in anyof the
three steps (the two mutation steps and clonal expansion) is
needed to fit the data, which are clearly supra-additive for
radon and smoking combined. The model, however, shows a
significant dependence on age at exposure. Quantitatively
similar resultswereobtained byLeenhouts and Chadwick[L9,
L57]. A highlysignificant decrease in excess relative risk with
time since exposure is found in miner studies in contrast to
findings on lung cancer in survivors of the atomic bombings.
This may be explained by microdosimetric considerations. In
the case of high-LET alpha radiation from radon progeny, the
minimal local dose from one single alpha track averaged over
a cell nucleus is already in the range of several hundred
milligray, whereas one electron track yields a dose to the
nucleus of only 1�3 mGy. This means that even at the lowest
possible nuclear dose from alpha exposure, stem cells that are
hit carrya multitude of DNA lesions, which mayconsiderably
impair long-term cell survival and maintenance of
proliferative capacity [B25, B27].

125. Smoking is also of great importance for non-
occupational radon exposures in the indoor environment.
Until now, little quantitative evidence has come from
indoor radon studies. Most of the case-control studies
published are inconclusive [A28, K53, P11]. Only one
larger study [P11] was indicative of an indoor radon risk
and its modification by tobacco that is comparable to what
is predicted from miner studies. It remains doubtful
whether the results from the many case-control studies
under way will in the near future allow narrowing the
uncertainties that surround indoor radon risk and the
possible interactions with smoking. Emerging studyresults
from Europe based on much longer residence times may
offer better statistical power. Several large indoor case-
control studies under way will narrow uncertainties in the
next few years. First results from the United Kingdom
[D33] and Germany [K53, W35] are indicating a lung
cancer risk in the range of ICRP projections. However,
confidence intervals are relatively large and still include
zero risk in most analyses. Because of the limitation of the
indoor radon studies, risk estimates based on miner data
remain the main basis for predicting lung cancer from
indoor radon exposure. A best linear estimate of the risk
coefficients found in the joint analysis of Lubin et al. [L18,
L35] for the indoor environment indicates that in the
United States, some 10%�12%, or 10,000 cases, of the
lung cancer deaths among smokers and 28%�31%, or
5,000 cases, of the lung cancer deaths among never-
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a Global values; percentage of anthropogenic contribution is given in parentheses.

smokers are caused by radon progeny. About half of these
15,000 lung cancer deaths traceable to radon would then be
the result of overadditivity, i.e. synergistic interactions
between radon and tobacco. Based on the same risk model,
Steindorf et al. [S47] estimated an attributable risk for
indoor radon of 4%�7% for smokers and 14%�22% for
non-smokers. Because of the many differences between
exposed persons and exposure situations in mines and
homes and the additional carcinogens such as arsenic, dust,
and diesel exhaust in mine air, these figures should be
interpreted with caution.

4. Metals

126. Toxic metals are important trace pollutants in the
human environment (Table 5). They interact in many ways
with cellular constituents and may produce oxidative DNA
damage or influence enzyme activity at low concentrations,
e.g. by competing with essential metal ions [H38]. Carcino-
genic transition metals are capable of causing promutagenic
damage, such as DNA base modifications, DNA-protein
cross-links, and strand breaks [K7]. The underlying mechan-
ism seems to involve active oxygen and other radicals arising

Table 5
Metals in the environment and effects on humans
[M38, N14, S48]

Metal
Release a

(109 g a-1)
Main sources of intake

and typical levels in the body
Characteristics affecting health

Arsenic 31 (61) Source: food (seafood up to 120 mg kg-1) and
drinking water

Concentration in body: 0.3 mg kg-1

Mutagenic, teratogenic, co-carcinogenic,
As3+causes skin cancer

Cadmium 8.9 (85) Source: inhalation (2 µg cigarette-1) and
food (0.025 mg kg-1)

Mutagenic, teratogenic, co-carcinogenic,
causes cancer at multiple sites

Mercury 6.1 (59) Source: metal vapours, food (up to 1 mg kg-1

MeHg+ naturally in fish), tooth fillings
Intake: by inhalation and ingestion

0.2 and 25 µg d-1, respectively

Mutagenic, teratogenic (brain damage), co-carcinogenic,
causes sarcomas and renal tumours

Nickel 86 (65) Source: food intake (0.2 mg d-1)
Concentration in body: 0.007 mg kg-1

Essential element; allergenic, comutagenic,
cocarcinogenic, causes nasal sinus cancer

Lead 12 (96) Source: Food, dust, air (0.15 mg d-1)
Amount in body: steady increase

to about 200 mg at age of 60 years

Substitutes for Ca2+, neurobehavioural deficits (decrease in
fertility, abortifacient)
Low mutagenic and carcinogenic potential

(may cause renal adenocarcinoma)

Antimony 5.9 (59) Source: food and tobacco (0.005 mg d-1) Mutagenic as Sb3+, organic antimony compounds used as
emetics

Vanadium 114 (75) Source: food (0.01-0.05 mg d-1) Essential element
Inhibits Na+/K+ ATPase and drug detoxification

enzymes at low concentration
Mutagenic, teratogenic, carcinogenic

Zinc 177 (66) Source: food intake (10-50 mg d-1) Essential element with small window of tolerance
Clastogenic (causes chromosome aberrations)
Causes growth of some tumours

at elevated concentrations

from metal-catalysed redox reactions. Cadmium, nickel,
cobalt, lead, and arsenic may also disturb DNA repair pro-
cesses [H48]. Only a few data are available from combined
exposures of radiation and metals in human populations; no
firm evidence of interactions was observed. However, metals
and ionizing radiation have been shown to produce combined
effects in many other biological systems (see the Appendix).
Especially in underground mining, possible effects from the
epidemiologicallyproven lungcarcinogensarsenic, cadmium,
chromium, nickel, and antimony [M65] have to be assessed
together with high-LET radiation from radon. Arsenic in
particular is a major risk factor in combined exposures to

mineral dust, radon, metals, and diesel fumes [K48, T5]. The
risk-enhancing effects of iron dust seem to be limited to very
high dust concentrations, leading to changes in lung function
[B74]. The significance of these data for radiation risk
estimation at low dose levels remains unclear.

5. Mitogens and cytotoxicants

127. Although many mitogenic and cytotoxic compounds
could have been considered above with genotoxic or non-
genotoxic agents, they should be mentioned separately
because of their potential to interact with radiation,
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principally by virtue of their ability to stimulate cell
proliferation. From a mechanistic standpoint, they can be
expected to interact in the organ phase of radiation carcino-
genesis, but the resulting interaction (sub- or supra-additivity)
is not always predictable. Examples of such agents include
N-methylformamide (NMF) [L15], caffeine [M11], theobro-
mine, theophylline [Z4], 2-aminopurine, and tributyl
phosphate. Many studies assessing deviations from additivity
in combined exposuresofmitogens/cytotoxicants and ionizing
radiation are found in the literature (see Appendix), but the
high exposure levels applied and the biological endpoint
studied generally do not allow directly transferring the results
to carcinogenesis in humans. However, any endogenous or
dietary levels of agents influencing stem-cell population size
or kinetics will have the potential to modulate response to
radiation.

6. Antioxidants, vitamins, and other
dietary factors

128. Diet can modify the effectiveness of chemical carcino-
gens, sometimes by a large factor, and interactions with
radiation are found as well [B24, C26, H11, W29]. All classes
of substances described in the five preceding Sections
III.B.1�5 are found in human food supplies. Actions ranging
from subadditive to supra-additive may occur, depending on
the specific agent. The radiation risk may be reduced when
growth stimuli are reduced as a result of nutritional deficiency
or when repair possibilities are optimized. Synergism can be
expected where lower levels of radical scavengers or the
coenzymes needed for repair increase the yield of effective
damage from ionizing radiation or impair the speed and
accuracy of cellular recovery from damage. Some of the
underlyingmechanismsofspecificagents havebeen identified
in animal experiments. Tumour-incidence-enhancing effects
have been noticed with elevated consumption of, for example,
riboflavin, ethanol, and marihuana. Tumour-incidence-
reducing effects are found for low-caloric diets, vitamins A, C,
K, and E, retinoic acid derivatives (but enhancing effects of
artificial beta carotin in some smoker cohorts), selenium, and
3-aminobenzamide. Very important in view of population
health are behavioural changes and a tendencytomalnutrition
in alcohol addicts, which may increase the susceptibility to
toxicants in the environment or at the workplace [U18]. In
general, the combined action is not specific for radiation but
is also found for other carcinogens, and the interaction is
dependent on the dosage.

129. In summary, dietary factors are proven modifiers of risk
from diverse agents at levels found in human populations and
probably also influence the production and repair of endo-
genously arising lesions. Absence or deficiency of important
coenzymes and nutrients on the one side and high levels of
directly or indirectly acting mitogens on the other interfere
with molecular, cellular, and tissue responses to ionizing
radiation. A modulation in the radiation risk may occur in
situations where growth stimuli are reduced or increased,
owing to nutritional deficiency or surplus or where the
number of stem cells at risk is changed. Synergisms are also
to be expected where reduced levels of radical scavengers or

coenzymes needed for repair increase the yield of primary
damage from ionizing radiation or impair the speed and
accuracy of cellular responses to damage. In general, these
mechanisms apply to most deleterious agents in the human
environment.

C. RADIATION AND BIOLOGICAL AGENTS

130. Many hormones are potent growth stimulators, and
there is considerable evidence that they may modify cancer
risk. They include thyroid-stimulating hormone (TSH),
oestradiol-17 beta (E2), prolactin, diethylstilbestrol (DES), and
androgens in general. Their effect is dependent on tissue, type
of hormone, and dosage and is important enough to be kept in
mind when analysing radiation risks. Tamoxifen, a synthetic
anti-oestrogen, has both cancer risk-enhancing functions
(endometrium) and protective properties (breast), depending
on the organ [J9]. An important consequence of interaction
with hormones is the sex difference in tumour sensitivity,
mainly of organs of the reproductive system.

131. Viruses, bacteria and microbial genetic sequences have
been shown to play an important role in the development of
tumours. Cancer viruses may interact with radiation by muta-
tion or translocation of dormant viral sequences. Experiments
so far give no clear indication ofanyinteraction with radiation
that influences cancer development. Viruses may induce
genotypic and functional changes, i.e. they may act as highly
site-specific genotoxic agents in multi-step mechanisms.
Highly synergistic effects due to increased sensitivity may
arise for some endpoints. Little information is available at
present on the mechanism of the induction of gastric cancer
by bacteria (Helicobacter pylori).

132. The interaction of several miscellaneous factors with
radiation exposure and its role in carcinogenesis has been
investigated. Some of these factors are reviewed in the
Appendix. The role of others, such as psychosocial factors,
remains unclear and is outside the scope of this Annex.

D. SUMMARY

133. Combinations of different types of ionizing radiation
show mainly isoadditive effects. For decreasing doses and
chronic exposure, the quadratic terms of the dose-effect
relationships tend to vanish and the linear terms to prevail,
indicating additivity for low-level exposures. Also, for the
combination of UV radiation and ionizing radiation, additive
effects are expected for low exposure levels. Temperature and
ultrasound arenot considered tosignificantlymodifyradiation
risk. The temperature range and the ultrasound intensities
necessary for an interaction with radiation are too high to be
of relevance for environmental or occupational settings.
Mineral dust and fibres, including asbestos, tend to show
supra-additive interaction with radiation at high exposure
levels. These levels were reached in workplaces in the 1950s
and earlier. Today the occupational exposures are lower, but
these agents still deserve attention for their potential to
enhance risks after combined exposure.
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134. At high exposures, a wealth of supra-additive effects
between genotoxic chemicals (e.g. alkylating agents) and
radiation were recorded. For low-level exposures, there is
no mechanistic evidence of combined effects at the cellular
level greater than those predicted from isoadditivity. Nor
are these agents expected to show a more-than-additive
effect at the organ level. However, non-genotoxic agents
with mitogenic, cytotoxic, or hormonal activity may inter-
act with radiation in an additive to highly supra-additive
manner. High exposures clearly have a considerable
potential for enhancing radiation risk during the organ
phase of radiation-induced cancer. Since most of these
substances showhighlynon-linear dose-effect relationships
with sometimes considerable thresholds, the combined
effects with radiation at low concentrations could be ex-

pected not to deviate much from additivity, i.e. to be additive
to slightly supra-additive. Special attention has to be given to
the combined effects of radiation and tobacco smoke. Tobacco
smoke itself is a complex mixture of different genotoxic and
non-genotoxic chemicals. Combined exposures to radiation
and tobacco smoke show clearly supra-additive effects. Heavy
metals and arsenic maygenerate free radicals or disturb DNA
repair mechanisms and therefore may also cause more-than-
additive effects. Many human cancers show considerable
dependence on lifestyle, nutrition, and other dietary factors.
Tumour- incidence-enhancing effects have been reported for
riboflavin, ethanol, and high fat diets and incidence-reducing
effects for low fat diets and some vitamins. In general, these
combination effects have been found not just for radiation but
also for other carcinogens.

IV. COMBINED EXPOSURES IN CANCER THERAPY

135. Many modern cancer treatment regimens combine
surgery, radiotherapy, chemotherapy, and/or immunotherapy.
Generally, combining the different treatments does not mean
that the different therapeutic agents interact in a mechanistic
manner. Central to the discussion of cancer therapy is, there-
fore, the distinction between non-interactive and interactive
combinations, with the latter being of interest in this Annex.
From the rapidly emerging understanding of the action and
interaction mechanisms of different agents in combined
modality therapy, information relevant to possible interaction
mechanisms in environmental and occupational exposure
situations may be obtained.

136. Central tocancer therapy is the relationship between the
desired and undesired effects of the therapies chosen. This
relationship is defined as the therapeutic index ratio or gain
[G21, H41]. The gap between the sigmoid curves of tumour
cure (tumour control probability) and dose-limiting toxicity to
normal tissue (normal tissue complication probability) is the
therapeutic index (Figure VI). The goal of cancer therapy is
to increase the therapeutic index byseparating the two curves.
The therapeutic index is increased when the tumour control
probability curve is displaced to the left of the normal tissue
complication probability curve. This can be achieved in
radiotherapy by altering the exposure schedule. Important
techniques are hyperfractionation, accelerated fractionation,
split-course techniques, interstitial irradiation, manipulation
of target volumes, shrinking field techniques and others.
Another approach to increasing the therapeutic index is to
combine radiotherapy with chemotherapy. Drug-ionizing
radiation interaction in therapy is useful only when it leads to
a further separation of the curves, not just to their displace-
ment [K43].

137. It should, however, be clearly noted here that the final
goal of tumour therapy is tumour control and therefore cell
death (apoptosis, necrosis) or blockage of cellular growth (loss
of proliferative capacity, differentiation, senescence). These
effects are mostly deterministic and often mechanistically

different from the stochastic radiation effects that are of
concern in radiation protection. Emphasis is therefore placed
on the mechanisms of interaction between the drugs and
radiation that reveal possible mechanisms of interaction
between chemical agents and radiation under environmental
and normal occupational settings. Clinical results will be
mentioned only if mechanistic information with relevance for
low dose effects can be provided.

Figure VI. Sigmoid curves of tumour control and com-
plications [H41].
A: Dose for tumour control with minimum complications.
B: Maximum tumour dose with significant complications.

A. MECHANISMS OF INTERACTIONS

138. Publications on the mechanisms of interaction between
radiation and drugs are numerous but often lack precise and
quantitative information. Factors on which the interaction of
these two treatment modalities depends include the type of
tumour and normal tissue involved, the endpoints studied, the
drug and its dose level, the radiation dose, dose rate, and
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fractionation, and the intervals between and sequencing of the
combined treatments. Chemotherapy could slow the process
of cell repopulation after radiotherapy or it could synchronize
the cell cycle. Moreover, tumour reduction by chemotherapy
could improve tumour oxygenation, thus increasing the effect
of radiotherapy. At the cellular level, inhibition of repair of
sublethal and potentiallylethal radiation damage byanticancer
drugs is probably the most important mechanism of radio-
sensitization. Exploitable mechanisms in combined chemo-
therapy and radiotherapy treatment can be described under
four headings, as was originally done by Steel and Peckham
[S1, S23, S46]: spatial cooperation, independent cytotoxicity,
protection of normal tissues, and enhancement of tumour
response.

139. Spatial cooperation describes a non-interactive com-
bination of radiotherapy, chemotherapy, surgery, and other
therapeuticstrategies that act at different anatomical sites. The
commonest situation is where surgeryand/or radiation is used
to treat the primary tumour and chemotherapy is added as an
adjuvant to attack remaining local tumour cells and distant
metastases. There is an analogous situation in the treatment of
leukaemia, wherechemotherapyis themainlinetreatment and
radiotherapy is added to deal with the disease in anatomical
sites, e.g. the brain, protected from chemotherapeuticattackby
vascular constraints or by blood barriers. Spatial cooperation
still appears to be one of the main clinical benefits of com-
bination modality treatment. This mechanism does not
require interactive processes between drugs and radiation.

140. Independent cytotoxicitydescribes another form of non-
interactive combination of therapeutic modalities. If two
modalities can both be given at full dose, then even in the
absenceofinteractiveprocesses the tumour response should be
greater than that achieved with either modalityalone. The cost
of this improvement on tumour response is that the patient has
to tolerate a wider range of toxic reactions in normal tissues
(within and outside of the radiation field). As with spatial
cooperation, the mechanism of independent cytotoxicity does
not require interactive processes between drugs and radiation.
Independent cytotoxicitycan even tolerate a subadditive inter-
action of the modalities and still produce an increase in thera-
peutic gain. The relative extent of reduction in toxicity to
normal tissue within the radiation field is the critical para-
meter of this mechanism.

141. The protection of normal tissues requires an antagon-
istic interaction of the combined modalities. Since two toxic
agents usually tend to produce more damage than either agent
alone, it would seem rather unlikely that chemotherapy in
conjunction with radiation could reduce the damage to dose-
limiting normal tissue. However, there are well-documented
situations in which certain cytotoxic drugs increase the resist-
ance of normal tissue to radiation or to a second cytotoxic
treatment.

142. Studiesofthisseeminglycontradictorymechanism have
concentrated on the bone marrow and the intestinal epithel-
ium. It has been shown by Millar et al. [M51, M52] that in
the bone marrow, the most effective cytotoxic agent, cytara-

bine, does not modify stem-cell radiosensitivity; instead, it
stimulates enhanced repopulation by the surviving stem cells.
This phenomenon is highly dependent on the timing of the
twomodalities. Maximal radioprotection is achieved when the
drug is given two days before radiation. In the small intestine,
microcolonysurvival was increasedwhen cytosinearabinoside
was given 12 hours before irradiation [P24]. Other cytotoxic
drugs with radioprotective action are cyclophosphamide,
chlorambucil, and methotrexate [M51]. Recently, a topoiso-
merase II inhibitor (etoposide) was shown to increase the
radioresistance of the bone marrow when given one day
before whole-body irradiation [Y1].

143. Normal tissue can be protected from radiation effects
by radioprotective agents. Increasing the differential
between tumour and normal tissue radiosensitivities would
give a therapeutic advantage. Radioprotectors can thus be
used as selective protectors against radiation damage to
normal tissue, allowing higher curative doses of radiation
to be delivered to tumours.

144. Chemical radioprotectorstarget thedetoxifyingmechan-
isms of the cell, in particular the antioxidant enzymes that are
available for removal or detoxification of the reactive oxygen
species and their products formed by the action of ionizing
radiation. By far the most widely studied class of radio-
protective agents is the thiols, and the most important non-
protein thiol present in cells is glutathione. Other classes of
agents conferring radioresistance to normal tissue are the
eicosanoids, which are biologicallyactive compounds derived
from arachidonic acid, the lipoic acids, and calcium antagon-
ists (reviewed in [M51, M56]). The effects of biological
response modifiers such as the cytokines IL-1 and TNF

α
as

radioprotectors in normal tissue have been discussed in recent
reviews [M53, M54, N12, N13, Z11, Z12].

145. Relative enhancement of tumour response is commonly
perceived to be the principal aim of adding chemotherapy to
radiotherapy. A wide variety of biological mechanisms have
been proposed to explain interactions between radiation and
therapeutic agents. In the context of this Annex, this kind of
interaction is the most important mechanism with respect to
environmental and normal occupational settings.

146. DNA adduct repair regularly involves strand scissions
by repair enzymes. Conversion of repairable into lethal DNA
damage may occur if a DNA-repair-associated single-strand
break combines with a radiation-induced single-strand break
to produce new DNA double-strand breaks. This mechanism
has been suggested for the interaction of cisplatin and
radiation. A similar mechanism, the production of double-
strand breaks by combining single-strand breaks, may occur
when topoisomerase I or II inhibitors and radiation are
combined.

147. Many drugs inhibit the repair of radiation damage.
Antitumour antibiotics (e.g. dactinomycin and doxorubicin),
antimetabolites (e.g. hydroxyurea, cytarabine, and arabino-
furanosyl-adenine), and alkylating agents and platinum ana-
logues (e.g. cisplatin) have been shown to inhibit radiation-
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induced DNA damage repair. Repair inhibition has been
detected in a number of ways, including removal of the
shoulder on the cell survival curve, inhibition of split-dose
recovery, and inhibition of delayed plating recovery.

148. Cell-cycle synchronization exploits the fact that many
cytotoxic drugs and radiation show some degree of selectivity
in cell killing at certain phases of the cell cycle. Antimeta-
bolites show a maximum effect on cells undergoing the
S phase. Radiation sensitivity is highest in the G2/M phase.
There is, therefore, an attractive possibility of complementary
action between drugs and radiation. The most attractive
possibilityseem to be the interaction between microtubule and
topoisomerase poisons and primary DNA-damaging agents
such as radiation.

149. Activation of apoptosis by differential pathways
increases cell killing during tumour therapy and is therefore
another possibility for combined action of radiation and
chemotherapeutic drugs. Ionizing radiation may activate the
apoptotic process bya DNA damage-p53 dependent pathway,
whereas taxoids like paclitaxel may activate a pathway
downstream of p53 by phosphorylation of Bcl-2. There is,
therefore, a possibility that radiation-induced cell killing can
increase, even in p53-deficient tumours. The involvement of
apoptosis in radiation-induced cell killing has recently been
studied extensively [B75, D34, H44, H49, M69, O19].

150. Reduction of the hypoxic fraction by bioreductive drugs
targeted at hypoxic tumour cells increases tumour radio-
sensitivity. Most promising here is the development of dual-
function drugs specific to hypoxic cells and with intrinsic
cytotoxic activity (e.g. alkylating activity).

B. SECONDARY CANCERS FOLLOWING
COMBINED MODALITY TREATMENT

151. The successful treatment of cancers involves radiation
therapy and/or multi-agent chemotherapy, each of which is
used either as primary therapy or as an adjunct to therapy of
the primary tumour, and it often includes surgery. With
further improvements in modern cancer therapy, the duration
of survival and the curability of many patients has increased
up to 45%. However, along with this progress has come a
recognition of the long-term complications of therapy, such as
secondary cancers (reviewed in [T30]). Although other
clinical consequences in non-target tissues are known, the
main focus in this Section is on secondary cancers after
combined modality treatments. Secondary cancers resulting
from the combined effect of radiotherapy and tobacco smoke
are discussed in the Appendix, Section B.3.

152. No one specific type of secondary cancer is seen after
therapeutic irradiation. Secondary cancers can occur after
any initial cancer, when survival surpasses the latent
period. Radiation-induced leukaemias begin toappear after
3�5 years. Solid cancers typically emerge more than 10
years after treatment but may occur earlier in particularly
susceptible individuals [F9, G32, T31, V10]. When the risk

of secondary solid cancer is elevated, it rises with
increasing radiation dose to the site and with increasing
time since treatment and persists as long as 20 years.

153. The predominant secondary cancer associated with
chemotherapy is acute non-lymphocytic leukaemia (ANL).
Most ANLs have occurred after treatment with alkylating
agents or nitrosoureas. The findings are similar for Hodgkin’s
disease, paediatriccancers, ovarian cancer, multiplemyeloma,
polycythemia vera, gastrointestinal cancers, small-cell lung
cancer, and breast cancer [B22, B36, B63, B65, C14, F9, G32,
G33, R22, T31, T32, V10]. The risk for leukaemia rises with
increasing cumulative dose of the alkylating agent or nitro-
sourea. A few ANL cases were reported following combina-
tion chemotherapy, including teniposide or etoposide. The
leukaemias differ from those that follow alkylating agents in
that theyoccur sooner and that specific chromosomal abnorm-
alities are induced [P9, P29, P30, W32]. Few solid tumours
have been linked to chemotherapy. Bladder cancer has been
associated with cyclophosphamide treatment, and risk is
dependent on the cumulative dose of cyclophosphamide [P4,
T33, T36, W33]. Excess bladder cancer risk following
treatment with both radiotherapy and cyclophosphamide was
as expected from a summation of the individual risks. Bone
sarcomas have also followed treatment with alkylating agents
[T34]. In general, the risk for solid tumours after chemo-
therapy alone has been difficult to evaluate because too few
patients survived long enough after treatment by chemo-
therapyalone. At present, several cohort studies are under way
to assess this risk.

154. Earlier reports indicated a distinctive pattern of
secondary cancers after treatment of childhood malignancies
[M1]. The most common secondarycancer was bonesarcoma,
followed by soft tissue sarcomas, leukaemias, and cancer of
the brain, thyroid, and breast. The cancers showing the
highest increases compared with the usual distribution of
childhood cancers were retinoblastoma, followed by
Hodgkin’s disease, soft tissue sarcomas, Wilms’ tumour, and
brain cancer. This difference may reflect both the genetic
predisposition to develop multiple tumours in the case of
heritable retinoblastoma, soft tissue sarcoma of Li-Fraumeni
syndrome, and possibly the immune dysfunction associated
with Hodgkin’s disease. To summarize the findings from
recent study results [B68, O17, S6, S7], there is little
indication that heritable sensitivity to treatment is a
significant component of secondary cancer, but intensive
multiple agent therapy used in childhood cancer treatment
acts as an independent aetiological factor for a second
tumour. The risk for a second malignant neoplasm after
cancer in childhood is considerable. Absolute risks up to 7%
over 15 years following diagnosis of the primary cancer were
found for Hodgkin’s disease [B68]. This amounts to an excess
relative risk (ERR) of about 17, with breast cancer
contributing most. A follow-up study in the Nordic countries
showed a significant increase in the ERR from a low of 2.6 in
patients first diagnosed in the 1940s and 1950s to 5.9 for
cohort members included in the late 1970s and 1980s,
indicating that newer treatments are not only more successful
but also carry a higher long-term risk [O17].
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155. In patients with bone sarcomas as the secondary tumour
following childhood cancer therapy, the effects of radiation
therapy, chemotherapy, and combined modality treatment
have been analysed [H43, T34]. The risk for bone sarcoma
rose dramatically with increasing doses of radiation with a
linear trend. Patients with heritable retinoblastoma had a
much higher risk for secondary bone sarcoma, but their
response to radiation was similar to that of patients with other
childhood cancers. In addition to the radiation dose, the
exposure to chemotherapy was evaluated. There was an
independent effect of exposure to alkylating agents in the risk
for bone cancer, i.e. radiation and alkylating agents acted
additively. The risk rose with increasing cumulative dose of
the alkylating agents. The effect of alkylating agents was
much smaller than that of radiation, and in the presence of
radiation at the site of the bone sarcoma, the alkylating agents
added little to the risk.

156. Thyroid cancer risk after treatment of childhood cancer
is increased 53-fold compared with general population rates
[T35]. The risk for thyroid cancer rose with increasing
radiation dose. There was no increased risk of thyroid cancer
associated with alkylating-agent chemotherapy.

157. There was a sevenfold increased risk of secondary
cancers after treatment of acute lymphoblastic leukaemia
(ALL) [N22]. Most of this risk was due to a 22-fold
increase in brain cancers. The brain cancers occurred in
patients diagnosed with ALL before the age of five years
and who received cranial or whole-body irradiation.

158. Among 29,552 patients with Hodgkin’s lymphoma, 163
cases of secondary leukaemia after treatment of the primary
disease indicated a considerable risk [K44]. There was no
difference in the relative risk of secondary leukaemias from
chemotherapyalone(MOPP regimen) and chemotherapyplus
radiotherapy. A relatively small risk for leukaemia was seen
after radiation alone, and this risk increased with radiation
dose. The risk did not vary significantlyor consistentlyacross
radiation doses for any given number of chemotherapy cycles
but increased consistently with more cycles of chemotherapy
in each radiation dose range.

159. Significantly elevated risks for secondary solid tumours
(lung, non-Hodgkin’s lymphoma, stomach, melanoma, bone,
and connective tissue) were reported in patients treated for
Hodgkin’s disease [T31]. The pattern of secondary tumours
was distinctive and was similar to the distribution of cancers
seen in immunosuppressed populations, such as renal trans-
plantation patients or patients with non-Hodgkin’s lympho-
ma. All cancers of the stomach, bone, and connective tissue
occurred within areas previously treated with radiation
therapy. All those who developed lung cancer had received
radiation therapy and smoked. For breast cancer, a fourfold
elevated risk was reported in Hodgkin’s disease patients after
15 years of follow-up. The highest risk was in women
irradiated before the age of30 [H19]. Comparable results were
reported from a Dutch study[V11]. These authors reported an
overall relative risk of 3.5 for secondary cancers after
Hodgkin’s disease. Significant increases in relative risk of

34.7, 20.6, 8.8, 4.9, 3.7, 2.4, and 2.0 were reported for
leukaemia, non-Hodgkin’s lymphoma, soft tissue sarcoma,
melanoma, lung cancer, urogenital cancers, and gastrointesti-
nal cancers, respectively. Risk factors for leukaemia were
chemotherapyand host factors; for non-Hodgkin’s lymphoma
they were combined modality treatment rather than single
modality treatment or host factors. For lung cancer the risk
factors were strongly related to radiation therapy, while an
additional role for chemotherapy could not be demonstrated.

160. Significant excesses of ANL followed therapy for non-
Hodgkin’s disease with either prednimustine, a derivative of
nitrogen mustard, or with regimens containing mechlor-
ethamine and procarbazine, for example MOPP therapy,
(nitrogen mustard, vincristine, and procarbazine prednisone)
[T6]. Chlorambucil and cyclophosphamide were associated
with smaller increased risk of ANL. In this study, radio-
therapy did not add to the leukaemogenicity of alkylating
agents. This finding should be interpreted cautiously,
however, because of the small number of patients and the
large number of parameters evaluated.

161. Few studies have evaluated the late effects of adjuvant
chemotherapy and radiotherapy in breast cancer. The inter-
action of alkylating agents with radiation in producing
leukaemia in women treated for breast cancer was investigated
in a cohort of 82,700 patients in the United States [C29].
Based on 74 cases, the risk of ANL was significantly
increased after radiotherapy alone (relative risk = 2.4, 7.5 Gy
mean dose to the active marrow) and alkylating agents
(melphalan and cyclophosphamide) alone (relative risk = 10).
Combined therapy resulted in a more-than-additive relative
risk of 17.4. The most common solid cancer that occurs after
breast cancer is contralateral breast cancer, but fewer than 3%
of these tumours could be attributed to radiation [B2]. The risk
was highest in women treated at young age (under 45 years).
The usefulness of such studies is still hampered by the fact
that an important proportion of patients developing primary
tumours might already belong to a genetically more sensitive
subpopulation [E11]. In addition, combined treatments might
be more often used in more advanced stages of tumours
needing higher total doses or more cycles for cure.

C. SUMMARY

162. A large number of chemotherapeutic drugs are used
in clinical cancer therapy in combination with radiation.
The main ones in use or proposed for use are described in
the Appendix, with emphasis on the mechanisms of
interaction between the drugs and radiation that may have
relevance for combined effects between chemical agents
and radiation even at the low exposure levels found in
controlled environmental and occupational settings. The
main findings on modes of action and combined effects are
summarized in Table 6.

163. The predominant secondary cancer associated with
chemotherapy is ANL and, to a lesser degree, bladder
cancer. No one specific type of secondary cancer follows
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radiotherapy. In general, there are independent effects of
exposure toalkylating agents and radiotherapy. For secondary
solid tumours, radiation is the main risk factor, while a role
for chemotherapy has been demonstrated in some cases. For
lung cancer, an additional role of smoking was reported. Host
factors, for example, age of diagnosis and treatment for breast
cancer, are additional risk factors. For secondary leukaemias
the main risk factors arechemotherapyand host factors. There
is onlya small increase in this risk due to radiation. The effect

on secondarycancers of increasinglyused adjuvant treatments
with topoisomerase I or II inhibitors, microtubule poisons
(discussed in the Appendix), and hormone treatment is as yet
unknown. In summary, secondary, treatment-related cancers
are observed increasingly because of the long-term success of
the initial treatments. At present, no important synergistic
effects between ionizingradiation andother agents are known.
Further investigations are needed to assess and to develop
strategies to reduce this potential complication.

V. EFFECTS OTHER THAN CANCER

164. Given that there is an overlap in the development of
radiation-induced cancer and other biological effects, such as
cellular effects, deterministic effects, and teratogenic effects
(see Chapter II), results of combined exposures to radiation
and other agents for these other effects might give some
information on themechanisticaspectsofpossible interactions
for radiation carcinogenesis. In this Chapter effects other than
cancer following combined exposures are reviewed with the
aim of concluding whether the agents and low-level radiation
interact. It must be kept in mind that most deterministic
effects and many aspects of teratogenesis are a result of
cytotoxicityand cytolethalityhaving apparent threshold levels
in tissue. Qualitatively, the results reported in this Chapter can
be considered as interactions occurring at the cellular and
tissue/organ level of radiation-induced cancer. In view of the
many data available and the aim of this Annex, only effects in
humans and mammalian organisms are reviewed.

165. Especially in earlier occupational situations, concomit-
ant exposures to other agents may have caused pathological
changes in organs such as the lung, with considerable impli-
cations for exposure-dose conversion coefficients and possibly
also for target sensitivity towards stochastic effects from
ionizing radiation. For example, in the studies of miners,
reduced pulmonary function and early onset of silicosis from
exposure to dust is also correlated with end points of interest
in the context of this Annex [K21, K49, N25]. Although these
combined exposures have little relevance at present, they
contribute to the uncertainties involved in drawing inferences
from historicoccupational risksandapplying them tomodern-
day working environments and non-occupational settings.

A. PRE- AND POST-NATAL EFFECTS

166. The effects of x-irradiation and hyperthermia at 43°C
both individuallyand in combination on mouse embryos were
investigated by Nakashima et al. [N1]. Cultured eight-day
B6C3F1 embryos were exposed to 0.3�2 Gyfrom x rays, 5�20
minutes of heating, or 5 minutes of heating and irradiation at
0.3, 0.6, and 0.9 Gy. Irradiation alone at 0.3 Gy showed no
apparent effect on embryonic development, but irradiation at
0.6�2 Gy caused a dose-dependent increase in malformed
embryos. Heating alone for 5 minutes produced nomalformed
embryos, while heating for 10�20 minutes caused malforma-

tions as a function of heating time. Combined treatments
produced higher frequencies (22%�100%) of malformations
than would have been expected from considering the sum of
the separate treatments (0%�42%). The malformations
observed were primarily microphthalmia, microcephaly, and
open neural tubes. The results indicate that in cultured mouse
embryos irradiation combined with a non-teratogenic dose of
hyperthermia increases the formation of malformed embryos.
The interaction is most probably in the cellular phase of
effects development (see Section II.B).

167. The interaction of exposures to heavy metals with
radiation was studied during the pre-implantation stage in
mice by Müller and Streffer [M3]. At this stage, placental
protection against chemical attack is lacking, and low cell
numbers limit replacement of damaged cells. Of the metals
arsenic, cadmium, lead, and mercury tested in micromolar
concentrations, arsenic showed no interaction with radiation
[M59] and cadmium and lead showed supra-additivity only
for singleendpoints: morphological development for cadmium
and micronuclei formation for lead. Mercury, however,
showed considerable interaction for morphological develop-
ment and cell proliferation. A classical construction of the
envelope of additivity in the range 0�3 Gy from x rays and
0�8 µM of mercury chloride showed synergism, i.e. an
interaction effect exceeding isoadditivity. However, there was
no effect on micronuclei formation by mercury. Time factors
were shown to play an important role in these experiments
[M57, M58]. For an enhancement of radiation risk, exposure
to mercury (3 µM) had to start immediately after irradiation
and to last for an extended time period afterwards (112 hours).
The interaction is probably in the cellular phase, but the fact
that a 24-hour exposure has little effect speaks against
inhibition of repair of radiation-induced DNA damage as the
only mechanism of mercury toxicity in this system.

168. The interaction of ionizing radiation with cadmium,
which at higher concentrations is teratogenic by itself, was
studied by Michel and Balla [M37]. Metal exposure
(2 mg kg�1) on day 8 of gestation significantly increased
exencephaly and eye anomalies. They found considerable
antagonistic effects on survival, growth retardation, and
developmental malformations for combined exposures to
CdCl2 and x rays (0.5 and 1 Gy) in NMRI mouse embryos.
Since the metal exposure had to precede radiation for an
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antagonistic effect, induction of maternal metallothionein
was proposed as a protective mechanism. However, appli-
cation of metallothionein shortly before CdCl2 exposure
exerted no protective effect. HgCl2 alone induced a low rate
of exencephaly, and combined treatment with x rays
resulted in additivityof single-exposure effects in the range
tested (0.5 and 1 Gy, 2 mg kg�1). No conclusion on possible
implications for chronic, low-level exposures and radiation
carcinogenesis is possible.

B. GENETIC AND MULTI-GENERATION
EFFECTS

169. An understanding of mutations in germ cells and of
carcinogenic and teratogenic effects from germ-cell exposure
is of great importance for assessing health risks in future
generations [N19, N24]. The same holds true for potential
combined effects in these exposure situations. The hereditary
effects of radiation have been considered in most previous
reports of the Committee. Experimental studies in animals
and emerging human evidence from epidemiologyconsidered
here deal mainlywith combinedmodalities in tumour therapy.
The combined effects of cytotoxic substances used in tumour
therapy on mouse stem cells and gamma-ray doses of 5 and
9 Gy were studied using the spermatocyte test [D7]. Most of
the chemicals tested showed additive effects when combined
with doses in the ascending part of the dose-response curve
and potentiating effects when combined with doses in the
curve’s descending part. This has generally been considered
additional confirmation that any kind of spermatogonia
depletion is sufficient to modify the genetic response of stem
cells. The chemicals mitomycin C and N,N',N"-triethylen-
ethiophosphoramide (thiotepa) induced very low yields of
translocations after single treatments. In combined treatments
with a dose of 5 Gy, mitomycin C was found to have a
subadditive effect and thiotepa, an additive effect. Combined
with a dose of 9 Gy, the compounds potentiated the effect of
radiation.

170. Based on the generally accepted hypothesis that most
cancers are multifactorial in origin, perinatal and multi-
generation carcinogenesis should be considered in depth.
Nevertheless, the consequences of prenatal exposures and
of prenatal events are often ignored [T15], partially
because it is not possible at present to quantify the role of
prenatal exposures tocarcinogens/mutagens in determining
or modulating the risk of cancer in humans. Tomatis [T15]
listed prenatal events important to the occurrence of cancer
as the consequence of one of the following:

(a) the direct exposure of embryonal or fetal cells to a
carcinogenic agent;

(b) a prezygotic exposure of the germ cells of one or both
parents to a carcinogen/mutagen before mating; or

(c) a genetic instability and/or a genetic rearrangement
resulting from selective breeding, which may favour
a deregulation of cellular growth and differentiation.

Because they involve both germ and somatic cells, studies
of prenatal carcinogenesis are sometimes difficult to

interpret but are essential for a more accurate estimation of
the risks attributable to environmental agents. At the same
time they may contribute to an understanding of some of
the mechanisms underlying individual variability in the
genetic predisposition to cancer. With regard to combined
effects, no new or additional mechanisms are apparent for
genetic and multi-generation effects.

C. DETERMINISTIC EFFECTS

171. Deterministic effects of ionizing radiation are the
result of exposures that cause sufficient cell damage or loss
of proliferative capacity in stem cells to impair function in
the irradiated tissue or organ. For a given deterministic
effect, a large proportion of cells must generally be affected,
so that in most cases there are considerable thresholds in the
range from tenths of a sievert to several sievert. Deterministic
effects were reviewed by the Committee in Annex I, “Late
deterministic effects in children”, of the UNSCEAR 1993
Report [U3]. Although deterministic effects are practically
excluded in controlled settings, side effects in tissue
adjacent to treated tumours and localized effects in skin,
eyes, and lungs must still be considered when assessing
human health risks. Since loss of the ability to divide is
also a result of DNA damage, many of the molecular
mechanisms that modulate combined effects in
carcinogenesis also modulate deterministic effects. In this
context, the scavenging of radiation-induced radicals by
scavengers such as cysteamine will also exert antagonistic
effects for deterministic endpoints. Because this field is of
limited relevance for this Annex, onlya few examples from
this poorly explored field are given below.

172. There are suggestions from clinical findings that pre-
existing diabetes exacerbates radiation injury to the retinal
vasculature. Gardiner et al. [G2] studied this phenomenon in
streptozotocin-induced diabetic rats. In both diabetic and
control rats, the right eye was irradiated with 90 kVp x rays
to 10 Gy and the prevalence of acellular capillaries in trypsin
digests of the retinal vasculature was quantified 6.5 months
after irradiation. Diabetes as well as irradiation led to a
statistically significant higher prevalence of acellular
capillaries. The net increase in acellular capillaries following
irradiation was much greater in rats with an eight-month term
of pre-existing diabetes (180%) than in those that had been
diabetic for only three months (36%). These results suggest a
synergistic relationship between pre-existing diabetes and
ionizing radiation in the development of retinal vasculopathy
that seems to depend on the duration of diabetes before
radiation exposure.

173. Ivanitskaia [I4] studied thereduction ofspermatogenesis
and of activities of key enzymes as a result of single or
combined action of ionizing radiation and mercury in rats.
The combined biological effects seemed to be close to the sum
of the effects caused by the single agents.

174. Higher acute radiation doses are known to impair
immune functions at least temporarily. Generally, immune
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deficiencies are the condition being considered. However,
overstimulation of the immune functions or the emergence
of new antigenic sites as a secondary effect of radiation
damage have to be considered as well. A stimulation effect
at high doses was described by Lehnert et al. [L14] in
inbred C57BL mice. The mice were irradiated with 10 Gy
delivered to the thorax 24 hours prior to the induction of
graft-versus-host disease by the injection of allogeneic
lymphoid cells (2 107 cells). In mice only irradiated or only
injected, survival was 100% at 250 days. In contrast, a
combination of the two treatments, graft-versus-host
disease and partial-body irradiation, resulted in a mortality
of 83% and a mean survival time of only 29 days,
indicating strong synergybetween graft-versus-host disease
and partial-body irradiation. From histological studies of
the lung, it appeared that about 40% of the deaths
occurring after combined graft-versus-host disease and
partial-body irradiation (PBI) treatment might be attri-
butable to pneumonia. The cause of death in the remain-
ing mice that received combined treatment is unknown.
Mice receiving combined PBI/lymphoid cell treatment also
develop a characteristic skin lesion that is not seen in non-
irradiated mice and that is confined to the irradiated area.
A first indication of the mechanism involved is the fact
that the amplifying effect of pre-induction partial-body
irradiation on the timing and severity of graft-versus-host
disease is similar to the effect that would be produced by an
increase in the number of effector cells. Such a
proliferative response should display a highly non-linear
dose-response relationship with an apparent threshold
similar to immune deficiencies based on widespread stem-
cell killing. Therefore, no direct relevance of these findings
for much lower occupational or environmental exposures
is apparent.

175. Guadagny et al. [G18] described an increase in immu-
nogenicity of murine lymphoma cells following exposure to
gamma rays in vivo. On the basis that mutagenic compounds
suchas5' (3,3'-dimethyl-1-triazeno)-imidazole-4-carboxamide
(DTIC) cause a marked increase in immunogenicityin murine
lymphoma cells in vivo or in vitro, they then conducted
further experiments to test whether ionizing radiation would
be able to affect the immunogenic properties of cancer cells in
a mouse leukaemia model. Male CD2F1 mice were inoculated
with histocompatible L1210 Ha leukaemia cells and treated
with 4 Gy of whole-body irradiation. A number of transplant
generations were carried out with leukaemic cells collected
from irradiated donors, generating a radiation-treated line.
The immunogenicity of radiation-treated cell lines increased
significantlycompared with that of the L1210 Ha line as early
as after three passages in vivo. However, no strong trans-
plantation antigens comparable to those elicited by treatment
with DTIC were found in radiation-treated cell lines, even
after a number of transplant generations. The combination of
bis-chloroethyl-nitrosourea and the weakly antigenic radia-
tion-treated cell line elicited a strongly synergistic immune
response of the host. Moreover, lymphoma induced with
radiation-treated cell lines acquired strong immunogenic
properties after a single cycle of DTIC treatment in vivo.
Again, these results may well provide an experimental model
for the exploitation of a radiation-induced increase of tumour
cell immunogenicityfor combinedradioimmunochemotherapy
in cancer treatment, but no direct relevance for the risk of
radiation carcinogenesis is evident. As with other combined
modalities in tumour therapy that also enhance and modulate
deterministic effects (described in depth in the Appendix), the
above examples do not indicate mechanisms leading to
marked supra-additivity for effects from low-level exposures
to multiple agents.

EXTENDED SUMMARY

176. In this Annex, the effects of combined exposures to
radiation and other agents are considered particularly with
respect to the induction of stochastic effects at low doses.
A large amount of information on the combined exposures
of radiation and other physical, chemical, and biological
agents is reviewed. In many situations agents can interact
with radiation and may significantly modify the biological
processes and outcomes. The implications for radiation risk
assessment and limitation of individual and collective
health risks are considered.

177. For ionizing radiation, the main potential risk to
humans from exposures at low doses, i.e. at the level of
background radiation or a few times that level, is the
enhanced incidence of stochastic effects, i.e. carcinogenesis
and heritable genetic effects. In this Annex the effects of
combined exposures to radiation and other agents are
considered, particularly with respect to the possibility of
enhanced radiation carcinogenesis caused by chronic low
doses. Many radiobiological experiments, however, used

acute, high radiation doses and high exposures to the other
agent. It is usually not clear how these results might be
extrapolated to low and chronic irradiation conditions and
to humans. Such data may, however, be informative on the
possible mechanisms of the interactions between various
agents and radiation, and in that sense they may be of
relevance for combined, low-dose exposures leading to
carcinogenesis.

178. For assessing the effects of chemical agents, the
situation is somewhat more complex than for ionizing
radiation. For genotoxic chemicals, the main biological
effects from low and chronic exposures are comparable to
effects from low levels of radiation, i.e. stochastic in
nature. However, as with radiation, most experimental data
are from high, acute exposures. The wealth of epidemio-
logical data and risk estimates based on such information,
is much greater for radiation protection than for toxi-
cology. With onlya few exceptions (e.g. asbestos, smoking,
and arsenic) for which human data are available, chemical



ANNEX H: COMBINED EFFECTS OF RADIATION AND OTHER AGENTS214

carcinogenesis data are based solely on biochemical, cell
biological, and/or animal data. The general assumption about
the dose-effect relationships for radiation and genotoxic
chemicals in the low-dose region for chronic exposures and
for stochastic endpoints is, however, the same. In general, it
is assumed that these relationships are linear from high-dose
ranges with observed effects down to zero dose. For non-
genotoxic chemicals, non-linear dose-effect relationships are
the norm, since higher order enzyme reactions are involved in
most cases (uptake of agents, incorporation, metabolization,
cell physiological reactions, etc.). These reactions are
dominated by sigmoidal dose-effect relationships with
apparent thresholds, related to the biochemical Michaelis-
Menten kinetics.

179. The starting point for an analysis of combined
exposures is to specify the doses of the agents at the site of
interaction. For ionizing radiation, absorbed dose is the
quantity most generally applied to characterize the exposure,
and methods have been developed to calculate the dose in
target cells from the irradiation conditions. For other agents,
different methods are used, depending on the characteristics
of the agent involved. Unfortunately, the exposure of the cells
at risk for carcinogenesis is not always clear. No unifying
concept of dose exists. In this Annex, methods of biochemical
and biological monitoring and dosimetric evaluation are
reviewed. The conclusion is that physiologically based
parameters, such as concentration of toxic agents in blood or
urine, are often not specific and sensitive enough to be
generallyapplicable for the analysis of the biological action of
a chemical agent. Therefore, biological endpoints at the
cellular level, which are more directly related to stochastic
health effects, have been developed and used as measures for
genetic changes in somatic as well as germ cells. To these
endpoints belong biochemical parameters such as DNA
adducts, and gene mutation parameters such as mutation
frequency and spectrum, and stable chromosomal alterations.
A generallyapplicable method for analysing combined effects
is still lacking, but taking these endpoints as a measure of the
genotoxic burden of radiation or of chemical agents, a
unifying risk concept based on genetic burden can be
envisaged.

180. Carcinogenesis is, in general, a slowly developing
process extending over years and even decades. From a
mechanistic standpoint, different phases in the development
of the effects of an agent can be considered. These may be
characterized broadly as changes on the molecular, cellular,
and tissue/organ levels. Agents can interact with radiation in
each phase to produce an effect. Radiobiological research has
turned up numerous agents potentially capable of influencing
the progression of early radiation effects towards adverse
health effects. General conclusions are hindered by the
multitude and complexity of the possible interactions and the
dependence of the combined effect on the sequence of the
exposures. More explicitly, because of the long time period
between the initial radiation event and the final effect, a
combined exposure to radiation and another agent may occur
after simultaneous exposure but also from exposures hours or
even years apart.

181. In the early, molecular phase of the development of the
radiation effect, interactions of chemicals with the primary
radiation process can occur that are important for the fixation
of the primarymolecular radiation damage. For an interaction
to occur, the active agents must be in close proximity to the
DNA, which is the most important molecule for radiation
carcinogenesis, at the time of irradiation or during repair and
in a sufficientlyhigh concentration. Molecular interactionsare
studied particularly to investigate the early radiation mechan-
ism, and changes in the radiation effect from interactions have
been seen. However, because of the high concentrations
needed to observe a significant effect, the results from these
investigations are not of direct relevance for the low levels of
exposure found in occupational or environmental settings.

182. An impressive amount of information concerning
interactions in the cellular phase can be found in the
literature. For acute exposures, many agents can interact with
radiation in this phase, including physical (e.g. UV) and
chemical (e.g. alkylating and other genotoxic) agents. Toxic
chemicals have been evaluated, using the isobolic method of
analysis. Different interaction mechanisms are involved,
ranging from an accumulation of DNA (sub)lesions, some-
times enhanced by repair inhibitors, to modulation of cell-
cycle kinetics. The results of the interactions range from
subadditive to supra-additive; however, for interaction to
occur, the agents must generally be present during or shortly
after irradiation, and the interaction effects decrease at low
doses and dose rates. This mode of interaction may have
implications for radiation carcinogenesis, but at low doses and
for chronic irradiation, deviations from additivityare expected
to be small.

183. In the organ phase of cancer development, interactions
in combined exposures can be significant. The long duration
of this phase creates many opportunities for interaction with
other agents. As is also concluded for chemical carcino-
genesis, these interactions are potentially important, but only
a few data from human epidemiological studies are suitable
for quantitative analysis. Radiation has been found to interact
with physical agents such as UV radiation and mineral fibres;
with chemical agents such as alkylating chemicals, tumour
promoters, dietaryfactors, arsenic, and heavymetals; and with
biological agents such as hormones and viruses. Well-defined
effects are summarized in Table 7. Observation and identifi-
cation of combination effects in this phase is difficult, because
the duration of the interaction with the radiation damage may
be long. In view of the many possibilities, it may well be that
different interactions in the organ phase are largely respon-
sible for the variations in background cancer incidence
between populations.

184. A very important combined effect is the interaction of
smoking and exposure to radon, although even in this case
there is still no unambiguous conclusion on the interaction
mechanism. Epidemiological data clearly indicate that
combined exposure to radon and cigarette smoke leads to
more-than-additive effects on lung cancer. These results
warrant special consideration in estimating the radiation
risks because a large proportion of the world’s population
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is exposed concomitantly to considerable levels of indoor
radon and smoking. The combined analysis of 11 miner
studies [L18] indicates that the effect of radon may be
enhanced by a factor of about 3 by being combined with
smoking.

185. Since the Committee's previous review of this subject
[U6], there have been advances in modelling the multi-stage
processes involved in carcinogenesis. The development and
application of mechanistically based, multi-stage
carcinogenesis models promise to give new insights into the
interaction processes, especially because with these models it
is possible to analyse interactions at the tissue/organ level of
carcinogenesis. The results indicate, for example, that the

effect of radiation is dependent on the background tumour
incidence; they also show how the interaction of radiation
with other agents might influence carcinogenesis.

186. Information is scarce on combined exposures of
radiation and specific agents that might alter the radiation
health risks caused by ambient exposures in the human
environment. The possible relevance of the interaction of
other agents with the radiation effect is obscured by the
many sometimes poorly known or unknown sources of
uncertaintysurrounding radiation-induced carcinogenesis,
such as variations in background cancer incidences,
population characteristicsandgenetics, diet, and individual
susceptibility.

Table 7
Agents that interact with ionizing radiation of importance in radiation carcinogenesis

Interacting agent Interaction Endpoint

Physical agents

External ionizing radiation with internal emitters
Ultraviolet radiation (UV)
Alpha emitters with mineral fibres, including asbestos

Supra-additive
Possibly supra-additive
Supra-additive

Bone cancer
Skin cancer
Lung cancer

Chemical agents

Nitroso compounds, such as MNU, DEN, 4NQO
Tumour promoters, such as TPA
Smoking
Vitamins
Diet/fat
Arsenic

Supra-additive
Supra-additive
Supra-additive
Subadditive
Sub- to supra-additive
Supra-additive

Effects shown only in animal experiments
Lung cancer

Interaction dependent on comparing level
Extrapolated from chemical carcinogenesis

Biological agents

DES
Testosterone

Supra-additive
Supra-additive

Breast cancer
Prostate cancer

CONCLUSIONS

187. Combined exposures are a characteristic of life. The
environment in which organisms reside and the organisms
themselves are complex systems in which a multitude of
interactionsbetween physical, chemical, andbiological factors
occur. The specific agents involved in exposures in the
environment and in occupational settings vary widely, but
almost all physical and chemical agents, both natural and
man-made, are capable of producing adverse effects under
some exposure conditions, although individual agents differ
considerably in their capacity to do so. In general, for many
agents essential for life, there is a spectrum of effects asso-
ciated with exposure, ranging from deficiency through
sufficiency to adverse effects with increasing levels of
exposure.

188. Although both synergistic and antagonistic combined
effects are common at high exposures, there is no firm
evidence for large deviations from additivity at controlled
occupational or environmental exposures. This holds for

mechanisticconsiderations, animal studies, andepidemiology-
based assessments. Therefore, in spite of the potential
importance of combined effects, results from assessments of
the effects of single agents on human health are generally
deemed applicable to exposure situations involving multiple
agents.

189. With the exception of radiation and smoking, there
is little indication from epidemiological data for a need to
adjust for strong antagonistic or synergistic combined effects.
The lack of pertinent data on combined effects does not
imply per se that interactions between radiation and other
agents do not occur. Indeed, substances with tumour pro-
moter and/or inhibitor activities are found in the daily diet,
and cancer risk therefore depends on lifestyle, particularly
eating habits. Not only can these agents modify the natural
or spontaneous cancer incidence, but they may also modify
the carcinogenic potential of radiation. Such modifications
would influence the outcome particularly when radiation
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risks are projected relative to the spontaneous cancer
incidence.

190. The analysis of small effects of combined exposures of
other agents with radiation is also inhibited by the lack of well
defined and pertinent harmonized measures of the exposures
to radiation and the other agent. A generally applicable
method for use in the analysis of combined effects is still
lacking, but taking end points such as measures of the
genotoxic effects of radiation or chemical agents, a unifying
risk concept based on genetic burden could be envisaged for
combinations ofgenotoxicants. At this stage, the uncertainties
in the data permit the possible interactions from combined
exposures of radiation with other agents to be only
qualitatively recognized. A quantitative assessment of the
radiation risks at low doses is not yet possible. In other words,
even possible deviations from additivityat lower exposuresare
generally too low to show up in experimental studies or
population cohorts.

191. The extent to which the effects of combined exposures
can be elucidated is highly dependent on clarification of the
carcinogenesis process itself and its dependence on environ-
mental and lifestyle factors. Interactions of agents with radia-
tion can be broadly grouped into three different levels (mole-
cular, cellular, and tissue/organ levels) of the radiation effect.
The molecular phase lasts onlya fraction of a second until the
primary radiation damage to DNA has occurred. For inter-
actions during this phase, the other agent has to be present
concomitantly and in a high enough concentration.

192. The cellular phase of the radiation effect lasts for one
or a few cell cycles until the primary radiation damage in
DNA has been repaired or the remaining damage has been
fixed into heritable genetic damage (mutation in somatic
and germ cells). For low doses and dose rates of radiation
and lowdoses and chronic exposures togenotoxic chemical
agents, the supralinear or quadratic terms of dose-effect
relationships tend to vanish, and the linear terms dominate
for single-agent effects. In the absence of target specificity,
this implies that interaction at the cellular level during
long-term low-level exposures to radiation and chemicals
is of limited importance.

193. During the tissue/organ phase of radiation-induced
carcinogenesis, which lasts from the first fixed genetic
alteration to the clinically manifested tumour and which may
include several genetic and epigenetic changes, combined
effects can occur from exposures of two and more agents
spread over days or decades, giving a large potential for
combined effects. Besides genotoxic chemicals, many non-
genotoxic agents may interact during the organ phase.
Tumour promotion, mitogenic stimulation, and hormonal
activation are a few of the important examples of processes
with the potential for more-than-additive effects. Also,
radiation-or chemical-inducedgenetic instability, which leads
to new genetic damage after many cell generations, may be
prone to more-than-additive effects. An overview of possible
interaction processes and groups of agents involved in these
processes is given in Figure V.

194. Within the framework of the multi-stage mechanism
of carcinogenesis, the following general conclusions can be
drawn for the combined action of different carcinogenic
and co-carcinogenic agents:
(a) genotoxic agents with similar biological and mechan-

istic behaviour and acting at the same time will interact
in an isoadditiveor concentration-additivemanner. This
means that concurrent exposures to ionizing radiation
and other DNA-damaging agents with no specific
affinity to those DNA sequences that are critically
involved in carcinogenesis will generallyresult in effects
not far from isoadditive. Isoadditivity at this point
includes “apparent synergisms” or “autosynergisms”
resulting from non-linear dose-effect relationshipsofthe
single-agent effects. Supra-additivity of this quality
generally does not exceed the expectation value derived
from high-exposure, single-agent effects combined with
linear dose-effect models;

(b) for genotoxic agents acting on different rate-limiting
steps of multi-stage stochastic diseases like cancer,
strong deviations from additivity might result. Devia-
tion from additivity can depend on the specificity of the
agents for the different steps, sequence specificity, and
the sequence of exposures. Highly synergistic effects
are, however, only to be expected in cases where both
agents are responsible for a large fraction of the total
transitions through the respective rate-limiting steps;

(c) in combinations of radiation and non-genotoxic agents
in which the second agent causes promotion, i.e. the
multiplication of premalignant cells, highly synergistic
effects may arise. This combined effect is dependent on
the exposure schedule. Thresholds for such combined
effects are generally implicated from the highly non-
linear dose-effect relationship for the non-genotoxic
agent acting alone;

(d) for agents acting independently and through different
mechanisms and pathways, heteroadditivity or effect
additivity is predicted. Apparent thresholds will not
interfere with each other, and possible conservatisms in
linear dose-effect extrapolations from high exposures
will not be affected;

(e) in combinations of agents, in which one agent induces
adaptive mechanisms, e.g. increased DNA repair
capacityor increasedradical scavenger function, and the
other agent induces DNA damage, antagonistic effects
may arise. Owing to the generally short half-times of
adaptive mechanisms, the exposures have to occur
concurrently or nearly concurrently.

195. In summary, the following parameters need to be
considered to address and assess potential combined effects:
the mode of action of the agent (genotoxic or non-genotoxic);
the shape of the dose-effect relationship for single-agent
effects; the dose or concentration involved (low or high); the
type ofexposure (chronic or acute); and the sequence and time
interval between exposures (simultaneous or before or after
radiation exposure).

196. There has been little systematic research on possible
interactions of radiation with other agents. An exception is
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the use of combined modalities in tumour therapy, but the
high doses and deterministic effects involved cannot be
easily related to stochastic, low-level combined effects.
Considerable progress in the biological sciences and the
many radiological and toxicological disciplines involved
will be needed to allow predicting the potential presence of
combined effects at low exposure levels and negative

health outcomes. It can be stated, however, that the
conclusion of the Committee’s previous review on com-
bined effects [U6] still holds: except for radiation and
smoking, there is no evidence that low-level exposures to
multiple agents yield combined effects far from additivity,
or above the estimates resulting from linear extrapolation
of single agent effects to lower doses.

FURTHER RESEARCH NEEDS

197. The lack of systematic mechanistic understanding and
quantitative assessments of combined exposures and the
resulting possible interactions urgently needs to be resolved.
This elucidation of interactions of agents in combined effects
critically depends on both a qualitative (mechanistic) and a
quantitative knowledge of the action of any single exogenous
or endogenous agent involved. The basic tenets of
experimental toxicology and radiobiology will have to be
applied in studies of the adverse health effects ofcombinations
of exposures. In view of convincing evidence that the critical
stochastic endpoint, cancer, is multifactorial, the manystudies
concentrating on single carcinogenic agents and attempting to
quantify cancer risks as if they were due to single factors have
to be supplemented and extended to address potential
modifications from joint effects.

198. Present knowledge of the many qualitatively different
interactions already found in biological systems speaks
against the emergence of simple unifying concepts to predict
modifications of risk from combined exposures. However,
mechanistically based classifications of interactions may be
helpful in predicting effects. At present, relevant knowledge
is being gained on interaction mechanisms in different parts
of the long process of radiation carcinogenesis. A better
understanding of how important these separate physical,
chemical, and biological interaction mechanisms are for the
ultimate endpoint will help to create a basis for risk
assessment, and a better understanding of the carcinogenesis
process itself and the rate-limiting steps involved may
contribute to an understanding of the interactions as well. The
development of mechanistically based cancer models could
greatly improve the estimation of quantitative risks.

199. Individual genetic susceptibility is alreadya concern for
the assessment of radiation risks. In addition to those parts of
the genome susceptible to radiation-inducedeffects, e.g. repair
and proofreading genes, heterozygosity for oncogenes and
tumour suppressor genes, many additional gene products
determining thebiokineticsandbiotransformation ofchemical
agents will have to be considered in the individual response to
combined exposures involving chemicals.

200. Progress in the analysis of interactions between ionizing
radiation and toxicants is often hampered by a lack of
scientific data that quantitatively relates chemical exposure to
health risk or experimental endpoints. The implementation of
standard protocols and dosimetry to harmonize reported
research is urgently needed to allow comparison of data from

studies on different agents. Data will also have to be extended
over a sufficiently large exposure range to allow extrapolating
to the doses relevant in environmental health.

201. Epidemiological studieshavealreadyrevealed important
combined effects for carcinogenesis, particularly for the joint
effect ofcigarette smoke with either radiation or asbestos. New
tools in molecular biology point the way to the field of
molecular epidemiology and will provide investigators with
markers ofexposure and damage that are much more sensitive
than the cruder incidence measures of clinical diseases. Such
approaches, if successful, can be expected to yield significant
newinformation on interactions between agents at the cellular
and molecular levels. Markers of this kind can also be used in
more classical human epidemiological studies of cancer, some
of which may help in probing potential interactions between
agents that may have induced the disease.

202. A mechanistic assessment of combined effects is
dependent on progress in the scientific understanding of other
generic issues, such as extrapolation from high to low levels,
transfer of data from laboratory animals to humans, and age
dependence of the radiation risk, that are central to the general
risk assessment process. Current approaches to the risk
assessment of complex exposures rely heavily on linear dose-
effect relationships and additivity models. However, in the
dose and concentration range of interest for human exposures,
dose-effect relationships other than linear (sigmoidal andeven
U-shaped curves in the case of partially stimulatory or
essential agents) are reported as well. This issue must be fully
addressed in assessing the risks of combined effects.

203. Finally, a comprehensive approach for the study and
quantitative assessment of combined effects must be
developed. The gap between different conceptual approaches
in the assessment of risk in chemical toxicology and
radiological protection has to be bridged urgently.
Multidisciplinary approaches to research (radiobiology,
toxicology, cell and molecular biology, biostatistics,
epidemiology) have to be forged. In some instances, recasting
and combining results from recent studies and on-going work
into more refined models that take into account additional
mechanisms of responses and that take advantage of the
multidisciplinary approach may improve the understanding
and quantification of specific interactions. This, together with
the application of refined multi-stage models, will help to
reduce uncertainties at the low exposure levels found in the
human environment.
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APPENDIX

Combined effects of specific physical, chemical, and biological agents
with ionizing radiation

1. Studies of the combined effects of specific physical,
chemical, and biological agents in association with radiation
exposure are reviewed in detail in this Appendix. The
intention is to provide an overview of the available literature
in support of the more general findings, summaries, and
conclusions of this Annex. First, data from epidemiological
studies of the adverse health effects in humans of each group
ofagents are reviewed. Studies involvingexperimental animal
models are then considered. Finally, various effects observed
using in vitro systems are reviewed. Carcinogenesis is the
principal endpoint ofinterest, but non-neoplasticendpointsare
also discussed. Onlya minor fraction of the interacting agents
described below are found in the human environment at
potentially critical levels. A few such critical agents already
known or suspected to affect human health on their own are
listed in Table 4. The findings of specific combined exposures
and effects described in depth in this Appendix are
summarized in Table A.1.

A. RADIATION AND PHYSICAL AGENTS

1. Combinations of different types
of ionizing radiation

2. Understanding how cellular damage produced by high
linear-energy-transfer (LET) radiation interacts with that
produced by low-LET radiation is important both in radiation
therapy and in evaluating risk. In view of the possible
radiotherapeutic applications, a wealth of data on the
combined action of neutrons, heavy ions, and gamma or
x rays was accumulated in the 1970s and early 1980s. This
information was reviewed in Annex L, “Biological effects of
radiation in combination with other physical, chemical and
biological agents”, in the UNSCEAR 1982 Report [U6].
Because the underlying damage mechanism is similar, the
interaction between different types of ionizing radiation is, in
general, of the isoadditive type in the case of cell killing.
Deviations from additivity are generally not very large and
can be explained in most cases by concomitant changes in
exposure rates and in exposures of critical target structures.
For example, survival of Chinese hamster V79 cells in vitro
after irradiation first with neon ions (LET = 180 keV µm�1)
and then with x rays (225 kVp) was additive, as predicted
from independent action. The system also showed no
dependence on the order of application [N5].

3. In extreme emergencysituations, localized exposures to
the skin or other organs in the presence of elevated external
radiation fields is of considerable concern. Randall and
Coggle [R3] studied the deterministic effects of concomitant
whole-body irradiation and localized radiation trauma from

beta activity on the skin. They modelled the immunosuppres-
sive effects of whole-bodygamma radiation in the sublethal to
lethal range (1�11 Gy) on skin reactions produced by 50 Gy
from superficial beta radiation from 171Tm in male mice. For
gamma doses below 4 Gy, no interaction effects were detect-
able. For gamma doses in the range 4�8 Gy, the skin reaction
developed more slowly, but it was not much more severe. The
overall time for the resolution of the skin reaction, about 45
days, was also unaffected by high-dose whole-body irradia-
tion. The authors ascribed the absence of any considerable
deviation from additivity in this system to the mismatch in
time between maximal immunosuppression and localized
severe beta burns ranging from 2 to 10 days and 10 to 25
days, respectively. Although such beneficial mismatches in
time are species-specific, these mechanisms may also be
important in humans. Deterministic combined effects in
Chernobyl power plant staff and emergency workers are
discussed in Annex J, “Exposures and effects of the
Chernobyl accident”.

4. A strong antagonistic combined effect was found in an
experimental study of deterministic effects in rats. When the
animals received high external gamma (about 6 Gy) or beta
(about 24 Gy surface dose) radiation, lethality was lower by a
factor of 5 when the animals received a concomitant exposure
to the thyroid gland of 0.3 kBq g�1 from 131I given orally
[M13]. The protective influence of the combined treatment
was attributed to 131I-induced changes in the hormonal state in
the course of acute radiation sickness. In another study by the
same author with lower sublethal external doses of up to 3 Gy
and additional orallyadministered 131I, there was an increased
yield of mammary tumours in the combined treatment group
receiving low exposures from iodine (0.04�0.8 kBq g�1). For
higher iodine exposures, however, the reverse was true [M30].
The combined effects observed seem to be deterministic and
can be attributed mainly to different organ doses rather than
different radiation qualities.

5. Changes in the haematopoietic bone marrow, i.e. in the
number of colony-forming units (CFU), of rats were observed
by Brezani et al. [B1] after a single whole-body neutron dose
of 2 Gy and combined single neutron (2 Gy) and continuous
gamma irradiation (6 Gy, dailydose rate of 0.57 Gy). Neutron
irradiation alone significantly reduced the number of
karyocytes, including CFU-S in the bone marrow and induced
extensive cytogenetic damage. When followed by continuous
gamma irradiation, the primary damage from neutrons was
not enhanced, however CFU-S remained at a decreased level
for the whole time of irradiation. Recovery from damage
began only after termination of the continuous irradiation; its
course was similar to that after single neutron irradiation. A
long-lasting supra-additive influence of the combined
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exposure to neutrons and gamma rays is nevertheless
manifested in later periods after irradiation by a reduction in
the total CFU-S number in the bone marrow.

6. Most studiesofstochasticeffects from combined irradia-
tions are undertaken in connection with cancer. For bone-
seeking radionuclides, a synergistic effect was found in mice
for osteosarcomasafter combinedexposuretoshort-lived 227Th
(190 Bq g�1, corresponding to about 10 Gy mean skeletal
alpha dose) and to longer-lived 227Ac (1.9 Bq g�1) bone-
seeking radionuclides. The beta emitter 227Ac produces pro-
tracted internal alpha exposures through ingrowth of the
decay product 227Th. At 700 days after intraperitoneal (ip)
injection of pure 227Th or 227Th contaminated with 1% 227Ac
(combined exposure) in the form of citrate, an osteosarcoma
incidence higher than additive was found for the combined
exposure. With incidences of less than 1% for controls, 8% for
227Ac alone, and 36% for 227Th alone, the combined effect of
62% amounted to an interaction factor of 1.7 [L26]. In terms
of the time for 50% tumour appearance, the interaction factor
was reduced to a barely significant 1.3. The authors specu-
lated that the increased oncogenetic effectiveness of 227Th
contaminated with 1% 227Ac maybe caused by the continuous
stimulation of cell proliferation or by the activation of retro-
viruses by protracted low-level alpha irradiation from 227Ac/
227Th.

7. Bukhtoiarova and Spirina [B33] studied the combined
effect of external gamma irradiation and 239Pu on the
incidence of osteosarcomas in inbred male rats. Osteo-
sarcomas occurred more frequently and at earlier times and
displayed a more pronounced multicentric pattern of growth
and metastatic spreading than the malignancies induced by
exposure to only one of the two agents. The differences
resulted from increased development of tumours and
decreased osteogenesis. A quantitative evaluation of the com-
bined effect of the same radiation mix on biochemical
parameters of the rat immune system was undertaken by
Elkina and Lumpov [E5]. The combined effect of external
gamma radiation (137Cs, 1�4 Gy) and incorporated alpha
radiation (239Pu nitrate, 9.3�93 kBq kg�1 body mass) was
estimated bydetermining changes in nucleic acid metabolism
and the number of cells in rat thymus, spleen, and bone
marrow. The data obtained for the lower end of exposures
were consistent with an additive model. The same researchers
also studied aminotransferase and lactate dehydrogenase
activity in the blood of dogs exposed to the joint action of
external gamma and internal alpha radiation [E6]. After the
effect of external gamma radiation (0.25�2 Gy) and inhaled
239Pu submicron oxide containing 25% 241Am (approximately
7�10 kBq kg�1) delivered separately and in combination,
activities of alanine-aspartate aminotransferase and lactate
dehydrogenase changed in an undulatory manner, tending to
increase at later times. The change was a function of type and
level of radiation as well as time elapsed from the onset of
exposure. Even at the relatively high exposures used in these
experiments, the combined effect of gamma and alpha
radiation did not exceed the additive effect of the two factors
delivered separately. In view of the deterministic nature of the
endpoints studied, no inferences for controlled exposures are
apparent.

8. Several authors have shown that large radiation doses
influence biokinetics and hence exposure from incorporated
radionuclides. The influence of external gamma radiation on
239Pu redistribution in pregnant and lactating rats was
described byOvcharenkoand Fomina [O1]. A quite high dose
range of acute external gamma radiation, from 0.5 to 4 Gy,
was investigated. Transplacental transfer of 239Pu to the
embryo increased with dose to a maximum at 1 Gy and then
declined. However, transfer of 239Pu via milk to newborn rats
was decreased by external gamma irradiation of lactating rats
with the dose of 0.5 Gy. The nature of the biological
mechanisms responsible for the changes in biokinetics
remains elusive. There are no suggestions by the authors that
these radiation effects on metabolism are stochastic in nature
and would extend to low doses and dose rates.

9. Lundgren et al. [L19, L20] examined the carcino-
genicity of a single, acute pernasal inhalation exposure of
3,201 male and female F344 rats to 239PuO2, followed one and
twomonths later bywhole-bodyx-irradiation. Plutonium lung
burdens were 56 or 170 Bq, and the x-ray exposure was
fractionated into two exposures totalling either 3.8 or 11.5 Gy.
Other groups of rats received control (sham) exposures. Minor
x-ray-dependent differences in 239Pu lung retention were
observed; however, exposure to x rays significantly reduced
the median survival times in rats of both sexes [L19]. For a
given level of x-ray exposure (0, 3.8, or 11.5 Gy), the level of
239Pu exposure (0, 56, or 170 Bq) had no effect on median
survival time. A preliminary histological evaluation of
primary lung tumours produced has been reported for
approximately two thirds of the rats in this study. The authors
noted an apparently antagonistic interaction between the two
agents in producing lung tumours; for example, crude tumour
incidences were 10.8% in rats receiving 11.5 Gyx-irradiation
alone, 9.2% in rats receiving a 170 Bq lung burden of 239PuO2

alone, but only 11.7% in rats receiving a combined exposure
at these levels [L20]. The authors cautioned, however, that a
simple evaluation of the crude tumour incidence is insufficient
because of the effect of exposure on lifespan. They further
state that analysis of this study is not yet complete.

10. An apparent synergism was described in an in vitro
study of the combined effect of alpha particles and x rays
on cell killing and micronucleus induction in rat lung
epithelial cells (LEC) [B39]. The cells were grown on
Mylar films and exposed to both x rays and alpha particles,
separately or simultaneously. X rays and alpha particles
given separately caused dose-related increases in cell cycle
time, with alpha particles producing greater mitotic delay
than x rays. Damage from alpha particles and x rays given
simultaneously did not interact to further alter the cell
cycle. Cell survival data following exposure to x rays and
alpha particles, combined or individually, were fitted by
linear-quadratic models. Survival curves following
exposure to alpha particles only, or to 1 Gy from alpha
particles plus graded x-ray doses, were adequately
described using only the linear (alpha) terms with values
of the coefficients of 0.9±0.04 and 1.03±0.18 Gy�1,
respectively. Survival following exposure to x rays only or
to 0.06 Gy from alpha particles combined with x rays was
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best fitted using both alpha and beta terms (0.12±0.03)D +
(0.007±0.002)D2, and (0.57±0.08)D + (0.3±0.02)D2,
respectively. The numbers of micronuclei in binucleated
cells produced by exposure to alpha particles or x rays
alone increased linearly with dose, with slopes of 0.48±
0.07 and 0.19±0.05 micronuclei per binucleated cell per Gy
for alpha particles and x rays, respectively. Simultaneous
exposure to graded levels of x rays and a constant alpha
dose of either 1.0 or 0.06 Gy increased micronuclei
frequency, with a slope of 0.74±0.05 or 0.58±0.04 micro-
nuclei per binucleated cell and Gy, respectively. These
slopes are similar to that produced byalpha particles alone.
These studies demonstrated that both cell killing and the
induction of micronuclei were greater with combined
exposures than with separate exposures.

11. A refined model for the combined effects of mixtures of
ionizing radiations was recently published by Lam [L4].
Assuming that ionizing radiation is a special group of toxic
agents whose general interaction can be calculated, the model
postulates the existence of a common intermediate lesion and
the relative action of lesions before, at, and after this common
stage. General quantitative dose-effect relationships of mixed
radiations can be derived from the dose-effect relationships of
the components in the mixture. Again, only small deviations
from isoadditivity are predicted by this damage function,
which allows treating mixed irradiation as two different
increments of dose from the same radiation source.

12. A unifying concept to predict the expected combined
stochastic radiobiological effects of different ionizing
radiations was presented by Scott [S15]. Additive-damage
dose-effect models were developed for predicting the
radiobiological effects of sequential and simultaneous
exposures. These additive-damage dose-effect models
assume that

(a) each type of radiation in the combined exposure
produces initial damage, called critical damage, that
could lead to the radiobiological effect of interest; and

(b) doses of different radiations that lead to the same level
of radiobiological effect (or risk) can be viewed as
producing the same amount of critical damage, which
is indistinguishable as far as the effects of subsequently
administered radiation are concerned.

The methodologies allow the use of known radiation-
specific risk functions to derive risk functions for the
combined effects of different radiations, called global risk
functions. For sequential exposures to different ionizing
radiations, the global risk functions derived depend on how
individual radiation doses are ordered. Global risk
functions can also differ for sequential and simultaneous
exposures. The methodologies are used to account for some
previouslyunexplained radiobiological effects ofcombined
exposures to high- and low-LET radiations. Since all
radiation effects are traced to a common initial damage
mainly occurring in DNA, the model is basically additive.

13. At doses lower than those that induce deterministic
effects, no large deviations from additivity are found in the

interaction ofdifferent radiation qualities (see alsoTable A.1).
Although the mathematical modelling of mixed radiation
showing non-linear dose-response relationships with a single
radiation qualityyields apparent synergistic interactions when
the analysis of endpoints like survival is based on some
current definitions [Z2], these definitions are clearly
inappropriate for the approach used in this Annex. This point
is also made by Suzuki, who stressed the need for definitions
based on biological mechanisms [S3].

14. In summary, it can be stated that when dose rates and
other possible confounders are taken into account, practically
all the results from mixed radiation yielding more than the
sum of the single agents can be explained by isoaddition, so
that general quantitativedose-responserelationshipsformixed
radiations can be derived from the dose-response relationships
of the components in the mixture [L4, L47]. There is no
indication that the influence of external radiation on the
biokinetics of radionuclides found at high doses is relevant at
occupational or environmental exposure levels.

2. Ultraviolet radiation

15. Ultraviolet (UV) radiation is recognized as an
important initiator and co-factor for human skin carcino-
genesis. Genetic predisposition, i.e. skin type, age at
exposure, and duration of exposures are important deter-
minants of risk for UV radiation-induced skin cancer.
Shore analysed 12 studies on the incidence of skin cancer
in irradiated populations with known skin doses [S29]. In
the absence of a proper control (skin exposed to ionizing
radiation but not to UV), it was concluded that at least for
combined exposures, there was no evidence of a dose
threshold for radiation-induced skin cancer. The data are
compatible with a linear dose-response relationship [S29].
The question whether relative risk or absolute risk models
are more appropriate remains open. Considerable varia-
tions in sensitivity to skin cancer induction among demo-
graphic and genetic subgroups may be mainly a reflection
of the large differences in UV exposures because of
lifestyle, skin type, and tanning.

16. Combined exposure to UV and x rays leads to
synergistic interaction in killing mammalian cells [H53],
confirming previous studies in yeast [S87]. Only a small
interaction was found for mutations at the hprt locus in
Chinese hamster cells [K56]. A recent study by Spitkovsky
et al. [S82] in human peripheral lymphocytes on the
interaction between x-ray doses of 5�250 mGy and
20 J m�2 of 254 nm UV light in DNA repair, measured by
unscheduled DNA synthesis (UDS), indicated that the
repair of UV-induced damage was modulated by previous
x-ray exposures. For radiation alone, UDS was highest for
20�30 mGy and 150�200 mGy and lowest at 100 mGy.
For combined exposures, i.e. ionizing radiation followed by
UV, UDS was highest in cells previously exposed to
100 mGy and lower than in UV-only controls for cells
previously exposed to 20�30 or 150�200 mGy. The
mechanism of this proposed adaptive response remains to
be elucidated.
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17. In the earlystudyof molecular genetics, a wealth ofdata
were accumulated on interactions between UV and ionizing
radiation in bacterial systems. For a review, see Annex L,
“Biological effects of radiation in combination with other
physical, chemical, and biological agents”, in the UNSCEAR
1982 Report [U6]. Recently, laser applications have become
important in industrial settings. A sparing effect from visible
light on irradiated bacteria was reported by Voskanian et al.
[V6]. The study measured the combined effect of laser
(helium-neon laser, 633 nm) and alpha radiation on the
survival of Escherichia coli K-12 cells of different genotypes.
Pre- and post-irradiation exposures to laser radiation
diminished the damaging effect of alpha particles. The
increase in survival was more pronounced for post-irradiation
exposure. There isa well-known molecular basis for enhanced
DNA repair and hence for survival: photoreactivation with
visible light after UV irradiation. The protective mechanism
involved in the repair of damage from alpha irradiation,
especially the one involved in pre-irradiation exposure to laser
light, remains to be elucidated. However, at this stage there
are no such mechanisms known in mammalian cells. Despite
large human populations with considerable combined
exposures to ionizing and UV radiation to parts of the skin, no
indications of a critical interaction are apparent.

3. Low- and high-frequency electromagnetic
radiation

18. The photon energies of all frequencies of electro-
magnetic radiation below infrared are clearly too low to
produce direct chemical damage to DNA. However, there
is a large body of published data suggesting the presence of
effects at exposure levels below those from critical thermal
effects, i.e. local heating by several degrees Celsius. (Heat
stress is discussed in Section A.4.) The epigenetic influences
of heat stress could only act on later stages of cancer
development. Whether so-called athermic levels of high-
frequency non-ionizing radiation may interfere with cell
signalling, levels of cellular calcium, or systemic melatonin
remains disputed on the level of the single agent.

19. Tyndall undertook an investigation [T3] to ascertain
the combined effects of magnetic resonance imaging fields
and x-irradiation on the developing eye in mice from the
strain C57Bl/6J. Dams in groups were subjected to
absorbed doses of 50, 150, and 300 mGy. Other dams were
exposed to T2 spin-echo magnetic resonance imaging
fields under clinically realistic conditions following
exposure to 300 mGy from x-irradiation. It was found that
the 300 mGydose had significant teratogenic effects on the
eye of C57BL/6J mice. Groups exposed to both types of
radiation fields demonstrated malformation levels similar
to those in animals irradiated only with 300 mGy from
ionizing radiation. The results confirmed the teratogenic
effects of low-level x rays but gave no evidence for an
enhancement of the teratogenicity of x-irradiation on eye
malformations in the mouse system tested.

20. Somewhat unexpected results of combined effect of
microwave exposures ofnon-thermal intensityand ionizing

radiation were reported in rats and chicken embryos by
Grigor’ev et al. [G13, G16]. Rats were pre-exposed to
electromagnetic radiation of power flux density (PFD)
200 µW cm�2 30 minutes daily for 8 days, followed the next
day by single whole-body gamma irradiation at 5.5 Gy. Pre-
exposure to microwave radiation reduced the mortality rate of
the test animals by33% compared with the controls. Immuno-
biological examinations revealed a significant increase in the
stimulation index in mitogen (phytohemagglutinin, PHA)
induced lymphocytes. The imprinting of chicks was disrupted
when they were irradiated in early embryogenesis for 5
minutes with microwaves (PFD = 40 µW cm�2) and then with
gamma rays at a dose of 0.36 Gy.

21. The same group also described changes in humoral
immunity and in autoimmune processes under the combined
action ofmicrowave, infrasonic, and gamma irradiation [G13,
G16]. The exposure regimens for rats and rabbits were
9.3 GHz and 0.1 GHz (200 and 1,530 µW cm�2, respectively),
infrasound (8 Hz, 115 db), and gamma radiation (cumulative
dose of 5.5 Gy). It was shown that pre-irradiation with
microwaves increased the resistance of the animal to gamma
radiation, but microwaves combined with infrasound
enhanced the biological effect of gamma radiation. Since no
hypotheses on possible mechanisms are suggested, no
inferences applicable to controlled human environments can
be drawn at this stage from the extremelyhigh exposure levels
in this study.

22. A very strong radioprotective effect of static magnetic
fields of 10, 120, and 350 mT on the survival of mice (CBA
× C57Bl/6) after acute 60Co irradiation with a dose of 9 Gy
was described by Schein [S33]. The adaptive effect of an
exposure of 6 hours in a static field increased with time and
was strongest in animals irradiated 30 days later. The weakest
field, 10 mT, led to a survival of up to 60% of the animals,
whereas controls had survival rates of only 0%�4%. The
mechanisms behind this antagonism are speculated to be
unspecific stress-induced stimulation of endocrine systems by
magnetic fields, an increase in surviving stem cells after
ionizing radiation, or a faster proliferation and differentiation
of bone marrow stem cells in adapted animals.

23. Growth and survival rates of cultured cells (FM3A)
were investigated in a static gradient magnetic field with
a strength of 58 mT at the center and a mean gradient of
0.6 T m�1 [K16]. The magnetic field alone reduced the
growth rate by 5% and survival by 20%. The combined
effect of 60Co irradiation followed by exposure to the
magnetic field showed synergism.

24. Magnetic fields have been shown under certain
reaction conditions to perturb the rates at which radical
pairs recombine. An example is catalase-catalysed decom-
position of H2O2, which is increased by 20% in an
extremely high magnetic field of 0.8 T [M35]. In theory,
this could lead to changes in the kinetics of free-radical
production and recombination [S60]. To measure the
interaction potential of this indirect genotoxic effect of
magnetic fields with ionizing radiation, the exposures
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would have to be simultaneous and not sequential, as
described in the preceding paragraphs.

25. In assessing the association between exposure to
electromagnetic fields and cancer, Koifman [K17] defined
the elements necessary for quantitative analysis. Obtaining
more accurate measurements of exposure to electro-
magnetic fields is a key to understanding any possible
association. In certain circumstances, strong electro-
magnetic fields may stimulate growth and hence fulfill the
characteristics of a cancer-promoter in biomechanistic
models of carcinogenesis. This leads to the hypothesis that
electromagnetic fields do not act alone to affect health, as
is assumed in many epidemiological studies, but only
where their action is combined with that of other initiator
agents.

26. In summary, no straightforward inferences from
experimental results to exposures in occupational settings
are possible at this stage for the combination of electro-
magnetic and ionizing radiation. From the standpoint of
mechanistic considerations, there is little evidence for
potentially harmful interactions between the two radiation
modes for controlled exposure levels in the workplace or in
the clinic.

4. Temperature

27. Heat kills mammalian cells in a predictable and
stochastic way [D3]. Heat stress at the cell and tissue level
may disrupt energy metabolism (local depletion of oxygen
and ATP) as a result of the enhanced reactivity of most
enzymes, the production of heat shock proteins, and finally
denaturation and cell death. Critical changes leading to a
loss of proliferative capacity involve cell membrane
blebbing, probablyowing todetachment of the cytoskeleton
from the plasma membrane [R23]. A slow mode of cell
killing by hyperthermia in CHO cells involves the forma-
tion of multi-nucleated cells from damage to centrioles
[D3]. Above 42.5°C, cell-survival curves for Chinese
hamster ovary cells in culture where the abscissa is the
duration of heat treatment are similar to the curves for
x rays. At 42°C and below, the survival curves tend to
flatten out with time as tolerance to the elevated
temperature develops. The cell-cycle dependence of
sensitivity to heat contrasts with that of x rays, with late
S-phase cells being the most sensitive to hyperthermia
treatment. Cells at low pH or deficient in nutrients also
show elevated heat sensitivity. Temperature is therefore an
important modifier of radiation sensitivity in many therapies
tocontrol tumour growth. In general, hyperthermia increases
the relative susceptibility of tumour cells to radiation
compared with healthy tissue. Very hot or very cold
ambient temperatures are rarelyencountered in the modern
workplace and the temperatures that do prevail generally
do not change the body core temperature. No correlation
with elevated radiation exposure is apparent in such
workplace settings. The same is true for recreational
settings and even for hot spas with elevated radon levels.
Therefore the combined action of high and low tempera-

tures remains in the realm of clinical research, and the
following paragraphs give only some cursory remarks on
recent in vitro work.

28. At the mechanistic level, it is important to note that the
large effects found in hyperthermia treatments cannot be
attributed solely to changes in blood flow and concomitant
changes in local oxygen pressure alone. The disruption of
energy metabolism due to considerably accelerated bio-
chemical reactions and a decrease in molecular stability are
important far below the threshold of protein denaturation.
Dauncey and Buttle [D2] found a tendency towards elevated
plasma concentrations of growth hormone and prolactin in
14-week-old pigs acclimated to 35° or 10°C, respectively. In
mammalian cell culture (L5178Y), protease inhibitors such as
phenylmethylsulfonyl fluoride were shown to potentiate
hyperthermic cell killing [Z13]. It is suggested that protease
inhibitors sensitize by inhibiting the proteases that are needed
to degrade denatured proteins induced by heat. In response to
heat, cells and tissue produce proteins of mainly 70 and 90
kilodaltons. These proteins are called heat-shock proteins,
although many other agents such as arsenite and ethanol also
induce them. Their appearance coincides with the develop-
ment of thermotolerance, an important effect that can in-
fluence the slope of the survival curve by a factor of up to 10.
The development of thermotolerance and the production of
heat-shock proteins occur during heating at temperatures up
to 42°C (CHO cells) but are delayed by several hours for heat
treatment with higher temperatures [H36].

29. Skin is the only tissue whose temperature might differ
considerably from the core temperature. Therefore, Zölzer et
al. [Z3] studied the influence of radiation and/or hyper-
thermia on the proliferation of human melanoma cells in
vitro. DNA synthesis and content were both determined with
two-parameter flow cytometry. In controls, most of the
S-phase cells showed incorporation of BrUdR. The fraction of
quiescent S-phase cells increased after irradiation (up to 8 Gy
from x rays) and/or hyperthermia (up to 6 hours at 42°C or up
to 2 hours at 43°C). There was a clear dose dependence for
radiation and hyperthermia alone or in combination. In
general, the combined effect seemed to be additive.

30. Combination effects of radiation and hyperthermia were
found, however, in several other in vitro cell systems.
Matsumoto et al. [M15] treated cultured human retinal
pigment epithelial cells by radiation, hyperthermia, or a
combination of the two. The effect on cell proliferation was
evaluated by counting the cell number and measuring the
uptake of bromodeoxyuridine. x-irradiation with a dose of
1 Gy or 3 Gy was not effective in suppressing proliferation of
the retinal pigment epithelial cells. Similarly, heat treatment
at 42°C for 30 minutes did not suppress proliferation.
However, combining hyperthermia at 42°C for 30 minutes
with 3 Gyirradiation suppressed cellular growth of the retinal
pigment epithelial cells to 36% of the control, as estimated by
cell counting, and to 48% by the bromodeoxyuridine uptake
assay. The effect of radiation combined with heat on three
human prostatic carcinoma cell lines was investigated by
Kaver et al. [K6]. Cells were exposed to different radiation
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doses followed by heat treatment at 43°C for 1 hour. Heat
treatment given 10 minutes after radiation significantly
reduced the survival rate of all the cell lines studied. The
combined effect of radiation and heat produced greater
cytotoxicity than predicted from the additive effects of the two
individual treatment modalities alone. Impairment of DNA
repair with elevated temperature is considered an important
mechanism [W36].

31. Growth, cell proliferation, and morphological altera-
tions in vivo in mammarycarcinomas of C57 mice exposed to
x rays and hyperthermia were followed by George et al. [G6].
Radiation doses of 10, 20, or 30 Gy from x rays or heating to
43°C for 30 minutes preceded or not by exposure to 10 Gy
were studied. Tumour growth, cell proliferation kinetics,
induction of micronuclei, and morphological changes in
necrosis and vascular density were simultaneously deter-
mined. These showed very complex adaptive responses.
Treatment with radiation and/or hyperthermia produced only
a delay in tumour growth of between 1 and 3.8 days. How-
ever, the effects of the treatments became more apparent when
the amounts of muscle and necrosis were deducted from the
originally measured tumour volume. Radiation-induced G2

block of the cells was observed 12 hours after radiation alone.
After combined treatment, however, the G2 block was delayed
beyond 12 hours. Whereas the amount of necrosis was
markedly enhanced five days after treatment with 10 Gy plus
heat, as well as after 30 Gy, no changes in the densityof small
blood vessels could be observed during this period. These
results clearly demonstrate that the apparent changes in
tumour volume after x rays and hyperthermia do not truly
reflect the response of the constituent cells and that there are
many other factors, for instance cell proliferation and
morphological alterations, that influence the combined effects
of radiation and hyperthermia.

32. Heat shock before, during, or immediately after
exposure to ionizing radiation can increase cell killing in
a supra-additive manner [B70]. The heat-shock treatment
was shown to  inactivate the Ku  auto-antigen  binding to

DNA, and this binding capacity of Ku was directly related
to the hyperthermic radiosensitizing effect. The Ku auto-
antigen is the regulatory subunit of the DNA-dependent
protein kinase and is directly involved in DNA double-
strand break repair and V(D)J recombination.

33. In general, it can be said that because of the high
temperatures and exposures needed to produce enhanced cell
killing in poorly oxygenated tissue, combined effects from
hyperthermia and ionizing radiation are not relevant outside
the realm of tumour therapy. Temperature in combination
with ionizing radiation can act synergisticallyon cell survival,
cell proliferation, and cytogenetic damage. However,
temperatures higher than those found in the human body are
needed to cause these effects.

5. Ultrasound

34. Possible effects from ultrasound exposures alone or in
combination with ionizing radiation are of some concern
because ultrasound is so widely used in diagnostic pro-
cedures. Above a threshold level, ultrasound by itself may
induce cavitation, leading tomechanical damage tocellular
structures and to microlesions. Kuwabara et al. [K20]
studied the effects of ionizing radiation and ultrasound at
exposure levels typical for diagnostic purposes on the
induction ofchromosomal aberrations and sister chromatid
exchanges in peripheral lymphocytes. No statistically
significant increases in the frequencies of dicentric and
ring chromosomes or sister chromatid exchanges were
discovered after ultrasound exposure alone at the dia-
gnostic level (Table A.2). Nor could elevated frequencies
of these phenomena be found following exposure to
ultrasound before or after ionizing radiation, compared
with the frequencies found after the same dose of ionizing
radiation alone. However, simultaneous exposure to ultra-
sound and ionizing radiation seemed to induce a slight
enhancement of sister chromatid exchanges, although no
significant changes were noted in the yields of dicentric
and ring chromosomes.

Table A.2
Effects of combined exposures to ionizing radiation and ultrasound in peripheral human lymphocytes
[K20]

Exposure
Dicentrics and rings Sister chromatid exchanges

Radiation Ultrasound

None (control) None (control) 6.64±0.40

3 Gy None
40 min (immediately following)
80 min (immediately following)

30 min (simultaneous)

0.61±0.08

0.52±0.07

7.92±0.54
6.31±0.53
7.00±0.47
9.80±0.91

4 Gy None
30 min (simultaneous)

1.12±0.11
1.10±0.11 9.96±0.50

35. Continuous-wave ultrasound and neoplastic trans-
formation was assayed in vitro by Harrison and Balcer-
Kubiczek [H10] in C3H10T½ cells in suspension. An

initiation-promotion protocol for neoplastic transformation
induced by continuous-wave ultrasound was used. Cells
were insonated at 1.8 MHz for 40 minutes. Two ultrasonic
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intensities were used: 1.3 and 2.6 W cm�2 spatial average.
The first intensity was found to be non-cytotoxic; the
second was above the threshold level for cavitation and
resulted in immediate lysis of 20% of the cells (cavitation-
induced cell killing), followed by the clonogenic survival
of 64% of the remaining cells. Ultrasound was delivered
alone or in combination with x rays (2 Gy, 240 kVp given
before ultrasound) and/or TPA (0.1 µg ml�1 after irradia-
tion). Under all treatment conditions, ultrasound had no
effect on transformation at the 95% confidence level. The
effects of high-energy shock waves, i.e. therapeutic levels
of ultrasound generated by a lithotripter in combination
with 137Cs gamma rays were shown to act additively or
slightlysupra-additivelyin colony-forming assays and cell-
cycle analysis [F29]. Both pellets of single cells and
multicellular spheroids of the bladder cancer cell line RT4
gave similar results.

36. In conclusion, it can be said that the ultrasound
intensities used for diagnostic purposes and ionizing radiation
did not interact to cause cytogenetic damage in treated cells.
However, sister chromatid exchanges were slightly increased
in one study. In vitro transformation rates caused by ionizing
radiation were not changed by ultrasound.

6. Dust, asbestos, and other mineral fibres

37. The combination of radiation exposure and exposure to
dusts and fibres is quite common in important industrial
environments such as mining, metallurgical industries, and
power plants. Some dusts and fibres are pathogenic or
carcinogenic by themselves. Both experimental results from
mammals and epidemiological evidence are available [B9,
B13, C22, K13, P1, P5]. In cases where the main biological
effect results from soluble toxicants that dissolve from the
surface of dust particles to interact with biological structures,
the interaction is basically between radiation and a chemical,
which is dealt with in Section B of this Appendix.

38. Silica is often considered to be a co-carcinogen through
the route of silicosis. Harlan and Costello [H9] studied 9,912
metal miners (369 silicotics and 9,543 non-silicotics) to
investigate the association between silicosis and lung cancer
mortality. When lung cancer mortality in silicotics and non-
silicotics was compared, the age-adjusted rate ratio was 1.56
(95%CI: 0.91�2.68).  Further adjustment for smokingyielded
a rate ratio of 1.96 (95% CI: 0.98�3.67), and the value for
employment in mines with low levels of radon was 2.59 (95%
CI: 1.44�4.68). The statistical power of the study was too
weak toquantifysinglecontributions and interactions between
metal, radon, silica, and smoking. For high dust loads and
concomitant exposures to gamma radiation and radon in
earlier times, there is indication for an increased lung cancer
risk (standardized mortality ratio = 2.5 with 20 years of
employment and hired before 1960) in the phosphate industry
[B74].

39. The molecular mode of action of mineral fibres is quite
distinct from radiation and genotoxic chemicals interacting
directly with nuclear DNA. They are relatively ineffective as

mutagens but quite powerful inducers of human meso-
theliomas and bronchial cancers. Fibre dimensions, fibre
durability, and surface characteristics are important properties
affecting their carcinogenicity. In the case of asbestos, there is
clear evidence for the induction of chromosomal aberrations
and aneuploidy [B13]. A possible mechanism of asbestos cell
toxicity is phagocytosis and accumulation of the fibres in the
perinuclear region of cells. During mitosis, the fibres would
then interfere with chromosome segregation, and chromo-
somal abnormalities would result. In addition, mechanical
irritation and cell killing may lead to growth stimulation and
transcellular epigenetic promotion. The production of active
oxygen species on fibre surfaces was proposed as a directly
acting genotoxic mechanism; however, the relatively long
diffusion length from the site of radical production outside the
nucleus to the target structures argues against the importance
of this pathway.

40. Recent reviews of mortality and cancer morbidity in
asbestos worker cohorts with large cumulative exposures
showed an ERR for pleural mesothelioma of about 1 for
each fibre-year ml�1 of air [A3]. For lung cancer, an ERR
from 0.0009 to 0.08 per fibre-year ml�1 has been found
[N9], which, in absolute terms, is considerably higher than
the mesothelioma risk. The ratio of the number of meso-
theliomas to the excess number of cases of lung cancer
ranges from 0.06 to 0.78.

41. Few epidemiological data exist describing potential
interactions between mineral fibres and radiation. In a
case-control analysis of deaths from lung cancer among
persons employed at the Portsmouth Naval Shipyard at
Kittery, Maine, in the United States, elevated odds ratios
for exposures to ionizing radiation, asbestos, and welding
by-products were found in a first crude assessment. Further
analysis of data on radiation exposure, controlling for
exposures to asbestos and welding, found no evidence for
a risk related to radiation exposure. The low cumulative
radiation doses and the absence of data on cigarette
smoking and socioeconomic status precluded an assess-
ment of possible interactions among the three toxic agents
[R1].

42. The synergistic effects of the combined exposures to
asbestos and smoking in the causation of human lung
cancer was one of the first examples of a supra-additive
interaction of importance for protection in the workplace
[S19]. In most studies, very high risk ratios were observed
in asbestos-exposed subjects who were heavysmokers. The
interaction observed in most cases conforms more closely
to a multiplicative model than an additive one. Brown et al.
[B7] were able to show in organ cultures derived from
Fischer F344 rats that the ability to metabolize
benzo(a)pyrene was significantly reduced after in vivo
exposure to crocidolite, thus suggesting possible
mechanisms leading to a departure from linearity. Work by
Fasske [F2] showed that after the combined instillation of
1 mg chrysotile and 0.5 mg benzo(a)pyrene, lung tumours
arose much earlier than after the instillation of only one of
the carcinogens.
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43. Regarding animal experimentation, Bignon et al.
[B38] inoculated radon-exposed Sprague-Dawley rats
intrapleurally with asbestos fibres, glass fibres, or quartz.
In rats given mineral materials, bronchopulmonary car-
cinomas and mixed carcinomas were observed, as well as
typical mesotheliomas and combined pulmonary pleural
tumours, whereas in rats inhaling radon alone, only
bronchopulmonary carcinomas occurred. A clear co-
carcinogenic effect of the insult from the minerals was
established for malignant thoracic tumours. Significant
differences in survival time were found for exposures to
different types of dust, depending on the additional tumour
types induced. The same group also studied whether
similar co-carcinogenic effects would take place over
longer distances, i.e. from subcutaneous injection of chry-
sotile fibres. Neither mesotheliomas nor evidence of co-
carcinogenic effects were found in the animals treated with
both radon and asbestos fibres [M19]. Three groups of
animals were used: 109 rats that inhaled radon only (dose
= 1,600 working-level months [WLM]); 109 rats given a
subcutaneous injection in the sacrococcygeal region of
20 mg of chrysotile fibres after inhalation of radon
resulting in the same dose; and 105 rats injected with fibres
only. As already stated, no mesotheliomas occurred in any
of the three groups. The incidence of lung cancer was 55%
in the second group, 49% in the first, and 1% in the third
group. Statistical analysis using the Pike model showed
that the carcinogenic insult was slightly higher in the
second group than in the first group. Electron microscopy
analysis of fibre translocation from the injection site
showed that less than 1% of injected fibres migrated to the
regional lymph nodes and only about 0.01% to the lungs.
After injection, the mean length of the fibres recovered in
lung parenchyma increased with time, suggesting that
short fibres are cleared by pulmonary macrophages,
whereas long fibres remain trapped in the alveolar walls.
Kushneva [K49] studied pathological processes in the
lungs of white rats exposed intratrachealy to 50 mg of
finely dispersed quartz dust and to 3 hours of 3 108 Bq m�3

radon. Supra-additivity is clearly implied but only
described qualitatively.

44. To assess the possible co-carcinogenic effects of
mineral dust in radon-prone mines, five groups of 30
Sprague-Dawley rats received minerals typically found in
metal mines (nemalite; biotite, present in many granites;
iron pyrite; chlorite) by intratracheal instillations one
month after the end of a 1,000 WLM radon exposure. No
or onlyslight co-carcinogenic effects were found [M62]. In
earlier work with the same experimental system to
investigate the effect of intrapleural injection of asbestos
fibres (chrysotile), glass fibres, and quartz on the yield of
radon-induced thoracic tumours, a clear promoting effect
was noted [B38].

45. Densely ionizing alpha particles, similar to those
emitted by radon progeny, are highly effective in inducing
transformations in cell cultures such as CH310T½ cells.
The yield of foci from combined alpha/asbestos exposure
is clearly greater than would be predicted from the sum of

the effects found with single-agent exposures. Figure A.I
shows a clearly supra-additive interaction with asbestos
fibres [H11].

Figure A.I. In vitro transformation of C3H10T½ cells
exposed to asbestos fibres and alpha particles alone
and in combination [H11].

46. In an experimental study, Donham et al. [D10]
studied possible combined effects of asbestos ingestion and
localized x-irradiation of the colon in rats based on the
hypothesis that the mucous produced by goblet cells that
normally coats the normal bowel surface protects against
tissue penetration by ingested asbestos. X-ray treatment
results in localized damage to the colonic mucosa and
theoreticallydisrupts the normal mucous coating, allowing
increased tissue penetration by the fibres. To study this,
segments of the colons of laboratory rats were exposed to
x-irradiation. The animals were then divided into three
groups, which were fed a diet containing 10% chrysotile
asbestos, a diet containing 10% non-nutritive cellulose
fibre, or a standard laboratory diet. Autopsies and histo-
pathology were performed on all animals that died
spontaneously and those that were killed at 350 days.
Various types of inflammatory and degenerative lesions
were commonly seen, but there was little difference in
frequency between the diet groups. Five adenocarcinomas
and two sarcomas were seen in the fibre groups (three
tumours in the asbestos group and four tumours in the
cellulose group), but no tumours were seen in animals on
the standard diet. There was no significant difference in
tumour rates between the asbestos and cellulose groups,
nor was there a significant difference between the com-
bined fibre groups and the standard diet group. Ingested
asbestos did not increase the risk of tumour development
and does not, therefore, seem to be co-carcinogenic or to
promote tumours by disrupting the mucous coating.

47. In summary, it can be stated that mineral dust and
fibres such as asbestos generallyact through non-genotoxic
mechanisms. These include mechanical irritation and cell
killing. However, chromosomal aberrations, especially
aneuploidy, can be induced by interfering with the spindle
apparatus of mitotic cells. At exposure levels found in
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workplaces until the early 1940s, there was a clearlysupra-
additive interaction between asbestos and tobacco smoke
exposure in the causation of lung cancers, with a concomitant
shift in the cancer spectrum from mesotheliomas to broncho-
pulmonary carcinomas. A similar supra-additive interaction
and shift in the cancer spectrum was observed in animals
exposed to both asbestos and radon. The much lower occupa-
tional exposures experienced today considerably decrease the
risk for potential detrimental interactions between dust/fibres
and radiation. However, in view of the proven interaction
effects in humans, any stochastic and/or genotoxic effects of
these agents merit further consideration.

7. Space flight

48. In space flight, which involves an extreme situation
of controlled exposures, a multitude of stressors act in
combination on astronauts, the most important being
microgravity. Its biological and medical role has been
extensively reviewed [M71]. Microgravity effects may
occur at all levels of biological organization, and in
principle can also lead to modifications of radiation action.
From an experimental point of view there are no clear-cut
results at the organ and tissue level. With simple organisms,
a synergistic action of microgravity and radiation has been
reported for teratogenic effects [B80]. Antipov et al. [A14]
analysed structural and functional changes in the central
nervous system of experimental animals exposed to the
isolated and combined effects of space flights. They
evaluated the significance of ionizing and non-ionizing
radiation, hyperoxia, hypoxia, acceleration, vibration, and
combined effects of some of these factors for anatomic and
physiological changes in the rat brain. Neuronal functions
were found to be sensitive to ionizing radiation and hypoxia,
but these synapses were shown to be highly resistant to
short-term hyperoxia and electromagnetic radiation [A13].
Along with radiation, the investigated stressors had
additive, synergistic, and antagonistic effects on the central
nervous system. However, as significant effects and devia-
tions from the sum of effects from exposure to isolated
stressors were always linked to high exposures and
exposure rates, they have little relevance for exposure
situations on the ground.

49. In radiobiological experiments in space, a more-than-
additive interaction between microgravity and radiation
was reported in several cases (reviewed in [H47]). Insect
embryos in particular appear to be susceptible. Conflicting
results were reported for cellular systems. In human
lymphocytes that were exposed to 32P-irradiation in space,
chromosomal aberrations were significantly increased
compared with ground controls [B18]. However, the
follow-up experiment by the same authors did not show
this interaction [B19]. More recently, experiments on the
interaction of space microgravity and DNA repair were
performed by Hornek et al. [H14]. Microgravity had no
measurable effect on strand rejoining of x-ray-induced
DNA strand breaks in Escherichia coli (120 Gy) and in
human fibroblasts (5 and 10 Gy) or on the induction of
SOS reponse in E. coli (300 Gy). In yeast no microgravity

related effects on the repair of DNA double-strand breaks
were found both for cells irradiated previously on ground
[P31] or during flight using a 63Ni beta source [P32].
Therefore, repair of radiation-induced DNA damage seems
not to be disturbed by microgravity, and other mechanisms
must be involved in the reported interaction between
radiation and space gravity.

50. At similarly high exposures, Vasin and Semenova
[V3] showed synergistic effects for combined stress from
radiation and vibration or normobaric hyperoxia. A study
was made of the combined effect of normobaric hyperoxia
and vibration on the sensitivity of hybrid mice (CBA ×
C57Bl)F1 and F2(CBWA) to gamma radiation. Both single
and protracted (for five days, daily) vibration before
irradiation aggravated acute radiation sickness. Hyperoxia
also enhanced the development of the intestinal form of
radiation sickness. The combined effect of the two addi-
tional factors aggravated the intestinal syndrome of acute
radiation sickness. These deterministic effects have no
direct implication for present-day controlled exposure
situations. Nevertheless, the changes of many parameters
that are normally stable in experimental work on earth
make well-designed studies in space potentially important
in addressing the combined effects of physical agents.

B. RADIATION AND CHEMICAL
TOXICANTS

51. A multitude of natural and man-made chemicals with
cancer-initiating and -promoting potential are present in
the human environment and may interact with radiation.
Classification based on their mode of action is often
difficult, but at least a crude separation can be made into
substances that mainly act by damaging DNA directly
(genotoxic substances) and non-genotoxic substances
[C50]. The former group includes chemicallyactive species
(activation-independent chemicals) or species dependent
on biotransformation and their active metabolites
(activation-dependent chemicals). The mode of action is
either direct, by forming covalent links with DNA, or
indirect, via radical attack of DNA. The latter group
comprises chemicals ranging from nonspecific irritantsand
cytotoxins to natural hormones and growth factors and
their analogues that interact with the regulatory systems of
cells and organs. At this point, chemicals that protect
against ionizing radiation should also be mentioned. Many
endogenous and exogenous sulfhydryl-carrying molecules
as well as other radical-scavenging agents considerably
reduce the primary damage and hence the clinical effects
caused by radiation [M6, M7]. A wealth of experimental
data is available to describe the action of single chemical
agents, but the literature on interactions between these
substances and other agents is far more sketchy. It is
important to note that recent efforts to quantify tissue doses
of chemical toxicants and their metabolites showed the
decisive importance of interactions in activation and
deactivation/excretion processes. For example, an assess-
ment of the toxicity of benzene and its metabolites was
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shown to depend crucially on the presence of other
toxicants such as toluene, and this effect extended to
concentrations found in human exposures [M60].

1. Genotoxic chemicals

52. The large group of genotoxic chemicals may be
further subdivided on the basis of their need to be activated
by metabolism. Most chemicals require metabolic activa-
tion through the generation ofhighlyreactive electrophiles,
which form DNA adducts by binding covalently to nucleic
acids. The metabolism of any individual chemical can be
very complex, because the chemical can be the substrate of
several metabolizing enzymes. Genotoxic chemicals can
also be subdivided based on whether the reactive com-
pound acts directly by covalent binding to DNA or
indirectly by the generation of free radicals. In the latter
case, effects similar to those of radiation can be envisaged.

(a) Activation-independent alkylating agents

53. Modern cancer therapy involves many combined
treatments using radiation and genotoxic drugs. Although
exposures are well known and strong interactions exist,
this human experience is of limited direct importance for
risk assessment at low doses, because with therapy, cell
killing is the main endpoint envisaged. Therefore this
subject is considered separately in Section D of this
Appendix. The occurrence of second primary tumours in
healthy tissue adjacent to treated tumours is of great direct
relevance.

54. Morishita et al. [M32] examined the effects of x rays
on N-methyl-N-nitrosourea (MNU)-induced multi-organ
carcinogenesis in both sexes of ACI rats. Rats were treated
with MNU (25 or 50 mg kg�1) at 6 weeks of age and/or
with x rays (3 Gy) at 10 weeks of age. The incidence of
adenocarcinomas in the small and large intestines of male
rats treated with 50 mg kg�1 MNU and x-irradiation (small
intestine, 48%; large intestine, 32%) was significantly
higher than the sum of the incidences resulting from
50 mg kg�1 MNU alone (small intestine, 17%; large
intestine, 8%) and with radiation only(small intestine, 0%;
large intestine, 0%) and also higher than the frequency of
adenocarcinomas in the large intestine of males treated
with 25 mg kg�1 MNU alone (0%). Strongly synergistic
effects in these high-exposure studies were restricted to the
gastrointestinal system. When MNU or 1,2-dimethyl-
hydrazine (DMH) treatment was started two months after
x-irradiation, no induction ofgastric tumours was observed
with MNU [W3], and only a low incidence was observed
with DMH [A7]. Surprisingly, an inverse relationship
between incidences of gastric tumours and intestinal
metaplasias was apparent. These findings again indicate
the importance of the order and timing of the exposures in
the induction of combined effects. It comes as a further
surprise that the presence of intestinal metaplasia, long
considered a basis for further malignant growth, does not
exert a positive influence on the induction of gastric
neoplasia by MNU in the rat.

55. Seidel [S22] studied the effects of radiation on
chemicallyinduced T-cell lymphomas (thymomas) in BDF1

mice. N-methyl-N-nitrosourea or butylnitrosourea (BNU)
were the main inducers, and x rays in various dose
schedules were applied. The radiation was seen to shorten
the latency period between induction and lymphoma
emergence in protocols of 12 exposures of 0.25 Gy. This
effect was most pronounced compared with chemically
induced non-irradiated controls with a prolonged median
induction time as a result of a dose reduction of the
chemical (median induction time 27�36 weeks instead of
16�18 weeks under optimal conditions using 50 mg kg�1 of
MNU). Irradiation 2�5 weeks before administrating
40 mg kg�1 of MNU also enhanced leukaemogenesis.
Again, mice with regenerating lymphohaemopoiesis after
lethal irradiation and bone marrow transplantation were
more sensitive to both chemicals than were the controls.
Combined effects from radiation and N-ethyl-N-
nitrosourea (ENU) on neural tumours in Wistar rats were
reported by Hasgekar et al. [H6]. The animals received
2 Gy whole-body irradiation, followed immediately by
10 mg kg�1 of ENU on the day of birth. Of 33 rats given
ENU alone, 14 developed 22 tumours of the nervous
system, of which 15 (68%) were gliomas and 7 (32%) were
schwannomas. Of 34 rats given both irradiation and ENU,
12 were found to harbour 15 neural tumours, of which 14
(93%) were gliomas and 1 (7.1%) was a schwannoma. The
pretreatment with irradiation seems to have resulted in
selective suppression of schwannoma induction. Whether
this antagonistic relationship is a result of overkill or
whether it may be relevant for lower radiation doses
remains to be elucidated.

56. The combined effects of radiation and BNU on
murine T-cell leukaemogenesis was studied by Seidel and
Bischof [S20] in BDF1 mice. The animals were exposed to
BNU (0.02% in drinking water) for 12 weeks, and they
died of thymic lymphomas with median latency periods of
12�20 weeks. Groups of mice received weekly radiation
doses of 0.06�1.0 Gy in addition to BNU. Lower doses (12
× 0.25 Gy) enhanced leukaemogenesis, high doses (12 ×
0.75 Gy) delayed it, and intermediate doses (12 × 0.50 Gy)
had no effect. Doses lower than 12 × 0.25 Gy had marginal
enhancing effects. After a dose of 12 × 1.0 Gy, the mice
died earlier than after treatment with BNU alone, and as
with the dose of 12 × 0.75 Gy, some extrathymic lympho-
mas were observed. The numbers of CFU-S in the femur
and the spleen showed a dose-dependent depression, in
addition to the decrease from BNU alone. In lymphocyte
stimulation assays with Con A and LPS and also in the
mixed lymphocyte reaction, a reduced proliferation was
found, again dependent on the radiation dose. Thus, there
was an inverse correlation between leukaemogenesis and
the degree of stem-cell reduction or depression of these
immune parameters.

57. Stammberger et al. [S13] analysed the activity of
O6-alkylguanine-DNA alkyltransferase (AT) in the fetal
brain and liver and made long-term observations of Wistar
rats that were treated in utero either with x-irradiation
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(1 or 2 Gy), with ENU (50 mg kg�1), or with both in com-
bination. They hoped to reveal any relationship between
the O6-alkylguanine repair capabilityand tumour incidence
in the organs of the offspring. The AT activity in the brain
was affected to the same extent in the fetuses as in the
dams. There was a 61% decrease in AT activity in fetuses
24 hours after ENU treatment. This correlated with a
significant increase in the incidence of brain tumours in
the treated offspring (44%) compared with control animals.
The inductive effects of x-irradiation on AT activity (131%
for 1 Gy and 202% for 2 Gy) corresponded with a reduc-
tion in the incidence of tumours after the combined treat-
ment (27% and 8.3% tumour incidence, 103% and 158%
AT activity). Comparing biochemical and morphological
results suggests that this antagonistic effect may be the
result of the AT induction by x rays.

58. Yokoro et al. [Y6] found that whole-body irradiation
facilitates chemically initiated T-cell lymphomagenesis in
mice. This was attributed to the amplification of the cell
population susceptible to a chemical carcinogen in the
target tissues, bone marrow, and thymus during the
recovery phase after irradiation. Split administration of
ENU showed different effects in the different phases of
carcinogenesis leading to T-cell lymphomas. Once more
the authors emphasized that after a cell has been initiated
by a genotoxic agent, its fate is determined by the presence
of promoters and inhibitors and that modifiers of target
cells play a crucial role in the induction yield of tumours.
The possibility of synergistic effects in carcinogenesis due
to changes in cellular kinetics brought about by combined
treatment with radiation and ENU was studied by Seyama
et al. [S21]. Lymphomas in female C57Bl/6N mice were
used as a model system. A single intragastric administration
of 5 mg (about 200 mg kg�1 body weight) of ENU was only
slightlylymphomagenic, inducing thymic lymphomas in 20%
of mice; the incidence was elevated to 92% if the ENU
treatment was preceded (five days earlier) by 4 Gy from
whole-body x-irradiation, which alone is seldom lympho-
magenic. A high yield of lymphoma (84%�93%) was also
obtained when 5 mg (about 200 mg kg�1) of ENU was
delivered in two split doses four days apart of 4 mg and
1 mg (160 and 40 mg kg�1), indicating that cellular
kinetics or clonal expansion, but not two agent-specific
different initiation events in the combined treatment, is at
the root of this apparent synergism. Drastic injury to both
the thymus and bone marrow caused by either 4 Gy whole-
body x-irradiation or the first dose of ENU (4 mg, or about
160 mg kg�1) was followed by a vigorous regeneration
within a few days. The maximum induction rate of
lymphoma was obtained when the subsequent dose of ENU
(1 mg, or 40 mg kg�1) was given at the peak of DNA
synthesis in the bone marrow and thymus following the
first treatment. The data indicate that the principal effect
of irradiation or the first dose of ENU was to provide a
susceptible cell population, and that a high yield of
lymphomas was brought about by the action of the
subsequent dose of ENU on a larger number of potentially
radiation-modified target cells engaged in heightened DNA
synthesis.

59. A clear antagonistic effect ofENUand x-irradiation was
observed by Knowles [K14, K15] for neurogenic tumours in
neonatal rats. After neonatal injection of rats with 10 mg kg�1

of ENU, whole-body x-irradiation with 1.25 Gy caused a
reduction in induced neurogenic tumours, which was greatest
when radiation was given 1 day after ENU and progressively
decreased with irradiation at 5 and 30 days. Although x-
irradiation did not affect the range of histological appear-
ances in the tumours, malignant schwannomas, particularly
those of the trigeminal nerve, were significantly reduced by
1.25 Gy given after ENU (10 mg kg�1). The mean latency for
clinical signs of tumour appearance was not affected by
radiation. Another important finding in this study also points
to the importance of the size of stem cell pools in
interactions: a significant reduction in the high spontaneous
incidence of squamous-cell carcinomas of the mouth in the
inbred strain used after 1.25 Gy from x-irradiation. The
reduction was greater after irradiation at 5 days of age than at
30 days. A large study on the incidence rates of neural,
pituitary, and mammary tumours in Sprague-Dawley rats
treated with x-irradiation and ENU during the earlypost-natal
period was undertaken by Mandybur et al. [M2]. These late
effects of earlypost-natal treatment with ENU, preceded by x-
irradiation to the head, were studied in 226 neonatal CD rats.
The animals were divided into six groups, each receiving one
of the following treatments: x-irradiation with 5 Gy to the
head on the third post-natal day; ip injection with 30 mg kg�1

ENU on the fourth post-natal day; ip injection with 30
mg kg�1 ENU on the seventh post-natal day; a combination of
x-irradiation with 5 Gyto the head on the third post-natal day,
followed by ip 30 mg kg�1 ENU on the fourth post-natal day;
a combination of x-irradiation of 5 Gy to the head on the third
post-natal day, followed by ip 30 mg kg�1ENU on the seventh
post-natal day; and untreated controls. The results indicated
that (a) x-irradiation to the head alone significantly extended
the lifespan of females compared with that of control females
and did not affect the survival of males; (b) x-irradiation did
not influence the latency period or mortality from neurogenic
tumours when ENU was given 1 or 3 days afterwards; (c)
ENU itself was a factor in shortening latency periods for
mammary tumours; (d) x-irradiation alone did not increase
theincidence ofmammarytumours and revealed noprotective
effect on the ENU-induced mammary carcinogenesis; (e) x-
irradiation increased the prevalenceofpituitarytumours in the
females; (f) no enhancement ofpituitarytumours byENU was
observed; and (g) there was a statistically significant
association of pituitary and mammary tumours in females.
Again, these widely divergent findings speak against the
possibility of simple concepts for the interaction of different
genotoxic agents.

60. Post-natal development and cancer patterns in NMRI
mice after combined treatment with ENU and x-irradiation
on different days of the fetal period were studied by Wig-
genhauser and Schmahl [W10]. When mice were irradiated
to 1 Gy on day 14, 15, or 16 of gestation, this did not result
in an increased tumour frequency in the offspring until 12
months. Mice treated with ENU (45 mg kg�1) on day 15 of
gestation developed a significantly increased tumour
frequency in the lungs and liver and in the ovaries. After
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combined treatment in the sequence x rays plus ENU with
an interval of 4 hours, a significantly increased incidence
of animals with tumours was observed in the offspring
treated on gestation day 14 or 16. Moreover, the treatment
on day 16 exhibited the highest tumour frequency per
examined animal (5.7) of all treatment groups. Although
the result was due to a relatively uniform increase of all
tumour types, the frequency of liver tumours was most
marked. In the reverse sequence (ENU plus x rays), the
total tumour outcome was not significantly altered com-
pared with the effects of ENU alone. However, detailed
analysis also showed a significant augmentation of the
liver tumour frequency with treatment on day 15.

(b) Metabolism-dependent alkylating agents

61. Maisin et al. [M8] studied the effects of x rays alone
or combined with the initiator diethylnitrosamine (DEN)
on liver cancer induction in infant C57Bl/Cnb mice. The
number of induced liver foci and carcinomas was found to
depend essentially on the dose of DEN. X rays did not
produce any combined effect on the induction of foci or
carcinomas when given seven days before or after admini-
stration of DEN [M34]. Using the same system for
exposures to DEN and neutrons (average energy =
3.1 MeV), it was shown that even high-LET irradiation
(0.125�0.5 Gy) initiated only small numbers of nodular
lesions, whereas DEN alone increased liver nodules
significantly and proportional to dose (0.3�2.5 µg). A
supra-additive interaction between the twoinitiatingagents
was found mainly in the increased rate of foci appearance
after 1.25 µg of DEN and 0.125 Gy of neutrons, both given
seven days before or after DEN exposure [M33]. Peraino et
al. [P26] studied three altered hepatocyte foci (elevated
gamma-glutamyl transpeptidase [GG+] and/or iron-
exclusion [Fe�]) in Sprague-Dawley rats exposed to DEN
(0.15 µmol g�1) and/or gamma rays (0.75, 1.5, and 3 Gy)
shortly after birth. The exposure was followed by a pheno-
barbital (0.05%) diet to promote focus expression. Radiation
alone was a weak hepatocarcinogen. A strong synergism
was seen at the lower radiation doses for the induction of
[GG+] foci but not for other focus phenotypes. A
qualitatively different type of genetic damage for DEN
(point mutations) and for radiation (rearrangements) is
postulated from the result. Large sex differences in the
yield of DEN-induced [GG+/Fe�] foci by a factor of up to
10 are additional indicators of the complexity of this
system.

62. The potential for pulmonary carcinogenic interactions
between 239PuO2 and the tobacco-specific nitrosamine 4-(N-
methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a
genotoxic lung carcinogen, was studied in 740 male rats
[L17]. The animals received 239PuO2 by inhalation to result in
lung burdens of 0 or 470 Bq. The NNK was administered by
multiple ip injection at doses of 0, 0.3, 1.0, or 50 mg kg�1. The
highest dose of NNK markedly reduced the median lifespan
of the rats, whereas in the other treatment groups survival was
minimally reduced in comparison with the controls. Results
on carcinogenicity are not yet available from this study.

63. An apparent synergism between low-LET ionizing
radiation and the carcinogen 1,2-dimethylhydrazine (DMH)
in the induction of colonic tumours in rats has been
described by Sharp and Crouse [S27]. They evaluated the
interaction of radiation (9 Gy to the abdomen only) and
DMH (150 mg kg�1) with respect to colon carcinogenesis
in male Fischer 344 rats. Radiation was administered 3.5
days before the DMH. At eight months post-treatment, the
incidence of DMH-induced colon tumours was doubled by
prior radiation exposure. When the protocol of radiation
plus DMH was repeated three times at monthly intervals,
a 15-fold increase in tumour incidence (from 5% to 74%)
was observed at six months post-treatment. This finding
demonstrated an apparent synergy between radiation and
the chemical carcinogen. Throughout the study, the
appearance of carcinomas was associated with pre-existing
colonic lymphoid nodules. The reproducibility of tumour
induction as well as the range of tumour incidence gene-
rated by treatment variations in this system appeared to be
sensitive enough to allow the examination of combined
effects of much lower doses of radiation and/or chemical
carcinogens. The model could be used to evaluate the
relationship between existing lymphoid aggregates, which
alter local epithelial cell kinetics and are associated with
fenestrations in the basement membrane. The quantifi-
cation of the development of colon cancer in congruent
sites may assist in defining dose-response curves for com-
bined agents and may also provide a system for evaluating
the mechanisms underlying their interactions. When DMH
treatment was started two months after x-irradiation, only
a slight increase in gastric tumour incidence was recorded
[A7]. These tumours occurred on top of a background of
radiation-induced gastrointestinal metaplasia.

64. Ehling and Neuhäuser-Klaus [E7] studied the
induction of specific-locus and dominant-lethal mutations
by combined cyclophosphamide (see also Section D.1.a for
uses in combined modalities in tumour therapy) and radia-
tion treatment in male mice. Unlike radiation, this widely
used antineoplastic agent, used alone, induced recessive
mutations in spermatozoa and spermatids but not in
spermatocytes and spermatogonia. Pretreatment (with
60 mg kg�1) 24 hours before radiation, however, enhanced
the frequencyofspecific-locus mutations in spermatogonia.
The mutational spectrum among seven loci remained the
same as in animals treated only with radiation. The
synergistic interaction was mechanistically explained by
the interference of cyclophosphamide, a strong inhibitor of
DNA and RNA synthesis, with repair of radiation-induced
damage.

65. The effect of radiation on chemical hepatocarcino-
genesis has also been examined in male ACI/N rats [M26].
The number of neoplastic nodules or hepatocellular carci-
nomas in rats given N 2-fluorenylacetamide (FAA) (0.02%
in diet for 16 weeks) followed by x-irradiation (3 Gy) was
significantly greater than in rats given FAA alone (p <
0.001). In addition, the incidence ofhepatocellular carcino-
mas in rats given the combined treatment was also higher
than in rats given FAA alone (p < 0.003). No liver lesions
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were found in animals receiving only an x-ray dose of
3 Gy. The authors suggested that these highly supra-
additive results indicate that ionizing radiation acts as a
promoter in this model.

66. An inhibition of urethane(ethyl carbamate)-induced
pulmonaryadenomas byinhaled 239Pu in random-bredmale
A2G mice was reported as far back as 1973 by Brightwell
and Heppleston [B66, B67]. This early study of combined
exposure to alpha radiation and a genotoxic chemical
comprised four groups, each of 32 animals, receiving
plutonium inhalation followed by urethane (PU), pluton-
ium followed by saline (PS), mock inhalation followed by
urethane (MU), and mock inhalation followed by saline
(MS). Exposures consisted of initial lung burdens of
925 Bq 239Pu and ip urethane injections of 1 mg g�1 body
weight two weeks later. Eight weeks after the injections,
PS-treated animals showed no increase in pulmonary
tumours over control animals (MS), whereas practicallyall
animals in the PU and MU groups had multiple tumours.
The number of tumours per animal 8, 16, and 24 weeks
after urethane treatment was clearly lower in the PU group,
which had 4.2, 11.4, and 13 as compared with 8, 24.4, and
38 in the MU group. An earlier hypothesis, that this
finding is the result of alpha irradiation counteracting
immuno-suppression by urethane, is rejected on the basis
of ultrastructural evidence. Severe morphological changes
in mouse type-II cells in the vicinity of alpha particles
indicate that functional impairment of the initiated cells is
the main cause of the effect. The authors said, however,
that this apparent antagonism needs to be viewed with
caution; it remains to be determined, they concluded, if
much smaller local plutonium doses would augment
urethane tumorigenesis.

67. The transgenerational combined effects of x rays
(2.2 Gy) and urethane were studied byNomura [N23, N24]
in three different mice strains (ICR, LZ, and N5). Urethane
treatment of F1 offspring of either irradiated males or females
yielded an 18% incidence of tumour nodule clusters in the
lung compared with only 2.8% in offspring of non-irradiated
controls. Tumour clusters were defined as having 12 or more
nodules. The transgenerational effect of radiation alone
resulted in lung tumours (at least one tumour nodule) in 7.5%
of the animals, whereas the value in unexposed controls was
4.7%.

68. The interaction of gamma rays with urethane in lung
tumorigenesis in mice in relation to the immune status has
been studied byKobayashi et al. [K41]. Male athymic nude
mice (nu/nu) and their female heterozygous litter mates
(nu/+) were treated with 1�4 Gy of 137Cs gamma rays and
0.5 mg g�1 of urethane. Gamma-ray exposure alone caused
relatively few lung tumours (in up to 10% of animals);
urethane alone caused tumours in 70%�80%. The combined
effect was supra-additive. There was a tendency towards
higher yields in nu/+ mice, suggesting that impaired
immunosurveillance from T-cell deficiency does not increase
lung tumorigenesis in thissystem. Since relativelyradiation-
resistant macrophages and natural killer cells had higher

activities in nu/nu mice, the authors concluded that the
influence of immunological status on tumorigenesis remained
unresolved.

69. A strong synergism was found by Hoshino and
Tanooka [H39] for skin tumours in beta-irradiated ICR
mice painted later with 4-nitroquinoline 1-oxide (4NQO);
27 Gy of 90Sr/90Y radiation or 20 applications of 5 mg ml�1

4NQO in benzene to the skin alone did not produce any
skin tumours in groups of 50 mice. Radiation followed by
4NQO painting with an interval of 11�408 days between
the two treatments resulted in an incidence of malignant
skin tumours (squamous-cell carcinomas and papillomas)
of up to 17%. There was no significant decrease of the
synergistic effect with increasing interval, the greatest
effect being seen with an interval of 234 days.

70. A notable finding indicating the considerable uncer-
tainties and misinterpreting the results of experimental
animal studies was described by Little et al. [L55], who
studied the potential synergistic interactions between 210Po
(185 Bq, resulting in a lifetime lung dose of about 3 Gy)
and benzo[a]pyrene (0.3 mg) in the induction of lung
cancer in Syrian golden hamsters. It was shown that simul-
taneous administration by intratracheal instillation led to
additive effects. A significant apparent synergism was
found when benzo(a)pyrene was given 4 months after the
210Po. Most of this effect could be ascribed, however, to a
potentiating effect of the seemingly innocuous 0.9% NaCl
instillation solution alone.

71. The effects of repeated low exposures at high dose
rates such as used in some diagnostic radiologic procedures
at the time of the study were published by Lurie and Cutler
in 1979 [L56]. The induction of lingual tumours by 7,12-
dimethylbenz[a]anthracene (DMBA) and radiation to the
head and neck was studied in Syrian golden hamsters.
Treatment schedules were topical application of 0.5%
DMBA in acetone on the lateral middle third of the tongue
three times a week for 15 consecutive weeks, about 200
mGy radiation exposures (x rays with 100 kV peak) of the
head and neck once a week for 15 consecutive weeks, or
concurrent radiation and DMBA treatments for 15 con-
secutive weeks. Histopathology was performed 35 weeks
after the start of the treatment. Animals receiving radiation
alone had no detectable changes. The combined treatment
led to an excess of lingual papillomas compared with
animals receiving only DMBA (35% versus 15%). In addi-
tion, an excess of non-lingual oral tumours (lip, gingiva,
and floor of the mouth) was found in the animals receiving
the combined treatment compared with the DMBA-treated
animals. Whether this radiation enhancement of DMBA-
induced tumorigenesis has implications for the lower
combined exposures found for cigarette-smoke-derived
carcinogens in the bucal cavity of humans and dental
x rays, remains to be elucidated.

72. Studies on chromosome aberrations from the com-
bined effect of gamma rays and the mutagen thiotepa on
unstimulated human leukocytes showed no significant
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difference from the sum of their separately induced effects.
The sequence of treatment and the interval between them
(up to 4 hours) did not affect the frequency of chromosome
aberrations [B21].

73. Leenhouts et al. [L13] investigated the combined effect
of 1,2-dibromoethane (DBE) and x rays on the induction of
somatic mutations in the stamen hair cells of tradescantia
KU 9. At low radiation doses, a synergistic interaction was
found between the twoagents for both DBE exposure followed
by acute x rays and chronic simultaneous exposures. The
synergism was considered to result from an interaction of
single-strand lesions in the DNA. It was concluded that this
type of interaction would not be too important for radiological
protection. However, it could be of significance in evaluating
the effects of chemicals at low exposure rates.

(c) Free-radical-generating chemicals

74. Superoxide (O2
�) generating agents such as the

dipyridilium compound paraquat might also interact
directly with the fixation or repair of radiation-induced
damage. Geard et al. [G5] investigated the combined
effects of paraquat and radiation on mouse C3H10T½ cells.
Effects on oncogenic transformation, chromosome altera-
tion, cytokinetics, or cellular survival were the endpoints
measured. Paraquat alone is a cytotoxic agent and is also
a weak radiosensitizer. Treatment with 0.1 mM for 24
hours results in about 30% cell survival and enhances the
cell-killing effects of 137Cs gamma rays by a factor of about
1.2. The drug appears to function lethally by initiating
interphase cell death and also by slowing cell cycling. In
combination with radiation (3 Gy), paraquat acted either
additively (sister chromatid exchanges) or with a greater-
than-additive effect (cell survival and oncogenic trans-
formation).

75. De Luca et al. [D6] studied the induction of reciprocal
translocations in mouse germ cells (BALB/c) by bleomycin
alone or combined with radiation (see also Section D.3 for
bleomycin used in combined modalities in tumour therapy).
The dose-response relationships after treatments with doses of
20, 40, and 60 mg kg�1 of bleomycin as well as the combined
effect of bleomycin and gamma rays were studied. A positive,
significant correlation between the dose of bleomycin and the
frequency of translocations was found. Both potentiation and
additivity were found when the yields of translocations
induced after combined treatments, separated by a lapse of 24
hours, were compared with the sum of translocation
frequencies induced after the correspondingsingle treatments.
Potentiation occurred in the treatments with 1 Gy plus 9 Gy
and 60 mg kg�1 of bleomycin plus 9 Gy, while additivity
occurred in the treatments with 60 mg kg�1 of bleomycin plus
1 Gy and 1 Gy plus 60 mg kg�1 of bleomycin. In mice
irradiated with 1 Gy plus 9 Gy and mice treated with 60
mg kg�1 of bleomycin plus 9 Gy, similar translocation yields
were found. The potentiating effect of bleomycin was found to
be similar to that obtained with non-radiomimetic compounds
such as triethylenemelamine, cyclophosphamide, and adria-
mycin. The high doses involved and the erratic changes from

synergistic to additive relationships preclude extending in-
ferences from these experiments beyond cancer therapy to
occupational or non-occupational settings.

76. In summary, there are many examples of strong devia-
tions from hetero- and isoadditivity in the interactions
between genotoxic chemicals and ionizing radiation (Table
A.1). Owing to generally high exposures to both agents under
study, deterministic effects were shown or suspected to be the
cause of strong deviations from additivity in many studies.
Thus, the several cases of synergism found seem to be mostly
the result of modifications of the biokinetics and the meta-
bolism of the chemical rather than of agent-specific geno-
toxicity at different stages of the pathological processes.
Similar considerations hold for antagonistic effects, where
depletion of stem cells and inhibition of cellular growth may
be a factor in the high dose range. Additional risks, beyond
thelevel predicted from isoaddition, from the combinedeffects
of ionizing radiation and genotoxic chemicals at low ex-
posures levels are, accordingly, not specifically demonstrated
by the many epidemiological and experimental studies
reviewed in this Section.

2. Non-genotoxic chemicals

77. Many chemicals in the human environment or their
metabolites do not specifically attack DNA but influence
cell proliferation and cell differentiation on an epigenetic
level. Specific mitogens may interfere with regulatory
mechanisms and cell-cell signaling, but many substances
with a high chemical reactivity act as unspecific irritants
or toxicants via membranes or proteins. Toxin-induced cell
death will induce proliferation in neighbouring cells,
which may enhance the progression of premalignant cells.
Substances acting in a non-specific manner, for example
lipophilic solvents, quite often show highly non-linear
dose-response relationships with apparent thresholds.
Other agents may interfere with the critical cellular
processes involved in repairing damage to cellular
constituents such as DNA. The assessment of possible
synergistic effects at the exposure levels relevant to this
Annex is very difficult, because of the high exposures used
in experimental systems and the apparent threshold levels.

78. The tumour promoter 12-O-tetradecanoylphorbol-13-
acetate (TPA) has the potential to enhance the yield of
radiation-induced tumours. This has been well documented
in vitro and in animal systems. The combined effects of
paternal x-irradiation and TPA on skin tumours in two
generations of descendants of male mice was studied by
Vorobtsova et al. [V5]. Progeny of outbred SHR male mice
non-irradiated or exposed to a single dose of whole-body x-
irradiation (4.2 Gy) were skin-painted twice a week for 24
consecutive weeks from the age of four months onwards
with acetone or with TPA in acetone (6.15 µg ml�1). The
incidence and number of skin papillomas were monitored
between week 2 and week 20 after the last application of
the promoter (TPA). Exposure to acetone was never
followed by skin tumour development in the progeny of
either irradiated or non-irradiated males. Two weeks after
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TPA treatment, the incidence of skin tumours in the
progeny of non-irradiated mice was 21% in males and 37%
in females, and 20 weeks later it was 12% in males and
15% in females. The skin tumour incidence in the progeny
of the irradiated male mice 2 and 20 weeks after the last
painting was clearly elevated: 75% and 68% in males and
50% and 43% in females, respectively. Some of the F1

offspring of irradiated male mice were mated before the
start of TPA treatment, and F2 progeny were exposed to
acetone or TPA as F1. The incidence of skin papilloma 2
weeks after the last TPA painting was 58% in males and
40% in females, whereas at 20 weeks after the last
exposure to the promoter it was 53% and 36%,
respectively. In the progeny of irradiated male mice there
were more animals with multiple (>4) skin papillomas
than in the progeny of non-irradiated mice. The incidence
of other than skin tumours in offspring was also clearly
increased in TPA-treated progeny from irradiated male
mice. The authors suggested that irradiation of males
before mating increases the susceptibility of progeny in at
least two generations to promoters of carcinogenesis as a
result of persisting genomic instability. On the other hand,
Brandner et al. [B30] found no influence of ip-admini-
stered TPA on the incidence of radiation lymphomas in
C57Bl/6 mice. Female C57Bl/6 mice, given four x-
irradiations each with 1.7 Gy, developed lethal lymphomas
in more than 90% of animals 270 days after irradiation.
Intraperitoneal application of TPA, 30 ng g�1 twice weekly
for 240 days, had no influence on survival of the animals
or on incidence of the malignant lymphomas. However, the
incidence in radiation-only treated animals was already so
high that this test was highly insensitive to the promoting
effects of TPA.

79. Jaffe et al. [J2] studied the effect of proliferation and
promotion time on radiation-initiated tumour incidence in
Sencar mice. In this system, a single subcarcinogenic dose
of ionizing radiation followed by 60 weeks of TPA
treatment led to the formation of squamous-cell carcino-
mas. Even TPA pretreatment before irradiation seemed to
result in an overall increase in total tumour incidence,
including both epidermal and non-epidermal tumours [J1].
Based on these findings, the effect of the proliferative state
of the skin before irradiation and the promotion duration
after irradiation on tumour incidence was further investi-
gated in CD-1 mice. To examine the influence of the pro-
liferative state of the skin, a 17 nmol TPA solution was
applied to one half of the mice 24 hours before irradiation.
The skin was irradiated using 4 MeV x rays at a dose rate
of 0.31 Gy min�1. Animals received a single dose of x rays
of 0.5 or 11.3 Gy, followed by twice weekly applications of
TPA (8 nmol). The animals were then promoted for either
10 or 60 weeks. All animals promoted with TPA for the
same duration had a similar incidence of papillomas
regardless of radiation or TPA pretreatment. Increasing the
promotion duration did not significantlyalter the incidence
of squamous-cell carcinomas at either initiation dose. At
the lower initiation dose, only animals that were promoted
for 60 weeks developed squamous-cell carcinomas. TPA
pretreatment at the higher dose resulted in a slight decrease

in tumour incidence; however, this was not statistically
significant. The incidence of basal-cell carcinomas was
radiation-dose-dependent and appeared to be independent
of TPA promotion. Again, as in many other cases, no
common pattern emerged for the different tumour types.

80. The interaction between ionizingradiation and TPA has
been studied using a three stage model of initiation, promo-
tion, and progression. Ionizing radiation is well established as
an initiator, whereas its potential for promotion and pro-
gression is less well known. Therefore, Jaffe and Bowden [J1]
performed a three-stage experiment using ionizing radiation
in the third stage of mouse skin carcinogenesis. CD-1 mice
were initiated with N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG), followed by biweekly promotion with TPA. After
20 weeks of promotion, the animals were treated with either
acetone, TPA (twice a week for two weeks), or eight fractions
of 1 MeV electrons (1 Gy per fraction over a period of 10
days). Theconversion ofpapillomas tosquamous-cell carcino-
mas was 80% for animals treated with ionizing radiation
compared with 25% for tumour-bearing animals treated with
TPA. Ionizing radiation increased the number of cumulative
carcinomas per group. The absence of an increase in the
number of cumulative papillomas per group due to late
exposure to ionizing radiation suggests that the dose and
fractionation protocol used in this study enhanced the
progression of pre-existing papillomas.

81. The tumour-initiating and -promoting effects of
ionizing radiation in mouse skin was also studied with
TPA by Ootsuyama and Tanooka [O2]. Neither single
24 Gy 90Sr/90Y beta irradiation followed by repetitive
treatment with TPA nor single pretreatment with 7,12-
dimethylbenz-(alpha)-anthracene (DMBA), followed by
repetitive 4.7 Gy beta irradiation, produced tumours above
the level of significance within a period of 210 days, while
a positive control, DMBA + TPA, yielded a high incidence
of papilloma in a shorter period. In this system, DMBA
seemed to exert an action antagonistic to beta particles in
the induction of malignant tumours. It was concluded that
the tumour-enhancing activity of repetitive radiation is
qualitatively different from the promoting activity of TPA.

82. Nomura et al. [N6] were able to show that in utero
irradiation at early stages of embryogenesis, which was not
visibly carcinogenic by itself in a tester strain of mice (PT ×
HT F1), followed by post-natal application of TPA, led to a
high incidence of skin tumours. Radiation doses in this
system were 0.3 and 1.0 Gy of 180 kVp x rays, respectively,
at about 10.5 days after fertilization. Two dose rates, 0.54 and
0.0043 Gymin�1, were used. The incidence ofboth embryonic
mutations, determined as spots of different coat color, and
tumours increased with in utero doses. Low-dose-rate
irradiation led to a large (about 80%) reduction in tumour
incidence.

83. TPA also causes enhanced transformation of
irradiated mouse 10T½ cells (Figure A.II). For the loss-of-
contact inhibition, two genetic steps and modulation by
epigenetically acting substances were proposed by Little
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Figure A.II. In vitro transformation of C3H10T½ cells
exposed to x rays (50 kV) with and without post-
irradiation incubation in TPA (0.1 µg ml�1) [H3].

[L24]. TPA promotes following exposure to x rays or to
fission-spectrum neutrons without any effect on cell
survival [H3]. However, treatment of unirradiated cells
with 0.1 µg ml�1 of TPA resulted in a small increase in
transformation frequency above background (i.e. from
1.1 10�5 to 1.0 10�4). Thus, besides being a promoter, TPA
seems to be also a weak initiator. The enhancement factor
of TPA for radiation-induced transformation was greater
after low doses than high doses of either radiation. In
addition, TPA caused the RBE of neutrons as compared to
x rays to increase with increasing dose. For x-ray doses
from zero to approximately 1.2 Gy, TPA raised trans-
formations to frequencies approximatelyequal to those due
to neutrons alone. Analysis of TPA enhancement in the
context of the combined effect of two inducing agents, TPA
plus radiation, indicates that with either x rays or neutrons,
TPA acts synergistically. The main mechanism of action of
TPA is suggested by the finding that the dependence of
transformation frequency on the density of viable cells is
also altered by the tumour promoter. In contrast to the
constant frequency of transformants per surviving (or
viable) cell, which was observed after a fixed dose of x rays
or neutrons for a range of cell inocula, the increase in the
frequency of transformation caused by TPA and radiation
was dependent on cell inocula. The frequency of transfor-
mation from combined treatment decreased with increasing
size of the inoculum, from approximately 20 to 6,000
viable cells per 90-mm Petri dish, a result that the authors
interpreted as an interference with cell-to-cell communi-
cation by TPA plus the fading of initiation events caused
by radiation.

84. DNA base analogues are another group of substances
with the potential to modify the effects of radiation and
other genotoxic agents (see also Section D.2). 5-Bromo-2'-
deoxyuridine (BrUdR) is an analogue for thymidine and
widely used in tumour diagnosis, cytogenetics, and flow
cytometry. Important examples of epigenetic and (indirect)
genetic effects are the inhibition of differentiation in
cultured myoblasts and photosensitivity of patients,

respectively. Anisimov and Osipova [A15] investigated
carcinogenesis induced by combined neonatal exposure to
BrUdR and subsequent whole-body x-irradiation of rats.
Outbred LIO rats at 1, 3, 7, and 21 days of post-natal life
were exposed to subcutaneous injections of 3.2 mg of
BrUdR per animal and/or at the age of 3 months to single
whole-body x-irradiation at a dose of 1.5 Gy. In males,
treatment with BrUdR alone decreased the latency of all
tumours and increased the incidence of malignant tumours
and the number of tumours per rat compared with controls.
Combined exposure to BrUdR and x-irradiation increased
total and malignant tumour yield and multiplicityover that
in all other groups. More testicular Leydigomas, tumours
of prostata, kidney, and adrenal cortex, and leukaemia
were seen in male rats exposed to BrUdR plus x rays,
compared with male rats treated with BrUdR or x-
irradiation alone. In female rats, treatment with BrUdR
alone decreased the latency for the total number of tumours
and increased their incidence and number per rat, in
comparison with controls. Combined exposure of females
to BrUdR and x rays did not increase total tumour
incidence in comparison with females that had only been
irradiated; however, it shortened tumour latency. The
incidence and multiplicity of malignant tumours and
incidences of pituitary adenomas, mammary adenocarci-
nomas, and uterine polyps were significantly increased,
whereas the latency of kidney tumours was decreased in
females exposed to BrUdR plus x rays, compared with all
other groups. The data from this experimental model
provide, together with other studies, evidence that pertur-
bation of DNA induced by the nucleoside analogue BrUdR
contributes substantially to the spontaneous development
of tumours and enhances the sensitivity of target cells to
carcinogenesis induced by x-irradiation as well as by
chemicals or hormones.

85. Information on the effects of the interaction of thorium
and phenobarbital, an anticonvulsive drug inducing liver
detoxification functions and showing promoting activity, may
be available from earlier epileptic patients. Thorium exposure
(thorotrast) resulting from angiographicprocedurescorrelated
with the use of anticonvulsive drugs. Olsen et al. [O15, O16]
found considerably increased risks for liver cancer, but since
thorotrast exposure was considered a confounder in both
studies, no definitive quantitative information on combined
effects from thorium and phenobarbital was given.

86. The potentially important interaction of phenobarbital,
a widely used anticonvulsant and sedative, with x-irradiation
was studied by Kitagawa et al. [K18]. Male newborn Wistar-
Ms rats received whole-body x-irradiation of 0.5, 1, and 4 Gy
at 8 or 22 days. After weaning theywere fed either a basal diet
or a diet containing 0.05% phenobarbital. The x rays induced
numerous adenosine-triphosphatase-deficient islands appear-
ing in the liver by week 22 of age. However, no hepatic
tumours were observed by 22 months after radiation, even in
phenobarbital-treated animals.

87. Supra-additivity was also found for a combination of
fast-neutron irradiation and subcutaneouslyapplied carbon
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tetrachloride in male and female C57Bl6 mice. The
animals received a single whole-body dose of 1.7 or 3.3 Gy
from fast neutrons, followed nine weeks later by a single
subcutaneous injection of carbon tetrachloride. Carbon
tetrachloride markedly increased the incidence of radia-
tion-induced liver carcinomas, whereas chloroform, which
was also tested in this system, did not influence the
incidence of radiation-induced tumours [B16].

88. The potential for carbon tetrachloride to modify the
biokinetics of an inhaled, soluble form of plutonium is also
being examined in both F344 rats and Syrian hamsters
[B16]. Groups of animals were exposed to carbon tetra-
chloride in whole-body chambers at concentrations of 0, 5,
20, or 100 ppm for 6 hours per day, 5 days per week, for a
total of 16 weeks. After 4 weeks of exposure, approx-
imately one half of the animals were exposed by a single
pernasal inhalation exposure to 239Pu nitrate. Serial sacri-
fices of groups of animals were conducted at 4 hours and
2, 4, 6, or 13 weeks after plutonium exposure for the quan-
tification of 239Pu in lung, liver, kidney, and bone (femur)
and for the evaluation of histologic changes in various
tissues. Results describing possible carbon tetrachloride
effects on plutonium disposition are not yet available from
this study. Another subgroup of rats and hamsters was
exposed to a radioactively labelled insoluble tracer particle.
Tracer particle clearance was analysed for 13 weeks follow-
ing exposure, and no significant clearance differences were
observed between carbon-tetrachloride-treated and control
groups.

89. Since ionizing radiation and tumour-promoting agents
increase the level of ornithine decarboxylase (ODC) involved
in polyamine biosynthesis, the effect of alpha-difluoromethyl-
ornithine (DFMO), an inhibitor of ODC, on tumour yield
from beta radiation was tested in female ICR mice [O12]. The
chronic radiation exposure consisted of three times 3 Gy
90Sr/90Y surface dose per week to the back. DFMO was added
to the drinking water in a final concentration of 1%. It
significantly delayed the time of tumour emergence from 245
days with radiation exposure only to 330 days in animals also
given DFMO. The antagonistic effect of DFMO was also
observed for bone tumours.

90. Monchaux et al. [M61] addressed the important
question of possible synergistic contributions from diesel
fumes present in mine air to radon-induced lung tumours.
Three groups of 50 male Sprague-Dawley rats were exposed
to radon (1,000 WLM) and/or diesel exhaust (300 hours;
22�25 ppm CO and 4�5 mg m�3 diesel particles), with the
diesel exposure succeeding the radon exposure by one month.
Contrary to the strong synergistic effect of cigarette smoke
found in this system (discussed under tobacco), exhausts had
only a slight, non-significant effect on the risk for thoracic
tumours from radon. Diesel exhausts alone were not carcino-
genic.

91. Since phosphorylation and dephosphorylation of
proteins play an important role in cellular metabolism,
Nakamura and Antoku [N21] studied the effect of

calyculin A (CL-A), a specific inhibitor of protein
phosphatase 1 and 2A isolated from the marine sponge
Discodermia calyx, on x-ray-induced cell killing in
cultured mammalian cells (BHK21). At concentrations
above 2.5 nM, CL-A enhanced the radiation effect
considerably. As also shown in another cell culture system
with the inhibition of protein kinases [H40], agents that
interfere with protein-kinase-mediated signal transduction
after radiation exposure may enhance damage and
represent a new class of radiosensitizers.

92. Many non-genotoxic agents clearly produce strong
synergistic effects with ionizing radiation. The combined
effects of this class of agent are summarized in Table A.1.
Table A.3 lists more detailed effects of TPA, probably the
best-studied modifier of genotoxic agents, on several
endpoints. These studies are of great importance for the
elucidation of mechanisms affecting expression of risk. At
this stage, however, no functional analogues of potent
experimental enhancers of radiation risk, such as TPA or
DNA bases, are known to exist in critical concentrations in
the human environment.

3. Tobacco

93. The important interaction of tobacco smoke and
radiation was introduced in the main text of this Annex.
Epidemiological studies of uranium miners have allowed
the risks and interaction coefficients to be quantified, at
least for higher radiation doses. The complex composition
of tobacco smoke makes the interaction not simplya binary
combination, however. Some 4,000 individual chemical
components of cigarette smoke have been identified, and a
number of additional unidentified components surely exist
(for example, extremelyreactive, short-lived compounds or
those present in very low concentrations) [G1]. Identified
compounds in smoke include several known carcinogens of
the polycyclic aromatic hydrocarbon and nitrosamine
classes.

94. The studies reviewed below refer to mainstream
smoke, sidestream smoke, or environmental tobacco
smoke. Mainstream smoke is defined as the smoke
originating from the butt end of a cigarette; it is generated
during the active puffing process. Sidestream smoke is the
smoke released at the burning tip of a cigarette, whether
the cigarette is being puffed or simply smoldering. Lastly,
environmental tobacco smoke is a mixture of sidestream
smoke and exhaled mainstream smoke. This term most
accurately describes the smoke that would be found within
an enclosed space with a smoker present. Tobacco smoke
contains relatively small amounts of DNA-reactive
carcinogens, such as nitrosamines, polycyclic aromatic
hydrocarbons, and pyrolysis products, such as carbolines.
Hence enhancing and promotional factors, e.g. catechols,
other phenols, and terpenes, are an important component.
Probably because it reduces pressure from the action of
promoters, discontinuation of smoking progressively
reduces the risk of cancer development with time since
withdrawal [W1].
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Table A.3
TPA as a modulator of transformation and cancer yield from ionizing radiation

Endpoint Experimental system Interaction Proposed mechanism Outcome Ref.

Transformations
in surviving cells

10T½ cell culture x rays, TPA Initiation, promotion Higher linear yield
Loss of threshold

(see Figure V)

[H3]

Transformations
in surviving cells

10T½ cell culture x rays/neutrons, TPA Initiation, promotion Enhancement factor
greater

at lower exposures
RBE of neutrons

enhanced
at higher doses

[H3]

Transformations
in surviving cells

10T½ cell culture Radiation, TPA Two genetic steps,
epigenetic modulation

Genetic effect fading
with culture time

TPA interferes with
cell-cell

interaction

[L24]

Squamous-cell
carcinoma

CD-1 mice Beta radiation, TPA;
MNNG, TPA, beta

radiation

Initiation, promotion,
progression

High papilloma yield
with

TPA only
Progression to

carcinoma
by radiation

[J1]

Skin papilloma Mice Beta radiation, TPA;
DMBA, beta radiation

Initiation, promotion Promotion by repetitive
irradiation different

from TPA

[O2]

Skin papilloma SHR mice Radiation (4.2 Gy)
to father

TPA to offspring
F1 and F2

Genetic modification,
promotion

Skin tumours elevated
in

TPA-treated offspring
Weaker effect in female

offspring

[V5]

(a) Epidemiological studies

95. In the last few years, joint analyses of original data
sets [C1, L18] and meta-analyses of published results [T14]
have yielded detailed assessments of risk patterns from
combined exposure to high-LET alpha radiation from
radon and its short-lived decay products and tobacco
smoke, and have allowed investigators to test risk models.
The most comprehensive and complete analysis of radon-
induced health risks was published by Lubin et al. [L18].
The review contains a joint analysis of original data from
11 studies of male underground miners; 2,736 lung cancer
deaths among 67,746 miners were observed in 1,151,315
person-years. A linear relationship was found for the ERR
of lung cancer with the cumulative exposure to radon
progeny, estimated in working level months (WLM). This
coefficient (ERR/WLM) was stronglyinfluenced byvarious
factors. Contrary to the low-LET experience from Hiro-
shima and Nagasaki, ERR/WLM decreased significantly
with attained age and time after cessation of exposure to
radon progeny. A stronger decline of risk with time since
exposure than in survivors of the atomic bombings was
also found. A considerably higher lung cancer risk was
initially found for exposures received at low rates as
compared with high rates. Depletion of stem cells at risk in
high dose rate exposures was implied. However, the
epidemiological database was said to be too weak to project

this indication of an inverse dose-rate effect to non-
occupational settings, i.e. to typical indoor radon exposures
and exposure rates [L18]. Also, a recent reassessment of
the Beaverlodge cohort, which earlier on gave the strongest
indication of such an effect, no longer does so. Revised
exposure estimates of this study of miners with relatively
low exposures now bring the modifying effects of risk with
time since exposure and age at risk in line with those from
other studies [H46]. The highly significant decrease in
ERR with time since exposure may be explained with
microdosimetric considerations. In the case of high-LET
alpha radiation from radon progeny, the minimal local
dose from one single alpha track averaged over a cell
nucleus is already in the range of several hundred milli-
gray, whereas one electron track yields a dose to the nucleus
in the range of only 1�3 mGy. This means that even at the
lowest possible nuclear dose from alpha exposure, stem cells
that are hit carry a multitude of DNA lesions, which may
considerably impair long-term cell survival and maintenance
of proliferative capacity [B25, B27].

96. In the joint analysis by Lubin et al. [L18], data on
smoking were available for 6 of the 11 cohorts, but assess-
ments were limited by incomplete data on lifetime tobacco
consumption patterns and sometimes exotic tobacco use, such
as in water pipes in the Chinese study. Most studies for which
smoking data could be analysed were generally not informa-
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tive enough to allow deciding between an additive or a multi-
plicative joint relationship for radon progeny and smoking.
The Chinese cohort seemed to suggest an association more
consistent with additivity, while the Coloradocohort suggested
a relationship more consistent with a multiplicative inter-
action. For all studies combined, the joint relationship of
smoking and radon progeny exposures with lung cancer was
stable over the different age groups and deviated quite clearly
from either a purely additive or a multiplicative relationship.
The most recent analyses of the BEIR VI Committee [C46],
which were based on an update of these data, suggest that the
joint effect is statistically closer to a multiplicative than an
additive interaction. To further characterize the association,
more detailed data on tobacco use would be needed. Age at
onset of smoking, amount and duration of smoking, and type
of tobacco were recognized as important determinants of risk.
Such a refined analysis of smoking patterns is possible only in
the prospective part of ongoing studies and is subject,
furthermore, topotential bias in the affected individuals owing
to the rapidly decreasing public acceptance of smoking. In
general, the single-exposure subcohorts of lifetime non-
smokers are very small in all studies. The statistical power of
the conclusions on the interaction between radon and tobacco
smoke is correspondingly small. Applying the two-mutation
clonal expansion model ofcarcinogenesis ofMoolgavkar et al.
todata from the Coloradoplateau miners shows no interaction
between radon and tobacco smoke in any of the three steps
[M39], but the predicted lung cancer incidence caused by
radon and smoking remains more than additive and less than
multiplicative, an indication of isoadditivity.

97. Microdosimetric considerations are also important in
extrapolating the inverse dose-rate effect found for
oncogenic endpoints caused by alpha radiation in general
and for lung cancer in miners [L36]. Brenner [B40]
postulated that protraction enhancement is a mechanism
limited to cells receiving multiple hits over a human
lifespan. Since a typical domestic exposure to radon
progeny of 14 WLM yields a very small probability of
multiple traversals in a cell nucleus (<1% for the most
highly exposed stem cells in the tracheobronchial
epithelium), dose-rate effects are probably of no relevance,
and lung cancer risk per unit exposure will not increase
further at low radon levels.

98. Two recent analyses by Yao et al. [Y7] and Thomas et
al. ([T18] with erratum) on the radon-smoking interaction
showed a considerable influence of timing of exposures. The
former study found a higher lung cancer risk for exposure to
radon progeny and tobacco use occurring together as
compared to radon exposure preceding tobacco use. The
second study on Colorado uranium miners found a
significantly more-than-multiplicative effect for smoking
followed by radon, whereas radon exposure followed by
tobacco use produced an essentially additive effect. These
findings are in conflict with earlier notions based on
experimental results in rats, whereby radon is an initiator and
tobacco smoke, a promoter [G20]. However the relevance of
this animal system is questionable, because tobacco smoke
alone does not produce lung tumours in this system.

99. Despite the remaining uncertainties, it is quite clear that
the joint effect of radon progeny exposure and smoking is
greater than the sum of each individual effect. The combined
analysis [L18] shows that a linear exposure-response estimate
for radon and lung cancer is compatible with the data and
gives a relative risk that is about three times higher in non-
smokers than in smokers. Assuming a 10-fold difference in
the tobacco-caused lung cancer risk between smokers and
non-smokers, this means that the lung cancer risk for smokers
expressed in absolute terms is higher by a factor of about 3.
Such a supra-additive effect, if also demonstrated to hold for
present occupational and non-occupational exposure settings,
would be of great importance for the regulation of smoking
and radon progeny in the human environment. Until now,
little quantitative evidence has come from indoor radon
studies. The few case-control studies published are incon-
clusive [A28, P11]. Only one larger study [P11] was indica-
tive of an indoor radon risk and its modification by tobacco
that is comparable to what is predicted from miner studies. It
remains doubtful whether the results from the many case-
control studies under way will in the near future allow
narrowing of the uncertainties that surround indoor radon risk
and possible interactions with smoking. Based on inconclu-
sive results from 1,000 computer-simulated large case-control
studies assuming an ERR of 0.015 WLM�1, Lubin et al. [L33]
questioned the assumption that epidemiological studies, even
when pooled in meta-analyses, will produce reliable estimates
of risk from residential radon exposure. Errors in exposure
assessment, migration, and confounding bysmokingareat the
root of this pessimistic assessment. At least for the second
confounder, studies in Europe based on much longer mean
residence times may offer better statistical power. Several
large indoor case-control studies under way will narrow
uncertainties in the next few years. First results from the
United Kingdom [D33] and Germany[W35] are indicative of
a lung cancer risk in the range of ICRP projections. However,
confidence intervals are relatively large and include zero risk
in most analyses.

100. Because of the limitation of the indoor radon studies,
risk estimates based on miner data remain the main basis
for predicting lung cancer from indoor radon exposure. A
best linear estimate of the risk coefficients found in the
joint analysis of Lubin et al. [L18, L35] for the indoor
environment indicates that in the United States, some
10%�12%, or 10,000 cases, of the lung cancer deaths
among smokers and 28%�31%, or 5,000 cases, of the lung
cancer deaths among never-smokers are caused by radon
progeny. About half of these 15,000 lung cancer deaths
traceable to radon would then be the result of overaddi-
tivity, i.e. synergistic interactions between radon and
tobacco. Based on the same risk model, Steindorf et al.
[S47] predicted that about 7% of all lung cancer deaths in
the western part of Germany are due to residential radon.
This corresponds to 2,000 deaths per year, 1,600 in males
and 400 in females. The attributable risk estimate was
4%�7% for smokers and 14%�22% for non-smokers. The
most recent central estimates for the proportion of radon-
attributable lung cancer deaths in the United States in 1995
was recently provided by the BEIR VI Committee [C46] in
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1998, based on an updated data set of the miners studies
reported by Lubin et al. [L18]. The Committee applied a
sub-multiplicative relation to model the joint effect of
tobacco smoking and radon. Depending on two different
models (exposure-age-concentration model or exposure-
age-duration model) about 14% or 9% of all lung cancer
deaths among ever-smokers and 27% or 19% among
never-smokers were estimated to be attributable to radon.
Because of the many differences between mines and homes
and the additional carcinogens such as arsenic, dust and
diesel exhaust in mine air, these figures should be
interpreted with caution. A population-based case-control
study of incident lung cancers among women in Missouri
who where lifetime non-smokers or long-term ex-smokers
yielded a very low and non-significant estimate of the
attributable lung cancer risk from radon in non-smokers
[A4].

101. It has been questioned whether toxicants other than
joint exposures to radon progeny and cigarette smoke
contribute considerably to the high lung cancer risk found
in miners [I5]. Heavy exposures to mine dust containing
silicates, diesel exhausts, and fumes from explosives may
add to or combine with the two main lung carcinogens,
radon and cigarette smoke. Patients who received thoro-
trast continuously exhale the veryshort-lived 220Rn derived
from 232Th deposits in the body and therefore provide a
model for lung carcinogenesis by radon without con-
comitant dust exposure. Ishikawa et al. [I5] studied the
lung cancer incidence in a Japanese thorotrast cohort and
found 11 lung cancer cases in 359 thorotrast autopsy cases.
The analysis revealed that while the proportion of small-
cell lung cancer considered to be related to alpha radiation
was significantly increased, the overall lung cancer inci-
dence was not significantly higher than in controls, in spite
of the high levels of 220Rn in the patients' breath. The
authors took this as an indication that the risk for radon-
induced lung cancer is not as high as expected from risk
coefficients deduced from miner studies. To substantiate
this hypothesis, the build-up of 220Rn decay products in the
lung air space before exhalation and the resulting exposure
to critical stem cells would have to be quantified.

102. Owing to the generally good linear correlation
between radon progeny exposure and lung cancer in the
major miner studies, few additional carcinogens in mine
dust were considered in depth. Toxic metals are, however,
of special concern. Results from the Chinese [X1],
Canadian (Ontario), [K21] and Czech [T41] cohorts
showed arsenic to be an important additional risk factor for
lung cancer. Adjustment for arsenic exposure reduced the
radon risk estimate in these cohorts considerably. Even in
the most recent joint analysis by Lubin et al. [L18], other
mine exposures were difficult to interpret, since the
information was quite limited and of poor quality. In most
cases these concomitant exposures to suspected
carcinogens or promoters are typically highly correlated
with radon progeny exposures in a given study and
therefore difficult to assess independently (see also
following Section B.4).

103. The mechanism of interaction between DNA lesions
caused by radon progeny and those caused by chemical
toxicants contained in tobacco smoke is not known. There
is clear evidence that the prevalence ofmutations in critical
genes is dependent on the type of insult. The most common
known gene mutations in lung cancer cells are found in the
tumour-suppressor gene p53, which is thought to be crucial
in the initiation of this and many other types of cancer.
Several groups analysed the molecular changes in the
conserved regions of the p53 gene in lung cancer tissue and
reported differences between non-smokers (survivors of the
atomic bombings and unirradiated controls), Japanese
smokers, and uranium miners with high radon exposures
[T12, T13] (see also Annex F, “DNA repair and muta-
genesis”). The non-smokers from Hiroshima showed
mainly transition mutations (all G:C to A:T) but no G:C to
T:A transversions. By contrast, the changes in 77 Japanese
smokers showed a predominance of G:C to T:A
transversions in which the guanine residues occur in the
non-transcribed DNA [T12]. In 16 of 52 lung cancers of
miners, a specific transversion AGG to ATG at codon 249
was reported [T13]. The prevalence of 31% for this
mutation in miners was compared with only 1 reported
case in 241 published p53 mutations from lung cancers in
the general population (mainly smokers). Such a marker
might help to define a causal relationship, but even in the
first study, only a minor fraction of the p53 genes from
lung cancer tissue of miners, all of whom had a unique
genotoxic exposure, showed the specific change. However,
later studies were not able to confirm the initial finding
[B73, L53]. As was pointed out, a multitude of different
primary lesions can lead to the same cellular and clinical
endpoints, in this case a non-functional repressor protein
and lung cancer, respectively, and highly specific mole-
cular markers of single agents in all affected individuals
are not to be expected.

104. A difficult matter of some concern for the protection
of the public is the combined exposure to indoor radon
progeny and environmental tobacco smoke. The presence
of environmental tobacco smoke in homes has been
implicated in the causation of lung cancer. In the absence
of direct epidemiological information, the clearly higher-
than-additive combined effects of smoking and radon
progeny in mine air may lead to the application of a
multiplicative model for risk assessment. While of interest
in its own right, environmental tobacco smoke also
influences the risk imposed byradon and its decayproducts
through its strong influence on aerosol characteristics. The
interaction between radon progeny and environmental
tobacco smoke alters the exposure, intake, uptake,
biokinetics, dosimetry, and radiobiology of those progeny.
Crawford-Brown [C10] developed model predictions of the
various influences of environmental tobacco smoke on
these factors in the population of the United States and
provided estimates of the resulting change in the dose from
average levels of radon progeny. It was predicted that
environmental tobacco smoke produces a very small, non-
measurable increase in the risk of radiation-induced
tracheobronchial cancer in homes with initially very high
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particle concentrations for both active and never-smokers
but that it significantly lowers the dose in homes with
initiallylower particle concentrations for both groups when
generation 4 of the tracheobronchial tree is considered the
target site. For generation 16, the presence of
environmental tobacco smoke generally increases the lung
dose from radon progeny, although the increase should be
unmeasurable at high initial particle concentrations.
Although the author shows that the dose-modifying effects
of environmental tobacco smoke are negligible, the main
problem, a potential synergism between environmental
tobacco smoke and radon progeny, was not assessed.

105. A smaller but still considerable cohort may be at risk
from the combined effects of low-LET radiation and tobacco
smoke, namely cigarette-smoking women who underwent
breast cancer radiation therapy. Ionizing radiation has already
been shown to be a lung carcinogen after breast cancer
radiation therapy. Neugut et al. [N4] used a case-control study
to explore whether cigarette smoking and breast cancer
radiation therapy have a multiplicative effect on the risk of
subsequent lung cancer. Case and control women were
persons registered with primary breast cancer in the
Connecticut Tumour Registry who developed a second
malignancy between 1986 and 1989. Cases, i.e. those
diagnosed with a subsequent primary lung cancer, were
compared with controls diagnosed with a subsequent non-
smoking, non-radiation-related second malignancy, and age-
adjusted odds ratios were calculated with logistic regression.
No effects from radiation therapy were observed within 10
years of initial primary breast cancer. Among both smokers
and non-smokers diagnosed with second primary cancers
more than 10 years after an initial primary breast cancer,
radiation therapy was associated with a threefold increased
risk of lung cancer. A multiplicative effect was observed, with
women exposed to both cigarette smoking and breast cancer
radiation therapy having a relative risk of 32.7 (95% CI:
6.9�154) (Figure A.III). Further evidence for a direct causal
relationship was the observation that the carcinogenic effect
of radiation was seen only for the ipsilateral lung and not for
the contralateral lung in both smokers and non-smokers. The
authors concluded that breast cancer radiation therapy, as
delivered before 1980, increased the risk of lung cancer after
10 years in non-smokers, and a multiplicative effect was
observed in smokers. The significance of the findings is,
however, strongly reduced by the fact that the study also
indicates a large difference in the incidence of ipsilateral and
contralateral lung tumours for smokers who had no radiation
therapy(FigureA.III), resulting in concernsabout unidentified
bias [I10]. A similar case-control investigation was based on
61 lung cancer cases from the Connecticut Tumour Registry
who had received radiation therapy for the treatment of breast
cancer [I9]. The authors of this study found no indication of
a strong positive association between smoking and radio-
therapy in the 27 cases where information on cigarette use
was available. Therefore, it is not possible at this stage to
decide whether current treatment practices involving much
lower radiation doses to the lung may need to be reassessed in
view of the detriment (late stochastic effects) for young breast
cancer patients who smoke.

Figure A.III. Age-adjusted relative risk of lung cancer
for separate or combined exposures to radiation and
cigarette smoke [N4].

106. Long-term survivors of Hodgkin's disease display an
increased lung cancer risk. Van Leeuwen et al. [V7] con-
ducted a case-control study with 30 lung cancer cases from a
cohort of 1,939 patients treated for Hodgkin's disease from
1966 through 1986 in the Netherlands to investigate the
effects of radiation, chemotherapy, and smoking. Comparing
patients who had a radiation dose of more than 9 Gy to the
area where malignant growth developed with those who had
less than 1 Gy, the relative risk was 9.6 (95% CI: 0.98�98, p
for trend = 0.01). Patients smoking more than 10 pack-years
(number of years with more than 1 pack per day) after
diagnosis had a sixfold higher risk than patients with less than
1 pack-year. A multiplicative interaction was observed
between the lung cancer risk from smoking and from
increasing levels of radiation. On the other hand, no such
trend was found with the drugs mechlorethamine or pro-
carbazine, either in relation to the number of cycles of
chemotherapy or to cumulative dose. It was suggested that
Hodgkin's disease patients should be dissuaded from smoking
after radiotherapy [V7].

(b) Animal studies

107. Although there are no well-suited animal model
systems in which to examine potential carcinogenic inter-
actions between environmental tobacco smoke and
radiation, the issue of interactions between exposure to
mainstream cigarette smoke and either radon or 239PuO2

has been examined. Relationships between increased risk
for lung cancer in animals and exposure to radon and/or
radon progeny [G11] or to 239PuO2 [C2] have recently been
reviewed.

108. Studies conducted in France involved the whole-body
exposure of rats to diluted mainstream cigarette smoke
administered either before or after exposure to radon [C9].
Rats received high-level exposures to smoke for ten 15-
minute periods four times weekly for one year. Smoke
exposures given before the exposures to radon did not
influence radon-induced tumour incidence, but smoke
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exposures given after radon exposure increased the tumour
incidence by a factor of 2�3 over rats receiving radon
alone. These data indicated that cigarette smoke may have
acted to promote radon-induced carcinogenesis, as
reviewed in the UNSCEAR 1982 Report [U6].

109. In contrast, studies conducted on dogs exposed to the
smoke from 10 cigarettes per day for 4�5 years combined
with radon suggested that the incidence of lung tumours
was less than that in dogs receiving radon alone [C21].
Lung tumours were produced in 8 of 20 dogs receiving
radon alone, whereas tumours developed in only 2 of 20
dogs receiving both agents. The investigators speculated
that increased mucus flow may have led to a reduced
radiation dose to target cells in the smoke-exposed dogs;
however, the small number of animals made interpretation
of these results difficult.

110. Thus, despite the directly relevant epidemiological
data on smoking and albeit high exposure to radon
progeny, a significant problem remains, for example, for
extrapolations to lowexposures, in that the epidemiological
and animal data related to lung cancer are in agreement for
rats [C9] but in disagreement for dogs [C21]. Archer [A21]
tried to explain this disagreement by advancing a
hypothesis based on an additive interaction of the two
agents at the level of initiation and on temporal differences
of cancer expression. The hypothesis is that among cigarette
smokers a given radiation exposure induces a finite number of
lung cancers that have shorter latency periods as a result of
the cancer-promoting activity of smoke.

111. In a study with hamsters exposed to 210Po,
benzo(a)pyrene was used as a substitute for tobacco smoke
[L24]. As compared with animals exposed only to ionizing
radiation (lung cancers incident in about 3% of the
animals) or only to benzo(a)pyrene (no incident cases in
over 280 treated animals), animals receiving benzo(a)-
pyrene instillations after exposure to ionizing radiation
were at a much higher risk (about 50%) of developing a
lung tumour. It is noteworthy that the instillation of saline
after radiation exposure also induced lung tumours in
about 30% of the animals.

112. Douriez et al. [D30] investigated the role of
cytochrome P-450 1A1 (CYP1A1) inducers on radon-
induced lung cancers in rats. CYP1A1 is the member of
the cytochrome P-450 gene family producing the most
mutagenic activation products from polycyclic hydro-
carbons. All three inducers tested (methylcholanthrene,
5,6-benzoflavone, 2,3,7,8-tetrachlorodibenzo-p-dioxin)
increased the incidence of epidermoid carcinoma to 100%,
independent of whether the inducer itself was converted to
a powerful carcinogen or not. Depletion of retinoid acid in
CYP1A1-stimulated rats is implicated as a further step
leading to increased susceptibility to lung cancer. Since
tobacco smoke is a powerful inducer of CYP1A1, this
mechanism could account for the supra-additive effects in
radiation-exposed smokers.

113. Preliminarystudies on an interaction between 239PuO2

and cigarette smoke were reported by Talbot et al. [T2].
The experiments were designed to show whether exposure
to cigarette smoke for 12 months enhances the incidence of
lung tumours in mice that had previously inhaled 239PuO2.
The main difference found was a reduced growth rate in
both smoke- and sham-exposed mice relative to that of
cage controls. After 3 months of treatment, histopathology
and morphometry of lung sections found only slight
smoke-induced changes. On a per-unit-area basis, these
changes included a reduced proportion of alveolar space
and an increased number of pulmonary alveolar
macrophages that were larger than those from sham-
exposed or control mice and had an increased proportion
of binucleated cells. All mice in a second study were
initially exposed to 239PuO2, then subsequently divided into
three treatment groups as above. Cigarette smoke exposure
was shown to increase lung weight and inhibit clearance of
239Pu from the lung. The authors pointed out a dosimetric
problem: the group receiving 239PuO2 and subsequently
tobacco smoke would receive a higher radiation dose to the
lung than those receiving 239PuO2 alone. Although this
aspect is important for elucidating the mechanisms by
which synergism or antagonism occur, for radiation
protection, an apparent combined effect traced to a
modification of exposure/dose conversion factors by one
agent would still be considered synergism or antagonism.

114. A cigarette-smoke-induced reduction in the lung
clearance of inhaled 239PuO2 was also observed in a study
in rats [F15, F28]. Animals were first exposed by a whole-
body inhalation mode to diluted mainstream cigarette
smoke at a concentration of 100 or 250 mg m�3 of total
particulate matter for six hours per day, five days per week.
Control rats received filtered air alone. After three months,
all groups of rats received a single pernasal exposure to
radioactively labelled insoluble tracer particles; then the
rats were returned to their respective cigarette smoke or
filtered air exposure. External whole-body counting of the
tracer was continued for six months, and substantial
smoke-induced clearance inhibition was found. Lifetime
radiation doses were 3.8 Gy, 4.4 Gy, or 6.7 Gy for the
control, 100 and 250 mg m�3 total particulate matter
groups, respectively [F28]. The results for the highest level
of cigarette smoke exposure suggested that the radiation
dose increased by a factor between 1.6 and 1.7 by this
effect, compared with the group of rats receiving filtered
air alone. It should be noted that cigarette smoking has
been shown to reduce the lung clearance of relatively
insoluble particles in humans as well as in animals [C5].

115. The study described above is part of a carcinogenicity
experiment in which 2,170 male and female F344 rats
received exposures tocigarette smoke and/or 239PuO2 [F17].
Groups of animals were exposed for up to 30 months to
filtered air or to low or high concentrations of cigarette
smoke. For each of these groups, approximately one half of
the rats also received a single pernasal inhalation exposure
to 239PuO2 that resulted in an initial lung burden of
approximately 400 Bq. Cigarette smoke exposure did not
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markedly influence survival, but it did result in decreased
weight gain and a variety of lung lesions such as alveolar
macrophagehyperplasia, interstitial fibrosis, chronic-active
inflammation, hyperplasia of the alveolar epithelium, and
bronchial mucous-cell hyperplasia. A preliminary evalua-
tion of lung cancer in females indicated that crude lung
tumour incidences were approximately 7% in rats exposed
to high concentrations of smoke, 20% in rats exposed to
239PuO2, and 74% in groups receiving both agents (Figure
A.IV). Thus, the interaction was clearly synergistic. This
study illustrates the manner in which a dose from one agent
can be markedly affected by exposure to a second agent,
leading to a clear synergism in carcinogenic response. Less
certain, however, is the extent to which the interaction
resulted strictly from the impaired clearance (and associated
increased radiation dose) in the combined exposure groups
rather than a more fundamental interaction between the
radiation and cigarette smoke constituents at the molecular or
cellular level. Another mechanism by which synergism could
occur might relate to the localized radiation dose rather than
the dose to the whole organ. For example, the synergistic
interaction between smoking and radiation in this example
could result from the alpha radiation dose delivered at the site
of smoke-induced lung lesions, where the processes of cell
hyperplasia, fibrosis, and activated phagocytes were already
occurring.

Figure A.IV. Incidence of lung tumours in female rats
exposed to plutonium dioxide in combination with
varying levels of cigarette smoke [F17].

116. In an early study by Cowdry et al. [C49], the carcino-
genicity of 90Sr beta irradiation to the skin of Swiss mice
applied twice weekly and 3 tar paintings per week to
distributed skin areas was studied. Surface doses were
about 2 Gy per fraction and 200 Gy totally. Skin tumour
incidences after 30 months were 12.3% for radiation alone,
42.9% for tar paint alone, and 61.3% for the combined
treatment. It was concluded that there is no synergism
between the two carcinogens in the study system. It is
noteworthy that a monthly skin irradiation of several Gy
surface dose did not produce any skin tumours, whereas in
the control group onlypainted with acetone (the solvent for
cigarette tar) an incidence of 6.8% was seen after
30 months.

117. In view of the many active substances contained in
cigarette smoke, possible interactions are very numerous.
It is outside the scope of this Annex to cover this fully, but
the many reported interactions of caffeine with cigarette
smoke components may merit mention, especially because
caffeine at higher concentrations also modifies the effects
of ionizing radiation. Rothwell [R13] found an inhibition
of cigarette-smoke-induced carcinogenesis in mouse skin
by caffeine. Other recent reports showed an inhibition of
tobacco-specific nitrosamine-induced lung tumorigenesis
in A/J mice by polyphenols extracted from green tea and
cruciferous vegetables [C24, X2]. It is believed that these
dietary compounds act as antioxidants (see also Section B.6).

(c) Cellular studies

118. To examine the interaction between radiation exposure
and smoking, Piao and Hei [P8] studied the toxicity and
oncogenic transforming incidenceofalpha-particle irradiation
with and without concurrent exposure to cigarette smoke
condensate on C3H10T½ cells in vitro. In this system,
additive modes of interaction between cigarette smoke
condensate and ionizing radiation were observed for the
oncogenic transforming potential of both gamma rays and
alpha particles. In a recent study made possible by the
development of charged-particle microbeams, it was shown
that even for radon alone, induction of transformation in
C3H10T½ cells in vitro from exactly one alpha particle was
significantly lower than for a Poisson-distributed mean of one
alpha particle through a cell nucleus [M66]. This implies that
cells traversed by multiple alpha particles contribute most of
the risk, and that a linear extrapolation from high exposures
may overestimate the transforming potential of high-LET
radiation in low-level exposures. If generally applicable, such
results would speak against the potential of combined effects
at low exposures to surpass values expected from linear dose-
effect relationships and additivity.

119. The combined genotoxic effect of cigarette smoke
condensate and gamma radiation was also studied in a simple
eukaryotic organism [S8]. The induction of gene conversion
in diploid yeast (Saccharomyces cerevisiae) strains was
investigated following exposure tocigarettesmokecondensate
and gamma radiation. Cells exposed to a combination of
cigarette smoke condensate and low-LET radiation showed an
additive response irrespective of the order of treatments. The
system also showed large differences in sensitivity depending
on growth status, with log-phase cells being 2�3 times more
sensitive than stationary cells. The relevance of these findings
is limited by the fact that critical toxicants in tobacco smoke
require activation by biotransformation, a mechanism that is
highly species- and tissue-specific.

(d) Summary

120. In summing up the many results from the well-
studied interaction between tobacco smoking and high
levels of radon exposure, it can be stated that this
important combined exposure leads to clearly overadditive
effects for lung cancer in humans. Some of the more
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important findings are summarized in Table A.1. The quite
different dose-effect relationships for the two agents,
apparently linear for radon and clearly non-linear for
tobacco smoke, speaks against iso-addition and for a true
synergism. However, large uncertainties remain with
regard to quantifying the health effects of these important
agents at prevailing levels of combined exposures in the
present-dayworkplace and in non-occupational settings. In
view of the complexities involved in the toxicological
assessment of tobacco smoke, which is itself a combination
of genotoxic and non-genotoxic agents, it is not possible at
this time to extend inferences from mechanistic considera-
tions to low combined exposures. Several large case-
control studies under way involving non-occupational
exposures may help to solve this enigma by creating better
estimates and reducing the uncertainties surrounding
synergistic effects from smoking and radon.

4. Metals

121. Toxic metals are important trace pollutants in the
human environment. They interact in many ways with cell
constituents and may produce oxidative gene damage or
influence enzyme activity at low concentrations, e.g. by
competing with essential metal ions [H38]. Carcinogenic
transition metals are capable ofcausingpromutagenicdamage
such as DNA base modifications, DNA-protein cross-links,
and strand breaks [K7]. The underlying mechanism seems to
involve active oxygen and other radicals arising from metal-
catalysed redox reactions. Cadmium, nickel, cobalt, lead, and
arsenic may also disturb DNA repair processes [H48]. Lead
neurotoxicity, an example of an important non-genotoxic
metal effect, is a result of intracellular regulatory dysfunction
caused by this heavy metal. Lead activates calmodulin-
dependent phosphodiesterase, calmodulin-sensitivepotassium
channels,andcalmodulin-independent protein kinaseC(PKC)
[G31]. The latter effect alreadyoccurs at picomolar concentra-
tions and indicates second messenger metabolism as a
potential sensitive site for the disruptive action of lead.
Epidemiologicallyproven metal lung carcinogens are arsenic,
cadmium, chromium, nickel, and antimony [M65]. In the
critical field of underground mining, possible metal effects
have to be assessed together with high-LET radiation from
radon. Arsenic in particular has been shown to be a major risk
factor in combined exposures to mineral dust, radon, metals,
and diesel fumes [K48, T5]. Therisk-enhancing effects of iron
dust seems to be limited to very high dust concentrations,
leading to changes in lung function [B74]. An elevated
stomach cancer risk in Ontario gold miners was statistically
associated with chronium exposures but not with arsenic,
mineral fibres, or diesel emissions [K50].

122. Multiple exposures to radon, arsenic, and tobacco
smoke were common in several uranium mines (see also
Section B.3). An assessment of 107 living tin miners who
had lung cancer and an equal number of age-matched
controls from tin miners without lung cancer provided no
evidence for synergism between radon and arsenic or
between arsenic and smoking [T5]. That there is no
obvious synergism between this heavy metal and radon

progeny exposure is implied by the fact that the risk of
lung cancer among workers exposed to arsenic (and radon)
in mining only is slightly less than for miners whose exposure
came from smelting operations. In a study on gold miners
with quite low radon exposures, linear regressions indicated
that exposure to 1 WLM of radon decay products increases
lung cancer mortality rates by 1.2%, a finding comparable to
other studies, and that each year of employment in a poorly
ventilated mine (before 1946) with an arsenic content of the
host rock of 1% is associated with a 31% increase in lung
cancer mortalityrates [K21, K51]. Adding an interaction term
to allow for a deviation from additivity for the combined effect
of arsenic and radon decay products did not improve the fit.
Noteworthy is the fact that the duration of the arsenic
exposure seems to be more important than its intensity [T5].

123. The induction of radical-scavenging metallothionein by
higher concentrations of heavy metals may confer protection
against ionizing radiation. Single ip injection of cadmium
(1 mg kg�1) two hours before radiation exposure increased
the yield of DNA lesions in peripheral blood lymphocytes
of mice, but cadmium injection 24�48 hours in advance of
ionizing radiation reduced DNA damage in lymphocytes in
comparison with untreated animals [P27]. In this study the
protective effect was due to reduced levels of initial DNA
damage per unit dose of radiation as well as accelerated
DNA repair measured in a single-cell gel assay.

124. Beryllium is another metal that has been examined
for potential interactions with radiation. Although not
considered to be a genotoxic metal [A10], beryllium is a
known animal carcinogen and has recently been classified
as a demonstrated human carcinogen [W9]. The potential
for carcinogenic interactions between inhaled beryllium
oxide and 239PuO2 was examined in rats [S42]. The agents
were administered alone or in combination at initial lung
burdens of 1�91 µg beryllium and 0.15�6.7 kBq 239Pu.
Beryllium oxide exposure induced few tumours and did not
markedly influence Pu-induced lung tumorigenicity,
despite the fact that beryllium oxide exposure decreased the
clearance of 239Pu from the lung and thus served to increase
the total radiation dose to the lung.

125. Another ongoing study investigates the potential
carcinogenic interactions between inhaled beryllium metal
and 239PuO2 in some 5,456 male and female F344 rats [F1].
Preliminaryresults from the studydemonstrate that inhaled
beryllium metal is a potent rat lung carcinogen; over 90%
of rats that survived at least 12 months after inhaling an
initial lung burden of 450 µg beryllium developed benign
and/or malignant lung tumours [F12]. At lower lung
burdens of approximately 50 µg beryllium, some 65% of
exposed rats (39 of 60 rats) developed at least one
malignant lung tumour. When this level of beryllium was
combined with a lung burden of 60 and 170 Bq 239PuO2,
which alone caused crude malignant lung tumour
incidences of 8% (6 of 60 rats) and 7% (2 of 27 rats),
respectively, crude tumour incidences ranged from 57%
(16 of 28 rats) to 90% (54 of 60 rats) [F16, F28]. Thus,
indications of a more-than-additive response were observed.
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As was the case for the cigarette smoke or beryllium oxide
exposures described above, inhalation of beryllium metal
was found to markedly decrease the clearance of 239PuO2

from the lung [F1], serving to increase the radiation dose
in groups receiving combined exposures and to leave in
question the role of beryllium-induced increased radiation
dose vs. a more fundamental interaction between the two
agents at the molecular or cellular level. In addition, the
investigators reported that exposure to beryllium markedly
reduced the median lifespan of exposed animals, and they
noted that a complete analysis of the combined carcino-
genic effects of the two agents would require an analysis
more sophisticated than an examination of crude tumour
incidence [F15]. Specifically, the authors noted that the
age-specific tumour incidence for the two agents alone and
in combination should be analysed, and it was noted that
this analysis is under way.

126. The potential for beryllium and x radiation
administered alone and in combination to affect cell-cycle
kinetics, cell killing, and induction of chromosomal
aberrations was examined in mammalian cell culture
(Chinese hamster ovary cells, Figure A.V) [B37]. Beryllium
was administered in a soluble form (BeSO4) at 0.2 or 1 mM
concentrations, and x rays at levels of 1 or 2 Gy. It was found
that exposure to beryllium significantly inhibited the capacity
of the cells to repair DNA damage induced by x rays. The
combined exposures were characterized by a multiplicative
model when total chromosomal aberrations were examined
hours after exposure. Both agents caused an accumulation of
cells in the G2/M stage of the cell cycle, and an analysis using
varying times between exposures suggested that the
multiplicative interaction observed may have been limited to
cells in the S and G2 stages of the cell cycle.

Figure A.V. Induction of chromosome aberrations in
Chinese hamster ovary cells from exposures to x rays
and beryllium [B37].

127. Micronucleus formation in mouse bone marrow
polychromatocytes as a measure of the modulation of the
mutagenic action of gamma rays by chromium and lead
salts was used by Vitvitskii et al. [V12]. Chromium (VI)

ions enhanced radiation effects in acute and chronic experi-
ments. Acute exposures of lead (II) ions below 15 mg kg�1

body weight had an antagonistic effect, i.e. they decreased the
number of gamma-ray-induced micronuclei, whereas higher
doses increased it. Chronic combined action of lead (III) ions
and gamma rays resulted in a lower yield of micronuclei. For
an extrapolation to environmental exposures and humans, an
elucidation of the underlying mechanisms, i.e. heavy metal
influence on cell kinetics and/or on DNA damage and repair,
will be necessary.

128. The combined effect of 134,137Cs and lead (Pb2+) at the
soil concentrations found in highly contaminated habitats
in the Russian Federation on the mutation rate in the plant
Arabidopsis thaliana (L:) Heynh has been investigated
[K42]. At concentrations of 220�2,500 Bq kg�1 and 16�320
mg kg�1, respectively, both antagonistic and synergistic effects
were seen. The radiation-induced mutation rate was
significantly reduced in the presence of 16 mg kg�1 Pb2+,
whereas higher lead concentrations increased the rate in
plants grown in soil with up to 1,000 Bq kg�1 radiocaesium.
At the highest radiation level and 32�320 mg kg�1 Pb2+, an
apparent decrease in the mutation rate was linked to a
large number of sterile seeds. In an ecological study, the
combined effect of zinc or cadmium and external radiation
on microbial activity in soil was determined by measuring
nitrogen fixation, dentrification, and CO2 flux [E20]. At
metal concentrations in soil of 10�100 mg kg�1 for Zn2+

and 0.5�16 mg kg�1 for Cd2+, small radiation doses ranging
from 3.6 to 12 mGy led to a supra-additive effect in the
inhibition of microbial activity in soddy-podzolic soil. It
was further shown that the enzyme level of invertase
increased in combined exposures, whereas catalase and
dehydrogenase activities were lower [E19].

129. A sensitive assay in spring barley (Hordeum
vulgare L.) leaf meristem to record effects from ionizing
radiation and/or heavy metals was developed by Gerask’in
et al. [G34]. The radiation-induced frequency of cells with
aberrant chromosomes in the intercalary meristem allows
doses to be registered in the range of a few tens of
milligray [G35]. Irradiations were performed at the shoot
stage and involved doses of 40, 80, and 200 mGy at a dose
rate of 2 Gy h�1. Lead (II) and cadmium (II) were applied
as nitrates in two concentrations of 40 and 200, and 3 and
20 mg kg�1 of soil, respectively. The authors claimed that
in this system, radiation and heavy metals alone exhibit
clearly non-linear relationships, i.e. supralinearity, with a
higher slope for aberrations at lower doses than at higher
doses. Combined exposures show an antagonism for low
doses of ionizing radiation (40 mGy) and for all lead
concentrations. At doses of 80 and 200 mGy, a slightly
supra-additive effect is reported. For cadmium, supra-
additivity is found at low metal concentrations of 4 mg kg�1

for 80 and 200 mGy but not for 40 mGy. At high metal
concentration, less-than-additive effects were found. Al-
though these findings may be important for environmental
assessments and potentially extendable to mechanistic
studies, no direct inferences to humans are warranted at
this stage.
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130. Metals and ionizing radiation have been shown to
produce combined effects in many biological systems
(Table A.1). Because metals cause many biological effects
with no or very low thresholds, possible interactions would
potentially extend to very low exposures. In the case of
relatively unspecific damage to DNA, such as oxidative
attack, iso-addition would be predicted. As an example of a
synergistic effect at high exposure levels, a threshold
phenomenon, decreased lung clearance of internal
radionuclide content byhigh metal concentrations, was found
to be the cause of the combined effect. No supra-additive
effects are seen in the albeit weak database on combined
occupational exposure to radon and arsenic. The relative
importance of different damage-inducing mechanisms of
metals for combined exposures in human remains to be
elucidated.

5. Mitogens and cytotoxicants

131. Although mitogenic and cytotoxic compounds are
generallynon-genotoxic agents and could have been included
in Section B.2, theyare considered here separately, principally
because of their ability to stimulate cell proliferation. The
combination of mitogens or differentiation-inducing agents
with radiation has some potential as a cancer therapeutic
strategy. Experiments in this area employ high doses, but
studies intended to elucidate the mechanisms of interaction
maystill be relevant outside the clinic. Leith and Bliven [L15]
investigated the x-ray responses of a human colon tumour cell
line after exposure to the differentiation-inducing agent
N-methylformamide (NMF). A human colon tumour line was
exposed for three passages to varying concentrations
(0�170 mM) of NMF and the change in sensitivityto ionizing
radiation was examined in vitro. The linear-quadratic
formalism of survival with twoconstants (alpha and beta) was
used tocharacterize the singlegradeddose-survival curves. As
the NMF concentration increased, the alpha parameter
increased and the beta parameter decreased, yielding a
concentration-dependent radiosensitization that was most
marked in the low-dose region of the survival curve. Upon
removal of NMF, the original radioresistance was regained
within two or three cell culture doubling times.

132. Müller et al. [M11] studied the formation of
micronuclei in preimplantation mouse embryos in vitro
after combined treatment with x rays and caffeine. The
exposures to caffeine were 0.1 or 2 mM and to x rays, 0.2
or 0.9 Gy. X rays as well as caffeine induced micronuclei.
The dose-effect curve after irradiation was linear for the
dose range measured (0�3.8 Gy). Caffeine only induced
micronuclei at concentrations higher than 1 mM; between
1 mM and 7 mM, however, there was a linear increase in
the number of micronuclei. A considerable enhancement of
the number of radiation-induced micronuclei was observed
when irradiation of the embryos was followed by treatment
with caffeine. The sum of the single effects was clearly
exceeded by the combination effects. An earlier study in
the same laboratory [M12] was on the effects of a combina-
tion of x rays (0.2, 0.9, or 1.9 Gy) and caffeine (0.1, 1, or
2 mM) on the formation of blastocysts (96 hours post-

conception), hatching of blastocysts (144 hours post-
conception), and on the cell numbers of embryos at
different times (48, 56, 96, and 144 hours post-conception).
The embryos were irradiated in the G2 phase of the two-cell
stage (28 or 32 hours post-conception), either 1 hour after
or immediatelybefore application of caffeine. Caffeine was
present during the whole incubation period (until 144
hours post-conception). Specific conditions under which
caffeine markedly enhanced the radiation risk, i.e. under
which the combination effect exceeded the sum of the
single effects, were described. This was the case, in
particular, for embryonal development, for which the risk
was almost doubled, whereas the enhancement of risk was
smaller for the proliferation of cells. The amount of
caffeine necessary for supra-additivity, however, is so high
(at least 1 mM caffeine for rather long times) that it is
clearly above the range achievable in vivo by consumption
of caffeine-containing beverages. At physiological levels,
caffeine also displays antioxidant properties and inhibits
carcinogenesis induced in rats and mice by various known
carcinogens. Examples are the inhibition of smoke-
condensate-induced carcinogenesis in mouse skin [R13]
and gastric tumour promotion by NaCl in rats [N10].
Based on these and other findings, Devasagayam et al.
[D1] suggest that at lower concentrations, the potency of
the antioxidant action of caffeine far outweighs the
deleterious effects, if any, from its inhibition of DNA
repair.

133. Besides the interference ofcaffeinewith repair processes
as a consequence of its effect on cell-cycle blocks at high
concentrations, this ubiquitous substance also scavenges
oxygen species induced by radiation and genotoxic chemicals
[K27, K28]. The chemical basis of this effect was shown to be
the removal of free electrons and hydroxyl radicals by
caffeine. The reaction rate constants for these two reactions
were shown to be about 1.5 1010 M�1 s�1 and 6.9 109 M�1 s�1,
respectively [K27]. The former value is high enough to
compete with oxygen for the scavenging of free electrons and
therefore may reduce oxidative damage involving superoxide
anion (O2

�), hydroperoxyl radical (HO2
�), and hydrogen

peroxide (H2O2). This mode of action is backed by recent
findings in barleyseeds that caffeine affords protection onlyat
high oxygen concentrations but potentiates radiation damage
(albeit less damage) at low oxygen pressures [K29].

134. Both a reduction of the radiation-induced G2/M phase
arrest and the antioxidant effect of caffeine may indirectly
influence apoptosis and modulate survival and expansion
of cells with a modified genome. In different systems, an
enhancement of the degree of DNA fragmentation by
caffeine, theobromine, theophylline, and 2-aminopurine
was found in murine T-lymphoma cells [P10], whereas in
TKG cells, 2 mM caffeine eliminated the degradation of
DNA entirely [Z4]. At this stage, it is doubtful whether
these findings have any meaning for risk assessments at
controlled exposure levels.

135. Caffeine, which may potentiate radiation damage at
higher concentrations owing to its release of protective cell-
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cycle blocks, seems also to influence the clastogenic effects of
radiation and other genotoxic agents (see also Section B.5).
Several studies found an inhibition of oxic radiation damage
[K25, K26]. Stoilov et al. [S43] found both potentiation and
protection against radiation-induced chromosomal damage in
human lymphocytes. Temperature and concentration were
shown to be decisive for the direction of the effect.

136. Kalmykova et al. [K3] evaluated the effectiveness of
joint exposure to 239Pu and tributyl phosphate on the
induction of leukopenia in Wistar rats. It was shown in this
system that the additive effect of the two agents delivered
simultaneously was exceeded only at high doses, i.e. acute
levels. With levels ranging from subacute effective to
minimum effective, the effect of the combined treatment
was less than projected from additivity.

137. Cattanach andRasberry[C27] reviewed theliteratureon
the genetic effects of combined treatments with cytotoxic
chemicals and x rays. Some pretreatments clearly enhanced
the yield of genetic damage. With spermatogonial cells,
chemicals that kill cells can substantially modify the genetic
response tosubsequent radiation exposure over several days or
weeks. Both enhancement and reduction in the genetic yield
were found, and the modifications also depended on the type
of genetic damage scored, with specific-locus-mutation
response differing from that for translocations. Selective
killing of rapidly dividing cells in the areas most heavily
damaged by radiation was a suggested explanation [C28]. In
general, such interactions based on perturbations of cell
kinetics should be of little relevance for lower exposure levels.

138. Cyanate (KOCN)-induced modification of the effect of
gamma radiation and benzo(a)pyrene was studied by
Serebryanyi et al. [S80] in cultured CHO-AT3-2 cells.
Sensitizing effect was found for radiation and benzo(a)pyrene
effects such as cell viability, micronuclei induction, and
mutations in the thymidinekinase and Na+/K+-ATPase loci.
The authors suggested that repair inhibition and/or changes in
the cell chromatin structure produced byKOCN is responsible
for these sensitizing effects. The proposed mechanismsaswell
as the concentration and dose ranges used in the experiment
preclude direct transfer to occupational or environmental
levels.

139. In summary, many studies assessing deviations from
additivity in combined exposures between mitogens/cyto-
toxicants and ionizing radiation are found in the literature
(Table A.1). In most cases, the high exposure levels applied
and the biological endpoints studied do not allow the transfer
of results to humans. However, any endogenous or dietary
levels of agents influencing stem-cell population size or
kinetics will have the potential to modulate response to
radiation.

6. Antioxidants, vitamins, and other
dietary factors

140. The genetic effects of combined treatments of radio-
protecting agents and x rays were reviewed by Cattanach and

Rasberry [C27]. Chemicals such as cysteamine, mexamine,
and glutathione given in advance of radiation were not always
protective but gave contradictory results, with significant
protection of specific germ-cell stages being restricted to
different dose ranges. This might be attributable to the
different radiation sensitivities and cell-cycle kinetics of the
germ-cell stages tested. Some pretreatments clearly enhanced
the yield of genetic damage.

141. Dietary caloric intake and type of food are important
variables affecting the rate of spontaneous DNA damage,
as was discovered recently in humans [D11, S37, S38].
These findings are supported bysimilar findings of reduced
oxidative damage to mitochondrial and nuclear DNA in
food-restricted rats and mice [C12]. It is known from
experiments with rats that caloric restriction of food is
correlated with a lower incidence of cancer, an increased
lifespan, and less free-radical damage to lipids, proteins,
and DNA [W4, Y3, Y5, Y14]. Dietary fat is associated
with increased breast cancer risk. In a study involving 21
women at high risk, the level of the oxidized thymine
(5-hydroxymethyluracil) per 104 thymine was 9.3±1.9 in
the nucleated peripheral blood cells of women consuming
57 g of dietary fat per day compared with 3±0.6 for women
consuming 32 g per day [D11, F3].

142. Diet can also modify the effectiveness of chemical
carcinogens, sometimes by a large factor. Some of the
underlying mechanisms have been identified. Rats with a
deficiency of riboflavin in their diet become highly sensitive
to liver tumour formation when treated with 4-dimethyl-
aminoazobenzene, because reduced levels of a flavin adenine
dinucleotide-dependent azo dye reductase increase the
effective dosage of the carcinogen [C25]. On the other hand,
a protein-free diet prevents liver toxicity of dimethylnitro-
samine in rats, and a fat-restricted diet decreases tumour
induction in mammary glands of rats. Silverman et al. [S32]
studied the effect of dietary fat on mammary cancer induction
in Sprague-Dawleyratsgiven 3.5Gywhole-bodyx-irradiation
at 50 days of age. Rats on a high-fat diet (20% lard) from 30
days of age had more tumours than rats on a low-fat diet (5%
lard) and a higher multiplicity of carcinomas per rat. Rats on
the low-fat diet exhibited longer median tumour latency
periods than did those on the high-fat diet. Spontaneous breast
cancer incidence in humans is also influenced bythe level and
type of fat intake. Potential mechanisms in dietary-fat-
dependent mammarytumorigenesis were reviewed byWelsch
[W5]. Yoshida et al. [Y14] reported that caloric restriction
significantly reduced the incidence of x-ray-induced myeloid
leukemia in C3H mice. Again, in this system, caloric
restriction either before or after irradiation also significantly
prolonged the lifespan of the animals.

143. In some instances, the degree of tumour formation
depends on the amount of food provided during the pro-
moting phase and not on the nutritional status at time of
exposure. Polyunsaturated oils are potent promoters,
probably also for humans [W14]. It is now generally
accepted that restricted food intake, particularly during
development phases, reduces the incidence of neoplasms
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and increases longevity. An epigenetic effect, namely a
general decrease in cell duplication rates, especially in
endocrine-sensitive organs, is at the root of this finding
[C26].

144. Several vitamins and many food constituents display
radical scavenging activitiesandantioxidant properties. There
is considerable scientific and economic interest in the still
unresolved question whether diets enriched in vitamins,
antioxidants, carotinoids, and selenium reduce the risk of
cancer [W13]. Vitamin A and retinoic acid derivatives are
considered important micronutrients involved in the
modulation of cancer risk in humans. Vitamin A seems to
affect the incidence of lung cancer in smokers and tobacco
chewers positively. Hence, clinical trials in Finland and the
United States randomized the use among smokers of artificial
beta-carotene (precursor of vitamin A) and, in the Finnish
study, the use of artificial alpha-tocopherol (vitamin E) [H7,
O14]. Surprisingly, these two studies found significant
increases in lung cancer risk related to beta-carotene use.
Whether this finding is due to the dietary form of the
provitamin remains to be elucidated. Human cervix and
bladder cancer are somewhat more frequent in individuals
with low vitamin intake [S45]. These beneficial effects are
thought to arise from differentiation of epithelial tissues and
from improved cell-cell communication. Vitamins E and K
are benzo- and naphthoquinones and therefore potential
antioxidants. Reduction of tumour induction by the former in
animal systems was shown only at levels much higher than
are found in the human organism.

145. Selenium also reduces tumour risk in animal systems.
Its salts are indicated as a co-factor for glutathione
peroxidase. Vitamins C, E, and K, the latter two in the
lipid phase and its boundary, prevent the formation of
nitrosamines and nitrosamides and seem to be important in
the protection of the gastro-intestinal linings, the liver, and
the respiratory tract [M31]. Although any molecule with
antioxidant and radical scavenger activity is also a potential
radioprotector, the extreme speed of the interaction of reactive
species formed by radiation with DNA would require high
concentrations tomake a difference. For combined effects, the
available information indicates that micronutrients are
important. The sizeable influence of vitamin A, vitamin E,
selenium, and 3-aminobenzamide as radioprotectors in the
C3H10T½ transformation assay is shown in Figure A.VI
[H11].

146. Borek et al. [B24] studied the anticarcinogenic action of
selenium and vitamin E. The single and combined effects of
these chemicals were examined on cell transformations
induced in C3H10T½ cells by x rays and benzo(a)pyrene and
on the levels of cellular scavenging and peroxide destruction.
Incubation of C3H10T½ cells with 2.5 µM Na2SeO3

(selenium) or with 7 µM alpha-tocopherol succinate
(vitamin E) 24 hours prior to exposure to x rays or the
chemical carcinogens resulted in an inhibition of
transformation by each of the antioxidants with an additive-
inhibitory action when the two nutrients were combined.
Cellular pretreatment with selenium resulted in increased

levels of cellular glutathione peroxidase, catalase, and non-
protein thiols (glutathione) and in an enhanced destruction of
peroxide. Cells pretreated with vitamin E did not show these
biochemical effects, and the combined pretreatment with
vitamin E and selenium did not augment the effect of
selenium on these parameters. These results support the
notion that free-radical-mediated events play a role in
radiation and chemically induced transformation. They
indicate that selenium and vitamin E act alone and in additive
fashion as radioprotecting and chemopreventing agents. The
results further suggest that selenium confers protection in part
by inducing or activating cellular free-radical scavenging
systems and by enhancing peroxide breakdown, while
vitamin E appears to confer its protection through another,
complementary mechanism.

Figure A.VI. Effect of chemical and dietary factors on
response of C3H10T½ cells in combined exposures
with gamma rays giving a dose of 4 Gy [H11].

147. The importance of sulfhydryl groups as an antagonist
of or protector against radiation-induced radical attack on
DNA is well known from molecular and in vivo studies
[M4, M6, M7, V4]. In view of the fast and localized action
of ionizing radiation, these substances have to be small
enough to reach the target to be protective and to be
present there in considerable concentrations for noticeable
effects. Even for small water-soluble substances displaying
sulfhydryl groups, such as cysteamines, this is difficult to
achieve in humans. Therefore the use of sulfhydryl
radioprotectors is limited by their toxicity and the short
period during which they are active [M4]. At
environmental levels, no protective effect is to be
envisaged. However, for lipophilic substances such as
vitamins A, E, and K or for coenzymes with high-affinity
binding to active centres, local concentrations in specific
compartments might become high enough for a protective
effect, even with low dietary intakes. In addition to these
directly acting protectors, immunomodulators such as
endotoxins and bacterial or yeast polysaccharides are
known to protect against the deleterious effects of radiation
[M4]. Their mode of action, stimulation of the reticulo-
endothelial system, is probably irrelevant for stochastic
effects.
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148. Ethanol consumed in alcoholic beverages is known to
increase the incidence of several cancers of the oral cavity
and the oesophagus, especially in combination with active
cigarette smoking [I8]. No data from human studies on
ethanol and ionizing radiation are available, but the
irritating effect of higher concentrations of ethanol makes
this form a potential tumour promoter. Mechanistic studies
also suggest that ethanol modifies the biochemical activa-
tion in the oral cavity and the oesophagus of some tobacco-
specific carcinogens [S44], a mechanism of no direct rele-
vance to radiation. Acetaldehyde is a toxic reactive meta-
bolite of ethanol in tissue where biotransformation occurs.
Very important in view of population health are behavioural
changes and a tendency to malnutrition in alcohol addicts,
which may increase their susceptibility to toxicants in the
environment or at the workplace. The many direct and
indirect effects of alcohol consumption on radiation-induced
changes at the cellular, organ, and behavioral levels were
discussed in depth in a review by Ushakov et al. [U18]
assessing experiences in human populations affected bythe
Chernobyl accident.

149. Iodine as a constituent of thyroxine, the hormone of
the thyroid gland, is often deficient in inland areas, where
geological factors and the absence of seafood produce a diet
low in iodine. Since its fission yield, relative volatility, and
half-life make 131I one of the critical fission products that
may be present in environmental exposures, the potential
increase of thyroid dose per unit uptake in humans with
iodine-deficient diets is a major concern in radiation
protection. It is still not known whether the higher
stimulation of the gland in iodine deficiency by endogenous
hormones will also alter the radiosensitivity of the stem
cells and the risk coefficient for thyroid carcinoma. The
wealth of data, mainly from therapeutic procedures in
nuclear medicine, showing little to no carcinogenic
potential for 131I, even at high exposures [U2], is somehow
contradicted by recent results showing large increases in
thyroid carcinoma in children affected by the Chernobyl
accident. Initial measurements of iodine in urine from
Belarus indicated that areas most heavilyaffected byiodine
deposition are also deficient in a dietary supply of iodine
and are endemic goitre areas.

150. The modifying influence of sodium chloride (NaCl),
miso (Japanese soybean paste), and ethanol on the
development of intestinal metaplasia after x-ray exposure
was examined by Watanabe et al. [W29] in CD(SD):Crj
rats. Intestinal metaplasia in the glandular stomach is
considered a precursor lesion for differentiated gastric
adenocarcinoma. Five-week-old rats were treated with two
doses of 10 Gy from x rays to the gastric region at a three-
day interval. After exposure, the rats were given NaCl (1%
or 10% in diet), miso (10% in diet), or ethanol (10% in
drinking water) for 12 months. The number of alkaline
phosphatase-positive foci of intestinal metaplasia in rats
given a 1% NaCl diet after x rays was significantly
elevated compared with that in rats given x rays alone or
x rays with a 10% NaCl diet. In the pyloric gland mucosae,
total numbers of metaplastic foci in rats given x rays and

1% NaCl diet were much higher than other combined-
treatment groups. The incidence of atypical hyperplasia
was less than 6% in all treatment groups, and no pro-
moting effect on gastric tumorigenesis was observed. These
results demonstrated that the occurrence of intestinal meta-
plasia induced by x rays can be significantly modified by
basic and common food constituents, but this is not
associated with any influence on gastric neoplasia.

151. A potentially important interaction was investigated
by Montour et al. [M24], who studied the modification of
radiation carcinogenesis by marihuana (tetrahydro-
cannabinol, delta(9)-tetrahydro-cannabinolic acid). Male,
female, and ovariectomized female Sprague-Dawley rats
were irradiated with doses of 1.5, 3, or 4 Gy, respectively,
from 60Co gamma rays at between 40 and 50 days of age.
The animals were injected three times weekly with either
marihuana extract or with alcohol-emulphor carrier. Mean
survival time in males was significantly shorter in the 4 Gy
plus marihuana group compared with the three other
groups, whose mean survival times did not differ.
Throughout the 546-day period in which the male rats
were observed, the total number of tumours other than
fibrosarcomas was significantlygreater following radiation
and marihuana administration (22) than following
irradiation alone (6). Fifteen of the tumours originated in
breast or endocrine tissues. No differences were seen in the
unirradiated groups. In the females, which were observed
for 635 days, the total number of breast tumours was
significantly higher in the combined treatment group (38)
compared with the group treated with radiation alone (22).
This was entirely due to a marked difference in the adeno-
carcinoma incidence, which was 21 (radiation plus mari-
huana) compared with 4 (radiation alone). The number of
adenofibromas was similar in the two groups. In the
unirradiated female groups, the breast adenocarcinoma
incidence was 8 in the marihuana group and 2 in the
control group. Ovariectomy resulted in a lower breast
tumour incidence in all groups. Non-breast tumours were
more frequent in the ovariectomized-irradiated groups.
Radiation plus marihuana produced more non-breast
tumours (25) than radiation alone (17) in the ovari-
ectomized females.

152. Dietary factors are proven modifiers of risk from
diverse agents at levels found in human populations and
probably also influence the production and repair of
endogenously arising lesions. Absence or deficiency of
important coenzymes and nutrients on one side and high
levels of directly or indirectly acting mitogens on the other
interfere with molecular, cellular, and tissue responses to
ionizing radiation. In view of the many mechanisms
involved, the full spectrum of interactions from anta-
gonisms to synergisms must be expected (see also
Table A.1). A reduction in the radiation risk may occur in
situations where growth stimuli are reduced owing to
nutritional deficiency or where the number of stem cells at
risk are reduced. Synergisms are to be expected where
reduced levels of radical scavengers or coenzymes needed
for repair increase the yield of primary damage from
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ionizing radiation or impair the speed and accuracy of
cellular responses to damage. In general, the health risks
not only from ionizing radiation but also those from most
other deleterious agents in the human environment will be
affected by deviations from an optimum diet.

C. RADIATION AND BIOLOGICAL AGENTS,
MISCELLANEOUS

1. Hormones

153. Many hormones are potent growth stimulators.
Considerable evidence is available for the modulation of
cancer risk by hormones. Animal experiments have shown
that increased levels of thyroid-stimulating hormone (TSH)
can enhance tumour growth and increase the risk of cancer
[D31]. Thyroid stimulating hormone is increased during
puberty and pregnancy as a result of increased levels of
female sex hormones [H37, P25]. There is epidemiological
evidence suggesting that the development of thyroid cancer
after high-dose radiation exposure in females can be
potentiated bysubsequent childbearing. Marshall Islanders
who were exposed to radioactive fallout from a nuclear
weapons test in 1954 received high thyroid doses from
radioiodines. Women who later became pregnant were at
higher risk of thyroid cancer than exposed women who
remained nulliparous [C43]. The numbers, however, were
small.

154. The same effect was found in a population-based
case-control study in Connecticut in the United States
involving 159 subjects with thyroid cancer and 285
controls [R11]; 12% of the cases but only 4% of the
controls reported prior radiotherapy to the head and neck.
Among women, this risk appeared to be potentiated by
subsequent live births (RR = 2.7). The risk for ever parous
alone was, however, higher (1.6) than for prior
radiotherapy (1.1). Another case-control study, carried out
in Washington in the United States, linked a 16.5-fold
increased risk of thyroid cancer to prior radiotherapy of the
head and neck among 282 females and 394 controls [M17].
Overall, 20.2% of the cases but only 1.5% of the controls
reported earlier radiotherapy (RR = 16.5; 95% CI:
8.1�33.5). In this study, pregnancyfollowing radiotherapy
was associated with only a small additional risk (RR =
1.3), which was far from statistically significant (95% CI:
0.1�15.7) [M9]. Combined with similar findings from
Sweden [W30], these studies suggest that TSH-mediated
tissue proliferation in adolescence and pregnancy may be
a risk factor in radiation-induced thyroid cancer.

155. The long-term use of tamoxifen, a synthetic anti-
oestrogen that has been shown to reduce mortality from
breast cancer and the occurrence of contralateral breast
cancer, increases the risk for endometrial cancer. In a case-
control study of woman treated for breast cancer, Sasco et
al. [S26] showed that tamoxifen or radiation castration
(which included high doses to the uterus as well as the
ovaries) considerably increased the risk for subsequent

endometrial cancer. The odds ratios for tamoxifen use for
more than five years and radiotherapeutic castration were
3.5 and 7.7, respectively. Women who had undergone
combined treatment had an odds ratio of only 7.1. Since
the study was based on small numbers (43 cases and 177
controls), the power is not sufficient to postulate an
antagonism, but there is enough evidence to reject an
enhancement of risk between the two carcinogenic factors.

156. One well-studied interaction is that between radiation
and the natural hormone oestradiol-17 beta (E2) in mam-
mary carcinogenesis. In a publication by Broerse et al.
[B32], the combined effects of irradiation and E2 admini-
stration on the mammarygland in different rat strains were
investigated. Three rat strains, Sprague-Dawley, Wistar
WAG/Rij, and Brown Norway, with different suscepti-
bilities to the induction of mammary cancer, were irra-
diated with x rays and mono-energetic neutrons; increased
hormone levels were obtained by subcutaneous implan-
tation of pellets with E2. Mean plasma levels were 100�300
pg ml�1 plasma, while normal levels in these rat strains
were about 50 pg ml�1. The latency period for the hormone-
treated animals was shown to be considerably shorter than
for animals with normal endocrinological levels. Admini-
stration of the hormone alone also appreciably increased
the proportion of rats with malignant tumours. At the high
levels of hormones applied in the study, there was little
indication that radiation and hormones produced any
supra-additive effect, but the single-agent effect levels in
this study might have been too high to properly assess this
other effect. The effect of hormone administration and
irradiation on mammary tumorigenesis was the same for
hormone administration one week prior to or 12 weeks
after irradiation. The RBE values for induction of mammary
carcinomas after irradiation with 0.5 MeV neutrons have a
maximum value of 20 and are not strongly dependent on
hormone levels.

157. The carcinogenic and co-carcinogenic effects of
radiation on rat mammarycarcinogenesis and mouse T-cell
lymphomagenesis were studied by Yokoro et al. [Y6]. For
both experimental models, the study clearly showed the
importance of the promotion stage and of the physiological
condition of target cells at the time of initiation. In rat
mammary carcinogenesis, prolactin was shown to be a
powerful promoter regardless of the initiating agent. The
authors also suggested that an enhancer like prolactin
might be useful in detecting the carcinogenicity of small
doses of carcinogens; for example, a high RBE of 2.0 MeV
fission spectrum neutrons was demonstrated by the
application of prolactin to radiation-initiated mammary
carcinogenesis in rats. Because cellular reactions are
somewhat different for different LET values, it remains to
be proven that the sensitizing effect of a hormone is
independent of radiation quality.

158. Shellabarger et al. [S24] investigated the influence of
the interval between neutron irradiation and diethylstil-
bestrol (DES) on mammary carcinogenesis in female ACI
rats. Both radiation and DES are carcinogens for the
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mammarygland of ACI female rats and act in a synergistic
fashion, particularly with regard to the number of
mammary adenocarcinomas per rat when DES is given at
about the same time as radiation. DES, in the form of a
compressed pellet containing a mixture of cholesterol and
DES, formulated to average 1.25 mg of DES per 100 g
body weight, was given to groups of approximately 28 rats
at 2 days before or 50, 100, or 200 days after 0.064 Gy
from 0.43 MeV neutron irradiation. Every time DES was
given to irradiated rats, it was also given to non-irradiated
rats. When the total number ofmammaryadenocarcinomas
375 days after administration of DES was analysed as a
percentage of 24 sites per rat at risk, DES and radiation
always produced a response that was larger than the sum
of the responses of DES alone and radiation alone. The
supra-additive interaction between radiation and DES did
not decline as the time interval between irradiation and
DES was lengthened, which suggests that neutron-initiated
mammary carcinogenesis is not subject to repair, since
DES promotion continues to be effective for long times.

159. Irradiation of pregnant Wistar rats at days 7, 14, and
20 of pregnancy, followed by DES treatment after nursing
for one year, showed a strong correlation of mammary
gland tumours with the hormonal status of the gland
during radiation exposure [I11]. Irradiation alone (2.6 Gy)
resulted in a 23% incidence of mammary gland tumours.
The additional implantation of a DES pellet (releasing
about 1 mg d�1) increased this value to 35% and 93% for
radiation exposure at days 14 and 20, respectively. The
data suggest that the initiation of tumorigenesis by gamma
rays is critically dependent on the developmental status of
the gland at exposure. Since no group with DES exposure
only was included, no direct assessment of the combined
effects is possible from this study. When the radiation
exposure was delayed to day 21 of lactation or day 5 post-
weaning, combined treatment with gamma rays and DES
resulted in an incidence of mammary gland tumours of
94% and 73%, respectively. Since the value from combined
treatment in virgin animals was only 24%, it is suggested
that the differentiation state of the radiation-exposed tissue
is more relevant than the hormonal and proliferative state
of the cell populations at risk [S40]. Rats with weaning
experience receiving only a gamma dose at day 21 of
lactation or DES had tumour incidences of 35% and 27%.
When compared with the combined effect of 94%, a
synergistic effect has to be postulated.

160. The effect of age and oestrogen treatment on radia-
tion-induced mammary tumours in rats was analysed by
Bartstra et al. [B71, B72]. The excess normalized risk of
mammary carcinoma was 0.9 for 1 Gy and 2.2 for 2 Gy in
the age groups 8, 12, 16, 22, and 36 weeks, with no
significant differences between the age groups. However,
irradiation at 64 weeks yielded fewer carcinomas than in
the controls, the excess normalized risk being 0.7 and �0.3
for 1 and 2 Gy, respectively. After oestradiol-17 beta2
treatment, the excess normalized risk for carcinomas was
7.7 for both 1 and 2 Gy in the age groups 8, 10, 12, and 15
weeks, with no significant differences between the age

groups. However, in the age groups 22, 36, and 64 weeks,
the excess normalized risk decreased with increasing age
at exposure. Irradiation at 64 weeks yielded fewer carcinomas
than in controls, with an excess normalized risk of �0.6 for
both 1 and 2 Gy. The excess normalized risk was 10�80 in
oestrogen-treated controls compared with untreated animals.
The findings indicated that administration of oestrogen
increased the radiation sensitivity of the mammary gland in
young animals considerably. Administration of oestrogen
influenced the shape of the dose-response curve for radiation-
induced mammarycancer in young rats. In untreated animals
there was a linear dose-effect relationship, whereas in
oestrogen-treated ones therelationshipcouldonlybedescribed
by a quadratic function. In older rats, radiation dose-effect
relationships in oestrogen-treated and non-treated animals
were best fitted by linear relationships. The reduced risk of
radiation exposure at mid-life was observed in oestrogen-
treated and control rats.

161. The influence of androgens in the development of
radiation-induced thyroid tumours in male Long-Evans
rats was investigated by Hofmann et al. [H12]. When
eight-week-old male rats were treated with radiation
(1.5 MBq Na131I), thyroid follicular adenomas and
carcinomas were observed at 24 months of age with a high
incidence, 94%. Castration of males prior to irradiation
significantly reduced this tumour incidence to 60%. When
testosterone was replaced in castrated, irradiated male rats,
differentially increased incidences of thyroid tumours
occurred, depending on the time interval for hormone
replacement. Immediate (age 2�6 months) or early (age
6�12 months) testosterone replacement at approximate
physiological levels led to thyroid follicular tumour
incidences of 100% and 82%, respectively, whereas
intermediate (12�18 months) or late (18�24 months)
testosterone treatment led to only 70% and 73% incidences,
respectively. Continuous testosterone replacement (2�24
months) in castrated, irradiated male rats raised the thyroid
tumour incidence to 100%. Only the two 100% values are
significantly different from the value of 60% in castrated
irradiated animals not receiving testosterone replacement.
Since elevated TSH is a reported requisite for the
development of radiation-associated thyroid tumours, the
effects of testosterone on serum thyroid-stimulating
hormone levels were examined. Mean serum thyroid-
stimulating hormone values in all irradiated animal groups
were significantly elevated and well above those in age-
matched, non-irradiated animals at 6, 12, 18, and 24
months. Serum thyroid-stimulating hormone levels were
higher in continuous testosterone-replaced irradiated
castrates than in intact, irradiated males but lower in
irradiated castrates without testosterone treatment. Interval
testosterone replacement in castrated male rats was generally
associated with increased serum thyroid-stimulating
hormone levels during the treatment interval and with
lowered thyroid-stimulating hormone levels after
discontinuation of testosterone treatment, particularly in
irradiated rats. However, when irradiated, castrated males
received late (age 18�24 months) testosterone replacement,
there was no elevation of thyroid-stimulating hormone at
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the end of the treatment interval. Thus an indirect effect of
testosterone via early stimulation of thyroid-stimulating
hormone may be at least partly responsible for the high
incidence of radiation-induced thyroid tumours in male
rats.

162. Watanabe et al. [W28] examined the influence of sex
hormones on the induction of intestinal metaplasia by x rays
in five-week-old Crj:CD(SD) rats of both sexes. At the age of
four weeks, the animals were gonadectomized and given
testosterone or DES in the form of subcutaneous implants
containing 0.25�2.5 mg hormone. One week later, they were
irradiated with x rays to give two doses of 10 Gy to the gastric
region at a three-day interval, for a total of 20 Gy. Six months
after radiation exposure, the incidence of intestinal metaplasia
with alkaline phosphatase (ALP) positive foci in males was
significantly higher than in females, in orchidectomized
males, or orchidectomized plus DES-treated rats. The
incidence of intestinal metaplasia with ALP-positive foci in
normal females appeared lower than in ovariectomized
females and was increased by treatment with testosterone or
decreased by DES. Numbers of foci of intestinal metaplasia
with Paneth cells and total numbers appeared to increase in
males treated with DES. These results suggest a promoting
role for testosterone in the development of radiation-induced
ALPpositivelesionsandalsoindicateconsiderabledifferences
among intestinal metaplasia subtypes in their response to
hormone stimulation.

163. Rat prostate tumours after androgen ablation by
castration showed an increase, from 0.4% to 1.0%, of the
apoptotic index as determined by the TUNEL assay. The
apoptotic index did not vary significantly over time after
castration. Irradiation of intact rats to 7 Gy resulted in an
apoptotic response of 2.3%. When castration was initiated
three days prior to irradiation, peak levels of 10.1% for the
apoptotic response were recorded. Androgen restoration
with testosterone implants restored the intact animal
response [J10].

164. In conclusion, it can be said that many hormones are
powerful regulators of cell proliferation and programmed
cell death in specific tissues and organs. The resulting
influence on radiation risk per unit dose is well proven (see
also Table A.1). An important part of differences in risks
linked to gender or age may be traced to hormones acting
as endogenous growth factors.

2. Viruses, bacteria, and genetic sequences

165. Viruses, bacteria, and microbial genetic sequences
have been shown to play an important role in the
pathogenesis of animal tumours. Human malignancies
such as Burkitt lymphoma and T-cell leukaemia are caused
by the Epstein-Barr virus [L12] and the retrovirus HTLV-1
[D4], respectively, and a variety of carcinomas, including
cervical, skin, anal, and others, by papilloma viruses
[H13]. Hepatitis type B and C virus, the bacterium
Heliobacter pylori, some parasites such as Opistorchis
viverrini and Schistosoma haematobium are proven or

putative causes of hepatoma, gastric cancer, cholangio-
carcinoma and urinarybladder cancer, respectively [M64].
One mechanism of interaction might be the inhibition of
DNA repair by viral proteins. The HBV protein HBx was
shown to interact with cellular DNA repair capacity in a
p53-independent manner after ultraviolet C irradiation
[G37]. Interaction of cancer viruses with radiation may
also occur by mutation or translocation of dormant viral
sequences. In a multi-stage process, virally infected
organisms mayalso be much more susceptible to radiation-
induced cancer if a virus is causing or facilitating one of
the genetic transformations leading to the outbreak of
malignancy. Astier-Gin et al. [A25] investigated the role
of retroviruses in murine radioleukaemogenesis in C57B1
mice. The protocol associated the injection of a non-patho-
genic retrovirus (T1223/B virus) and a dose from x rays (2
× 1.75 Gy), which alone was non-leukaemogenic in this
system. Thymic lymphomas induced by the combined
effect of virus and irradiation or irradiation alone were
analysed for MuLV proviral organization and RNA
expression with the Southern or Northern blotting
techniques, respectively. The active involvement of the
retrovirus was shown by the detection of a recombinant
provirus in the chromosomal DNA of every tumour
induced by the combined treatment with virus and
radiation. No specific site in the genome was found for
provirus integration and no relationship was observed
between viral RNA expression and tumour induction.
Trisomy 15 was observed in all metaphases irrespective of
the protocol of tumour induction. The G-banding technique
revealed an extra band in several thymic lymphomas
induced by irradiation and T1223/B virus injection. This
complex pattern of viral behaviour may pose great
obstacles for diagnosis and for the elucidation of risk from
combined exposures.

3. Miscellaneous factors

166. Many other sometimes poorly defined biological
materials have also been shown to influence the response
of organisms to ionizing radiation. For example, the
modulating effect of microbial substances on survival after
acute radiation doses in mammals (mice, rats, dogs, sheep,
and monkeys) was studied by Andrushenko et al. [A12].
The highest protection was found for some vaccines con-
taining inactivated bacteria and given before the radiation
exposure. Polysaccharides, lipopolysaccharides, and protein-
lipopolysaccharide complexes were also able to increase
the radioresistance. The mechanisms involved in the
modulation of the status and the number of stem cells of
the immune system remains to be elucidated. Such effects
might also be of importance at low exposure levels, e.g. for
malignancies of the haematopoietic system.

167. To test the hypothesis that low-dose radiation, such
as is used for diagnosis, may act as a co-carcinogen in
inflammatory bowel disease, Weinerman et al. [W2]
induced inflammation with DMH in a mouse system to
studypotential sensitization towards the radiation exposure
(see Section B.1 for genotoxic action of DMH). Four
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groups of BALB/c mice (a control, DMH, DMH plus low-
dose radiation, and low-dose radiation) were studied. No
protective or carcinogenic effects of the radiation in com-
bination with DMH were found compared with DMH
alone. This type of negative experimental finding is
directly important for radiation protection of the patient, in
that individuals with inflammatory bowel disease undergo
many diagnostic x-ray examinations throughout life.

168. A strong effect was, however, found from the
interaction of ionizing radiation with surgical procedures
on the stomach. Griem et al. [G15] followed patients with
peptic ulcer who had received radiotherapy to control
excessive gastric acid secretions, a method used between
1937 and 1965 (mean dose to the stomach = 14.8 Gy). The
mortality study involved 3,609 patients; 1,831 were treated
with radiation and 1,778 were treated by other means.
Compared with the general population, patients treated
with or without radiation were at significantly increased
risk of dying of cancer and non-malignant diseases of the
digestive system. Radiotherapy was linked to significantly
elevated relative risk for all cancers combined (RR = 1.53;
95% CI: 1.3�1.8). Radiotherapy and surgery together
increased the rate of stomach cancer (RR = 10) above the
sum of individual effects. There is no specific information
on co-carcinogenic mechanisms in the post-surgical
reaction of stomach tissue or on tumour location.

169. The influence of pre-immunization with a rectal
extract on radiation-induced carcinoma of the rectum was
studied by Terada et al. [T37] in 4�7-week-old A/HeJ
mice. The animals received 40 Gy (20 Gy per week from
x rays) in the pelvic region with or without two prior
injections of rectal extract from adult animals of the same
strain emulsified with complete Freud’s adjuvant. After
eight months, rectal adenocarcinomas were observed in
significantly higher numbers in pre-immunized mice
compared with non-immunized animals (62% vs. 18%).
The results indicate that local immunological reactions
sensitize to the carcinogenic action of ionizing radiation.

170. Finally, the effect ofpsychosocial factors such as fear,
anguish, and chronic stress on the health status of
individuals and populations, both in psychosomatic
expressions and in the subjective perception of radiation-
exposed persons, is clearly an important problem during
and after accidents and cases of environmental
contamination, such as seen in areas affected by the
Chernobyl accident [I13]. However, a review of these
aspects is beyond the scope of this Annex and involves
professional disciplines outside the realm of UNSCEAR.
Despite the attention given by the media to the potential
deleterious effects of ionizing radiation in combination
with conventional industrial pollutants in such instances,
little scientific information is available on specific
exposure situations. Some potentiallyimportant modifying
factors are discussed in connection with dietary factors in
Section B.6.

D. COMBINED MODALITIES IN
RADIATION THERAPY

171. A large number of chemotherapeutic drugs are used in
clinical cancer therapy in combination with radiation. The
main ones in use or about to be used are described in this
Section, with emphasis on the mechanisms of interaction
between the drugs and radiation to reveal possible
mechanisms of interaction between chemical agents and
radiation under environmental and normal occupational
settings. The main findings relating to modes of action and
combined effects are summarized in Table 6. However, it
should be clearly noted here that the final goal of tumour-
therapy-related studies is tumour control and therefore cell
death (apopotosis, necrosis) or cell inactivation (loss of
proliferative capacity, differentiation, senescence). These
effects are mostly deterministic and often mechanistically
different from the stochastic radiation effects that are of
concern in radiation protection. Therefore, highly sigmoidal
dose-effect relationships and considerable threshold doses are
found for the contribution of many of these agents to the
interaction with radiation. Several groups of agents are also
covered in the preceding sections, e.g. alkylating agents under
the heading “genotoxic chemicals”.

1. Alkylating agents, nitrosoureas, and
platinum coordination complexes

172. Alkylating agents were among the first compounds
found to be useful in cancer chemotherapy, and because of
their variety and relative tumouricidal selectivity, they
remain important components of many modern
chemotherapeutic regimens. Although the alkylating
agents are a diverse series of chemical compounds, they all
have the common property of displaying a positively
charged, electrophilic alkyl group capable of attacking
negativelycharged, electron-rich nucleophilic sites on most
biologic molecules, thereby adding alkyl groups to oxygen,
nitrogen, phosphorus, or sulphur atoms. Their
chemotherapeutic usefulness derives from their ability to
form a variety of DNA adducts that sufficiently alter DNA
structure or function, or both, so as to have a cytotoxic
effect [L37]. Many of the pharmacologically useful agents
undergo a complex activation process.

173. The most common site of DNA alkylation is the N-7
position of guanine. Alterations at this position are relatively
silent in their effect on DNA function, because these adducts
do not interfere with the base-pairing scheme. In contrast,
adducts at the N-3 position of cytosine, the O-6 position of
guanine, and the O-4 position of thymidine interfere with the
Watson-Crick base-pairing scheme and are therefore likely to
interfere with fidelity of replication and transcription, leading
to mutagenicity and cytotoxicity. In addition to direct
interference with replication and transcription, the formation
of DNA adducts leads to a variety of structural lesions,
including ring openings, base deletions, and strand scissions
[B41, F20, H20]. Many of the DNA adducts and lesions are
further acted on by repair enzymes that can restore the
integrity of the DNA, or if the repair process is only partially
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completed, they can cause additional DNA damage, such as
the creation of apurinic or apyrimidinic sites or DNA strand
breaks. Bifunctional alkylating agents with the capacity to
generate two electrophilic groups and to form two adducts are
capable of forming DNA-interstrand and DNA-protein cross-
links that interfere directly with DNA replication, repair, and
transcription [L38].

174. Alkylating agents are cell-cycle-dependent but not
cell-cycle-specific. They exert their cytotoxic effects on
cells throughout the cell cycle but have quantitatively
greater activity against rapidly proliferating cells, possibly
because these cells have less time to repair damage before
entering the vulnerable S phase of the cell cycle [T19].
Cells in which cross-links occur accumulate and die in the
G2 phase of the cell cycle. Persistent DNA strand breaks
may result in lethal chromosomal damage in the mitotic
phase of the cell cycle.

(a) Nitrogen mustards (mechlorethamine,
melphalan, chlorambucil, cyclophosphamide)

175. Nitrogen mustard, originally studied for its potential
as a vesicant in chemical warfare, is a highly reactive
analogue of sulphur mustard and was the first alkylating
agent introduced into clinical therapy [G22]. Exposure to
these alkylating agents results in the formation of simple
DNA adducts, DNA-interstrand cross-links, and DNA-
protein cross-links [E12].

176. Experimental investigations of interactions between
derivatives of nitrogen mustard and radiation in vitro showed
that these interactions are additive, independent of sequence
of treatment with the two agents, and not markedlyinfluenced
by the interval between treatments [D14, H21]. An isobolic
analysis confirms the additivity, although when radiation
precedes the mustard by4 hours, the effect is on the borderline
of supra-additivity, indicating that the two agents may share
a common mechanism ofcell killing [D14]. Neither radiosen-
sitization nor interference with sublethal damage repair has
been implicated in these interactions. Hetzel et al. [H21],
examining the effects of combined treatment on V79 cell
spheroids, put forth the interesting proposal that the
enhancement seen with the nitrogen mustard derivative
chlorambucil in combination with irradiation may be related
to its ability to alter the internal oxygen profile in spheroids,
resulting in partial reoxygenation.

177. The main use of nitrogen mustards was in the
treatment of lymphomas, breast and ovarian cancer, and
cancers of the central nervous system. A prospective
randomized study examined whether MOPP (nitrogen
mustard, vincristine, procarbacine prednisone) therapy
alone is superior to combined modality treatment of
extended field radiation and MOPP in patients with
Hodgkin’s disease [O13]. No significant differences were
noted between the combined modality therapy and therapy
with MOPP alone. However, overall toxicity was different.
Viral and fungal infections occurred more frequently in the
combined modality. In an overview by Cuzick et al. [C44]

of post-operative radiation therapy of breast cancer, no
difference was seen in mortality over the first 10 years
between patients treated with radiation therapy. After 10
years, however, there was a lower survival associated with
radiation therapy. In recent years, chemotherapy has been
favoured for breast cancer treatment. However, the use of
post-operative radiation therapy needs to be reconsidered
in patients who receive adjuvant chemotherapy and in
whom drug resistance develops, leading to failure of
chemotherapy. By decreasing the local tumour burden,
adjuvant radiation therapy may decrease the probability of
drug resistance and increase the probabilityof cure in those
patients [H42].

(b) Nitrosoureas

178. The chloroethylnitrosoureas, including 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU), 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea (CCNU), andmethyl-CCNU(Me-
CCNU), are highly lipophilic and chemically reactive
compounds that are clinically active against a variety of
tumours (reviewed in [L39]). Chemical decomposition of
these agents in aqueous solution yields two reactive inter-
mediates, a chloroethyldiazohydroxide and an isocyanate
group [C30, M40]. The latter react with amine groups in
a carbamoylation reaction. The isocyanates are believed to
deplete glutathione, inhibit DNA repair, and alter
maturation ofRNA. The chloroethyldiazohydroxideunder-
goes further decomposition to yield reactive chloroethyl
carbonium ions that form a variety of adducts with all four
DNA bases and the phosphate groups of DNA. Of major
importance in the antitumour effects of nitrosoureas is the
formation ofDNA interstrand cross-links, as demonstrated
by the close correlation between cross-link formation and
cytotoxicity [E13, K30, L40]. Alkylation seems to be the
more important feature of direct nitrosourea action.

179. Additive or greater-than-additive responses have been
recorded in in vitro and animal studies, with the greatest
enhancement associated with the presence of the drug in
some experiments before irradiation and in others after
irradiation. Deen and Williams [D15] provided an isobolic
analysis of the effects of combined BCNU-radiation treat-
ment of 9L rat brain tumour that suggested some concen-
tration dependence of these interactions. At two levels of
BCNU (1 and 7.5 mg ml�1) all data points fell within the
additivity envelope, indicating similar mechanisms of
action for the drug and radiation, but at other levels (3 and
5 mg ml�1) supra-additivity was noted, suggesting that
alternative mechanisms might be operating. CCNU
resulted in less interaction than did BCNU [D16], a finding
confirmed by the study of Kann et al. [K31] on L1210
cells. In experimentscomparing the radiosensitizing effects
of four nitrosoureas, the compound without alkylating
activity, 1,3-bicyclohexyl-1-nitrosourea (BCyNU), was the
most effective sensitizer [K31]. BCyNU was reported to
selectively inhibit glutathione reductase activity [M41].
Kann et al. [K31] concluded that because the agent without
alkylating activity was the most potent radiation synergist,
alkylation was not involved in the enhancing effect, which
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may relate instead to differential repair-inhibiting activity.
However, even if the enhancement of the cytotoxic effects
of ionizing radiation could be ascribed to repair inhibition,
details of the mechanisms of cell killing are still not clear,
because inhibition of DNA repair by the nitrosoureas was
not complete and permanent [K32]. Rather, their effect was
to slow the rate of strand rejoining, prolonging the period
when numerous unjoined breaks are present, and lethality
was considered a consequence of this prolongation.

180. Controlled clinical trials have demonstrated the efficacy
of nitrosoureas combined with irradiation as adjuvant therapy
for glioblastoma and anaplastic astrocytoma (reviewed in
[L39]).

(c) Platinum coordination complexes

181. Cisplatin and its analogues are an important group of
agents now in use for cancer therapy [R15]. Cisplatin (cis-
diaminodichloroplatinum (II)) can bind to all DNA bases,
but in intact DNA, there appears to be preferential binding
to the N7 positions of guanine and adenine [B42, M42,
P12]. Cisplatin binds to RNA more extensively than to
DNA, and to DNA more than to protein [P13]. In the
reaction of cisplatin with DNA or other macromolecules,
the two chloride ligands can react with two different sites
to produce cross-links [E14, E15, F21, F22]. Studies of the
effects of platinum DNA binding on the three-dimensional
structure of the DNA double helix revealed that the
platinum lesions cause bending of the DNA double helix,
suggesting that the stereochemistry of the platinum
molecule is maintained and that DNA is modified in its
three-dimensional conformation [R14]. The cytotoxicityof
cisplatin against cells in culture has been found to be
related directly to total platinum binding to DNA and to
interstrand and intrastrand cross-links. Intrastrand
guanine-guanine cross-linkage inhibits DNA replication
[G23, P14]. Diaminocyclobutane-dicarboxylatoplatinum
(II), carboplatin, and other cisplatin analogues appear to
have subcellular mechanisms of action similar to cisplatin.
They form lesions with DNA that are recognized by
antibodies reacting with cisplatin-DNA lesions [P15].

182. More than two decades ago, Zak and Drobnik [Z6]
reported an apparent interaction between cisplatin and
ionizing radiation after whole-body irradiation of mice.
Since then, cisplatin has been reported to enhance the
cytotoxicity of radiation in a number of studies in both cell
culture and tumour-bearing animals (reviewed in [B26,
B43, C31, D17, D18, D19, H22, H23]). Isobolic analysis
provides some evidence that this interaction can be supra-
additive [D20]. A pronounced inhibition of repair of both
radiation-induced potentially lethal damage and sublethal
damage by platinum drugs has been demonstrated in
several cell lines [B44, C32, D18, D21, O3, Y8]. The
survival curves of cells exposed to platinum compounds
have either a reduction or no shoulder, and this effect is
interpreted as evidence for the inhibition of sublethal
damage repair by platinum because of the role of sublethal
repair in the formation of the shoulder of the radiation

survival curve. The enhanced killing of irradiated cells by
platinum compounds may be due to an enhanced
production of DNA double-strand breaks. Repair of DNA-
platinum adducts results in a gap that, in association with
radiation-induced DNA single-strand breaks (rejoining of
which is retarded by platinum compounds), produces new
DNA double-strand breaks [Y9, Y10].

183. DNA-protein cross-links and the binding of high-
mobility-group proteins to DNA-platinum lesions seem to
play a role in the radiosensitizing mechanism of cisplatin
at moderate doses in hypoxic cells [K33, S50, S51, W16].
However, comparable in vivo experiments with RIF-1
tumours in mice failed to show the preferential radio-
sensitization of hypoxic cells at low radiation doses by
cisplatin [S52]. Herman et al. [H24] provided evidence that
intracellular pH is an important variable in the action of
cisplatin as a radiosensitizer of hypoxic cells using murine
fibrosarcoma cells in vitro. Radiosensitization of cancer
cells in vitro and as spheroids was observed when platinum
drugs were delivered before and during irradiation. In
addition, enhanced cell killing was demonstrated when
these drugs were added immediately after irradiation
(reviewed in [B26, H22, H23, S53]).

184. A number of animal in vivo studies have reported
sequence-dependent positive interactions between the two
modalities. Increased lifespan was reported when cisplatin
was administered before whole abdominal irradiation of
Krebs II ascitic carcinoma-bearing mice compared with
cisplatin after irradiation [J8]. Supra-additivity was
reported when cisplatin was given before x rays in SCCVII
[T20, Y11] and RIF-1 [L41] or simultaneously in SCCVII
and RIF-1 carcinoma-bearing mice [K34].

185. The platinum coordination complexes are the most
important group of agents now in use for cancer treatment.
They are curative in combination therapy for testicular
cancer and ovarian cancer and play a central role in the
treatment of lung [A29, K52, S54, S84, T21], head and
neck [A27, B45, C33, C34, H25, O4, S55], brain [S56,
S57], and bladder cancers [C35].

2. Antimetabolites

(a) Antifolates

186. Despite the clinical importance of antifolates in
cancer therapy, there are only a limited number of reports
of experimental data relating to interactions of
methotrexate and radiation in vitro. Early studies of Berry
[B47, B48] suggested that methotrexate might be useful as
a radiosensitizer, with the greatest enhancement occurring
with a cytotoxic drug concentration or in hypoxic cells.
Enhancement was influenced by the proliferation status of
the cells, and although stationary-phase cells showed an
enhanced response to radiation, this was accompanied by
a decreased response to methotrexate, which cancelled any
gain [B49]. The synergistic effects between methotrexate
and radiation can be explained by impaired DNA repair
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owing todepleted intracellular pyrimidine and purine pools
[A19]. Methotrexate cytotoxicity may also result from
drug-induced single- and double-strand breakage of DNA
[B46]. These breaks appear come from the methotrexate-
induced depletion of intracellular nucleotide pools, with
impairment of the ability to repair DNA damage. Synergistic
effects were observed only when drug and radiation were
given at the same time. Radioprotective effects of metho-
trexate were observed when it was administered hours before
radiation treatment (see paragraph 119).

187. Effects of intracerebral injections of methotrexate,
whole-brain radiation, or a combination of both were analysed
on intracerebrally implanted RT-9 gliosarcoma in male CD-
Fisher rats. Methotrexate alone and radiation alone each
prolonged survival moderately. Combined methotrexate and
radiation caused a significant prolongation of survival in all
animals [W17].

188. In acute lymphoblastic leukaemia, current treatment
is divided into four phases: remission induction by
chemotherapy; central nervous system preventive therapy
by radiation or combined modality treatment (radiation
plus methotrexate); consolidation; and maintenance with
chemotherapy. However major adverse effects of central
nervous system preventive therapy have been documented,
including CT-detected brain abnormalities, impaired
intellectual and psychomotor function, and neuroendocrine
dysfunction. These adverse effects have been attributed
mainly to radiation therapy[R16, S58]. Several approaches
have been tested to decrease adverse effects, including
reduction of cranial irradiation from 24 to 18 Gy in regimens
using cranial radiation plus intrathecal chemotherapy with
methotrexate or the use of triple intrathecal chemotherapy
with methotrexate alone or with methotrexate, cytarabine, and
hydrocortisone (reviewed in [P28]).

(b) Pyrimidine analogues and precursors

189. Deoxyuridine analogues that increaseradiosensitivity
include 5-bromodeoxyuridine (BrUdR), 5-fluoro-2'-
deoxyuridine (FUdR), and 5-iododeoxyuridine (IUdR). In
these compounds, a halogen atom replaces the hydrogen at
the 5 position on the pyrimidine ring of deoxyuridine.
Because the van der Waals radii of bromine (1.95 Å) and
iodine (2.15 Å) resemble closely the methyl group of
deoxythymidine (2.00 Å), BrUdR and IUdR are more
accurately referred to as thymidine analogues. FUdR is
considered a uridine analogue because the van der Waals
radius of the fluorine atom (1.35 Å) most closely resembles
hydrogen (1.20 Å) [S59]. The biological effects of FUdR
are significantly different from those of BrUdR/IUdR and
will be discussed separately.

190. 5-Fluorouracil (5-FU) and FUdR are the
fluoropyrimidines of greatest clinical interest. The fluoro-
pyrimidines require intracellular activation to exert their
cytotoxic effects. They are converted by multiple
alternative biochemical pathways to one of several active
cytotoxic forms. Incorporation of 5-FU into DNA inhibits

DNA replication and alters DNA stability by producing
DNA single-strand breaks and DNA fragmentation [C36].
Fluoropyrimidines may also induce DNA strand breaks
without being directly incorporated into DNA, possibly
through the inhibition of DNA repair as a result of dTTP
(deoxy-thymidine-triphosphate) depletion [Y12].

191. The synthesis and antitumour activity of 5-FU was
initially described by Heidelberger et al. in 1957 [H26].
Complete tumour regression was observed in mice bearing
sarcoma tumours after 5-FU and radiation, not observed
after each treatment alone [H27]. In mice with a trans-
planted leukaemic cell line, 5-FU and radiation interacted
synergistically when the drug was given before and after
radiation, with the effects being most noticeable in the
latter situation [V8]. Squamous-cell carcinoma responses
in mice from combined exposures were dependent on total
drug doses; however, the response was independent of the
schedule of drug administration and consistent only with
an additive effect [W18].

192. In vitro studies of Nakajima et al. [N15] with mouse
L cells showed an enhanced effect of combined treatment
of 5-FU and radiation on cell survival. The results suggest
that maximum enhancement occurred when drug-treated
cells were irradiated in the S phase and also confirmed the
importance of post-irradiation drug treatment. Enhance-
ment was dependent on drug concentration, increasing
with increased dosage, and on treatment duration. The
prolonged temporal requirement and the cytotoxic dose of
5-FU for the induction of sensitization following x-ray
exposure implicates incorporation of 5-FU into RNA as an
important mechanism involved in the combined effect.

193. A series of in vitro combined treatments using
ionizingradiation and 5-FUon the human adenocarcinoma
cell lines HeLa and HT-29 were performed byByfield et al.
[B50]. Based on these experiments they concluded that (a)
sensitization occurred only with post-irradiation drug
treatment, with prior exposure to 5-FU being strictly
additive; (b) enhanced cell killing could not be explained
by drug-induced additional acute damage or inhibition of
sublethal damage repair; (c) the effect is maximized if cells
are exposed to 5-FU for prolonged periods following
irradiation; and (d) the concentration of 5-FU required for
these effects is associated with dose-limiting toxicity in
clinical studies.

194. Attempts to define more clearly the mechanism of
interaction of 5-FU have used the derivative FUdR, which
may limit the complex effects of 5-FU. Radiosensitization
by FUdR in human colon cancer cells (HT-29) was
critically dependent on the timing of exposure, being most
marked when irradiation occurred 8�12 hours after
exposure toa clinicallyachievable drug concentration, with
no effect resulting when the cells were irradiated first
[B51]. FUdR impaired sublethal damage repair in a dose-
dependent manner but had no effect on the induction of
double-strand breaks [H28]. Sensitization correlated with
thymidylate synthase inhibition [B51] and depletion of
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dTTP pools [H28] and was blocked by co-incubation with
thymidine [B51]. These findings strongly suggest that
FUdR acts by inhibiting thymidylate synthase.

195. In more recent studies by Miller and Kinsella [M43],
a 2-hour exposure to low doses of FUdR resulted in
extended thymidylate synthase inhibition after the drug
was removed (up to 30 hours after treatment). Although
the enzyme was nearly completely inhibited (>90%), an
increase in radiosensitivity of cells was not evident until 16
hours after removal of the drug. Therefore, no direct
correlation between thymidylate synthase inhibition and
radiosensitization was observed. Parallel analysis of cell-
cycle kinetics showed that cells accumulated during the
early S phase after drug exposure and the rise and fall of
radiosensitivity of the entire cell population over time
followed the change of proportion of cells in early S phase
[M44], a relatively radiosensitive phase of the cell cycle
[T22]. These data suggest that radiosensitization by FUdR
is in part caused by alterations in cell kinetics and a
redistribution of cells through the cell cycle.

196. Concomitant radiotherapy with 5-FU has been
evaluated in patients with cancers of the oesophagus,
rectum, anus, bladder, and advanced laryngeal tumours
(reviewed in [K35, M45, O5]). A recent consensus
conference at the National Institute of Health reviewed the
data from clinical trials and has recommended combined
post-operative 5-FU and radiotherapy as the most effective
management of patients with stage II or III surgically
resected rectal cancer [N16]. In general, 5-FU and
radiation in combined modality treatment is superior to
radiation alone in the treatment of intestinal tumours.

197. Differential sensitization of tumours with bromated or
iodinated pyrimidines, including BrUdR and IUdR, has been
observed. These analogues influence only proliferating cells
and may therefore preferentially sensitize rapidly growing
tumours surrounded by more slowly proliferating normal
tissue. BrUdR and IUdR are readily incorporated into the
DNA of mammalian cells. The incorporation follows the
thymidine salvage pathway. The extent of thymidine
replacement in DNA, however, is not simply a function of
competition within the salvage pathway, because the preferred
pathway for thymidine incorporation is through the de novo
synthesis of pyrimidine nucleotides.

198. Steric hindrance resulting from analogue incorporation
into DNA appears minimal. In contrast, the physicochemical
properties of altered DNA are influenced by thymidine
replacement. Incorporation ofBrUdRincreases the forces that
bind the strands of DNA together [P16]. This may alter DNA
transcription and replication. The affinity of chromosomal
proteins for BrUdR- and IUdR-substituted DNA is increased.
This increased affinity has been associated with the
repression or induction of cellular proteins, receptors, and
growth factors (reviewed in [M45]). BrUdR and IUdR
cause a dose-dependent delay of cells in the S and G2

phases of the cell cycle, as demonstrated in human ileal
and spleen cells in vitro [P17].

199. The physicochemical properties of IUdR- and
BrUdR-containing DNA have been implicated in its
increased sensitivity to radiation. The large, highlyelectro-
negative halogen atoms greatlyincrease the cross-sectional
area available for trapping radiation-produced electrons. In
addition, migration of absorbed energy to a halogenated
base has been demonstrated [F23, L43]. Highly reactive
uracilyl radicals may result from these reactions.

200. Erikson and Szybalski [E16, E17] reported radiosen-
sitization of human cells exposed to BrUdR and IUdR.
These studies revealed that the incorporation of halo-
genated pyrimidine radiosensitizes the cell through a direct
effect on DNA [S59]. It was demonstrated that BrUdR
resulted in greater thymidine replacement than did IUdR.
However, IUdR was a more effective sensitizer to x rays,
even at lower levels of incorporation [E18, M46, M47].
The distribution between the two DNA strands was not a
critical factor in radiosensitization. Sensitization was also
shown to be independent of the presence of oxygen [H29].

201. Recent analysis of radiosensitization by IUdR and
BrUdR in two exponentially growing human colon cancer
cell lines (HCT116 and HT29) using the linear-quadratic
model revealed that an increase in the initial slope of the
cell survival curve is the predominant mode of radiosensi-
tization [M46, M47]. This suggests that the radio-
sensitizing effect may be the result of an increase in the
amount of initial DNA damage. However, other recent in
vitro studies with plateau-phase cells (CHO cells) suggest
that IUdR and BrUdR are, in fact, potentially lethal
damage repair inhibitors [F27, W19]. These different
proposed mechanisms of radiosensitization of BrUdR and
IUdR in exponentiallygrowing and plateau-phase cells are
not inconsistent and may reflect a bimodal mechanism.

202. Significant systemic toxicity was noted in animals
[B52, G24] and humans, suggesting minimal tumour
selectivity for these analogues. For clinical investigations
in humans, therefore, tumours were selected that were
surrounded by practically non-proliferating normal tissue
(brain, bone, and muscle), thereby limiting the incorpora-
tion of BrUdR and IUdR into normal cells within the
irradiated volume (reviewed in [M44]).

203. Gemcitabine (2',2'-difluorodeoxycytidine) is a new
antimetabolite. It is a pyrimidine analogue and appears to
prevent the addition of other nucleotides by DNA
polymerase (masked chain termination) and to impair
DNA repair. Gemcitabine has been shown to be a potent
radiosensitizer in a variety of tumour cell lines, including
HT-29 colorectal carcinoma, pancreatic cancer, breast,
non-small-cell lung and head and neck cancer cell lines. It
was most effective when administered prior to radiation.
For most cell lines, sensitization was evident at non-
cytotoxic concentrations of gemcitabine. For most cell
lines, the primary radiosensitizing effect seems to be
associated with depletion of endogeneous nucleotide pools
[L54, S83, S85]. Radiosensitization by gemcitabine was
observed in mice bearing tumours in vivo [M70]. In
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clinical trials gemcitabine seems to be a powerful radiation
enhancer in the treatment of non-small-cell lung cancer
[H51, V13].

(c) Hydroxyurea

204. Hydroxyurea, a relatively simple compound, is a
representative of a group of compounds that have as their
primary site of action the enzyme ribonucleoside
diphosphate reductase. This enzyme, which catalyses the
reactive conversion of ribonucleotides to deoxyribo-
nucleotides, is a crucial and rate-limiting step in the
biosynthesis of DNA. The mechanism of cytotoxicity from
hydroxyurea is related to direct inhibition of DNA
synthesis and repair. Hydroxyurea causes cells to arrest at
the G1/S phase transition [S61]. It selectively kills cells
synthesizing DNA at concentrations that have no effect on
cells in other stages of the cell cycle [S62].

205. Additive or greater-than-additive responses have
generally been reported for combined treatment with
hydroxyurea and ionizing radiation in vitro. Phillips and
Tolmach [P7], using synchronized HeLa cells, reported
that enhancement occurred onlywhen the drug was present
post-irradiation. They demonstrated that hydroxyurea
inhibits potentially lethal damage repair. In synchronized
V79 cells, hydroxyurea treatment was necessarybefore and
after irradiation to be effective as a radiosensitizer [S61].
Sensitizing by hydroxyurea resulted from its inhibitory
action at the G1/S-phase transition or its lethal action
during the S phase. Kimler and Leeper [K36] showed that
the enhancement of radiation-induced lethality observed
when hydroxyurea was present after irradiation was
specific for G1 and S phase cells, but that the drug did not
interfere with recovery from radiation-induced division
delay in the G2 phase. Non-cytotoxic doses of hydroxyurea
significantly increased the early S-phase population in a
human bladder cancer cell line (647V) [K37]. Exposure to
these non-toxic concentrations of hydroxyurea before
irradiation resulted in radiosensitization. In the human
cervix carcinoma cell line Caski, the radiosensitizing effect
of hydroxyurea was mainly due to a significantly longer G2

block, indicating effects on DNA repair [K2].

206. Hydroxyurea has been shown to inhibit the repair of
radiation-induced single-strand breaks in HeLa cells. The
time course for repair of radiation-induced, single-strand
DNA breaks is partially inhibited by exposure to
hydroxyurea before and after irradiation [F24]. The effects
of hydroxyurea on DNA repair after UV irradiation have
also been studied, and depletion of the triphosphate pools
(except dTTP) appears to be responsible for the observed
alterations in DNA repair and enhanced cytotoxicity[C38].

207. Piver et al. [P18] showed a significant reduction in
the radiation dose needed to control mammary tumours in
mice when hydroxyurea was given with fractionated
radiation exposure. However, a similar study on implanted
squamous cells of cervix carcinoma in nude mice showed
no radiosensitizing effect [X3].

208. Clinical trials ofhydroxyurea radiosensitization have
involved patients with head and neck malignancies [R17,
S63] and primary brain tumours [L27]. The most convinc-
ing trials, suggesting radiosensitization and improved local
control with hydroxyurea, involved patients with uterine
cervical carcinoma [P19, P20, S64]. Although these studies
suggested improved results, none of the trials considered
cell cycle times of the tumour and normal tissue or
hydroxyurea concentrations in the relevant tissues [S65].

(d) Other antimetabolites

209. Other antimetabolites ofclinical relevanceare arabinose
nucleosides, including cytarabine (cytosine arabinoside,
ara-C); ara-C, a cytidine analogue, has important clinical
activity against acute myelocytic leukaemia. It is an inhibitor
of DNA synthesis and kills cells selectivelyduring the S phase
of the cell cycle. Synergism between cytarabine and a
number of antitumour agents, including alkylating agents,
platinum coordination complexes, and topoisomerase II
inhibitors, has been observed in vitro and in animal
models. ara-C enhances the activity of these compounds by
inhibiting the repair of strand breaks associated with these
agents.

210. Another class of antimetabolites is the purine
analogues, including 6-mercaptopurine and 6-thioguanine,
which act as guanine analogues, and adenosine analogues,
including arabinofuranosyladenine (9-ß-arabinofurano-
syladenine, ara-A). All these compounds have antileukaemic
activity and are used in combination chemotherapy. Their
activity is directed against DNA replication and repair.

211. The potential of the thymidylate synthase inhibitor
tomudex to interact with ionizing radiation was assessed by
Teicher et al. [T38]. Tomudex (1 µM) decreased the
shoulder of the radiation survival curve in both oxygenated
and hypoxic HT-29 cells (human colon carcinoma) and
SCC-25 cells (squamous-cell carcinoma of the head and
neck), respectively. The effect was more significant in
oxygenated cells. In tumour-bearing animals, tomudex in
combination with radiation showed an additive to supra-
additive effect on tumour control. The interaction effect
was dependent on the fractionation schedule of drug and
radiation. In each assay, the results obtained with tomudex
were equal to or exceeded the results of comparable
experiments with 5-fluorouracil.

3. Antitumour antibiotics

212. Anthracyclines such as doxorubicin, daunomycin,
epirubicin, and idarubicin cause a range of biochemical
effects in tumour cells. The antitumour activityand toxicity
are the result of free-radical formation and/or triggering of
topoisomerase-II-dependent DNA fragmentation. The
enzyme is prevented from finishing its cycle with the reli-
gation of the broken strands. In addition, the alteration of
the DNA helical structure that occurs on DNA inter-
calation by anthracyclines may trigger enhanced topoiso-
merase II activity. The net result is that addition of
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anthracyclines to tumour cells dramatically increases
protein-associated breaks. There is strong evidence that the
topoisomerase II mechanism is the means by which
doxorubicin and other anthracyclines kill leukaemia and
lymphoma cells.

213. As a second mechanism, anthracyclines are able to
form oxygen radicals. Evidence suggests a role for anthra-
cycline-induced radical formation by virtue of its killing of
ovary, breast, and colon tumour cells. Much of this
evidence depends on the key roles that gluthathione and
gluthathione peroxidase playin detoxifying hydrogen pero-
xide and organic peroxides. Doxorubicin is an inhibitor of
mitochondrial and cell respiration and reduces oxygen
consumption by cells in the outer layers of the tumour.
This may lead to improved oxygenation and radiosensi-
tivity of hypoxic areas of the tumour [D23]. On the other
hand, aclarubicin, an anthracycline differing in its sugar
moiety from doxorubicin, was shown to exert its enhance-
ment effect on x-ray-induced cell killing in HeLa cells only
when given after radiation exposure (5 µg ml�1 for one
hour) [M63]. The authors hypothesized that this potentia-
tion, which is visible through 10 cell divisions, is due to
the interaction between radiation and drug damage, a
mechanism probably relevant only for very high acute
exposures.

214. Bleomycin is another important antitumour anti-
biotic. Its action has been associated primarily with its
ability to produce single- and double-strand breaks in
DNA. The sequence of events leading to DNA breakage
begins with the metabolic activation of bleomycin. The
activated agent binds to DNA as the result of intercalation.
Highly toxic oxygen intermediates, such as the superoxide
or hydroxyl radicals, are then formed that attack DNA.
There is indirect evidence that the same processes required
to repair ionizing radiation damage also are used in
bleomycin repair [C39]. The lesions caused by bleomycin
include chromosome breaks and deletions, very similar to
the action of ionizing radiation. Bleomycin is therefore
called a radiomimetic drug. There is, however, some base
sequence specificity for the site of DNA cleavage. Bleo-
mycin binds preferentially to the DNA strand opposing the
sequences GpT and GpC to attack and cleave the strand at
the 3' side of G [P21, S66]. A primary point of attack in
non-mitotic cells is considered to be the link regions of
DNA between nucleosomes [K38].

215. The effects of the interaction between bleomycin and
ionizing radiation on cell survival have been reported to
range from additive to greater than additive [B26, H30,
T28, T29]. These effects are schedule-dependent, with
maximum interaction occurring when there is only a short
time interval between administration of the two agents or
when they are administered simultaneously, possibly
reducing the extent of repair of any induced damage or
similar lesions by these two agents. Although both ionizing
radiation and bleomycin induce G2 arrest, their damage is
independent and purely additive [K39]. Thus, in contrast
to the sometimes greater-than-additive effects observed for

cell lethality, bleomycin and radiation do not interact in the
induction of cell-cycle blocks.

216. Bleomycin and radiation have been combined
frequently in the treatment of head and neck cancer. There
are several randomized clinical trials (reviewed in [S67]),
some of which showed a benefit in response rate and/or
survival; others, however, including the largest trials, did
not reveal any benefit from the use of bleomycin and
radiotherapy.

217. Mitomycin C is a bioreductive alkylating agent that
is inactive in its original form but is activated to an
alkylating species by reduction of the quinone and sub-
sequent loss of the methoxy group. Recent studies indicate
that bifunctional alkylation by mitomycin C occurs
preferentially in a reducing environment [T23]. In an
aerobic environment, the reduction of mitomycin C
initiates a chain of electron transfers that leads ultimately
to the formation of toxic hydroxyl and superoxide radicals
[B54].

218. Mitomycin C significantly reduced the radiation-
resistant subpopulation of KHT carcinomas growing intra-
muscularly in C3H/HeJ mice when administered 24 hours
before radiation. Isobolic analysis indicated that this treat-
ment combination led to supra-additive cell killing in the
tumour [S68]. Combined treatment with mitomycin C and
radiation of C3H mouse mammary carcinoma in vivo
showed that the drug significantly enhanced the radiation-
induced growth delay when administered before radiation
[G25]. Isobolic analysis revealed that pre-irradiation
treatment with mitomycin C resulted in a supra-additive
response, whereas post-irradiation treatment resulted in
onlyan additive response. The enhancement appeared to be
related to both a direct radiosensitization and a pronounced
cytotoxic effect of the drug against radioresistant hypoxic
cells.

219. A randomized trial using mitomycin C with radio-
therapy for head and neck cancer showed a disease-free
survival benefit [W21]. However, a high incidence of
pulmonary complications was reported. Mitomycin C is
included in many multimodality therapy regimens for
gastrointestinal tumours in combination with 5-FU and
radiation. For cancers of the anal region, chemotherapy
with 5-FU and mitomycin C plus irradiation have been
widely accepted as the conventional treatment for most
patients, and surgery may not be required in many cases
(reviewed by [S14]).

220. Actinomycin D (dactinomycin) binds to DNA by
intercalation. The intercalation depends on a specific
interaction between the polypeptide chains of the antibiotic
and deoxyguanosine and blocks the ability of DNA to act
as a template for RNA and DNA synthesis [R17]. The
predominant effect is selective inhibition of DNA-
dependent RNA synthesis. In addition to these effects,
actinomycin D causes single-strand breaks in a manner
similar to doxorubicin.
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221. Experimental investigations of interactions between
actinomycin D and radiation were reviewed by Hill and
Bellamy [B26, H30]. The overall conclusion of this review
was that irrespective of the sequence employed, the two
agents are at least additive and that a shorter rather than a
longer interval between the two agents is the most bene-
ficial. Because actinomycin D generally leads to a
decreased Dq and a decrease in split-dose recovery, it
inhibits sublethal damage repair but does not effect
potentially lethal damage repair in exponentially growing
cells. This increased radiation damage expression, result-
ing from residual non-repaired single- and double-strand
breaks in DNA, has been proposed as a possible
mechanism for interaction between actinomycin D and
ionizing radiation.

222. Actinomycin D is effective in the treatment of Wilms’
tumour, Ewing’s sarcoma, embryonal rhabdomyosarcoma,
and gestational choriocarcinoma. It enhances radiation
effects in clinical therapy when both are given simul-
taneously. When given after radiation therapy, actinomycin
D, like doxorubicin, can recall the irradiation volumes by
erythema of the skin or by producing pulmonary reactions
[D32]. It is not known whether this is due to interaction
between the damage done by radiation and that by the drug
or whether it represents only additivity of the effects. The
recall effect can be observed even after a period of several
months between radiation and drug treatments.

4. Microtubule poisons

223. Many antineoplastic agents currently in use are
biosynthetic products and were initially isolated from
plants [D24]. In this Section, the mode of action alone and
in combination with radiation of the vinca alkaloids,
epipodophyllotoxins, and taxanes is reviewed.

224. Vinca alkaloids are present naturally in minute
quantities in the common periwinkle plant, Catharanthus
roseus. Vincristine (VCR), vinblastine (VBL), desacetyl
vinblastine (vindesine), and vinorelbine are in clinical use.
Vinca alkaloids exert their cytotoxic effects by binding to
a specific site on tubulin and preventing polymerization of
tubulin dimers, disrupting the formation of microtubules
[M55]. The binding occurs at sites that are distinct from
binding sites of other antimicrotubule agents, such as
colchicine, podophyllotoxin, and paclitaxel [B55].

225. The effect of single doses of VCR on mice spermato-
gonia was investigated byHansen and Sorensen [H31], and
the influence of these drugs on the radiation response of
murine spermatogonial stem cells was examined. VCR
significantly reduced the survival in the differentiated
spermatogonia and to a lesser extent in the stem cells. VCR
radiosensitized spermatogonial stem cells, with the effect
being most prominent when it was administered after
irradiation. Grau et al. [G26] evaluated the interaction
between VCR and x rays in a murine C3H mammary
carcinoma and its surrounding skin. VCR caused a
temporary blockage of cells in the mitotic phase. The

tumour control studies, however, showed a lack of
correlation between the VCR-induced accumulation ofcells
in the G2/M cell-cycle phase and enhancement of tumour
radiation response. Nevertheless, pre-irradiation VCR
caused radiosensitization in both tumours and skin,
whereas post-irradiation VCR mostly resulted in responses
equal to radiation only.

226. The effect of combining VBL and ionizing radiation on
tumour response was investigated in CDF1 mice bearing the
MO4mousefibrosarcoma [V9]. Different treatment schedules
for the combination of VBL and radiation all resulted in
additive tumour responses. The maximum percentage of
tumour cells that could be accumulated in mitosis by a single
intravenous bolus of VBL was around 13%. The results show
that this will probably be insufficient for significant radiation
enhancement.

227. Paclitaxel (commercial name Taxol), another micro-
tubule poison, was first isolated from the Pacific yew, Taxus
brevifolia. Paclitaxel promotes microtubule assembly in vitro
and stabilizes microtubules in mouse fibroblast cells exposed
to the drug [S69, S70]. It binds preferentially to microtubules
rather than to tubulin dimers [P22]. Although the binding site
for paclitaxel on microtubules is distinct from the binding site
for exchangeable guanosine triphosphate (GTP) and for
colchicine, podophyllotoxin, and VBL, the specific binding
site for paclitaxel on microtubules has not been identified.
Unlike other antimicrotubule agents such as colchicine and
the vinca alkaloids, which induce microtubule disassembly,
paclitaxel shifts theequilibrium towardsmicrotubuleassembly
and stabilizes microtubules. Distinct morphological effects
suggest that paclitaxel adversely affects critical microtubule
functions during interphase and mitosis. Paclitaxel belongs to
thegroup oftaxanes, microtubuli stabilizingagentscontaining
a taxane ring. Microtubuli stabilizing agents without taxane
ring are called taxoids.

228. Choy et al. [C40] evaluated the possible radiosensi-
tizing effects of paclitaxel on the human leukaemic cell
line (HL-60). When HL-60 cells were treated with paclitaxel,
up to 70% of them were blocked in the G2/M phase. Isobolic
analysis of the data revealed that the combined effects of
ionizing radiation and paclitaxel fell within the range between
additivity and synergism. Reasoning that paclitaxel could
function as a cell-cycle-selective radiosensitizer, Tishler et al.
[T24, T25] examined the consequences of combined
drug/radiation exposures on the radioresistant human grade 3
astrocytoma cell line, G18, under oxic conditions. Survival
curve analysis showed a dramatic interaction between
paclitaxel and ionizing radiation, with the degree of enhanced
cell killing dependent on paclitaxel concentration and on the
fraction of cells in the G2 or M phases of the cell cycle.

229. Three human ovarian cancer cell lines were used to
examine the radiosensitizing effects of paclitaxel: BG-1,
SKOV-3, and OVCAR-3 [S71]. Paclitaxel was found to
have a significant radiosensitizing effect on all cell lines.
Proliferating cells were more sensitive to paclitaxel,
radiation, and the combination than confluent cells.
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Treatment of proliferating cells with paclitaxel 48 hours
prior to irradiation had a greater radiosensitizing effect
than treatment 24 hours prior to irradiation.

230. Liebmann et al. [L44] examined the radiosensitizing
effects of paclitaxel in four cell lines: MCF-7, A549,
OVG-1, and V79. All cell lines developed a G2/M block
after paclitaxel exposure. Paclitaxel acted as a radio-
sensitizer in human breast cancer cells (MCF-7), in human
ovary adenocarcinoma cells (OVG-1), and in Chinese
hamster lung fibroblast cells (V79). However, paclitaxel
was unable to enhance the radiation sensitivity of human
lung adenocarcinoma cells (A549). Paclitaxel increased the
linear component of the radiation survival curves in all cell
lines. The quadratic component was unaffected by paclitaxel
in the rodent cell line. The cells that were sensitized to
radiation by paclitaxel had a relatively small baseline linear
component, while A549 cells had a large linear component.
Asynchronous and synchronous cells from carcinomas of the
human uterine cervix were irradiated alone and after
paclitaxel treatment [G27, T39]. Irradiating paclitaxel-treated
cells resulted in a strictly additive response, like the response
in lung adenocarcinoma cells and in contrast to the earlier
supra-additive results with astrocytoma cells, breast cancer
cells, and ovarian cancer cells. Paclitaxel affected the cervical
carcinoma cells at stages of the cell cycle other than G2/M.
This may explain the failure to observe paclitaxel radio-
sensitization with these cells, and it may indicate that
paclitaxel has a multiplicity of actions, with differences in
effectiveness likely between cells of different origins. Similar
cell-line-specific results on the cell-cycle specificity of the
combined paclitaxel radiation effects were reported for other
tumour cell lines. In non-synchronized and synchronized
human fibroblasts, however, the combined effect was additive
to even subadditive [G36]. Subadditive effects on cell survival
between radiation and paclitaxel were reported for the human
laryngeal squamous-cell carcinoma cell line SCC-20 [I15].

231. Besides having cell-cycle effects, paclitaxel is able to
induce apoptosis by a p53-independent mechanism. On a
molecular level, paclitaxel effects primarily involve phos-
phorylation of the product of the bcl-2 gene downstream of
p53 [M68].

232. Hei et al. [H32, H33] assessed the potential oncogenic
effects of paclitaxel either alone or in combination with
gamma irradiation in C3H10T½ cells. In contrast to human
cells in vitro, the mitotic block induced by paclitaxel in 10T½
cells was only partial. While paclitaxel was ineffective in
transformant induction, it enhanced the oncogenic trans-
forming potential of gamma rays in a supra-additive manner.

233. In vivo experiments with animal tumours showed that
enhanced tumour radiosensitivity after paclitaxel treatment
was attributable to two distinct mechanisms. Paclitaxel was
able to enhance the radioresponse of apoptosis-sensitive and
-resistant tumours but not the normal tissue radioresponse,
thus providing true therapeutic gain. Tumour reoxygenation
and antiangiogenic properties occurring as a result of
paclitaxel-induced apoptosis in apoptosis-sensitive tumours

and mitotic arrest after paclitaxel treatment in apoptosis-
resistant tumoursare twodistinct radiosensitizingmechanisms
of paclitaxel [M67]. In mice bearing spontaneous mammary
carcinoma, paclitaxel and radiation interacted in a supra-
additive manner in controlling tumour growth. However, no
supra-additive response has been observed in normal tissue,
indicating a favourable therapeutic gain [C48].

234. Antitumour activity of paclitaxel has been observed in
advanced ovarian cancer and metastatic breast cancer. The
initial activity reported in refractory ovarian cancer has now
been confirmed in threesubsequent studieswith response rates
ranging from 21% to 40% (reviewed in [Y13]). Significant
activity (56%�62%) has also been observed in metastatic
breast cancer [H34]. Docetaxel, a paclitaxel derivative, has
been shown to be 100-fold more potent than paclitaxel in
bcl-2 phosphorylation and apoptotic cell death [H50]. The
radiosensitizing activity of docetaxel has been reported in
clinical trials with head and neck cancer [S79] and non-
small-cell lung cancer [G38, O20].

5. Topoisomerase poisons

235. Epipodophyllotoxins from extracts of the mandrake
plant (Podophyllum pelatum) have been used for medical
purposes for centuries as cathartics or as treatment for
parasites or venereal warts. Podophyllotoxin, an antimitotic
agent that binds to a site on tubulin distinct from that
occupied bythe vinca alkaloids or paclitaxel, was identified
as the main constituent possessing cytostatic activity. These
early tubulin-binding podophyllotoxins possessed a pro-
hibitively high degree of clinical toxicity. For example, a
considerable risk of pneumonitis was observed following
irinotecan and radiotherapy for lung cancer [Y15]. How-
ever, two glycosidic derivatives of podophyllotoxin,
etoposide (VP-16) and teniposide (VM-26), have very
significant clinical activity against a wide variety of
neoplasms. Their main target is DNA topoisomerase II.

236. Epipodophyllotoxins were found to arrest cells in the
late S or early G2 phase of the cell cycle rather than the
G2/M border that would have been expected of an
antimicrotubule agent [K40]. It was noted that these agents
had no effect on microtubule assembly at concentrations
that were highlycytotoxic [L45]. It was subsequently found
that these drugs produced DNA strand breaks in intact
cells but that these effects were not seen when the
epipodophyllotoxins were incubated in vitro with purified
DNA, suggesting that direct chemical cleavage in DNA
was not occurring [W20]. The epipodophyllotoxins exert
their cytotoxic effects by interfering with the scission-
reunion reaction of the enzyme DNA topoisomerase II
[Y10]. The enzyme binds to DNA covalently and forms
single-strand, protein-associated breaks. On a molar basis,
teniposide is approximately 10 times more effective than
etoposide at inducing DNA strand breaks [L46]. In
addition, the epipodophyllotoxins inhibit the catalytic or
“strand-passing” activity of topoisomerase II that permits
the enzyme to catenate DNA circles and disentangle
topologically constrained DNA.
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237. Isobolic analysis of the combined modality treatment
of etoposide and radiation on asynchronous growing V79
fibroblasts showed that considerable potentiation occurs
upon concomitant radiation/drug exposure [G28]. Syner-
gistic cell killing was observed as radiation was applied
before or concomitantly with etoposide. Rapidly repairable
radiation-induced DNA damage was fixed into lethal
lesions by etoposide, giving rise to supra-additive inter-
action under concomitant radiation/drug exposure. The
shoulder of the radiation survival curve was eliminated. A
second interaction mechanism was that cells arrested in the
G2 phase of the cell cycle byirradiation were hypersensitive
to the cytotoxic effects of the drug. Recently, Goswami et
al. [G29] reported that the synthesis of topoisomerase II is
suppressed as cells accumulate in G2 following irradiation.
Ng et al. [N17] investigated the ability of etoposide to
potentiate the x-irradiation response and to inhibit the
repair of potentially lethal damage and sublethal damage
in confluent cultures of a radioresistant (Sk-Mel-3) and a
radiosensitive (HT-144) human melanoma cell line. In
both cell lines, etoposide inhibited sublethal damage repair;
however, in contrast to camptothecin, a topoisomerase I
inhibitor, it also inhibited potentially lethal damage repair
in HT-144 cells but not in the radioresistant cell line
Sk-Mel-3.

238. Non-cytotoxic concentrations of etoposide (1.7 mM)
caused little or no effect in V79 cells when combined with
radiation [S72]. Even at highly toxic doses of etoposide,
human bladder carcinoma cells were not radiosensitized by
the drug [M48]. Etoposide and teniposide have demon-
strated highly significant clinical activity against a wide
varietyofneoplasms, including non-Hodgkin's lymphomas,
germ-cell malignancies, leukaemias, and small-cell lung
carcinoma [B56, O6, W22].

239. Camptothecin, a heterocyclic alkaloid, and its
analogues are inhibitors of topoisomerase I and possess
antitumour activity. Camptothecin was first isolated from
the stem wood of Camptotheca acuminata, a tree native to
northern China. Characterization of the molecular structureof
camptothecin critical for antitumour activity has led to the
development of the camptothecin analogue topotecan and
others with greater solubilityand improved therapeutic indices
in preclinical models.

240. DNA topoisomerase I is the unique target for
camptothecin [S73]. Topoisomerase I transiently breaks a
single strand ofDNA, therebyreducing torsional strain and
unwinding DNA ahead of the replication fork. Human
DNA topoisomerase I binds to its nucleic acid substrate
non-covalently. The bound enzyme then creates a transient
break in one strand and concomitantly binds covalently to
the 3'-phosphoryl end of the broken DNA strand. Topo-
isomerase I then allows passage of the unbroken DNA
strand through the break site and religates the cleaved
DNA. Camptothecin blocks the topoisomerase I in the form
that is covalently bound to DNA [C41]. Camptothecin-
induced DNA strand breaks have been detected frequently
at replication forks close to growth points. The cytotoxicity

of camptothecin, a highly S-phase-specific agent, may be
explained by the collision of drug-stabilized topoisomerase
I-DNA complexes with moving replication forks, leading
to replication arrest and conversion of topoisomerase-I-
bound transient DNA strand breaks into persistent breaks
[H35]. A direct stereospecific interaction between campto-
thecin and DNA topoisomerase is essential for the radio-
sensitizing effect of the inhibitor [C47].

241. Exposure to camptothecin under conditions of low-
dose-rate irradiation (1 Gy h�1) induced the accumulation
of cells in the S phase in V79 and HeLa cells. Isobolic
analysis of survival data consistently showed supra-
additivityof cell killing in both cell lines upon concomitant
exposure to camptothecin and low-dose-rate irradiation.
Cytokinetic cooperation appears to be the main deter-
minant of cell survival in treatments associating campto-
thecin and radiation in growing cells. Non-cytotoxic
concentrations of camptothecin produced a reproducible
effect at x-ray doses of up to 2 Gy; however, like cells
treated with etoposide at non-toxic concentrations, the
radiation survival curves for drug-treated and untreated
V79 cells were comparable at higher radiation doses [S72].
X-irradiation of camptothecin-treated SV40 transformed
normal (MRC5CVI)and ataxia-telangiectasia (AT5BIVA)
fibroblast cells resulted in additive prolongation of S-phase
delay in MRC5CVI cultures and additive effects for cell
killing in both cell lines [F11]. Hypersensitivity of
AT5BIVA to camptothecin was not attributable to elevated
levels of complex trapping.

242. HT-29 human colon adenocarcinoma cells growing
in spheroids were more resistant to both SN-38, a meta-
bolite ofa derivative ofcamptothecin (irinotecan: CPT-11),
and radiation than HT-29 monolayers. SN-38 at a subtoxic
concentration (2.5 µg ml�1) increased the lethal effects of
radiation on spheroids in a supra-additive manner but only
acted additively on monolayers. The mechanism of radio-
sensitization of SN-38 is due to the inhibition of potentially
lethal damage repair in spheroids [O18]. In both small-cell
lung cancer and small-cell/large-cell lung carcinoma xeno-
grafts, combination treatment with SN-38 and radiation
resulted in a significant tumour regression compared with
the use of SN-38 or radiation alone [T40].

243. Gamma-rayirradiation ofAS-30D rat hepatoma cells
followed bya 2-hour exposure to camptothecin in vitro was
found to act additively at low radiation doses and syner-
gistically at higher radiation doses, as shown by isobolic
analysis [R18]. Treatment of established ascites tumours in
rats with either camptothecin or 131I-labelled monoclonal
antibody RH1, which specifically localizes in hepatoma
ascites, prolonged rat survival but was ineffective at curing
animals of tumours. In contrast, combined therapy con-
sisting of camptothecin followed by the injection of 131I-
labelled monoclonal antibody RH1 cured 86% of animals.
These results suggest that topoisomerase I inhibitors may
be useful for increasing the efficacy of radioimmuno-
conjugates for the treatment of cancer.
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244. Subtoxic concentrations of topotecan potentiated
radiation-induced killing ofexponentiallygrowingChinese
hamster ovary or P388 murine leukaemia cultured cells
[M49]. Survival curve shoulders were reduced; the slopes
of the exponential portions of the curves were slightly
decreased. Potentiation of radiation-induced cell killing by
topotecan was absolutely dependent on the presence of the
topoisomerase I inhibitor during the first few minutes after
irradiation. A dose-dependent reduction in cell survival
was obtained with a 4-hour exposure of topotecan
following irradiation of human carcinoma cells in culture
and murine fibrosarcoma in mice [K22]. No enhancement
of cell killing was seen when cells were treated with the
drug before irradiation. In vivo tumour studies showed a
significant radiosensitizing effect of topotecan that was
dependent on both drug dose and time sequence (before
irradiation). There was no enhanced skin reaction
following the combined treatments [K22].

6. Bioreductive drugs

245. The oxygenation status of clonogenic cells in solid
tumours is believed to be one of the main factors adversely
affecting tumour response in radiotherapy. In totally
hypoxic cells, the radiation dose must be raised by a factor
as great as 3 to achieve the effects obtained in fully oxic
cells. The presence of 2%�3% of such resistant cells may
double the total radiation dose required for eradication of
all tumour cells [G30, T26]. It appears that solid tumours
can contain two distinct classes of hypoxic cells: chroni-
callyand transientlyhypoxic cells [C42, T26]. However, in
clinical radiotherapy, treatment is usually sufficiently
protracted to allow a significant re-oxygenation.

246. Results of clinical studies on the use of hyperbaric
oxygen in combination with radiotherapy to increase
oxygenation ofhypoxic tumour cells have been conflicting.
Nine randomized trials have been reported, of which only
three gave statistically significant positive results for the
use of hyperbaric oxygen, particularly in tumours of the
head and neck region and advanced carcinoma of the
cervix [D25, D26, F13, W23]. A second approach towards
increased delivery of oxygen to tumours involved the use
of erythrocyte transfusions. Retrospective studies of cancer
patients with anaemia showed some indications for a
negative correlation between anaemia and the outcome of
radiotherapy [B57, D27, D28]. Use of the perfluoro-
chemical oxygen-carrying emulsion Fluosol-DA and 100%
oxygen as an adjunct to radiotherapy is a third approach to
increased oxygen delivery. Clinical trials in the treatment
of head and neck cancer showed a benefit of this combined
modality treatment [L42, R19].

247. Clinical trials with hypoxic cell radiosensitizers rely
on a different approach [R2]. Drugs that replace oxygen in
chemical reactions that lead to radiation-induced DNA
damage are used as adjuncts to radiotherapy. These drugs
sensitize hypoxic tumour cells to radiation but do not
sensitize normal tissue, which is already maximally
sensitized by oxygen. Hypoxia-directed drugs would have

limited use as single agents, because they would not
destroy the normally oxygenated tumour cells; however,
they could be extremely valuable in combination with
radiotherapy or drugs that selectively kill aerobic cells.
Optimal use of hypoxia-directed drugs would therefore
require the development of regimens in which concomitant
therapies with agents attacking each cell population were
combined effectively to eradicate all the different cell
populations within the tumour. Drugs that are selectively
toxic to hypoxic cells should be relatively non-toxic to
healthynormal tissue, which is generallywell perfused and
well oxygenated.

248. Bioreductive drugs are activated by metabolic
reduction in tumour cells to form highly effective cyto-
toxins. Tumour selectivity exploits the presence of hypoxia
in tumours, since oxygen can reverse the activating step,
thereby greatly reducing drug activity in most normal
tissues. Selectivity can also depend on the level of
expression in tumour cells of the particular reductase for
which the drug can act as a substrate. These include DT-
diaphorase, various P450 isozymes, cytochrome P450
reductase, xanthine oxidase, and doubtless other enzymes
as well.

(a) Quinone alkylating agents

249. Quinone alkylating agents, as well as various nitro
compounds and the benzotriazine di-N-oxides, have the
ability to undergo metabolic reduction in such a way as to
selectively kill hypoxic cells. When quinones are reduced
under normal aerobic conditions, the cell is placed in
oxidative stress due to a process known as redox cycling
[P23, T27]. Although oxidative stress due to cycling is
considered important in the toxicity of quinones and other
redox labile agents to normal oxic cells, this pathway is in
fact less damaging than the highly toxic metabolites that
predominate in hypoxic cells. This is partly because of the
protective enzymes that detoxify superoxide, that is,
superoxide dismutase and catalase. Another pathway that
protects oxic cells from the toxic action of quinones is
direct reduction by DT-diaphorase. Unlike other reduct-
ases, DT-diaphorase catalyses a concerted two-electron
reduction step, which is therefore not reversible by oxygen.
Radiosensitizing effects of EO9, an analogue of mito-
mycin C, and porfiromycin, another quinone alkylating
agent, were reported in experimental animal tumour
models [A26, R20].

(b) Nitroimidazoles

250. Nitroimidazoles are reduced intracellularly, but in the
absence of adequate supplies of oxygen they undergo
further reduction to more reactive products [E9]. The
formation of these products is initiated by an enzyme-
mediated single-electron reduction of the nitro group to a
free radical that is an anion at neutral pH. The reduction
pathway can proceed in successive steps past the nitro-
radical anion (one electron addition), the nitroso (two
electrons), and the hydroxylamine (four electrons) to
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terminate at the relatively inactive amine derivative (six
electrons). In aerobic conditions the predominant reaction
is redox cycling through radical anion analogous to
quinone bioreduction, and oxidative stress may result from
this pathway. The precise molecular nature of the covalent
reaction products that predominate under hypoxia have not
been identified, but these products almost certainly derive
from the nitroso- or hydroxylamine reduction level or their
ring cleavage products such as glyoxal [W24].

251. The first compound tested in clinical trials was the
5-nitroimidazole, metronidazole [D29, U16, U17]. It was
selected because of its known activity both in vitro [C37,
F25] and in experimental murine tumours [B58, R21,
S74]. Misonidazole was the first in a series of 2-nitro-
imidazole compounds to be used in the clinic. Because the
2-nitroimidazole compounds are more electron-affinitive
than metronidazole, they are more efficient as hypoxic cell
sensitizers. Misonidazole was shown to be more efficient
as a radiosensitizer in experimental tumour systems than
metronidazole [F26]. Clinical experience with misoni-
dazole as a radiosensitizer showed some benefit of the drug
in some head and neck cancer and pharyngeal cancer
studies [D12, D22, F14, O7]. However, clinical use is
limited because it induces cumulative peripheral neuro-
pathy.

252. Neurotoxicity is linked to the lipophilic properties of
the compound [B59, B60, B61]. The less lipophilic
misonidazole analogue SR 2508 (etanidazole), with
radiosensitizing activity comparable to that of misoni-
dazole, was subsequently used. Adding etanidazole to
conventional radiotherapy was beneficial for patients who
had squamous-cell carcinoma of the head and neck without
regional lymph node metastasis [L34]. Nimorazole, a
weakly basic 5-nitroimidazole with an electron affinity
lower than that of the 2-nitroimidazoles, was evaluated in
a randomized trial in patients with squamous-cell
carcinoma of the larynx and pharynx [O8]. Results
demonstrated a statistically significant improvement in
locoregional control. Nimorazole was much less toxic than
etanidazole, and the toxicity was reversible.

253. RSU 1069 is the leading compound of dual-function
hypoxic cell radiosensitizers. It is a 2-nitroimidazole
containing a monofunctional, alkylating aziridine ring.
RSU 1069 has radiosensitizing properties and can be up to
100 times more toxic to hypoxic cells than to aerobic cells
[S75]. The increased differential toxicity compared with
that of other simple nitroimidazoles is due to the alkylating
function in the molecule [W25]. Following bioreduction,
therefore, the drug is converted into a bifunctional agent
that can cause both DNA strand breaks and cross-links [J5,
O9, S76, W26]. In mice injected with RSU 1069, aerobic
cells exhibited large numbers of DNA single-strand breaks,
while toxic DNA interstrand cross-links were produced
only in hypoxic cells. Cells from bone marrow and spleen
showed extensive numbers of DNA single-strand breaks
but minimal cross-linking compared with tumours [O10].
However, clinical testing revealed severe gastrointestinal

toxicity at doses below those needed for therapeutic benefit
[H17].

254. A series of pro-drugs (e.g. RB 6145) have been
developed that release RSU 1069 spontaneously under
physiological conditions [J6]. In vitro and in vivo animal
data showed that the hypoxic cell specificity and cytotoxic
activity are retained but that at the same time the acute
toxicity is reduced in animal models [A23, C4, C11, C44,
S77, S78]. The efficacy of the combined treatment of
SCCVII transplantable tumours issignificantlyhigher than
that of treatment with radiation alone.

(c) Benzotriazine di-N-oxides

255. Brown and collaborators [M50, Z7, Z8] introduced
the benzotriazine di-N-oxide tirapazamine (SR 4233) and
analogues into the field of bioreductive drugs. Like the
nitro compounds and quinones, the benzotriazine di-N-
oxides are reduced to one-electron reduced free radicals
[B62, K10, L30, Z9]. Tirapazamine is highly efficient in
killing hypoxic cells in vitro and in vivo [B53, K9, Z7, Z8].
Unlike the toxicity of other bioreductive drugs studied, the
toxicity of SR 4233 does not level off at normal oxygen
concentrations but continues to decrease as the oxygen
concentration increases.

256. The drug appears to induce DNA strand breaks by
means of an oxidative damage to pyrimidines [E8].
Analysis of DNA and chromosomal breaks after hypoxic
exposure to SR 4233 suggests that DNA double-strand
breaks are the primary lesion causing cell death [B28].
More DNA single-strand breaks and a greater
heterogeneity in DNA damage were observed in tumour
cells than in spleen and marrow cells of mice exposed to
tirapazamine, consistent with the presence of hypoxic cells
and the greater bioreductive capacity of tumours [O10].

257. SR 4233 is also extremely active when used in
combination with fractionated radiation schedules [B62,
E8, Z9]. This enhancement is seen when SR 4233 is given
before and after irradiation [Z10]. In two animal tumour
models (KHT and SCCVII), SR 4233 with radiation
produced a significantly greater enhancement than did
nicotinamide with carbogen, a combination that has been
shown to improve tumour oxygenation. In RIF-1 tumour,
which has the lowest hypoxic fraction of the three, the
response was comparable for the two modalities [D8]. SR
4233 was able to enhance the tumour growth delay
produced by radioimmunotherapy in severe combined
immunodeficient phenotype mice with human cutaneous
T-cell lymphoma xenografts [W27]. In a study by Lartigau
and Guichard [L29], the pO2 dependence of the survival of
three human cell lines (HRT 18, Na11+, and MEWO)
exposed to tirapazamine (SR4233) alone or combined with
ionizing radiation, was studied in vitro. There was a
marked increase in cell killing when tirapazamine was
combined with radiation, compared with either
tirapazamine or radiation given alone.
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Glossary

Absolute risk Excess risk attributed to an agent and usually expressed as the numeric difference
between exposed and unexposed populations (e.g. five cancer deaths over a lifetime
per 100 people, each irradiated with 1 Sv).

Additivity Effect of a combined exposure equaling the sum of the effects from single-agent
exposures.

Absorbed dose Chemicals The amount of an applied dose of chemical absorbed into the body or
into organs and tissues of interest.

Radiation The average energy imparted to matter in an element of volume by
ionizing radiation divided by the mass of that element of volume. The SI unit for
absorbed dose is joule per kilogramme (J kg�1) and its special name is gray (Gy).

Alkylating agents compounds that transfer an alkyl group to DNA.

Antagonism General A combined effect of two or more interacting agents that is smaller than
the addition of the single-agent effects with known dose-effect relationships.

Chemical antagonism or inactivation Chemical reaction between two compounds
to produce a less toxic product. Example: toxic metal and chelator.

Dispositional antagonism Alteration of absorption, biotransformation, distribution, or
excretion of one agent in such a way that the time-concentration product in the target
organ is diminished. Example: prevention of absorption with charcoal.

Functional antagonism Two agents balance each other by producing opposite effects
on the same function. Example: drug with vasodepressing side effect and vasopressor.

Receptor antagonism Competitive binding to the same receptor producing a smaller
effect. Examples: oxygen in carbon monoxide poisoning, ethanol in methanol
poisoning.

Antioxidants substances preventing oxidation.

Biochemical effect monitoring Monitoring of biochemical and molecular effects, i.e. changes in sequence, structure,
and/or function of biologically relevant molecules caused by an exposure to an agent
or a mixture of agents. Biochemical effect monitoring determines tissue dose or
biologically effective dose. Examples are direct measurement of DNA adducts and
strand breaks. Biochemical effect monitoring takes into account individual differences
such as genetic background and deficiencies in DNA repair. A disadvantage is the
difficulty of directly monitoring changes in target cell populations. Most analyses are
therefore done on surrogate tissue such as blood cells.

Biological indicator Measurable biological effect that is clearly, specifically, and quantifiably related
to an exposure.

Biological effective dose Biological effect in cells or tissues at risk with direct relevance to the initiation or
progression of a disease; see also Biochemical effect monitoring.

Biological monitoring Continuous or repeated monitoring of potentially toxic agents or their metabolites
in cells, tissues, body fluids, or excretions (internal dose). Biological monitoring
takes into account individual differences in absorption or bioaccumulation of
agents in question. It has the advantage of being comparatively easy to monitor.

Biomonitoring monitoring the environment or a population with biological markers.

Carcinogen An agent, chemical, physical, or biological, that can act on living tissue in such a
way as to cause a malignant neoplasm.

Solitary or complete The agent does not need additional action of further
exogenous cancer risk factors to cause a neoplasm.

Indirect or precarcinogen The agent has to be transformed to its active molecular
form (ultimate carcinogen) in the metabolism.
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Co-factor A substance or agent that acts with another substance to bring about certain effects; e.g.
coenzyme, a low-molecular entity needed for enzymatic activity of the apoenzyme.

Combined effect The joint effects of two or more agents on the level of molecules, cells, organs, and
organisms in the production of a biological effect.

Concentration additivity Combined effect is predicted by addition of concentrations of different agents on
a normalized concentration-effect graph; valid in the case of isoaddition. In this
case, a combined effect can arise even when all single-agent concentrations are
below their threshold for the endpoint under study (see also effect additivity).

Confounder A variable that can cause or prevent the outcome of interest, is not an intermediate
variable, and is not associated with the factor under investigation. Such a variable
must be controlled in order to obtain an undistorted estimate of the effect of the
study factor(s) on risk.

Confounding A situation in which the effects of two processes are not separated. The distortion
of the apparent effect of an exposure on risk brought about by the association with
other factors that can influence the outcome. Distortion of a measure of the effect
because of the association of exposure with other factor(s) that influence the
outcome under study (WHO).

Dependent action Action of two and more agents, in which the effect of a second agent depends on
the effect of a first agent. Dependent action leads to combined effects different from
heteroadditivity.

Deterministic effect Effect on sufficient proportion of cells to disrupt tissue or organ function. The
probability of causing observable damage will be zero at small doses but will
increase steeply to unity above a threshold. Above the threshold, the severity of
damage will also increase with dose. Examples include cataracts, skin erythema,
and stem-cell depression in bone marrow or the small intestine.

Dose Radiation See Absorbed dose radiation.
Chemicals The amount of a chemical administered to an organism. See also
Absorbed dose chemicals.

Dose-response relationship The relationship between the magnitude of exposure to a chemical, biological, or
physical agent (dose) and the magnitude or frequency and/or severity of associated
adverse effects (response).

Effect additivity Combined effect is predicted by adding the effects of different agents; valid in the
case of heteroaddition. In this case, the combined effect is zero as long as all
single-agent concentrations are below their threshold.

Environmental monitoring Quantitative determination of a potentially detrimental agent in the environment
(external dose).

Epigen, epigenetic Changes in an organism brought about by alterations in the expression of genetic
information without any change in the genome itself; the genotype is unaffected
by such a change but the phenotype is altered.

Exposure Concentration, amount, or intensity of a particular physical or chemical or
environmental agent that reaches the target population, organism, organ, tissue, or cell,
usually expressed in numerical terms of substance concentration, duration, and
frequency (for chemical agents or microorganisms) or intensity (for physical agents
such as radiation). In the radiation field, exposure mayalso denote the electrical charge
of ions caused by x or gamma rays per unit mass of air; however the term is used in its
more general sense as described here.

External dose Radiation Dose from an external radiation source; obtained from being within a
radiation field.

Chemicals Concentration of an agent in an exposure medium, i.e. air or water; see
also Environmental monitoring.

Genotoxicity Ability to cause damage to genetic material. Such damage may be mutagenic
and/or carcinogenic.
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Hazard Set of inherent properties of a substance, mixture of substances, or a process
involving substances that, under production, usage, or disposal conditions, make
it capable of having adverse effects on organisms or the environment, depending
on the degree of exposure; in other words, a source of danger.

Heteroadditivity Additive effect from two independently acting agents with different modes of
action and therefore different dose-effect relationships. See also Effect additivity.

Initiator In the multi-stage model of carcinogenesis, initiators are defined by their ability to
induce persistent changes (probablydue togenotoxic effects) in the cell (initiation).
If there is subsequent promotion, these changes may result in tumour formation.

Independent action Action of two and more agents in which the effect of one agent is independent of
the effect of the other agent. Independent action leads to combined effects defined
as heteroadditive.

Interaction Combined, mutual effects between agents on a molecular and/or cellular level
within a short time.

Internal dose Radiation Dose from radioactive material deposited in the body.

Chemicals (a) Amount of a chemical recently absorbed; measured, e.g. as metal
concentration in blood; (b) amount of chemical stored in one or several body
compartments or in the whole body (body burden); used mainly for cumulative
toxicants; (c) in the case of ideal biological monitoring, amount of active chemical
species bound to the critical sites of action (target dose; e.g. carbon monoxide
binding to haemoglobin).

Isoadditivity Additive effect from two similarly acting agents or from two increments of the
same agent on an upward bent dose-effect relationship. See also Concentration
additivity. On a descriptive level without detailed information about dose-effect
relationships, isoadditivityis sometimes indistinguishable from supra-additivityor
synergism.

Mitogens substances with a mitogenic effect on cells.

Multiplicative response Effect of two agents for which the single-agent response coefficients or relative
risks have to be multiplied to describe the combined response.

Mutagen A substance that can induce heritable changes (mutations) of the genotype in a cell
as a consequence of alteration or loss of genes or chromosomes (or parts thereof).

Mutation A hereditary change in genetic material. A mutation can be a change in a single
base (point mutation) or a single gene or it can involve larger chromosomal
rearrangements such as deletions and translocations.

Non-genotoxic effect Effect of an agent at the cellular, organ, or organism level without direct effects on
the genome such as DNA damage.

Non-stochastic effect see Deterministic effect.

No Observed Adverse Effect Level The greatest concentration or amount of a substance, found by experiment or
(NOAEL) observation, that causes no detectable adverse alteration of morphology, functional

capacity, growth, development, or lifespan of the target organism under defined
conditions of exposure. Alterations of morphology, functional capacity, growth,
development, or lifespan of the target can be detected at this level but may be
judged not to be adverse.

No Observed Effect Level The greatest concentration or amount of a substance, found by experiment or
(NOEL) observation, that causes no detectable adverse alteration of morphology, functional

capacity, growth, development, or lifespan of the target organisms distinguishable
from those observed in normal (control) organisms of the same species and strain
under the same defined conditions of exposure.

Potentiation Synergism.

Precursor Substance from which another, usually more biologically active, substance is
formed.
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Progression Increase in autonomous growth and malignancy; used in particular to describe the
transition from benign to malignant tumours and the progression of malignancy.
There are probablynumerous stages of progression during neoplastic development.
The process of progression features in the general model of carcinogenesis as well
as in the multi-stage model.

Promoter Risk factors of cancer that are capable of triggering preferential multiplication of
a cell changed by initiation. Often, following initiation, a long-term action on the
target tissue is necessary. Promoters often cause enzyme induction, hyperplasia,
and/or tissue damage. The essential primary effects are considered to be reversible.
As a rule, promoters do not bind covalently to cell components and do not exert an
immediate genotoxic action.

Relative risk (RR) Ratio between the cancer cases in the exposed population to the number of cases
in the unexposed population. A relative risk of 1.5 indicates a 50% increase in
cancer due to the agent under consideration. Excess relative risk (ERR) is RR � 1.

Sensitizer An agent or substance that is capable of causing a state of abnormal responsiveness
in an individual. In most cases, initial exposure results in a normal response, but
repeated exposures lead to progressively strong and abnormal responses.

Stochastic effect Effect of an agent on a cell of a random or statistical nature in which the cell is
modified rather than killed. If this cell is able to transmit the modification to later
cell generations, any resulting effect, of which there may be many different kinds
and severity, are expressed in the progeny of the exposed cell. The probability of
such a transmittable effect resulting from an exposure to a genotoxic agent
increases with increments of dose, at least for doses well below the threshold for
deterministic effects. The severity of the damage is not affected by the dose. When
the modified cell is a germ cell, the stochastic effect is called a hereditary effect.

Subadditivity Less than additive; effect of a combined exposure being less than the sum of effects
from single-agent exposures.

Supra-additivity More than additive; effect of a combined exposure exceeding the sum of the effects
from single-agent exposures.

Synergism A combined effect of two or more interacting agents that is greater than the
addition of the single-agent effects with known dose-effect relationships.

Target (biological) Any organism, organ, tissue, or cell that is subject to the action of a pollutant or
other chemical, physical, or biological agent.

Threshold dose The minimum dose that will produce a biological effect. Dose below which no
effects occur (“true”, mechanistically derived threshold) or are measurable
(apparent threshold). For a given agent there can be multiple threshold doses, in
essence one for each definable effect.

Tissue dose Local dose in an organ or a functional or structural entity of an organ. See also
Absorbed dose and Internal dose-chemicals.

Topoisomerase ubiquitous enzymes that alter DNA configuration or topology.

Toxicity Capacity of an agent to cause injury to a living organism. Toxicity can only be
defined in quantitative terms with reference to the quantity of substance
administered or absorbed, the way in which this quantity is administered (e.g.
inhalation, ingestion, or injection) and distributed in time (e.g. single or repeated
doses), the type and severity of injury, and the time needed to produce the injury.
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INTRODUCTION

1. Epidemiological studies of the cancer risks associated
with both external and internal exposure to ionizing radiation
were the subject of an extensive review in the UNSCEAR
1994 Report [U2]. Covered in that review were studies of
cancer mortality and incidence up to 1987 among the
survivors of the atomic bombings at Hiroshima and Nagasaki,
who received a single dose of radiation; patients exposed to
radiation for diagnostic or therapeutic purposes, usually as
multipledoses; and radiation workers and individualsexposed
chronically to environmental radiation. Estimates of risks
observed in the major epidemiological studies of external low
linear energy transfer (low-LET) exposures were presented in
a common format. Data from the Life Span Studyofsurvivors
of the atomic bombings, in particular, were used to estimate
the lifetime risk of total cancer mortality following external
exposure to low-LET radiation [U2]. Lifetime risks for
specific cancer sites were also estimated, based on a Japanese
population.

2. Information from follow-up through the end of 1990 of
mortality among the survivors of the atomic bombings has
recently been published [P9]. The extended period of follow-
up was not very informative for survivors over 40 years old at
the time of the bombings, since many of these people had
already died. On the other hand, the data for survivors
exposed at younger ages, particularly in childhood, are highly
valuable, because these people have only recently reached the
ages at which baseline rates for most solid tumours begin to
increase sharply. Methods used in the UNSCEAR 1994
Report [U2] to project risks beyond the period of follow-up
assume that the relative risks for solid tumours either remain
constant throughout life(followingaminimum latencyperiod)
or decrease at long times following exposure. It was shown
that lifetime risk estimates based on the latter approach were
20%�40% lower than estimates based on the former [U2].
This difference was larger for those exposed at young ages.

Further follow-up of this group is needed to reduce the
uncertainties in lifetime risk projections.

3. Although the Life Span Study of survivors of the
atomic bombings is the single most informative study on
the effects of low-LET exposure of humans, a considerable
amount of data is available from many other epidemio-
logical studies. For example, studies of people with partial-
body exposures, such as those from medical examinations
or treatments, provide valuable information on risks for
specific cancers. Despite the extensive knowledge of radia-
tion risks gained through epidemiological investigations,
much still remains to be learned. For example, the effects
of chronic low-level exposures and internal exposures are
not well described. Further data are being obtained through
updates of individual studies and parallel analyses for sites
such as breast and thyroid. Information is also becoming
available from inter alia further studies of occupational
exposures, including workers at the Mayak nuclear facility
in the Russian Federation and from past radiological events
in the former Soviet Union, such as at Chernobyl and
around the Techa River.

4. In addition to individuals exposed to low-LET radia-
tion, various groups with exposure to high-LET radiation
have been studied. Some of these exposures have arisen in
occupational settings (e.g. radon in mines, radium in dial
painting, or plutonium in some nuclear facilities), some
from medical interventions (e.g. injections with 224Ra or
thorotrast), and some environmentally (e.g. radon in
homes). Combined analyses of existing data, as well as
several studies of residential radon that are in progress,
should provide additional information on the risks of high-
LET radiation. A review of these data in a format similar
to that for low-LET radiation may be helpful in comparing
risks.

298
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5. The mortality follow-up of the survivors of the atomic
bombings yields little data on cancers that are usually non-
fatal. However, comprehensive cancer incidence data are now
available for the survivors of the atomic bombings in Japan
[T1], and comparisons between the twotypes ofendpoint have
been reported [R1]. Data on cancer incidence from this and
other studies will assume greater importance as the treatment
of cancers improves.

6. While there is a need for estimates of the total risks of
cancer mortality and incidence arising from radiation ex-
posure, there are also situations in which risk estimates for
specific cancer sites are of particular value. These include (a)
evaluating the effects of partial-body irradiation arising either
from external exposure or from internal exposure to radio-
nuclides and (b) estimating the probability that a prior radia-
tion exposure led to the development of cancer in an indivi-
dual, i.e. the probability of causation [I12, N1]. Epidemio-
logical studies carried out in countries with differing baseline
rates for certain cancer sites may also assist in determining
how to transfer radiation-induced risks from one population
to another. This is an important topic in view of the
differences in baseline rates for cancers such as breast, lung,
and stomach between Japan and many other countries.
Depending on the form of the model used to transfer radiation
risks derived from data on the Japanese atomic bomb
survivors to other populations, quite different estimates of
radiation-induced cancer risks can arise for such sites [L12].
It was concluded in the UNSCEAR 1994 Report [U2] that the

epidemiological data available at that time provided no clear
indication of how to transfer risks. Ongoing and future studies
of genetic (host) susceptibility and interactions with other
carcinogens have the potential toboth increase knowledge and
provide new information on radiation risks.

7. The UNSCEAR 1994 Report [U2] contained a com-
parison of risk estimates for specific cancer types derived from
various epidemiological studies. The aim of this Annex is to
provide a more detailed comparison of site-specific cancer
risks. It incorporates more recent data, including the updated
mortality follow-up for the survivors of the atomic bombings
and additional analyses of cancer incidence data for this
group. The methodology and findings for this and other
studies are described and compared. The potential for bias or
confounding, the impact of errors in dosimetry, and other
sources of uncertainty are discussed. Among the general
considerations addressed are the advantages or limitations of
the various types of epidemiological studies, statistical power,
the influence of factors that modify radiation-induced risks,
and the approach to be taken in examining risks. This
approach is applied to data for specific cancer sites, namely
oesophagus, stomach, colon, liver, lung, bone and connective
tissue, skin, female breast cancer, prostate, bladder cancer,
brain and central nervous system tumours, thyroid cancer,
non-Hodgkin’s lymphoma, Hodgkin’s disease, multiple
myeloma, and leukaemia. Risk estimates for all cancers
combined are then derived, although it should be recognized
that cancer is a heterogeneous group of diseases.

I. FEATURES OF EPIDEMIOLOGICAL STUDIES

8. Epidemiology is the study of the distribution and
determinants of disease in humans [M10]. One of the key
facets of epidemiology is that it is observational rather than
experimental in nature. In contrast to randomized clinical
trials, there is the possibility that bias or confounding
associated with the design and conduct of an epidemiological
study may give rise to spurious results. Another difficulty,
which may also arise in randomized trials, is the possibility
that low statistical power can hinder the ability to detect, or to
quantify with precision, an elevated risk. Bias, confounding,
and statistical power are discussed in more detail below. It
should be emphasized that not all epidemiological studies are
equally informative or of equal quality. Some have such low
statistical power that they provide very little information on
risks; others are so susceptible topotential or actual biases that
the findings have little or no validity. It, therefore, is
important to consider such methodological issues when
interpreting the evidence from different studies.

9. Epidemiological investigations of radiation effects are
usually constructed around either a cohort study or a case-
control study. In a cohort study, a defined population
(preferably with a wide range of exposures) is followed
forward in time to examine the occurrence of effects. Such a

studymaybe performed either prospectively (i.e. by following
a current cohort into the future) or retrospectively (i.e. by
constructing a cohort of persons alive at some time in the past
and following it forward, possibly to the current time). In a
case-control study, people with and without a specified disease
(the cases and controls, respectively) are compared toexamine
differences in exposures. Some case-control studies are nested
within a cohort study, in that the cases and controls are
selected from the cohort. The nested case-control studydesign
is often used when it is difficult to obtain estimates of
radiation dose or other exposures for all members of a cohort,
but possible to collect them for a smaller number of
individuals. For example, in an international study of patients
treated for cervical cancer, radiation doses were estimated for
patients with various types of second cancer, as well as for
matched control patients [B1]. An alternative approach is to
collect detailed information for cancer cases plus a random
sample of the original cohort. The case-cohort study design
[P1], which was utilized in an earlyanalysis of cervical cancer
patients [H1], is useful when studying the occurrence of
several different types of cancer.

10. Cohort-based studies, particularly those performed
prospectively, tend to be less susceptible to biases than case-
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control studies, which depend on the retrospective collection
of data [B18]. Case-control studies can be informative about
risks, but particular attention needs to be paid to the potential
for biases associated with the fact that the studies are
retrospective. Because randomized controlled trials employan
experimental method, they are less susceptible to bias and
have fewer methodological limitations than either cohort or
case-control studies. However, onlya fewrandomized trials of
the effects of radiotherapy in treating cancer have provided
information on radiation risks (e.g. [F3]). At the other
extreme, results from correlation studies (studies based on data
aggregated over, for example, geographical regions) are often
unreliable. As will be described later, such studies, which are
sometimes referred to as “ecological studies”, have high
potential for bias, owing to the lack of data on individual
exposures and confounders. Therefore cohort-based and case-
control studies that contain data at the individual level form
the main bases for estimating radiation risks in humans.

11. To be able to draw substantive inferences from
epidemiological studies, it is important to ensure that the
potential for bias or confounding is as low as possible and that
the statistical precision of the results is reasonably high. In
low-dose studies, methodological issues become particularly
important, because even a small degree of bias or confounding
can distort study results substantially. In spite of the
difficulties that can arise in designing and performing
epidemiological studies, epidemiology does have the
advantage over molecular, cellular and laboratory animal
studies of providing direct information on health risks in
human populations.

A. BIAS AND CONFOUNDING

12. Bias can be defined as any process at any stage of
inference that tends to produce results or conclusions that
differ systematically from the truth [S10]. Although it is
possible to address issues such as lack of statistical power or
random errors in dose estimates through statistical
approaches, described later, bias in an epidemiological study
can render its findings meaningless. Bias can arise in a
number of ways. One potential source of bias is the failure to
obtain follow-up data for all but a very small proportion of the
people in a cohort study. Those lost to follow-up are often
more likely to have migrated or died than other members of
the cohort. If they cannot be identified, they will continue to
contribute person-years (PY) to the study beyond the period
during which anycancer that had developed (incident or fatal,
depending on the type of study) would have been recorded.
Thus they will appear, incorrectly, to be immortal. Even if
those lost to follow-up can be identified, specifying the date on
which they should be withdrawn from the study is not always
straightforward. For example, in commenting on a study of
second cancers after treatment for Hodgkin’s disease in
childhood [B16], Donaldson and Hancock [D25] pointed out
that in this and other hospital-based studies, patients who
develop a second cancer would be more likely to return to the
hospital or clinic than patients free of the disease. If the end
of follow-up is taken as the date last seen at the hospital, then

many of the disease-free patients may be withdrawn from the
study at an early time even though, had they later developed
the disease, the follow-up would have been longer. Thus,
hospital-based studies are susceptible to the possibility of
differential follow-up, which maylead to an overestimation of
disease rates.

13. It is also important that the completeness of the follow-
up data be uniform and not vary according to the level of
exposure. This is a particular concern for diseases that are not
immediately apparent, such as thyroid tumours without
apparent symptoms. Increased levels of screening in a
radiation-exposed population may show a raised disease
incidence relative to an unscreened group. Ideally,
comparisons would be made between groups with a similar
level of screening, as, for example, in a studyof irradiation for
lymphoid hyperplasia [P8] in which both the exposed and
comparison groups were screened. If, however, the level of
screening was correlated with dose, examination of any dose-
response relationship would be biased.

14. The issue of differential disease ascertainment can also
be important in some occupational studies. If occupational
groups have better medical care than the general population,
the cause of death for certain diseases (e.g. multiple myeloma
and brain cancer) maybe determined with greater accuracy in
these groups. This could lead to spurious findings if
comparison is made with thegeneral population. For example,
an apparent excess of brain tumours among a group of
workers with potential chemical exposure may have been due
to more detailed screening for the disease [G21]. However,
this type of problem may be alleviated if disease rates within
occupational groups can be compared. As an example in the
context of radiation, Ivanov et al. [I13] reported a statistically
significant elevated risk of leukaemia incidence among
Chernobyl recovery operation workers when compared with
risks for the general population. However, the workers
received frequent medical examinations, and so the accuracy
and completeness of the leukaemia diagnoses are likely to
differ from those for the general population [B27]. Indications
that differences in the ascertainment of leukaemia may have
affected these findings came from a case-control study nested
within the cohort of recovery operation workers [I14]. In
contrast to the difference in leukaemia rates between these
workers and the general population, no correlation between
leukaemia risk and either radiation dose or other aspects of
their work around Chernobyl was found within the cohort. It
is likely that bias arose in the cohort analysis, in part because
of the over-ascertainment and misdiagnosis of some
leukaemias among the recoveryoperation workers and under-
reporting of leukaemia diagnoses in the general population
used for comparison [B27].

15. The problem of differential disease ascertainment is not
restricted to occupational studies. An example is given in
Section IV.B.2 of how the recording of cancer on death
certificates for the Japanese atomic bomb survivors may have
been affected by the knowledge that the person was a survivor
[P9]. Even though this type of bias might be small in absolute
terms, it could have a particular impact when the risks of



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER 301

cancer mortality at low doses are being estimated [P9]. The
data on cancer incidence for the survivors of the atomic
bombings, by contrast, are less susceptible to this type of bias
because of the more objective means of ascertaining cancer.

16. Another issue of importance when comparing occupa-
tional groups with the general population is the healthy
worker effect, whereby individuals selected for employment
tend to have better health than the population as a whole [F4].
The healthy worker effect may be intensified because the
workers who continue to be employed are healthy individuals
and they receive better medical care. As an example of this
effect, Carpenter et al. [C19] reported that mortality rates for
all cancers combined were significantly lower than national
rates among both radiation workers and non-radiation workers
in three nuclear industry workforces in the United Kingdom.
To overcome the healthy worker problem in studying
occupational radiation cohorts, it is preferable to compare
radiation workers receiving different levels of dose or dose
rates rather than to compare radiation workers with the
general population.

17. In case-control studies, it is important that the cases and
controls should be chosen from the same well defined
population and that the ascertainment of both sets should be
complete. In particular, when it is necessary to approach
potential study subjects or their next-of-kin for interviews, the
refusal rate should be low for both cases and controls if
selection bias is to be minimized. It should be noted that in
cohort and case-control studies where exposures, both to
radiation and other agents, are ascertained retrospectively, it
is sometimes necessary to rely on the study subjects them-
selves or surrogates for such information. This might lead to
bias, if the ability to assess exposures accurately depends on
whether the disease in question arose or not. For example, in
a proportional mortalitystudyofnaval shipyard workers in the
United States, an increased risk of cancer and leukaemia
relative to other causes of death was reported among nuclear
workers [N6]. This was based on radiation exposure histories
ascertained by newspaper reporters from the next-of-kin of
deceased workers. However, the findings were not borne out
in a subsequent cohort study in which radiation exposures
were determined using employment records [R12]. The
epidemiological biases associated with the initial study were
discussed in detail byGreenberg et al. [G11]. In particular, the
relatives of workers who died from cancer were more likely to
have been located and interviewed than the relatives of other
deceased workers. This, in combination with the lower all-
cause mortality among nuclear workers relative to the
comparison group, contributed to the spurious findings. More
generally, the use of historical records, where available, is to
be preferred to avoid differential ascertainment of exposures.

18. A particular problem when considering a large number
of hypotheses in a study is that of multiple comparisons. A
statistically significant finding is often referred to as one that
would arise only once in 20 times by chance alone, i.e. 5% of
the time. Therefore, if 20 non-overlapping cancer categories
are examined in an epidemiological study, one of them would
be expected to show a statistically significant result at the 5%

level even if the underlying risk was not elevated. This finding
could represent either an excess or a deficit if a two-tailed test
(i.e. a statistical test that looks in both directions) has been
applied. Consequently, it is important to examine the con-
sistency of findings for specific cancer sites across studies, as
well as the consistency with other evidence, e.g. from experi-
mental data. Problems of multiple comparisons can arise in
studying not onlymultiple endpoints but also in testing a large
number of hypotheses. For example, Jablon et al. [J1] studied
cancer around a large number of nuclear facilities throughout
the United States. Theyfound that the facility-specific relative
risks for childhood leukaemia formed a symmetric distribu-
tion, with roughly as many values below 1 as above it. Thus,
unless there is prior reason to focus on specific facilities, those
results that achieve the nominal levels of statistical signi-
ficance need to be viewed in the light of the distribution for
facilities overall. An extra problem that requires scrutinyis the
possibility of selective reporting of results, i.e. the greater
tendency for positive findings to be reported than negative
findings. It is possible that some reports of highly specific
positive findings, based on either small studies or sub-analyses
of larger studies, reflect such a publication bias. For example,
Carter et al. [C20] published the results of a study that did not
show an association between Down’s syndrome and maternal
radiation onlyafter a positive report appeared in the literature.

19. It is also necessary to address the potential for
confounding, which can lead to bias. A confounding factor is
correlated with both the disease under study and the exposure
of primary interest. While many factors other than ionizing
radiation affect cancer rates, in most epidemiological studies
of radiation-exposed groups there is no reason to think such
factors will be strongly correlated with radiation dose,
although weak associations might arise by chance. For
example, in studies of the survivors of the atomic bombings
and many medically irradiated groups, it is unlikely that there
would be a strong association between, say, levels of smoking
and the dose received. One possible confounder in
occupational studies is time since start of radiation work. This
tends to be correlated with cumulative radiation dose and with
time-related factors associated with the selection ofpeople into
radiation work. However, since the time variation in risks
associated with such selection factors tends to be greatest soon
after starting work [F4], analyses that omit the first few years
of follow-up (when radiation effects would be unlikely to be
manifested in anycase) maypermit resolution of this point. In
studies of medical exposures, confounding may arise if the
clinical indications that lead to the exposures are related to a
subsequent diagnosis of cancer; this is sometimes referred to
as “confounding by indication”. For example, in a study of
patients administered 131I for diagnostic purposes, a slightly
elevated risk of thyroid cancer was found [H4]. However, this
risk was not related to dose and was concentrated among
patients referred because of a suspected thyroid tumour,
indicating that the elevated risk was probably due to the
underlying condition. Similarly, in a another study, an
increased risk of leukaemia and non-Hodgkin's lymphoma
that arose shortlyafter diagnostic x-ray exposures appeared to
be due to pre-symptomatic conditions of the diseases that led
to the exposures [B24].
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20. It is desirable to check for confounding by factors that
have a sizeable influence on cancer rates if the level of
radiation risk is predicted to be low or if the range of doses is
narrow. For example, in case-control studies of indoor radon
and lung cancer, it is very important to take account of
individual smoking habits. On the other hand, if the level of
radiation risk is predicted to be high, instances where data are
available on potential confounders may permit not only
adjustment for such factors but also examination of how such
factors may modify the radiation-induced risk. For example,
data on smoking habits among radon-exposed miners can
allowexamination of the joint influence of radon and smoking
on lung cancer risks. Risk modification is discussed later in
this Annex and is also covered in Annex H, “Combined
effects of radiation and other agents”.

21. In contrast to cohort, case-cohort, and case-control
studies, which utilize data on specific individuals, correla-
tion studies are based on data averaged over groups. A
particular form of this study is the geographical correlation
study, in which disease rates in geographical areas are
compared with average levels of exposures, e.g. to natural
or environmental radiation. An example of such a study,
which concerns lung cancer and indoor radon in areas of
the United States [C18], is discussed in Section III.E. Since
studies of this type do not involve data on individual
exposures or confounders, they are susceptible to biases
that do not arise in studies for which such data are
available [G2]. These biases can be large, although their
magnitude is dependent on the particular situation. In
addition, migration can be a large problem in geographical
correlation studies, because people exposed in one region
can die or develop the disease of interest in another region.
This suggests that estimates of radiation risks should be
based on cohort, case-control, or case-cohort studies.
However, correlation studies sometimes can be useful for
generating hypotheses or as a means of surveillance for
large effects, such as in the study of childhood leukaemia
and lymphomas in Europe following the Chernobyl
accident [P12], although the potential biases specific to this
form of investigation should be borne in mind.

B. STATISTICAL POWER

22. A very important facet of any epidemiological study
is its statistical power, i.e. the probability that it will detect
a given level of elevated risk with a specific degree of
confidence. The power of a cohort study will depend on the
size of the cohort, the length of follow-up, the baseline
rates for the disease under investigation, and the distribu-
tion of doses within the cohort, as well as the predicted
level of elevated risk. Similarly, statistical power in a case-
control study depends on the number of cases, the number
of controls per case, the frequency and level of exposure,
and the predicted exposure effect. Statistical power is
generallyevaluated before a studyis conducted. Afterwards
it is more correct to refer to statistical precision, which is
reflected in the width of the confidence intervals for risk
estimates.

23. The following example illustrates how the above
factors can influence statistical power. Suppose cancer
rates are ascertained in a cohort consisting of two groups,
one of which was unexposed (the control group) and the
other of which consists of persons who received a single
common dose, D (the exposed group). The groups are
assumed to have the same distributions for age, gender,
and period of follow-up. (For simplicity, the following
calculations do not take explicit account of these factors.)
Statistical power can be evaluated by simulating the
number of cancers in the two groups under a model such
that the ratio of the cancer rate in the exposed group to that
in the control group (i.e. the relative risk) is 1 + aD, where
a is the excess relative risk (ERR) per unit dose. Given the
total number of cancers in the two groups, the statistical
power depends only on the product of a and D and on the
ratio of the number of cancers expected in the two groups
if there were no elevated risk. In particular, power is
calculated here byevaluating the proportion of simulations
for which the number of cancers in the exposed group is
greater than the value which, if there were no increased
risk, would be exceeded only 5% of the time. This
represents a one-sided test at the 5% level.

24. An approximate form of the power calculation is as
follows. Let N denote the total number of cancers in the
exposed and unexposed groups, let p denote the proportion of
the total number of cancers expected to arise in the exposed
group if there were no elevated risk, and let O denote the
observed number of cancers in the exposed group. It can be
shown that conditional on the value ofN, O has expectedvalue
E = Nq and variance V = Nq(1 � q), where q = p(1 + aD)/(1
+ paD). Furthermore, provided that Nq and N(1 � q) are
reasonably large (at least 20 or so), O is approximately
normally distributed. Consequently the statistical power (i.e.
the probability that O will exceed the value that would be
exceeded only 5% of the time if there were no increased risk)
can be approximated using tables for the normal distribution.
In particular, if there were no elevated risk (i.e. a = 0), then q
= p, and so O would be approximately distributed normally
with mean E0 = Np and variance V0 = Np(1 � p). Therefore a
one-sided test at the 5% level would signal an elevated risk if
T = (O � E0)/V0

1/2 exceeds 1.645, where the probability that a
normally distributed variable with mean zero and variance 1
would exceed 1.645 is 0.05. More generally, let C(x) denote
the probability that a normally distributed variable with mean
zero and variance 1 would exceed x. Then the probability that
T exceeds 1.645 would be C(1.645) = 0.05 if there were no
increased risk. More generally this probability, which equates
to the power, can becalculatedas C[(E�E0 + 1.645V0

1/2)/V1/2].

25. It should be noted that the power is not zero when
there is no increased risk, since there is still a chance that
a large number of cases might arise in the exposed group,
which would lead to a statistically significant (but
spurious) finding. Under the above test, the probability of
such a finding is set to 0.05. Also, since this example
involves an internal comparison group, it does not rely on
the validity of, say, published national or regional baseline
cancer rates.
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Figure I. Statistical power to detect an increased risk
of cancer in an epidemiological study (a) in relation to
dose with a baseline cancer incidence of 0.1; (b) in
relation to the number of cancers observed with an
excess relative risk (ERR) of 0.2 Sv-1.
p denotes the proportion of total cancers expected in the
exposed group if there were no raised risk.

26. The upper panel of Figure I shows how the power
varies with a and D for various values of the total number of
cases in the situation where, in the absence ofan elevated risk,
the expected number of cancers in the exposed group is 10%
of that in the total cohort (i.e. p=0.1). Here the power is
expressedasa percentageprobability. Usuallyan analysiswith
about 80% power would be considered to be quite sensitive in
detecting an underlying effect. The first point that should be
noted from Figure Ia is the effect of the total number of
cancers, N. This number is influenced not only by the size of
the combined cohort but also by the baseline cancer rates and
the length of follow-up. Thus a study based on a very large
cohort may not be particularly informative if a rare cancer is
under investigation and the follow-up is short. Conversely, a
study based on a fairly small cohort may be quite informative
if a common cancer is being considered and the follow-up is
long. For the example illustrated in the upper panel of
Figure I, if the ERR per Sv, a, is 0.2 and the exposed group

received 1 Sv, then the power to detect an elevated risk is 81%
if the total number of cancers in the two groups is 2,000 but
only 25% if the total number of cancers is 200.

27. The second point to note from the upper panel of
Figure I is the effect of the level of elevated risk. If the overall
number of cancers is 200 and the exposed group received a
dose of 1 Sv, then the probability of detecting an enhanced
risk at the 5% level is 25% if a (the ERR per Sv) is 0.2. In
contrast, if a = 2, the corresponding probability is nearly
100%. The same probabilities would arise if, say, the dose D
is doubled and a is halved. This is because the ERR can be
represented by the product of a and D in this example.
However, the calculation is more complex under alternative
scenarios in which cohort members receive a range of
different doses.

28. The two panels of Figure I are similar, except that in the
lower panel the ERR per Sv, a, is fixed at 0.2 and the ratio of
expected numbers of cancers in the two groups is allowed to
vary. It can be seen that for a given total number of cancers
and at a given dose, the power decreases with decreasing
values for the proportion, p, of cancers expected in the
exposed group in the absence of an elevated risk. However, for
given values of a and D, the power tends to be similar if the
proportion p and the total number of cancers vary in such a
way that the expected number of cancers in the exposed group
is roughly constant. For example, based either on p=0.1 and
a total of 1,000 cancers or on p=0.01 and a total of 10,000
cancers, the predicted number of cancers in the exposed group
is about 120 at a dose of 1 Sv (an excess of roughly 20). The
lower panel of Figure I shows that the power is similar in the
two instances (58% and 60%, respectively). An exception to
this arises if p is very high, owing to the difficulty of
establishing baseline cancer rates for a relativelysmall control
group.

29. The above example is intended to show how certain
factors can influence statistical power. As indicated earlier,
the calculations are often more complex, as when the people
in the exposed group receive a range of doses rather than the
same dose. Indeed, errors in the assessment of individual
doses also affect statistical power, as mentioned in the
following Section and as Lubin et al. [L10] illustrated for
studies of indoor radon. It should be emphasized that
summarymeasures of the doses received bya population, such
as collective dose, are not, by themselves, suitable for
determining statistical power. For example, if the same dose
is received byall the members of a cohort, then the usual form
of analysis that looks for a trend or difference in risk
according to the level of dose would not be possible. Indeed,
it is essential when calculating statistical power to take
account of the distribution ofdose within the studypopulation.

30. The above considerations indicate that studies such
as the Life Span Study of survivors of the atomic bombings
[P4, P9, S3, T1], which are based on large cohorts with
doses ranging up to several gray and for which the follow-
up has extended over several decades, are particularly
informative about radiation-induced cancer risks. The same
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holds for medically irradiated cohorts that received a wide
range of doses and have a long follow-up, such as in
studies of women treated for cervical cancer [B1] or given
multiple chest fluoroscopies [B3, M1]. While studies of
low-dose chronic exposure are of direct relevance to most
occupational, environmental, and diagnostic medical
exposures, their power is inherently low, owing to the low
predicted level of elevated risk [L3]. In such situations,
combining studies with similar designs can be very helpful
in attempting to increase power. However, the possible
influence of residual bias and confounding needs to be
borne in mind, since the gain in precision will not lead to
a gain in accuracy if bias still exists. Sometimes a meta-
analysis is performed based on published findings from
several studies. However, as indicated below, it is
preferable, where feasible, to combine the original data and
to analyse them using a common format. This approach
has been used, for example, to analyse data for about
95,000 radiation workers from Canada, the United
Kingdom, and the United States [C11, I2]. It has also been
used for studies with greater power and large numbers of
excess cancers, such as studies of lung cancer in radon-
exposed miners [L4], thyroid cancer following childhood
exposure [R4], and breast cancer in medically exposed
cohorts [L5], to enhance analyses of effect modification as
well as to increase precision.

31. In addition to increasing statistical precision, pooled
or meta-analyses may be able to resolve apparently
conflicting results from different studies [D1]. By aligning
the studies in a parallel fashion and analysing them using
a common approach, it may be possible to explain such
differences on the basis of, for example, different
categorizations of the exposure data. One of the main
difficulties that can arise in a meta-analysis is a lack of
comparability of the studies under consideration, for
example because of differences in the form of the data
collected on exposures and potential confounders.
Summing many studies with potentiallybiased results may
provide a precise but incorrect estimate of risk;
consequently, meta-analyses can produce results that are
seriously misleading [B28, B29]. Parallel analyses which
address the comparability of data and the potential for bias
in the various studies under consideration are therefore
important in determining whether it is sensible to perform
a pooled analysis. Since such an analysis is easier to
perform if the individual studies are of a similar design, a
prospective approach whereby studies are constructed
around a common protocol is more advantageous than a
retrospective pooling exercise. The former approach is
being taken for a very large international collaborative
study of radiation workers that is being coordinated by the
International Agencyfor Research on Cancer (IARC) [C8].
Another potential problem with retrospective pooling is
publication bias, i.e. selective reporting of results
depending on whether the outcome was judged to be
positive or negative. This bias, however, tends to arise for
small or ad hoc studies, which would carry less weight in
a meta-analysis if a number of large studies with clear, pre-
defined objectives are included.

32. In view of limitations that can arise not only through
considerations of statistical power but also through residual
bias and confounding, the ability to detect small elevated
risks using individual or pooled epidemiological studies
can be low. This affects the ability to discern whether or
not there is a dose threshold for radiation carcinogenesis.
Results from epidemiological studies can be used to
indicate levels of dose at which elevated risks are apparent,
as well as whether the data are consistent with various
dose-response trends [N3]. The inability to detect increases
at very low radiation doses using epidemiological methods
need not imply that the underlying cancer risks are not
elevated; rather, supporting evidence from animal studies
needs to be utilized in addressing risks from low-dose and
low-dose-rate exposures [N3], while recognizing that not
all molecular changes result in tumours. Epidemiological
studies of such exposures do, however, enable upper
bounds to be placed on radiation-induced risks. Risks at
low doses and low dose rates are discussed in detail in
Annex G, “Biological effects at low radiation doses”.

C. ASSESSMENT OF DOSES

33. A key aspect in estimating cancer risks following
radiation exposure relates to the assessment of radiation
doses. A recent workshop report reviewed sources of
uncertainty in radiation dosimetry and their impact on
dose-response analyses [N15]. Epidemiological studies of
radiation-exposed groups can differ, depending, for
example, on the type of information available on radiation
exposure; the time between a dose having been received
and making the measurement; and the specificity of
assessments of doses to particular organs and particular
individuals. Depending on the method of dose assessment,
doses estimates could be subject to systematic or random
errors or both, which could then affect the dose-response
analyses. These issues are now considered in more detail.

34. The assessment of doses received by individuals in
epidemiological studies may take several forms. In studies
of radiation workers, for example, it is possible to utilize
measurements made using personal dosimeters (e.g. [C11,
G4]). For doses received from some types of medical
exposures, it may be possible to reconstruct organ doses
based on patient records, perhaps in combination with
computer models, as for example, in an international study
of patients treated for cervical cancer [B1]. In other
instances, information on the past location of individuals
has to be utilized together with measurement data, as for
the Japanese atomic bomb survivors and, for example,
people exposed to radon in dwellings. In the case of the
Japanese survivors, there is still uncertainty about neutron
doses at Hiroshima and the associated impact on cancer
risk estimates, particularly at low doses [K20]. Further-
more, as indicated later, studies of indoor radon are
generally hampered by the need to assume that a con-
temporary measurement of radon concentration can be
used to estimate concentrations during the preceding 20 or
30 years.
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35. It was emphasized in the UNSCEAR 1994 Report [U2]
that the data available for assessing doses were generally not
collected with epidemiology in mind. For example, radiation
monitoring of workers has often been undertaken to comply
with management policies. Consequently, a detailedexamina-
tion of dosimetry practices, including sources and magnitude
of errors, is important in considering whether sufficiently
accurate and precise estimates of dose can be obtained for use
in an epidemiological study. A recent example is the exami-
nation of dosimetry records and practices in Canada, the
United Kingdom, and the United States, carried out as part of
a study of workers in these three countries [C15]. This
addressed issues such as the practices on who should be moni-
tored (e.g. all personnel at a facilityor only those workers who
were likely to receive doses); how missing dosimeter results
should be treated (e.g. by recording zero, the threshold value
for the dosimeter, a percentage of the statutory dose limit, or
a best estimate of the likely dose); and the recording of a dose
near or below the dosimeter threshold (e.g. as zero or by
entering a “recording threshold”). Also of relevance is
whether data are available on neutron doses and internal
exposures. Gilbert and Fix [G4] urged the use of sensitivity
analyses to examine the effect of potential sources of bias in
dose estimates in epidemiological studiesofradiation workers.

36. To examine the risks of specific types of cancer in
relation to radiation, it is desirable to use the radiation dose to
the organ under study. In some instances, such as external
whole-bodyexposures, it maybe possible to use a single value
for the dose to an individual and to use this value in analysing
the risk for each organ. This approach is commonly used in
studies of radiation workers (e.g. [M46]). However, even in
the case of external whole-body exposures, attenuation of the
radiation may lead to some variation in the absorbed doses to
different organs. For example, the DS86 dosimetrysystem for
the Japanese atomic bomb survivors incorporated organ-
specific transmission factors tocalculate organ absorbed doses
[R24]. These factors reflect the circumstances of individual
exposures, including posture and orientation of the survivors
relative to the explosion hypocentre; average values for the
organ gamma-dose transmission factor range from 0.72 for
the pancreas to 0.85 for the female breast [S51]. Also, as part
of an international study of radiation workers [C15],
calculations were made of the ratio of organ to “deep dose”
(i.e. dose to 1 cm below the skin [I19]), both for the lung and
the red bone marrow, and for various photon energies and
rotational exposure geometries. This yielded ratios of
approximately 1 for the lung and 0.7�0.8 for the red bone
marrow for photon energies between 100 keV and 1 MeV,
with the consequence that estimates of the leukaemia risk per
unit dose were multiplied by 1.2 whereas no adjustment was
made for other cancer types [C15].

37. In situations where the exposure involves radiation over
a limited range of energies, it is possible to convert organ
absorbed doses (in gray) to organ equivalent doses (in sievert)
using the radiation weighting factors cited by ICRP [I1]. For
most low-LET radiations, the absorbed and equivalent doses
would be numerically equal. In contrast, ICRP recommends,
for example, applying a factor 20 to convert organ absorbed

doses from high-LET alpha radiation to the corresponding
organ equivalent dose. In these situations, it may be more
direct to relate organ-specific risks to organ absorbed doses
than to include the radiation weighting factor by using
equivalent dose. However, if the exposure is totallyor virtually
all due to low-LET radiation, then the use of absorbed dose or
equivalent dose would give the same values for risk per unit
dose. Alternatively, if the exposure arises solely from, say,
internal alpha irradiation, then estimates of the risk per unit
organ absorbed dose can be related by a simple factor to the
risk per unit organ equivalent dose. However, if the exposure
involvesradiationsofwidelydifferingenergies, includingboth
high- and low-LET radiation, such as arose for workers at the
Mayak plant in Russia [K32], then it is desirable to examine
organ-specific risks in relation to absorbed doses split by
radiation energy. If this information is not available, an
alternative may be to use a total equivalent dose, based on
applying weighting factors to the component absorbed doses
and summing these values. However, it should be recognized
that the choice of weighting factors would influence the
analysis of risk in relation to dose.

38. An additional difficulty that can arise in studies involv-
ing internal high-LET exposure concerns the estimation of
organ absorbed (or equivalent) doses. For example, plutonium
uptake among potentially exposed workers can be assessed
using urine measurements of plutonium excretion, together
with information on factors tied to each individual’s occupa-
tional history [O1, K32]. These assessments are dependent on
aspects of the monitoring procedures, such as the level of
detection and thesamplingperiods. Toarrive at organ-specific
absorbed doses, it is then necessary to use a dosimetric model
for the distribution of activity between organs (e.g. [I4]).
These calculations depend in turn on factors such as the
solubility of plutonium in the workplace at a given time [O1]
as well as on physiological factors. It should therefore be
recognized that estimates of individual organ-specific doses
from internal radiation are subject to uncertainty. However,
this may be less of a problem if, as was the case in a study of
plutonium workers in the United Kingdom, estimates oforgan
doses from internal radiation are generally lower than those
from external radiation, even after applying a weighting factor
to the absorbed doses [O1]. It should also be noted that some
epidemiological studies of internal exposures present their
results in terms not of organ doses but of some measure of
intake (e.g. the amount of thorotrast administered to the
patients [V8, V3]) or, say, the plutonium body burden (e.g.
[K32]).

39. The use of recent measurements in estimating doses
received many years ago, as for example in assessments of
indoor radon exposures, carries particular difficulties.
Changes in the intervening period (to, say, the structure of
the dwelling in the case of radon) may well influence
exposure levels. Again, it is important to understand which
factors may have a substantial impact on exposure levels
and the magnitude of these impacts. For example,
investigations have been made of factors affecting temporal
concentrations of indoor radon [B7]. Supplementary
information may sometimes be available through assess-
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ments of contemporaryexposures. For example, in the case
of radon, there has been interest in whether CR-39 surface
measurements using a piece of glass possessed by a person
over many years [M7] or in vivo measurements of 210Pb in
the skull [L25] can assist in assessing cumulative radon
exposure. The former approach was used recently in an
epidemiological study of indoor radon, alongside
traditional track-etch measurements [A24], although
further validation of the glass-based approach would be
desirable in view of the effects of factors such as smoking
[W19]. Furthermore, in contrast to measurements of radon
in dwellings, radon exposures to persons can be influenced
by occupancy patterns, particle size distributions, and
breathing rates, although their effect tends not to be as
great as those of factors affecting radon concentrations in
houses. In general, it is essential to evaluate in detail the
feasibility of estimating exposures accurately enough and
precisely enough for the purposes of epidemiology.

40. In addition to the above methods of dosimetry, other
biological and physical methods are now being incor-
porated intoepidemiological studies. Such methods include
classical cytogenetics for translocations, used for example
in a study of women with benign and malignant
gynaecological disease [K14]; the glycophorin A muta-
tional assay of red blood cells and the fluorescent in situ
hybridization (FISH) technique for chromosome stable
translocation analysis, used by Bigbee et al. [B19] and
Lloyd et al. [L26], respectively, in investigations of
Chernobyl recovery operation workers; and electron spin
resonance (ESR), also known as electron paramagnetic
resonance (EPR), of tooth enamel, used for example in
atomic bomb survivors in Japan [I8] and workers at the
Mayak facility in Russia [R28]. Several factors can affect
the utility of these methods in epidemiology. First, it is
generally difficult to evaluate individual doses of less than
100�200 mGy using these methods, although in the case
of FISH, for example, it is possible to assess average doses
to populations at around these levels. For example, in spite
of evaluating more than a quarter of a million metaphases,
Littlefield et al. [L31] were unable to detect any increase in
chromosome aberrations in lymphocyte cultures from
Estonian men who took part in the clean-up of the
Chernobyl nuclear power site, compared with men who did
not participate in this work. Secondly, it can be difficult
and/or expensive to collect, store, and analyse material for
thousands or tens of thousand of people. This suggests that
collection for only a subgroup of a cohort (e.g. for cancer
cases and matched controls) may be a more efficient
approach, although the possible effect of cancer treatment
on such material needs to be considered. Thirdly, some
biological measures can be affected by factors other than
radiation. For example, Moore and Tucker [M49] reported
that adjusting for age and smoking improved estimates of
doses for Chernobyl recovery operation workers based on
chromosome translocation frequencies. Fourthly, the effect
of radiation on some biological measures, such as dicentric
aberrations, is relatively short-lived, so the collection of
related materials is unlikely to be useful in studying
exposures received many years previously [L26].

41. Provided that assessment of doses is performed
“blind” to whether or not the study subjects develop
particular diseases, there will not be bias owing to
differential misclassification of exposures, as, for example,
would arise from selective recall by the subjects of past
exposures. However, non-differential misclassification can
still lead to bias in estimating dose-response relationships.
For example, random errors in individual dose estimates
tend to bias the dose response towards the null [A1].
Statistical methods have been developed to allow for such
random errors in analyses, based on estimates of the
magnitude of the errors, and have been applied to several
radiation-exposed groups, such as the survivors of the
atomic bombings [P2]. However, such errors can have a
profound effect on statistical power, particularly when the
predicted elevated level of risk is low [L1].

42. In some studies it is not possible to estimate doses on
an individual basis, so average doses for a cohort must
suffice. For example, in the study in the United Kingdom
of ankylosing spondylitis patients treated with x rays,
average doses were estimated for a number of organs, but
only for the red bone marrow were doses estimated for a
sample of individuals [L2, W1]. However, such studies can
still provide information on, for example, the temporal
pattern of radiation-induced risks in instances where these
risks are large.

D. MORTALITY AND INCIDENCE DATA

43. It is often easier to obtain data on cancer mortality than
on cancer incidence, since death certification tends to be more
complete than cancer registration. For example, essentially
complete follow-up for mortalityof the survivors of the atomic
bombings can be attained via the compulsorysystem of family
registration (koseki) in Japan. Cancer incidence data for these
survivors, however, are generally limited to cases arising
within the areas covered by the Hiroshima and Nagasaki
tumour registries [M2]. It was therefore necessary to allow for
migration from these areas when analysing incidence data for
the survivors of the atomic bombings [S4]. Elsewhere,
complete follow-up for cancer incidence is achievable in
several countries; theNordiccountries in particular have long-
running cancer registries. Some countries, however, either do
not have cancer registries or have strict confidentiality laws
that prevent the linkage ofnames to diagnoses; others, e.g. the
United States, have high-quality cancer registries, but only in
certain regions [P5].

44. Although mortality data are often more complete, it is
well known that the cause of death is recorded incorrectly or
with low specificity on a non-trivial proportion of death
certificates [H5]. As well as on occasion recording the wrong
type of cancer, owing to metastases, there is a general
tendency to under-report cancers. This affects estimates of
both site-specific and total cancer risks. For example, based on
linkage of death certificates to autopsy data for the Life Span
Study of survivors of the atomic bombings, Ron et al. [R2]
found that 24% of cancers diagnosed at autopsy were missed
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on death certificates. Most of these deaths had been assigned
to non-neoplastic diseases of the same organ system. Taking
account also of non-cancer deaths mistakenly recorded as
cancer, Hoel et al. [H5] concluded that total cancer mortality
within the Life Span Study had been consistently under-
estimated by about 18%. Sposto et al. [S5] showed that
adjustment for errors in death certification would increase
estimates of radiation-induced cancer deaths in the Life Span
Study relative to published values by about 10%. In contrast
to mortality, there tend to be fewer diagnostic errors in the
registration of incident cancers, and histological subtypes of
some cancers can be studied using incidence data. However,
the proportion of histologically verified cancers varies among
registries, and consideration of completeness as well as
accuracy is important in judging the value of incidence data.

45. A particular advantage of incidence data over mortal-
ity data is the information they provide for cancers that are
often non-fatal. Of special interest within the field of
radiation carcinogenesis are cancers of the thyroid, skin,
and breast. For the first two of these cancers, elevated risks
have been demonstrated only in cancer incidence data for
the survivors of the atomic bombings and not in mortality
data [R1]. While elevated risks of breast cancer mortality
are apparent in this cohort, the larger number of incident
breast cancer cases both in this group and in other cohorts
permits a much more detailed evaluation of risks for this
cancer site, particularly because survival rates may have
been increasing over time. Another advantage of incidence
data is that latency periods may be determined more
accurately, given that the time between exposure and death
could be affected by aspects of the cancer treatment.

46. It is clear that high-quality data on cancer incidence
should be utilized when these are available. However, careful
examination of the completeness and accuracy of data on
cancer registrations is important, sincemortalitydata aremore
reliable than incidence data in some countries. Furthermore,
data on total mortality are important as an indicator of the
overall health of populations, although incidence data can be
of value for site-specific examinations. It is therefore worth
considering mortality data, not only to compare levels of
incidence and mortality but also as an adjunct to incidence
data.

E. FACTORS THAT MODIFY RISK

47. Analyses for several cancer sites have shown that the
level of the radiation-induced risk is dependent not solely on
the magnitude of the radiation dose but can be modified by
factors such as age at exposure and time since exposure. For
example, data on the survivors of the atomic bombings [P4,
P9] and on some other irradiated groups [U2] show that the
ERR per unit dose for leukaemia began to decrease
approximately 10�15 years after exposure and that the ERR
is greater for people exposed in childhood than in adulthood.
The Japanese data, in particular, also show that for all solid
cancers combined, the ERR decreases with increasing age at
exposure and, among those exposed early in life, tends also to

decrease with increasing time since exposure [P9, T1]. Based
on an earlier version of the mortality data, Kellerer and
Barclay [K21] suggested that these age and time trends could
be described bya model under which the ERRdepends simply
on attained age. However, Little et al. [L32] showed that the
Kellerer-Barclaymodel is not sufficient to explain the age and
time trends in solid cancer risks based on the most recent
Japanese incidence data, in contrast to the earlier mortality
data; in particular, it is necessary to take account of both age
at exposure and time since exposure when modelling the
ERR, rather than just the sum of these quantities.

48. As will be discussed later in this Annex, age and
temporal factors can also have a large impact on risks for
specific types of solid cancer. In the case of radon-exposed
miners, Lubin et al. [L4] showed that the ERR of lung cancer
decreases with increasing time since exposure and attained
age and is also influenced by exposure rate. For thyroid
cancer, there is clear difference between the effects of
irradiation in childhood and adulthood [R4]. In some
instances, it may be possible to associate the effect of age with
a specific biological factor; for example, there does not appear
to be an elevated risk of breast cancer following post-
menopausal irradiation (e.g. [B3, T1]), showing that
hormones can modify the radiation risk. Apart from age,
other factors that may affect radiation-induced risks are
gender and baseline cancer rates, which are considered in
more detail later. Indeed, factors that affect cancer rates
generally, such as smoking, diet, and chemicals, may also
modify the carcinogenic effect of radiation and so have to be
borne in mind when, for example, evaluating probability of
causation [N1, I12]. Particular examples are smoking in the
case of lung cancer and chemotherapy for patients who are
also treated with radiation. The combined effects of radiation
and other agents are considered in more detail in Annex H,
“Combined effects of radiation and other agents”.

49. In common with endogenous factors such as gender and
age at exposure, the ability to detect a modifying effect of
exogenous factors is commonly related to the strength of the
separate carcinogenic effects of these factors. For example,
studies on smoking among radon-exposed miners [L4] and on
chemotherapy for patients treated with radiation, e.g. for
leukaemia [C9], are reasonably informative about possible
interactions, owing to the high risks associated with both
radiation and the other factors on their own. In contrast,
epidemiological investigations of the joint effect of radiation
and another factor are unlikely to be informative when the
effect of either or both is weak, e.g. for a low radiation dose or
a weak chemical carcinogen. An exception would be where
one agent is a promoter that has an effect only in the presence
of a carcinogen; however, such situations are rarely identified
in epidemiological studies.

50. In addition to exogenous factors, hereditary factors may
affect both baseline and radiation-induced risks. For example,
retinoblastoma, a rare cancer of the eye, is frequently caused
by inherited mutations of the RB1 tumour-suppressor gene.
Radiation treatment for the disease appears to enhance the
inborn susceptibility to development of a second cancer,
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particularly osteosarcoma and soft-tissue sarcoma [E1, W11],
although this effect is seen only at high therapeutic doses
(above 5�10 Gy). The extent to which radiation may modify
cancer risks associated with other genetic disorders such as
ataxia-telangiectasia and Li-Fraumeni syndrome remains tobe
determined [L28]. The potential for genetic predispositions to
influence radiation-induced risks is addressed further in
Annex F, “DNA repair and mutagenesis”, as well as in recent
publications by ICRP [I20] and NRPB [N13].

51. Examination of potential modifying factors may be
hampered by the relatively small numbers of excess cancers
observed for particular sites. First, a lack of statistical power
may prevent some modifying effects from being discerned.
Secondly, if separate analyses are performed for a large
number of cancer sites, some trends with factors such as age
at exposure or time since exposure might appear simply
through chance variations. Toaddress thesedifficulties, Pierce
and Preston [P6] recommended joint analysis of site-specific
cancer risks. In this approach, a general model is fitted
simultaneously to data for each of several cancer sites or
groupings of sites. This can be achieved by incorporating
cancer type as another factor in the usual cross-tabulation of
data for analysis. Some of the parameters in this model may
be the same for all cancer types; other parameters may be
type-specific. Using this approach, significance tests can be
performed to examine the compatibility of parameters in the
risk model across cancer types. Furthermore, Pierce and
Preston [P6] suggested that such comprehensive models may
provide a clearer understanding of modifying factors such as
gender, age at exposure, and time since exposure.

52. Pierce and Preston [P6] applied this approach to the
atomic bomb survivor mortality data that had previously been
analysed by the BEIR V Committee [C1]. BEIR V divided
solid cancers into four categories (breast cancer, digestive
cancers, respiratory cancers, and other cancers) and analysed
them separately. The models derived by BEIR V for these
categories had different modifying effects of gender, age at
exposure, and time since exposure. For example, the ERR for
respiratory, but not digestive and other cancers, decreased
with increasing time since exposure. Also, the ERR was
higher for females than for males in the case of respiratory
cancers but was the same for both genders for digestive and
other cancers. However, re-analysing these data using a joint
analysis approach, Pierce and Preston [P6] showed that the
data were consistent with a common model for the ERR for
each cancer group except breast cancer. In the model of
Preston and Pierce, the difference in relative risk between
genders reflected the corresponding difference in baseline
rates, the ERR decreased with increasing age at exposure at a
common rate for each cancer grouping, and the ERR did not
depend on time since exposure.

53. This joint analysis therefore suggested that some of the
differences between the risk models developed by BEIR V
might be artefacts arising from overinterpretation of the data
for separate cancer groupings. On the other hand, there are
prior reasons for considering certain cancer sites. For
example, leukaemia and other haematopoietic cancers are

normally considered separately from solid cancers (as well as
from each other) owing to differences in aetiology, in the level
of radiation-induced risk, and in the latency period. Also,
gender-specific cancers such as breast cancer should be
considered separately from non-gender-specific solid cancers,
owing to the differences in factors affecting baseline rates as
well as (possibly) differences in the radiation-induced risks. It
is therefore intended that any modelling of radiation risks
conducted in this Annex should be based on either specific
cancer sites for which a large amount of data is available (e.g.
breast cancer and lung cancer) or groupings such as digestive
cancers. However, attention needs to be given to possible
differences among cancer sites within such categories (e.g.
stomach, colon, and oesophagus in the case of digestive
cancers), which may preclude the modelling of combined
data. In this regard, reviews of the information available for
some individual sites are important, just as they may be for
certain cancer subtypes. For example, observations from
studies of cancer incidence among the survivors of the atomic
bombings, namely that radiation-induced skin cancers are
limited primarily to basal-cell carcinomas [R15, T1] and that
chronic lymphatic leukaemia and virus-related adult T-cell
leukaemia [P4] do not appear to be radiation-inducible, may
have significant implications for biomedical research as well
as radiological protection. Furthermore, it would still be
possible to derive estimates of measures of risk for an
individual cancer site by applying the risk model derived for
a wider grouping of cancers to baseline rates for the cancer
site of interest. One measure of risk that may be calculated is
the risk of exposure-induced death (REID), i.e. the probability
that an individual will die from a cancer that arose from an
exposure [U2]. The approach just outlined has been used, for
example, in applying mainly BEIR V-type models to obtain
values of REID for specific cancer sites in the population of
the United Kingdom [N2].

54. Another point concerns the data available from
various studies. Whereas a complete cross-tabulation by
factors such as gender, age at exposure, and time since
exposure is available for specific cancer sites in the case of
the survivors of the atomic bombings, for most studies only
summaryvalues in publications are available. Furthermore,
these values are sometimes not given separately for
different levels of factors such as age at exposure or time
since exposure, particularly in small studies. The
comparison of risks across studies can therefore be difficult
if the levels of these factors differ between studies. The
UNSCEAR 1994 Report presented estimates of the ERR
and the excess absolute risk (EAR), i.e. the absolute
difference in cancer rates, derived from various studies of
external low-LET exposures, generallywithout adjustment
for modifying factors (Table 8 of Annex A [U2]). While
such a presentation is useful for comparing the general
level of risks seen in various studies, it would be helpful,
where possible, to consider results specific to particular
ranges for age at exposure (e.g. childhood and adulthood)
or to each gender, if these factors are likely to be important
in modifying risks. Where such factors are important,
results that do not allow for them should be interpreted
with caution.
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II. EVALUATION OF CANCER RISK

A. MEASURES OF RADIATION RISK,
INCLUDING LIFETIME RISKS

55. Analyses of epidemiological data on radiation-exposed
groups often yield estimates of ERR or EAR. These terms
represent the increased cancer rates relative to an unexposed
group, measured on proportional and absolute scales,
respectively. For example, an ERR of 1 corresponds to a
doubling of the cancer rate, while an EAR may be expressed
as, for example, the extra annual number of cancers per
10,000 persons. If these values have been derived from a
linear dose-response analysis, they may additionally be
expressed as amounts per unit dose, e.g. ERR per Sv;
otherwise, they may be quoted for a specific dose, e.g. 1 Sv.
As was pointed out earlier, the level of radiation-induced
cancer risks, either on a relative or an absolute scale, mayvary
according to various factors. Therefore, one possibility in
presenting epidemiological results is to give values for ERR
and/or EAR specific to particular values for these factors, for
example, specific to gender and age at exposure or time since
exposure, when sufficient data are available.

56. Alternatively, it has become increasingly popular in
recent years to present models, based on relative or absolute
scales, that describe such modifying effects. Particular
examples are the models developed by BEIR V [C1] and the
models for cancer incidence among the survivors of the
atomic bombings [P4, T1]. These models are generally
empirical, in that they attempt mainly to provide a good fit to
the relevant data. To some extent they can be related to
possible biological mechanisms, in that a roughly time-
constant relative risk would be predicted if radiation acted at
an early stage in a multi-stage process, whereas the EAR
would more nearly be constant over time if radiation acted at
a late stage [L7]. However, more recent research has focused
on theexplicit fitting ofmechanisticmodels for carcinogenesis
to data on radiation-exposed groups. For example, Little et al.
[L8] analysed data on leukaemia among the survivors of the
atomic bombings and cervical cancer patients using the
Armitage-Doll multi-stage model [A2] and the Moolgavkar-
Venzon-Knudson (MVK) two-mutation model [M11, M12].
This analysis suggested that neither model provided an
adequate fit to these data, which led to the development of a
generalized MVK model involving more than two mutations
[L9]. Another type of mechanistic model has been proposed
by Pierce and Mendelsohn [P34], in which it is assumed that
cancer is caused by mutations that accumulate in a stem cell
throughout life and that radiation can cause virtually any of
these mutations. This model, in which the relative risk
depends mainlyon attained age rather than on age at exposure
or time since exposure, yields age-specific risks similar to
those in the Japanese atomic bomb survivors for all solid
cancers combined [P34].

57. As was indicated earlier, the presentation of ERRs or
EARs specific to particular levels of factors such as age at

exposure and time since exposure can facilitate comparison
across studies. A disadvantage of this approach, however, is
that the sampling errors in these values may be high if the
data are split finely. On the other hand, comparing models
fitted to data from different studies may not be straight-
forward if the investigators concerned have used different
types of models. For example, the respiratory cancer model
derived by the BEIR V Committee [C1] for low-LET
radiation and the lung cancer models developed by BEIR IV
[C2] and BEIR VI [C21] for high-LET radon exposure
incorporate different time-since-exposure patterns.

58. If it is desired to make comparisons across studies, one
possibility is to incorporate the estimated ERRs or EARs
(either specific to certain levels of factors or modelled) into a
life-table calculation to produce estimates of the REID, the
excess lifetime risk (ELR), or the loss of life expectancy
(LLE). These terms, together with a description of their
advantages and disadvantages, are given in Annex A of the
UNSCEAR 1994 Report [U2]. Some caveats should be
attached to this approach, however. First, for the purpose of
these calculations it may be necessary to extrapolate beyond
the scope of the data, for example, from a limited follow-up
period to the end of life, to form a lifetime risk estimate. It is
important to be aware of the potential impact of such
extrapolations on the comparison of results from different
studies. However, lifetime risk estimates such as REID and
ELR are of interest in their own right, although additional
calculations specific to the types of follow-up periods arising
in the studies in question may be desirable. Secondly, it is
important to use the same type of life-table calculation for
each study, e.g. the calculations must be based on the same
baseline cancer rates and survival probabilities. If this is not
done, study-to-studydifferences in values such as REID might
arise artefactually as a result of differences in life-tables
between countries rather than as a result of variation in
radiogenic risks. The aim in these calculations would not, in
the first instance, be to derive values of REID etc. that are of
general applicability but to provide a basis for inter-study
comparison. Thirdly, single values of REID etc. may not
encapsulate fully the findings of each study. As a
consequence, graphical displays of trends in risk in different
studies could usefully complement summary risk estimates.

59. In addition to making comparisons across studies, it
would be desirable to compare the main risk estimates
calculated in this Annex with those calculated in previous
UNSCEAR Reports. This topic is considered in
Chapter IV.

B. TRANSFER OF RISKS

60. As indicated earlier, an important factor in the
quantification of radiation risks is how to transfer site-
specific risks across populations with different baseline
rates; in other words, how to take a risk coefficient
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estimated for one population and apply it to another
population with different characteristics. Togive some idea
of the likely impact of the method of transfer employed, it
is useful to consider variations in baseline rates between
different populations. Table 1 builds on the corresponding
table in Annex A of the UNSCEAR 1994 Report [U2],
showing some of the highest and lowest cancer rates in
various populations. Since cancer rates can vary over time,
this table is restricted to information over a particular time
period (late 1980s and early 1990s) [P5]. Although some
of the variation is likely to reflect small numbers and low
levels of cancer registration in some areas, broad patterns
are discernible. For example, baseline rates for breast and
lung cancer are generally higher in North America and
western Europe than in Asia, whereas Japan has one of the
highest stomach cancer rates in the world [P5]. Even
within broad regions, baseline rates may differ in specific
areas (e.g. [C22]). For breast, lung, and stomach cancer,
Land and Sinclair [L12] showed that, depending on
whether the ERR or the EAR (i.e. the multiplicative and
additive transfer models, respectively) is assumed to be
constant across populations, the values of REID predicted
for the United Kingdom and the United States using data
on the Japanese atomic bomb survivors can differ by a
factor of at least 2. In contrast, differences in the total
radiation-induced cancer risk tend to be smaller, reflecting
the fact that there is less variation across populations in the
baseline rates for all cancers combined. ICRP [I1] com-
pared the risks estimated for five different populations
using both of the above approaches in arriving at its most
recent risk estimates.

61. To some extent it is possible to investigate methods
for transferring risks across populations by studying the
modifying effect of factors known to account for at least
some of the differences in baseline rates. Particular
examples are smoking in relation to lung cancer (e.g.
[C21]) and, for persons living near the Techa River in
Russia, the effect of ethnicity on cancer rates [K5].
However, in many instances either little is known about the
specific factors responsible for differences in baseline rates
or there are few data from analytical (i.e. cohort, case-
control, or case-cohort) epidemiological studies on the joint
effect of radiation and such factors. As a consequence, it is
necessary in most cases to directly compare measures of
radiation risk, such as ERR and EAR, obtained from
studies conducted in different countries on groups known
to have different baseline rates. In doing so, care must be
taken to ensure that the data being studied are compatible,
so as to avoid confounding due, for example, to temporal
changes in baseline rates. It should also be recognized that
neither the multiplicative nor the additive transfer model
is likely to be “correct”, for individual cancer types or for
groups of cancers, and that the true modifying effect is
probably much more complicated. However, the paucity of
relevant data imply that only a descriptive approach
comparing fairly simple measures of risk is warranted in
this Annex, although the presentation of data in parallel
across studies can provide some idea of the influence of
baseline rates.

C. TYPES OF EXPOSURE

62. In the UNSCEAR1994 Report [U2], epidemiological
studies of radiation carcinogenesis were considered for the
following types of exposure:

(a) external low-LET irradiation, subdivided into high-
dose-rate and low-dose-rate exposures;

(b) internal low-LET irradiation; and
(c) internal high-LET irradiation, subdivided into radon

and other exposures.

63. There are several reasons for considering these
studies separately. First, the experimental studies reviewed
in Annex F of the UNSCEAR 1993 Report [U3] indicated
that the cancer risk per unit dose for external low-LET
exposures at high dose rates (taken as >0.1 mGy min�1)
tends to be higher than that at low dose rates. Secondly, in
addition to being protracted and specific to certain organs,
it is important to note that internal exposures generally
give rise to heterogeneous irradiation within organs, in
contrast to most external instantaneous whole-body
exposures. Thirdly, experimental studies as well as some
epidemiological results indicate that, relative to low-LET
radiation, the relative biological effectiveness (RBE) of
high-LET radiation is a complex quantity that depends on
radiation type and energy, on the dose and dose rate, and
on the endpoint under study [N2].

64. The procedure adopted in the UNSCEAR 1994 Report
[U2], which considered the above types of studies separately,
will therefore be used in this Annex as well. However, some
studies involve more than one type of exposure, e.g. external
and internal exposures to workers at the Mayak plant and to
the population around the Techa River in the southern Urals;
these studies will therefore be considered under the type of
exposure that is of greatest relevance to the cancer in question.
In addition, there is value in comparing some of the results
from studies based on different types ofexposure; for example,
in the case of external low-LET radiation, the results of high-
dose-rate studies to which a dose and dose-rate effectiveness
factor (DDREF) has been applied might be compared with the
results of low-dose-rate studies. However, the distinction
between high-dose-rate and low-dose-rate studies is not
always clear. For example, exposures to diagnostic x rays are
often fractionated but are delivered at a high dose rate. As a
consequence, a comparison of findings from the instant-
aneous exposure of the Japanese atomic bomb survivors and
findings from the fractionated exposures of tuberculosis
patients who received multiple fluoroscopies [H7, H20, L39]
may be more informative about the effects of fractionation
than of dose rate. The main difficulty with this type of
comparison, as will be shown, is the relatively low statistical
power of studies of fractionated or chronic exposures for most
individual cancer sites. While other types of comparison can
be made concerning, for example, low- and high-LET studies,
the complicating factors described above make this exercise
difficult. In general, studies of specific types of exposure, such
as exposure to radon, are best suited to estimating the
associated risks.
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D. RELEVANT STUDIES

65. In this Annex, information is examined from well
conducted cohort, case-control, and case-cohort studies of
radiation-exposed groups that include some assessment of the
magnitude of radiation exposures. In describing and com-
paring these studies, attention is paid to, inter alia, the
following:

(a) the potential for bias or for confounding byunmeasured
factors;

(b) statistical power;
(c) the quality of estimates of radiation doses;
(d) the availability and quality of data on potential con-

founders and modifiers of radiation risk; and
(e) the availability and quality of data on cancer incidence

and on cancer subtypes.

66. Relevant studies of the effects of exposures to low-
LET radiation were listed in Table 2 of Annex A of the
UNSCEAR 1994 Report [U2], while the strengths and
limitations of these studies were summarized in Table 3 of
the same Annex. Tables 2 and 3 of the current Annex
expand on the tables in the earlier report by including more
recent low-LET studies that incorporate estimates of the
magnitude of radiation exposure. Chapter III of this Annex
focuses on the more informative of these studies, based on
the criteria cited in the preceding paragraph. Of these
studies, the extended follow-up of mortality among the
Japanese atomic bomb survivors [P9] is particularly
important, since one of the main uncertainties in the
assessment of radiation-induced cancer risks relates to the
pattern of risk with time since exposure. Compared to the
follow-up to 1985 [S3], this analysis contains 10,500
additional survivors with recently estimated DS86 doses,
plus a further five years of follow-up. About 25% of the
excess deaths from cancers other than leukaemia during
1950�1990 in this cohort arose in the last five years,
between 1986 and 1990; for those exposed as children, this
percentage rises to about 50%.

67. Tables 2 and 3 also cover studies of patients with
therapeutic or diagnostic exposures, some of which are
extensions of studies considered in the UNSCEAR 1994
Report [U2]. These tables are restricted to studies of
postnatal and prenatal exposures. However, pertinent
results from investigations of preconception irradiation are
mentioned in this Annex. It should also be noted that
combined analyses of some studies covered in Tables 2 and
3 of Annex A of the UNSCEAR 1994 Report [U2] were
published subsequently; these included, in particular,
analyses of nuclear workers [C11, I2] and of the effects of
external irradiation of the thyroid [R4]. The results from
these analyses are described in Chapter III of this Annex.

68. To complement Tables 2 and 3, which are specific to
low-LET radiation, Table 4 lists studies of the effects of
exposure to high-LET radiation that attempted to quantify
levels of exposure, and Table 5 summarizes the strengths

and limitations of the studies. Most of these studies were
considered in the UNSCEAR 1994 Report [U2], although
not in the same format as for the low-LET studies. It is
important to note that, in some cases (e.g. for some of the
early uranium miners and for exposures to residential
radon many years ago), the exposure assessment was
performed in the absence of measurements at the time of
exposure. However, this caveat also applies to some studies
of low-LET exposures.

E. SITE-SPECIFIC RISKS

69. One objective of this Annex is to derive and compare
site-specific risk estimates from information provided in
the various epidemiological studies. Relative and absolute
risk estimates are presented and discussed in Chapter III.
There are inherent differences in the exposure conditions,
the study populations, and the evaluation procedures.
Where the risk estimates available from various studies are
in different formats with respect to the classification by
factors such as age at exposure or where only fitted models
have been presented, some life-table calculations have been
performed to derive summary values that can be compared
across studies. These calculations have been performed for
three types of cancer, namely stomach, colon, and lung
cancer. However, potential difficulties in the interpretation
of such values need to be borne in mind. One of these
concerns the consistency across studies of trends in
radiation risks according to dose or modifying factors,
which is examined in the relevant sections of Chapter III.
Also, the comparison of summary values from studies in
different countries with different baseline rates for certain
cancer sites may be used in attempting to assess the
appropriate means for transferring risks from one
population to another.

70. As mentioned earlier, the main aim of these life-table
calculations is to permit comparison across studies. To
calculate values of measures such as REID that are of
general applicability, it is preferable to use models derived
for cancer sites for which large amounts of data are
available or, possibly, for certain groupings of cancers,
although the validity of this approach requires careful
assessment. Clearly, the data on the survivors of the atomic
bombings, both for mortality and cancer incidence, play a
pivotal role in such an exercise. This topic is considered
further in Chapter IV.

71. In assessing uncertainties, attention will be paid not
only to sampling errors but also to factors such as dose and
dose-rate effects, as well as variation with age, gender, and
time. The extent to which such factors can explain differences
between studies will be examined by, for example, presenting
summary risk values based on a lifetime projection and on a
period covered by the most recent follow-up. While it is
unlikely that all of the uncertainties can be quantified, it is
intended that the largest sources ofuncertaintyfor each cancer
site can be identified.
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III. SITE-SPECIFIC CANCERS

72. Site-specific cancer risks following radiation exposure
are examined in this Chapter. The organs, tissues, or types of
cancer considered are those 15 cancer sites for which adequate
epidemiological data are available. Each site is discussed in a
separate Section, and the summary data and inferred risks are
presented in the Tables listed below.

Site of cancer type
ICD number
(9th revision)

Table(s)

Oesophagus
Stomach
Colon
Liver
Lung
Bone and connective tissue
Skin
Female breast
Prostate
Urinary bladder
Brain and central nervous system
Thyroid
Non-Hodgkin's lymphoma
Hodgkin's disease
Multiple myeloma
Leukaemia

150
151
153
155
162

170�171
172�173

174
185
188

191�192
193

200, 202
201
203

204�208

6
7, 22
8, 22

9
10, 22�25

11
12, 26

13
14
15

16, 27
17, 28, 29

18
19
20

21, 30

73. A short description is given of the general epidemio-
logical findings for each cancer site considered, including
rates in different countries, trends over time, and factors
other than radiation that are known to influence rates.
Information on risks in relation to both low-LET and high-
LET exposures is then considered in some detail, and
conclusions are drawn.

74. The results included in Tables 6�21 are grouped
according to the type of exposure (external or internal) and
the radiation quality (low-LET or high-LET). Studies that
provide very small numbers of cases or that do not quote
sufficient detail have not been included in these Tables. Since
the conditions of exposure, the characteristics of the study
populations, and the extent and quality of the dosimetry,
follow-up, etc. differ widely, the risk estimates are not strictly
comparable. They do, however, illustrate the range and
significance of estimates obtained and give some indication of
the influence of the study-specific factors involved. Where
possible, the estimates of the excess relative risk and the
excess absolute risk in Tables 6�21 have been taken from the
original publications. However, for the Life Span Study and
for studies for which estimates were not cited in the associated
publications, the methods described in Section I.C ofAnnex A
of the UNSCEAR 1994 Report [U2] have been employed. In
particular, if O denotes the observed number of deaths or
cancer cases in the exposed population, E denotes the
corresponding expected number, D the average dose and PY
the number of person-years of follow-up, then the excess
relative risk at 1 Sv is estimated by (O � E)/(E × D), and the
excess absolute risk per unit dose and per unit time at risk is
estimated by (O � E)/(PY × D). Instances where this
approach has been implemented are indicated bya footnote in

Tables 6�21. It should be noted that the results based on this
methodologymight differ from those based on a dose-response
analysis, if data subdivided into intervals of dose were
available for the exposed population.

75. Lifetime risk estimates for those studies for which
estimates of ERR are available are given in Table 22. The
values in this table, which are restricted to stomach, colon,
and lung cancer, arise from applying the ERR estimates to
baseline mortality rates for Japan, as was done in the
UNSCEAR 1994 Report, and extrapolating over time both
with the ERR remaining constant and with the ERR
declining to zero at age 90 years, again in line with the
UNSCEAR 1994 Report [U2]. As mentioned earlier, the aim
of these calculations is to permit comparison across studies.

A. OESOPHAGEAL CANCER

76. Cancer of the oesophagus is the ninth most common
cancer in the world and is characterized by remarkable varia-
tions from country to country and among ethnic groups in
individual countries [M40]. Oesophageal cancer rates are
generally low in many countries. Extremely high rates are
observed in China and among Chinese immigrants and in
central Asia; intermediately high rates are seen in black
populations in Africa and the United States and in some
Caribbean and South American areas [M43]. Oesophageal
cancer is almost always fatal, so mortalityverycloselyapprox-
imates incidence. Heavy consumption of alcohol and tobacco
has long been known to increase the risk of oesophageal
cancer, and this contributes to the geographic distribution.
Secular trends of oesophageal cancer vary among different
populations. There has been a marked decrease in China as
the lifestyle changes, a steady increase among blacks in the
United States, a possible decline in central Asia, and a slow
decline in Finland, India, and Latin America [D28].

77. Few epidemiological studies have evaluated the role
of radiation in the aetiology of cancer of the oesophagus.
The limited data for external and internal low-LET
exposures are presented in Table 6.

1. External low-LET exposures

78. Overall, the Life Span Study data do not provide
convincing evidence of a link between oesophageal cancer
and radiation, although a significant excess in oesophageal
cancer mortality occurred in the early years of follow-up,
i.e. from 5 to 12 years after exposure. The Life Span Study
mortalitydata also show a higher, although not significant,
ERR for this cancer in females than males. Higher relative
risks in females have been observed for most other solid
cancers [P9]. Cancer incidence data from the Life Span
Study, which began 12 years after exposure, do not show
a significant excess risk of oesophageal cancer [T1].
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79. The ankylosing spondylitis study is the only one to
report a significant riskofradiation-associated oesophageal
cancer. In contrast to the atomic bomb data, there was no
significant variation in risk since first treatment [W1].
Data from other medically exposed populations considered
here show no excess oesophageal cancer risk (Table 6).

2. Internal low-LET exposures

80. Very little epidemiological information is available for
oesophageal cancer associated with internal low-LET
exposures. The data that are available from patients treated
with 131I for adult hyperthyroidism [R14] show no increased
risk of this cancer, but the doses received by the oesophagus
were considered to be small.

3. Internal high-LET exposures

81. Data on oesophageal cancer following high-LET
exposures are available from several worker studies, most of
which involve small numbers of oesophageal cancers. The
most informative studies are those of nuclear workers in the
United Kingdom. In a study of the three nuclear industry
workforces in the United Kingdom, 23 deaths from oeso-
phageal cancer were observed among plutonium workers
when 21.3 had been expected [C33]. An analysis of workers
who were monitored for exposures to uranium, polonium,
actinium, and other radionuclides (apart from tritium),
showed 9 deaths from oesophageal cancer compared with
16.1 expected [C33]. Doses to the oesophagus were not
available but are considered to be small.

4. Summary

82. Cancer of the oesophagus has been associated with
radiation exposure in some studies. Much of the information
is for external low-LET exposures, with few data available for
internal high-LET exposures. The results from the Life Span
Study of survivors of the atomic bombings indicate an excess
risk only in the early period following exposure. The
ankylosing spondylitis data show a continuing risk, while
other medical studies have not demonstrated excess cases of
oesophageal cancer. Very few epidemiological data are
available on radiation risks for this type of cancer, which is
infrequent in many countries. Since oesophageal cancers are
extremely common in some parts of the world and for some
ethnic groups (e.g. in China and for Chinese populations),
more studies are needed to understand the magnitude and
nature of the risk, especially the temporal pattern.

B. STOMACH CANCER

83. Incidence rates for stomach cancer vary considerably
throughout the world [P5], with particularly high rates in
Japan (Table 1). Many countries, including Japan, have seen
decreases in incidence and mortality rates during the past few
decades [C14]. These changes are likely in large part to reflect
changes in diet, in particular, increases in the consumption of
fresh vegetables and fruits and de-creases in salt intake, which
case-control studies have shown to be linked to reduced

stomach cancer risks [K12]. Infection with Helicobacter
pylori [S43], which in developing countries can often reoccur
rapidly following antimicrobial therapy [R36] and which can
lead to gastritis, has been associated with elevated stomach
cancer risks in descriptive and cohort studies [C14, K12]. In
addition, smoking has been linked to modest excesses of
stomach cancer in some cohort studies [D11, H28].

84. Several epidemiological studies have shown enhanced
stomach cancer risks following exposure to radiation. Studies
of external low-LET, internal low-LET, and high-LET
radiation are considered separately in this Section.

1. External low-LET exposures

85. Included in Table 7 are the cohort and case-control
studies of low-LET exposure for which radiation doses have
been assessed. Among these studies, the Life Span Study of
the survivors of the atomic bombings in Japan [T1, P9] has
the largest number of observed stomach cancers. This is
primarilya reflection of the high baseline rates in Japan, since
it has been estimated that fewer than 10% of the cancers
among exposed survivors are attributable to radiation [T1,
P9]. Indeed, compared with national or regional rates, the
estimated excess number of cases in the international cervical
cancer study [B1] is larger than in the Life Span Study [T1],
owing mainly to the higher mean dose in the former study.
However, the large numbers of cancers in the Life Span Study
make it possible toexamine factors that maymodifyradiation-
induced risks. In particular, based on the cancer incidence
data, Thompson et al. [T1] showed that the dose response was
consistent with linearity and that the ERR per Sv was higher
for females than for males, decreased with increasing age at
exposure, and did not vary significantly with time since
exposure. Themortalityfindingsup to1990 [P9], summarized
in Table 7, accord with the incidence results up to 1987 [T1].

86. Only a few of the other studies listed in Table 7 have
sufficient statistical precision to permit meaningful
comparison with the Life Span Study. The case-control study
of patients treated for cervical cancer [B1] showed a trend in
stomach cancer risk with dose that was of borderline
significance. It is notable that the ERR per Sv estimated from
this study appears to be consistent with that for female
survivors of the atomic bombings irradiated in adulthood and
that the estimate from the cervical cancer study of the EAR
per Sv is lower than that from the Life Span Study, although
the confidence intervals are wide. This might suggest that in
transferring radiation-induced stomach cancer risks from
Japan (which has high baseline rates) to countries in North
America and Europe (which contributed to the cervical cancer
study and which have lower baseline rates), it would be better
to use a multiplicative than an additive model, that is, to
transfer the ERR per Sv rather than the EAR per Sv. This is
reinforced by Part A of Table 22, which shows that estimates
of lifetime risk based on applying estimates of the ERR per Sv
to Japanese baseline mortality rates are similar across the Life
Span Study, the cervical cancer study, and other studies.
Caution is called for, in that a range of other transfer methods
would be consistent with these data. However, it is noteworthy
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that the estimates of EAR per Sv from the Life Span Studyare
higher than those from several of the other external low-LET
studies in Table 7, whereas the estimates of ERR per Sv are
less variable between the studies with the greatest statistical
precision.

87. Another important study that can be compared with the
Life Span Studyof survivors of the atomic bombings is that of
patients in the United Kingdom irradiated for ankylosing
spondylitis [W1]. Overall there was no excess of stomach
cancer in the latter study, although there was some suggestion
of an elevated risk 5�24 years after exposure. While there was
no evidence of an increasing trend in risk with the number of
treatment courses, data on individual stomach doses were not
available [W1], compli-cating the comparison of risk
estimates. Another study, that of peptic ulcer patients [G6],
showed similar values for males and females of the ERR
per Sv, in contrast to the Life Span Study, although the
number of cancers in the former study was much smaller and
the mean dose (about 15 Sv) was much larger.

88. Studies of occupational exposure to external low-LET
radiation may be of value in examining risks associated with
protracted or low-dose-rate exposure. In a combined analysis
of radiation workers in Canada, the United Kingdom, and the
United States, Cardis et al. [C11] found no statistically
significant trend in stomach cancer risk with dose. Although
the number of stomach cancers in this study was quite high
relative to other the studies considered in Table 7, the
generallylowradiation doses received bythese workers meant
that the studyhad low statistical precision to estimate risks for
this type of cancer. Similarly, a study of nuclear workers in
Japan [E3], where (as just noted) baseline rates of stomach
cancer are higher than in other countries, lacked precision
because of the small doses. In contrast, a case-control studyof
stomach cancer among workers at the Mayak plant in Russia
included some individuals with doses in excess of 3 Gy [Z1].
Although the number of cases in this dose category was
modest (see Table 7), doses of this magnitude were associated
with a statistically significant elevated risk. Comparison of
these results for protracted exposure with the estimated ERR
per Sv from the studies of acute exposure included in this
table is made difficult by the lack of details on, for example,
the mean doses in the categories considered in the Mayak
study[Z1]. In addition, there was no significant dose response
over the full range of external doses in this study, whereas
there was weak evidence of an elevated risk associated with
the level of plutonium body burden and with occupational
chemical exposure [Z1]. Stomach cancer risks among these
workers were also reported to be positively associated with
gastritis and smoking, in line with other studies referenced
earlier. In particular, there was some suggestion that external
doses above 3 Gy interacted submultiplicatively with gastritis
andmultiplicativelywith smoking in the incidence of stomach
cancer, although as already indicated, the numbers in this
dose category are not large. Additional details of the study
design, for example, the means by which the study subjects
were identified and information on factors such as smoking
was collected, would have to be known to evaluate these
findings.

89. Low-dose, protracted exposure from background
radiation has been studied in the Yangjiang area of China
[T25, T26]. While this did not show an association with
stomach cancer risk (see Table 7), the precision of the
study was not great, in common with the low-dose occupa-
tional studies mentioned above [C11, E3].

2. Internal low-LET exposures

90. In a study of about 10,000 Swedish patients treated
with 131I for hyperthyroidism, raised incidence [H23] and
mortality [H24] from stomach cancer relative to national
rates were reported (see Table 7). Furthermore, there were
indications of an increasing trend in risk with increasing
administered activity of 131I, although this trend was not
statisticallysignificant. Some caution should be attached to
the interpretation of these findings. The authors examined
a range of different cancer sites, so it is quite possible that
one of them would show a positive finding by chance.
However, it is notable that the mean dose to the stomach in
this study, namely 0.25 Gy, was higher than that to other
organs apart from the thyroid and was similar to the mean
stomach dose among exposed atomic bomb survivors (see
Table 7). Some other studies of hyperthyroid patients
treated with 131I [F8, G10, H25] have not reported raised
rates of stomach cancer, although in some instances their
statistical precision was low. Statistical precision was also
a problem for studies in Sweden [H26], Italy [D15],
Switzerland [G13], and the United Kingdom [E2] of
thyroid cancer patients treated with 131I, owing to the small
number of subsequent stomach cancers; furthermore, risks
in these studies were not analysed according to the level of
exposure. In contrast, a large study of hyperthyroidism
patients in the United States [R14] has reported rates of
stomach cancer mortality that are generallyconsistent with
national rates and that do not appear to show a relation
with the level of 131I administered, although there was some
suggestion of an elevated risk associated with anti-thyroid
drugs.

91. The relevant part of Table 7 also shows that the
estimate of the ERR at 1 Gy from the Swedish hyper-
thyroidism study [H23, H24] is consistent with that from
studies of external low-LET exposure. However, given the
limited number of cases, the study is likely to be consistent
with a range of other values. It is therefore difficult, based on
this study, to reach a conclusion about how stomach cancer
risks from acute, external, low-LET exposure compare with
those from protracted internal low-LET exposure.

3. Internal high-LET exposures

92. The studies of patients with exposures to radium and
thorotrast listed in Table 7 do not tend to indicate elevated
risks of stomach cancer relative tounexposed patients. This
probably reflects both the modest numbers of cases and,
more particularly, the likely low doses to the stomach
compared with some other organs. It should also be pointed
out that these studies have not analysed risk in relation to
individual exposures.
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93. Stomach cancer was one of the cancers studied in a
collaborative analysis of data from 11 cohorts of under-
ground miners exposed to radon [D8]. Stomach cancer
mortality among this group of over 64,000 men was
significantly higher than national or local rates (relative
risk = 1.33; 95% CI: 1.16�1.52, based on 217 deaths).
However, there was no trend in stomach cancer mortality
with the cumulative radon exposure received by these
miners [D8]. Furthermore, excesses of stomach cancer
have been reported in some other groups of miners, such as
gold miners [K13] and coal miners [S25]. This, together
with the low doses to the stomach from radon exposure,
suggests that exposures in mining environments to agents
other than radon or other factors such as smoking habits
are responsible for these excesses. Among female radium
dial workers in the United States, there was a statistically
significant increase, relative to regional rates (SMR=3.89),
in mortality from stomach cancer among those who started
work in 1930 or later, although this was based on only
seven deaths [S16]. The absence of an elevated risk among
those who started work before 1930 and whose exposures
from radium tended to be higher, suggests that the finding
for the later workers is not due to ingested radium [S16].

4. Summary

94. Much of the information on stomach cancer risks
following radiation exposure comes from the Life Span
Study of survivors of the atomic bombings. This reflects
not only the large cohort, long follow-up, and wide range
of doses but also the high baseline rates for the disease in
Japan. The Life Span Study indicates that the dose
response is consistent with linearity and that the ERR
per Sv decreases with increasing age at exposure, does not
appear to varywith time since exposure, and maybe higher
for females than for males (although one study of medical
irradiation may not agree with the latter finding). Some,
but not all, studies of external low-LET medical irradiation
also show an association between radiation exposure and
stomach cancer risk. In particular, the findings from the
Life Span Study and the study of cervical cancer patients
suggest that it might be more appropriate to transfer
relative risks, rather than absolute risks, from Japan to
other countries. Studies of low-dose, occupational, low-
LET exposure lack precision; a study of protracted, high
dose, occupational exposure did indicate an elevated risk,
although it is difficult to use it to quantify a dose or dose-
rate-effectiveness factor. Studies of internal low-LET and
high-LET exposures generallyprovide little information on
stomach cancer risks.

C. COLON CANCER

95. Incidence rates for colon cancer vary considerably
around the world [P5, P17] (see Table 1). The highest rates
are mainly in North America and western Europe,
although some countries with previously low colon cancer
rates, such as Japan, now have rates just as high [P17].
Descriptive studies indicate that these patterns are largely

associated with diet. Cohort and case-control studies tend
to confirm this, with meat consumption being related to an
increased risk and vegetable consumption to a decreased
risk [P17]. Studies of this type have also shown colon
cancer risk to be related inversely to the degree of physical
activity [P17]. In addition to lifestyle factors, several rare,
genetically determined conditions affect risks [U15]. In
particular, familial clustering of colon cancer is thought to
be due to an autosomal recessive gene [M22].

96. Colon cancer risks have been examined in various
epidemiological studies of radiation-exposed groups. The
findings of these studies, classified according to radiation
type, are summarized in Table 8. Although it sometimes can
be difficult to distinguish rectal cancer from colon cancer, the
role of ionizing radiation appears to differ substantially in the
aetiology of the two cancers, with cancer of the rectum rarely
showing a link with radiation [T1, P9].

1. External low-LET exposures

97. The Life Span Study shows a clear association between
external dose and colon risk to the survivors, based both on
incidence [T1] and mortality [P9] data. Detailed analysis of
the incidence data shows that the dose response is consistent
with linearity [T1]. However, it is noticeable from Table 8 that
studies with mean colon doses of several Sv or more, namely
those of patients treated for cervical cancer [B1] or peptic
ulcer [G6], show little or no evidence of an elevated risk. This
suggests a possible cell-killing effect at very high doses.
However, an excess of stomach cancer was seen among the
peptic ulcer patients [G6], whose mean stomach dose
exceeded the dose to the colon, although this might be
explained by differences from organ to organ in the degree of
cell killing. There is no clear pattern in the ERR per Sv by
gender or age at exposure among the atomic bomb survivors,
which may reflect statistical imprecision. In contrast, while
the incidence data suggest that the ERR per Sv may be
decreasing with increasing time since exposure [T1], the
corresponding values for mortality in Table 8 would suggest,
if anything, a trend in the opposite direction, although the
confidence intervals are wide. However, it is clear from
Table 8 that the EAR per Sv for mortality is increasing with
increasing time since exposure.

98. The comparison of risk estimates across studies, in
considering how colon cancer risks should be transferred
across populations, is complicated bythe changing baseline
rates in Japan referred to earlier. Furthermore, the
confidence intervals for values of the ERR and EAR per Sv
estimated from the studies listed in Table 8 are wide and
are consistent with various transfer methods. This is
confirmed by Part B of Table 22, which shows lifetime risk
estimates (based on an implicit multiplicative transfer
across populations) that are fairly similar in the Life Span
Study and the study of women in the United States treated
for benign gynaecological disease [I16] but smaller in other
studies of populations in North America and western
Europe. It is therefore not possible to come to a firm
conclusion on how to transfer colon cancer risks across
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populations. It is also not possible to make a meaningful
comparison of risks from high- and low-dose-rate
exposures, owing to the large imprecision in estimates
derived from studying nuclear workers [C11, E3].

2. Internal low-LET exposures

99. Few data are available on colon cancer following
internal exposure to low-LET radiation. Among Swedish
patients treated with 131I for hyperthyroidism, the
standardized incidence ratio for colon and rectal cancer
combined was 1.17 (95% CI: 0.97�1.39) after 10 or more
years of follow-up [H23]. However, results for colon cancer
alone were not presented or analysed in relation to the level
of iodine administered. It should be noted that the mean
dose to the colon and rectum from this treatment was
estimated to be 0.05 Gy[H23], suggesting that anyanalysis
of risk in relation to the level of exposure would have had
low statistical precision. Studies of patients treated with 131I
for hyperthyroidism in the United States [G10, H25, R14]
and for thyroid cancer in Sweden [H26], together with a
study of diagnostic exposures in Sweden [H27], did not
report findings specifically for colon cancer. However, a
large studyof hyperthyroidism patients in the United States
provided little indication of an elevated risk of colorectal
cancer mortality [R14].

3. Internal high-LET exposures

100. Numbers of colon cancers reported from studies of
thorotrast patients are included in Table 8. Here, as in the
combined analysis of underground miners exposed to radon
[D8] and in studies of radium patients [N4] and radium dial
workers [S16], the very low doses to the colon associated with
these exposures preclude meaningful inferences.

4. Summary

101. Data on the Japanese atomic bomb survivors are
consistent with a linear dose response. The effect of gender,
age at exposure, and time since exposure on the ERR per Sv
is not clear, although the EAR per Sv does increase with
increasing time since exposure in the Life Span Study.
Changes over time in baseline rates in Japan make it difficult
to decide how to transfer risks across populations. Also, the
lack of precision in low-dose studies of external low-LET
radiation and of internal low-LET and high-LET radiation do
not allow conclusions to be drawn.

D. LIVER CANCER

102. The liver is one of the most frequent sites for metastatic
cancer. Since a large proportion (as high as 40%�50%) of
liver cancers reported on death certificates are tumours
originating in other organs, mortality data are usually a poor
measure of the magnitude of primary liver cancer. It is
therefore difficult toobtain reliable estimates of the magnitude
of liver cancer in many countries and populations. Cancer
incidence data, which provide more reliable diagnostic

information, are available for various parts of the world, but
their quality also varies. Liver cancer is one of the eight most
common cancers in the world, accounting for 5.6% of the new
cancers in males and 2.7% in females, but there is a wide
geographicvariation [M40]. Liver cancer isa common disease
in many parts of Asia and Africa but is infrequent in the
United States and Europe [P29]. The incidence of liver cancer
has been increasing in Japan and the Nordic countries [S45],
although some of the increasing trends may be explained by
changes in disease classification and coding practices.

103. The great majorityof primary liver cancers in adults are
hepatocellular carcinomas. It has been estimated that about
80% of hepatocellular carcinomas are aetiologically asso-
ciated with chronic infection with hepatitis B virus [L43].
Infection with hepatitis C virus also plays an important role in
some countries, notably in Japan. Alcohol consumption and
liver cirrhosis have been shown to increase the risk of hepato-
cellular carcinoma, but their precise roles have yet to be
clarified. In general, hepatocellular carcinoma occurs much
more frequently in men than in women (male:female ratio of
4�5:1). Other types of liver cancer include cholangio-
carcinoma and angiosarcoma, which are rare in adults. The
male preponderance is less pronounced for cholangiocarci-
noma (male:female ratio of 1�2:1) than for hepatocellular
carcinoma. Liver cancer has been associated with infestations
with liver flukes in certain areas as well as with exposure to
thorotrast [P29, T1].

1. External low-LET exposures

104. Epidemiological data on liver cancer associated with
external exposures to low-LET radiation exposure are limited.
Far more information is available on internal high-LET
exposure, especially thorotrast (see below). The available data
are presented in Table 9. None of the medically and
occupationally exposed populations included in this review
suggest an association between radiation exposure and liver
cancer. Where an increased standardized mortality ratio
(SMR) for liver cancer is found, further analyses do not
support a dose-response relationship. Furthermore, because a
large number of metastatic tumours may be misclassified as
liver cancers on death certificates, some of the observed excess
liver cancer may be attributable to the inclusion of tumours
originating in other organs. The most convincing evidence for
excess liver cancer associated with low-LET exposure comes
from the Life Span Study. In the latest Life Span Study report
[P9], there are 432 deaths from primary liver cancer (939
including those specified as primary and those specified as
secondary), the third leading cause following stomach and
lung cancers. A significant dose response is found for liver
cancer, with an ERR per Sv of 0.52 for males and 0.11 for
females, both exposed at age 30 years.

105. Cancer-incidence-based data obtained from the
systematic collection of information reported by hospitals
to tumour registries have better diagnostic accuracy. The
analysis of the Life Span Study cancer incidence data
showed for the first time a significantly increased risk of
liver cancer associated with radiation exposure from the
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atomic bombings. A subsequent study involved 518 cases
of liver cancer, mostly hepatocellular carcinoma, verified
by a detailed pathology review of each case [C37]. The
dose response was linear and an ERR was estimated to be
0.81 per Sv (liver dose). Males and females had a similar
relative risk so that, given a three-fold higher background
incidence for males, the radiation-induced excess incidence
was substantially higher for males. The excess risk peaked
for those exposed in the early 20s with essentially no
excess risk in those exposed before age 10 or after 45 years.

2. Internal low-LET exposures

106. Epidemiological data are even more sparse on liver
cancer and internal low-LET exposures. In the United
States thyrotoxicosis study in which about 21,000 hyper-
thyroid patients treated with 131I were followed up to 45
years, 39 liver cancer deaths were observed with an SMR
of 0.87 [R14]. The doses received by the liver were not
estimated but are presumably very low.

3. Internal high-LET exposures

107. Thorium-232 is a primordial, long-lived, alpha-
emitting radionuclide. Colloidal (232Th) thorium dioxide
(thorotrast) was used widely as an intravascular contrast
agent for cerebral and limb angiography in Europe, the
United States and Japan from 1928 to1955. Intravascularly
injected thorotrast aggregates tend to be incorporated into
the tissues of the reticuloendotheial system, mainly the
liver, bone marrow, and lymph nodes. Deposition results in
continuous alpha-particle irradiation throughout life at low
dose rate. The radiation dosimetry is complex because of
the non-uniform distribution of thorium dioxide in the
liver, bone marrow and lymph nodes and the possible
effects of the colloidal material on cancer risk [C2]. It has
been estimated that the typical annual dose from alpha
radiation following an injection of 25 ml of thorotrast is
0.25 Gy to the liver [K28, M41], but a re-evaluation of
liver organ mass has indicated that the annual dose is
0.40 Gy [K41]. A revised whole-body organ partition of
232Th has shown a small reduction in the relative partition
to the liver, but the estimated liver dose remains essentially
the same [I25]. Patients who were administered thorotrast
from the late 1920s through to 1955 have been followed in
Germany, Portugal, Denmark, Sweden, Japan and the
United States. The total number of people being followed
is approximately 5,500, and over 90% of them have died.

108. In Germany, about 5,000 patients treated with thorotrast
for cerebral angiography (about 70%) or arteriography of the
limbs (about 30%) between 1937 and 1947 at different
hospitals were identified [V3, V7, V8]. As controls, a similar
number of age- and gender-matched non-thorotrast treated
patients were identified among patients at the same hospitals.
When the follow-up studywas started in 1968, a large number
of the patients had already died. The causes of death among
those patients were identified from hospital examinations or
death certificates. There were 2,326 thorotrast patients (1,718
males and 608 females) and 1,890 controls (1,407 males and

483 females) who survived three years or more after treat-
ment, could be traced. The patients (899 thorotrast patients
and 662 controls) who were still alive at that time have since
been followed through clinical examination every two years.
The latest follow-up data show 48 thorotrast patients and 239
controls who are still alive [V8]. In the deceased patients, the
most common neoplasticdiseaseis liver cancer (454 thorotrast
patients compared with 3 controls) [V8]. Previous data
showed that cholangiocarcinoma and haemangiocarcinoma,
which are norm-ally rare types of liver tumour, accounted for
about 54% and hepatocellular carcinoma for only 17%;
histological types were unknown for the remaining 29%.

109. In the German study, the cumulative rate of liver cancer
was correlated with the mean dose of administered thorotrast,
although no formal dose-response analyses were performed.
Noage-at-exposure effect was observed, as thecumulative rate
of liver cancer was similar for the three cohorts having
different ages at injection (1�14, 15�29, 30�44, and 45�59
years) [V8]. Recent data suggest an increase in liver cancer
among those whoreceived less than one ampoule of thorotrast
(less than 6 or 6�12 ml thorotrast) [V8]. Although there was
no gender difference with regard to age at injection and mean
volume of injected thorotrast and exposure time, the
cumulative rate of liver cancer was significantly higher in
males than in females. As a measure of the total risk, the
cumulative rate was calculated using the sum limit method,
i.e. by taking the cumulative number of liver cancers after
injection (excluding those dying within the first 15 years of
exposure as they are not considered to be due to thorotrast) as
the numerator and the cumulative dose of all patients up to 10
or 15 years (wasted dose or time) before clinical manifesta-
tion of liver cancer as the denominator. The cumulative risk
of liver cancer was estimated to be 607 10�4 Gy�1 (with 10
years wasted dose) and 774 10�4 Gy�1 (with 15 years wasted
dose) [V8].

110. The continuing follow-up of the Danish thorotrast
study, although based on a smaller number of patients than
the German study, has provided further detailed epidemio-
logical information [A5, A18, A19]. The thorotrast group
consisted of 999 neurological patients treated with
thorotrast for cerebral angiography between 1935 and
1947. The group has been followed through linkage to the
national death register and the cancer registry in Denmark.
Previous analyses of cancer incidence data from this cohort
study had been based on SIRs compared to the national
cancer data. To avoid possible confounding due to the
neurological conditions for which the patients were treated,
a control group (1,480 persons) was identified from
patients who had been examined during 1946�1963 with
cerebral arteriography using contrast agents other than
thorotrast [A5].

111. The latest analyses of the Danish thorotrast study
data are based on 751 deaths in the thorotrast group and
797 deaths in the control group up to January 1992 [A5].
At the end of follow-up, 40 thorotrast patients and 422
controls were still alive. Since the thorotrast and control
groups differed with respect to calendar period and were
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not matched for gender, age at arteriography, or neuro-
logical condition, multiplicative regression models were
fitted, allowing the SMR to vary with gender, age at
arteriography, and calendar period. For the thorotrast
patients, the models included the amount of thorotrast
injected (as a measure of dose rate) and the amount
injected multiplied by the time since the injection (as a
measure of the cumulative alpha-radiation dose). When
evaluated in multiple regression analyses, the effect of
injected volume was significant for cancer (relative risk per
10 ml = 11.1; 95% CI: 3.5�34.0) and benign liver
conditions (relative risk per 10 ml = 1.2; 95% CI: 1.1�1.3).
Analyses of specific cancer types were based on cancer
incidence cases (315 cases in the thorotrast group and 201
cases in the control group). Primary liver cancer was the
most frequent type of cancer among the thorotrast-exposed
patients. There were 84 cases reported as primary liver
cancer, 16 reported as liver cancer not specified as
primary. A significant effect of injected volume of
thorotrast was seen for liver cancer (relative risk per 10 ml
= 194; 95% CI: 31�1,220) and as a consequence for all
cancers combined (relative risk per 10 ml = 14.7; 95% CI:
5.2�41.5). No effect of the surrogate measure of
cumulative dose was seen.

112. The earlier analyses of the Danish thorotrast cancer
incidence data showed a positive trend in SIR for liver
tumours with young age at injection. However, the cumu-
lative frequency of liver cancer relative to the estimated
cumulative radiation dose to the liver showed no significant
difference between those injected at different ages (0�25,
26�45, 46�59, and older than 59 years). The female:male
ratio for liver cancer was 1.6, but the cumulative frequency of
liver cancer relativeto the estimated cumulative radiation dose
to the liver did not differ for males and females. This is in
contrast to the German study, which suggested a larger
absolute risk for males than females [V8]. In a separate study
in Denmark [A18], cases of primary liver cancer were
reclassified by a pathology review. As with the German
thorotrast series, cholangiocarcinoma (34%) and haemangio-
sarcoma (28%) were relatively common, while hepatocellular
carcinoma accounted for 38% of cases. However, no signifi-
cant differences were found between three histological types
with respect to such factors as age at injection of thorotrast,
mean amount injected, mean time from injection todiagnosis,
or mean estimated cumulative alpha-radiation dose. The
incidence of all histological subgroups was described most
simplyas a function of the estimated cumulative dose up to 15
years previously.

113. In Japan, two cohorts of thorotrast patients have been
followed. An earlystudy initiated in 1963 involves 262 war
veterans who received intravascular injection of thorotrast
(with a mean of 17 ml per injection) for diagnosis of
injuries during 1937�1945 and a control group of 1,630
war-wounded veterans [M42]. As of 1998, 244 (93%)
thorotrast patients had died, of whom 79 died from liver
cancer [M47]. The second study began in 1979 after a
nationwide survey of thorotrast patients with diagnostic
x rays, and this cohort includes 150 thorotrast patients

[K33]. As of 1998, 132 (82%) patients had died, of whom
64 died from liver cancer. Analyses of combined data from
these two cohorts show the rate ratio for all causes,
compared to controls, to start to increase after a latency
period of 20 years after the thorotrast injection [M14]. The
rate ratio is highest for liver cancer (35.9) [M14]. Using
previous data, the risk of liver cancer was estimated to be
330 10�4 Gy�1 with a linear dose-response model [U2]. A
study of an autopsied series of 106 thorotrast-related liver
malignancies showed that 44 (42%) were cholangio-
carcinoma, 42 (40%) were angiosarcoma, 17 (16%) were
hepatocellular carcinoma, and three were double cancers
[K29].

114. The Portuguese thorotrast study was set up in 1961.
It involved about 2,500 patients injected with an average of
26 ml of thorotrast between 1929 and 1955 and 2,000
controls [D27, H46]. They were followed for 30 years. Of
1,244 traced thorotrast patients, 955 had died, 137 of them
from malignant tumours, including 87 primary liver cancer.
The BEIR IV Committee estimated the risk for liver cancer
to be 275 10�4 Gy�1 [C2]. The follow-up of this cohort was
interrupted in 1976, but has recently been reactivated. The
results of the follow-up extended through 1996 have been
made available [D31]. A total of 1,931 patients who
received thorotrast systemically and 2,258 unexposed
subjects were initially identified from medical records.
Follow-up was possible for 1,131 (59%) of the thorotrast
patients and 1,032 (46%) of the unexposed patients. By the
end of 1996, 92% of the thorotrast patients and 5% of the
unexposed patients had died. The relative risk was signifi-
cantly elevated for liver cancer (70.8) and for leukaemia
(15.2), which accounted for most of the excess mortality
from malignancies.

115. Liver cancer mortality has been studied among about
11,000 workers exposed to both internally deposited
plutonium and to external gamma radiation at the Mayak
nuclear plant in the Russian Federation [G23]. Within this
cohort, liver cancer risks were elevated among workers with
plutonium body burdens estimated to exceed 7.4 kBq,
compared to workers with burdens below 1.48 kBq (relative
risk 17; 95% CI: 8.0�36), based on 16 deaths in the former
group. In addition, trend analyses using plutonium body
burden as a continuous variable indicated an increasing
risk with increasing burden (p<0.001). However, because
of limitations in the current plutonium dosimetry, it was
not possible to quantify liver cancer risks form plutonium
in terms of organ dose, nor to make a reliable evaluation of
the risk from external radiation in this cohort [G23].

4. Summary

116. While an association of liver cancer with radiation
exposure has not been demonstrated in medical and worker
studies involving external or internal low-LET exposures,
the mortality data from the Life Span Study of survivors of
the atomic bombings indicate a significant dose response.
This relationship is strengthened by the analysis of
incidence data based on histologically and clinically
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verified primary liver cancer cases. Studies of thorotrast-
exposed patients consistently show increased risks of liver
cancer from alpha-radiation exposure.

117. While the types of liver cancer associated with
thorotrast exposure are typically cholangiocarcinoma,
followed by angiosarcoma and hepatocellular carcinoma,
the excess risk associated with low-LET exposure in the
Japanese atomic bombsurvivors is primarilyhepatocellular
carcinoma. Liver cancer rates are high in Japan, especially
in males, and the high rates have been attributed to
infection with hepatitis viral infection, particularly
hepatitis C virus. In transferring liver cancer risks from
one population to another, differences in background liver
cancer rates, as affected by the prevalence of hepatitis viral
infection, should be considered.

E. LUNG CANCER

118. Although lung cancer was once a rare disease, it is
now one of the leading causes of cancer mortality in
industrialized countries and is rising in incidence in many
developing countries [G1]. Table 1 illustrates the wide
variation in rates between different populations. The
geographical and temporal differences in incidence and
mortality largely reflect cigarette smoking, which has been
shown by epidemiological and toxicological evidence to be
the main cause of the disease [U17]. Assessments made in
the early 1980s indicate that occupational exposures to
agents such as arsenic, asbestos, chromium, and nickel
may account for 5%�15% of lung cancers in the general
population of industrialized countries such as the United
States [D6, S6], while outdoor air pollution arising from
fuel combustion and industrial sources is thought to be
responsible for only a few percent of cases in most areas
[D6].

119. In addition to the above factors, ionizing radiation
has been shown in numerous epidemiological studies to be
a lung carcinogen [U2]. Increased risks have been shown
not only with respect to exposure to low-LET radiation but
also from exposure to radon and its progeny. Such
increases have also been reported in animal studies [C4,
U16]. Results from epidemiological studies of low-LET
and high-LET exposures are presented in Table 10.

1. External low-LET exposures

120. The results from the latest mortality follow-up of the
Japanese atomic bomb survivors [P9] bear out many of the
results of the previous mortality and incidence studies. In
particular, the dose response is consistent with linearity,
and the ERR per Sv is higher for females than for males.
However, compared with the previous follow-up, there is
more indication now of similarities in the EAR per unit
dose for males and females (see Table 10). Taking into
account the wide confidence intervals, there is little to
suggest that the ERR varies in a consistent fashion with
either age at exposure or attained age, either in the

incidence [T1] or the mortality data [P9]. In contrast,
Pierce et al. [P9] showed that the EAR per Sv for mortality
increases sharply with increasing attained age, reflecting
the pattern in baseline rates, whereas (after adjusting for
attained age) age at exposure does not appear to influence
the EAR per Sv.

121. It should be noted that these analyses do not take
account of smoking habits. As indicated above, much of
the variation in baseline rates between populations reflects
differences in smoking habits, so examination of the joint
effect of radiation and smoking is highly pertinent to the
issue of how to transfer risks across populations. The
UNSCEAR 1994 Report [U2] gave some details of a 1986
study of radiation and smoking among a subgroup of the
atomic bomb survivors [K8]. The findings from this study
may need to be qualified, since they are based on the use of
the previous dosimetrysystem for the survivors and on data
on cancer incidence only up to the end of 1980. Further-
more, as in an earlier analysis based on mortality up to
1978 [P13], neither an additive nor a multiplicative model
for the joint effect of smoking and radiation was totally
inconsistent with the data. However, the suggestions from
this analysis of an additive rather than multiplicative effect
of low-LET radiation and smoking on lung cancer risk
might explain the higher ERR per Sv for females than for
males. It is possible that smoking could explain some of
the other findings described earlier, such as the lack of
trend in the ERR with age at exposure.

122. Further information on the joint effect of radiation and
smoking comes from a case-control study of lung cancer
incidence among patients treated for Hodgkin's disease in the
Netherlands [V2]. In contrast to the Life Span Studyfindings,
there was a statistically significant supramultiplicative effect
of radiotherapy dose to the affected lung area and the
cumulative amount smoked after diagnosis of Hodgkin's dis-
ease. Indeed, a trend in lung cancer risk with radiation dose
was evident only among those who had smoked more than a
small amount in the period following the original diagnosis.
Some caution should be attached to these results. There were
only 30 persons in total with lung cancer, of whom 8 were
either non-smokers or light smokers. Furthermore, other
measures of smoking, such as the number of years smoked
before diagnosis of Hodgkin's disease or lifetime consump-
tion, did not show the above supramultiplicative effect.
Therefore the possibility of a chance finding cannot be
excluded. An alternative interpretation is that smoking may
have a strong promoting effect on the induction of lung cancer
following an earlier radiation exposure. However, it should be
recognized that manyof those who smoked after the diagnosis
of Hodgkin's disease had also smoked before that time, which
makesexamination oftheinteractionseven morecomplicated.
A larger, international study of lung cancer incidence
following Hodgkin's disease [K9] also collected information
on smoking, although this was limited to never/ever smoked
and may have been reported more fully for cases than
controls. In contrast to some other studies (e.g. [V2]), this
international study showed an elevated risk associated with
chemotherapy. Risks by type of therapy were reported to be
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similar for smokers and for all subjects, although a formal
statistical analysis of the joint effect of radiation and smoking
was not undertaken. Although, if anything, there appeared to
be more evidence of a radiation-induced risk among the
patients who did not receive chemotherapy (relative risk =
1.6; 95% CI: 0.66�4.12, for lung doses above 2.5 Gy relative
to less than 1 Gy), neither among those patients nor among
patients who received chemotherapy did the trend with
radiation dose approach statistical significance.

123. The only other study in Table 10 that shows an excess
of lung cancer associated with low-LET radiation and that has
sufficient numbers topermit examination ofmodifying factors
is that of patients in the ankylosing spondylitis study in the
United Kingdom [W1]. It should be borne in mind that, in
contrast to other studies, in the ankylosing spondylitis study it
was not possible to estimate individual doses to organs other
than the bone marrow. This makes it difficult to address the
transfer of risks between populations, although it might be
worth noting from the above table that the ERR per unit dose
estimated for the ankylosing spondylitis study is lower than
that from the Life Span Study of the atomic bomb survivors.
Indeed, the indications from Part C of Table 22 of higher
lifetime risk estimates based on ERR values from the Life
Span Study data compared with those from other data sets
may suggest that the variation in radiation risks across
populations is closer toadditive than multiplicative. The latest
mortality follow-up of the ankylosing spondylitis study
continues to show, in contrast to the Life Span Study, a strong
decrease in the relative risk more than 25 years following first
treatment. The interpretation of this result is complicated by
the absence of smoking data for the ankylosing spondylitis
study. However, Weiss et al. [W1] pointed out that relative to
national lung cancer rates, the risk among unirradiated
patients showed little trend with time since diagnosis of
spondylitis. While this suggests that the temporal trend in risk
among irradiated patients may not be explained solely by
changes over time in smoking habits, the number of lung
cancer deaths among unirradiated patients was relatively
small.

124. Of particular interest among the low-LET studies is
the discrepancy between the lung cancer risks observed
among the survivors of the atomic bombings in Japan and
the findings from studies of patients who received multiple
fluoroscopies in the course of treatment for tuberculosis.
Studies of the latter type in both Canada [H7] and the
United States (Massachusetts) [D4] found no evidence of
a positive association between dose and risk of lung cancer.
The Canadian result is particularly important, since it is
based on a large cohort of exposed persons (25,000 with
lung doses in excess of 10 mSv), while the mean age at
exposure, follow-up time, and total number of lung cancer
deaths are similar to the corresponding values for the
atomic bomb survivors. Table 23 gives details by dose
range of lung cancer mortality in both the Canadian
fluoroscopy study and the latest follow-up of the atomic
bomb survivors. This table clearly shows the lack of
evidence for a dose response for lung cancer in the former
study, which contrasts with the corresponding results for

breast cancer among female members of the cohort [H20]
(see Section III.H.1). Furthermore, the large number of
deaths means that the discrepancy with the atomic bomb
survivor results cannot be explained by a lack of statistical
precision.

125. Howe [H7] addressed a number of possible reasons
for the difference between the Canadian and Japanese
results. He pointed out that the effect of non-differential
measurement errors on estimates of risk per unit dose in
the Canadian study was likely to be similar in magnitude
to that in the Japanese study for solid tumours, i.e.
4%�11% [P2]. Most of the measurement error was
associated with estimating the dose per fluoroscopy, which,
since it was not performed individual-by-individual, should
not bias risk estimates [A1]. In contrast to breast doses
[H20], lung doses were similar for anterior-posterior and
posterior-anterior orientations and, consequently, were
similar in Nova Scotia (where the former orientation
predominated) and in the rest of Canada (where the latter
orientation predominated). It is difficult to evaluate the
potential for systematic errors in dose estimates, but it
seems highly unlikely that such errors could explain the
discrepancywith the atomic bomb survivor findings. Howe
also addressed the effect of possible misclassification of
some lung cancer deaths as deaths from tuberculosis. Had
the lack of an association between lung cancer and dose
been due to differential misclassification concentrated at
higher doses, this would have led to an increasing trend
with dose in deaths classified as tuberculosis. However, no
such trend was apparent, even among those patients at a
minimal or moderate stage of tuberculosis, for whom the
potential to detect any such effect is likely to have been
greatest [H7]. Finally, although individual data on smoking
habits were not available for all members of the Canadian
cohort, information for over 13,000 of these patients
indicated that heavy smokers had not tended to have
received lower doses.

126. Several other possible explanations can be considered
for the difference between the results of the Canadian and
Massachusetts fluoroscopy studies and the Life Span Study.
First, the fluoroscopy studies were performed on groups in
North America, in contrast to the atomic bomb survivor study
in Japan. In particular, baseline rates for lung cancer in North
America are higher than the corresponding values in Japan
[P5]. However, elevated risks of lung cancer in other groups
exposed to low-LET radiation in North America or western
Europe are indicated in Table 10, most notablythe ankylosing
spondylitis study [W1], demonstrating that genetic factors or
differences between countries in smoking habits cannot by
themselves explain the difference in risks. Secondly, Howe
[H7] drew attention to the differences in the fractionation of
dose and in dose rate between the atomic bomb survivors and
the fluoroscopy patients. Whereas people in the former group
received a single dose averaging several hundred mGy in
about one second, the latter group received fractionated doses,
with an average dose rate of 0.6 mGy s�1 to the lungs. In this
regard, Elkind [E5] has suggested that complete repair may
occur between fractions of sub-effective lung cancer initiation.
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It should be noted that, even if fractionation or low dose rate
does considerably reduce the risk of lung cancer from low-
LET radiation, this need not imply that similar effects would
be seen for other cancers or for high-LET exposures, as will
be discussed later. Thirdly, the effect of radiation on inducing
cancer in the lung may differ between patients with
tuberculosis and healthy persons. However, the lack of an
association with radiation dose in the Canadian study was
observed for those with tuberculosis in its early stages as well
as for those with a more advanced stage of the disease [H7].
On the other hand, even within categories of tuberculosis, the
severity of the disease was related to the degree of lung
collapse, and hence to both the number of fluoroscopies and
the degree of surgery [B15]. The latter would have involved
the removal of lung tissue and may have affected the lung
cancer risk. Consequently, there remains the possibility that
the severity of the tuberculosis may have had some
confounding effect.

127. Inferences from the other high-dose-rate, low-LET
studies listed in Table 10 are limited by the smaller number
of lung cancers and the general lack of data on smoking
habits. Furthermore, the comparison of risks at high and
low dose rates, even in large studies of radiation workers
[C11, E3], is made difficult both by the low statistical
precision associated with low doses received and by the
lack of data on smoking. However, early workers at the
Mayak plant in Russia tended to receive higher cumulative
doses than many other groups of radiation workers, so data
on them may be more informative. For a group of 1,841
men who started working at the nuclear reactors at Mayak
between 1948 and 1958 and who had a mean external
whole-body gamma dose of 1.02 Gy (low-LET), there was
no indication of an increasing trend in lung cancer risk
with gamma dose (see Table 10) [K34]. It should be noted
that, in contrast to other groups of Mayak workers,
described in Section III.E.3 below, these reactor workers
did not have potential for plutonium exposure [K34]. A
study of natural radiation in the Yangjiang area of China
did not indicate an elevated risk associated with low-dose,
protracted exposure [T25, T26] (see Table 10). Although
the precision of this study was limited, information on
smoking habits collected in an associated survey [Z2]
suggested that smoking was not associated with dose and
therefore might not be a confounder.

2. Internal low-LET exposures

128. Several studies of patients given 131I have examined
the risks of lung and other respiratory cancers. Most of
these studies were reviewed in the UNSCEAR 1994 Report
[U2]. Among Swedish patients treated for hyperthyroidism,
Hall et al. [H24] reported increased mortality relative to
national rates more than 10 years after treatment (based on
63 deaths, SMR = 1.80; 95% CI: 1.39�2.31). However,
there appeared to be no clear trend in the risk of respiratory
cancers with the level of 131I administered. It should be
noted that the mean lung dose in this study was only
70 mGy. Studies of hyperthyroid patients in the United
States [G10, H25] and of thyroid cancer patients in Sweden

[H26] treated with 131I did not show raised rates of
respiratory cancer, although both studies were based on
smaller numbers than the study of Hall et al. [H24]. A
larger study of hyperthyroid patients in the United States
[R14] provided slight evidence of a trend in lung cancer
mortalitywith increasing administered 131I activity, but this
was weaker after allowing for a 10-year latency. A study of
Swedish patients with diagnostic exposures to 131I [H27]
had more respiratory cancers but lower doses than in the
Swedish hyperthyroidism study [H24]; the former study
again showed no elevated risk. Bearing in mind not only
the low risks predicted in these studies but also the general
absence of individual lung dose estimates and smoking
histories, it is not possible to compare the risks of
protracted internal low-LET exposure with the risks of
acute external exposure.

129. Kossenko et al. [K5] drew attention to differences
between the Techa River cohort and the Japanese atomic
bomb survivors with respect to the proportion of cancers of
the lung. In particular, lung cancer accounted for 27% of all
cancers among men in the former cohort, compared with 10%
in the latter. Conversely, among women the corresponding
percentageswere4%and10%, respectively. Whiledifferences
in the type of exposure and in ethnic background might be
responsible for some of these variations, smoking habits are
likely to be of importance. However, the available data did not
allow investigating this issue.

130. Wing et al. [W14] reanalysed data on cancer incidence
near the Three Mile Island nuclear plant in the United States,
originally analysed by Hatch et al. [H37]. These data involve
scaled estimates of doses associated with the 1979 accident.
Wing et al. [W14] suggested that their results, in contrast to
those of Hatch et al. [H14], indicate an increasing trend in
lung cancer with the radiation dose estimates; they speculated
that this may be due to inhaled radionuclides that might be
correlated with external doses. However, Hatch et al. [H38]
pointed out that their original analysis did indicate an
association for lung cancer, and that many of the differences
claimed by Wing et al. [W14] were matters of interpretation
rather than new findings. In view of the very low doses
received (generally less than 1 mSv), the lack of individual
doses, the short follow-up (to the end of 1985), the lack of
individual smoking data, and the possibility of chance
findings when many different cancer types are studied, these
data are not informative on radiation and lung cancer.

3. Internal high-LET exposures

131. Results from various studies of radon exposures are
included in Table 10. Particularly informative are the
studies of radon-exposed miners, in view of the large
numbers of excess lung cancers observed. The joint
analysis of 11 miner cohorts by Lubin et al. [L4] permitted
detailed examination of factors that may modify the risk of
radon-induced cancer. This analysis and the component
studies were considered in detail in the UNSCEAR 1994
Report [U2]. In summary, the ERR per working level
month (WLM) was found to decrease with attained age,
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time since exposure, and time after cessation of exposure
to radon, but not with age at first exposure. The joint effect
of radon and smoking on lung cancer risk was greater than
additive, although it is difficult to quantify this further; in
particular, only a small proportion of miners never
smoked. Similarly, the modifying effect of exposure to
other agents encountered in mines is not clear, although
the ERR per WLM was lower after adjusting for arsenic
exposure [L4].

132. The exposure-response relationship in the various
studies of radon-exposed miners is consistent with
linearity. However, at relativelyhigh cumulative exposures,
the slope of the exposure-response relationship is steeper
at lower than at higher exposure rates [L4, L6]. It should
be emphasized that this inverse exposure-rate effect does
not imply that low exposures carry a greater risk than
higher exposures; rather it suggests that for a given total
exposure, the risk is higher if the exposure is received over
a longer rather than a shorter period of time. Table 24,
based on the analysis of Lubin et al. [L6], shows that this
inverse exposure-rate effect (as measured by the modifica-
tion factor γ) is seen, to varying degrees, in all of the
studies except the French cohort; workers in the latter
study [T8] often worked for many years at low exposure
rates. However, a reanalysis of the Beaverlodge data based
on revised exposure estimates [H18] provided no evidence
of an inverse exposure-rate effect, in contrast to previous
analyses. It should be noted that the highest exposure rates,
which generally gave rise to the highest cumulative ex-
posures, occurred in the earliest years of mining, when the
fewest measurements were made. Furthermore, concentra-
tions of radon rather than radon progeny were measured in
the earliest years in many of the studies, requiring
assumptions to be made in calculating working levels
(WL). Errors in estimating WL were therefore likely to be
greatest in the early years of mining and would have
tended to lessen the observed effects of high exposure rates,
inducing an apparent inverse exposure-rate effect.
However, adjustments by Lubin et al. [L4, L6] by calendar
year of first exposure, calendar year of exposure, attained
age, and years since the last exposure yielded patterns
similar to those in Table 24. It, therefore, seems unlikely
that WL measurement errors can explain the entire inverse
exposure-rate effect. It is also evident from Table 24 that
there is wide variation between studies in the estimate of
ERR per WLM at an exposure rate of 1 WL, i.e. β. This
variation reflects uncertainty in extrapolating to low
exposure rates. Another possible explanation for what
appears to be an inverse exposure-rate effect actually may
be the effect of cell killing at high doses.

133. The BEIR VI Committee [C21] reexamined the data
on the radon-exposed miners of Lubin et al. [L4], adding
new data from China, the Czech Republic, France, and the
United States (Colorado Plateau). Table 25 describes the
mathematical format of the models derived by this
Committee. In contrast to the model derived by the BEIR
IV Committee [C2], the BEIR VI models include an extra
time-since-exposure category, so as to distinguish between

exposures received 15�24 years earlier and those received 25
or more years earlier. Furthermore, these models allow for
effects of either duration of exposure or average radon
concentration, again in contrast to the BEIR IV model.
Separatemodelswerederived[C21]: “exposure-age-duration”
and “exposure-age-concentration”, with no preference being
given by the BEIR VI Committee to either. Under these
models, the ERR associated with a given cumulative exposure
increases as the exposure duration increases or the average
concentration decreases.

134. Animal studies using very high exposure rates have
shown that a longer duration of radon exposure at a lower rate
induces more lung cancers than a shorter duration exposure
at a higher rate [C3, C4]. As for possible mechanisms,
Moolgavkar et al. [M5, M6] suggested, based on the two-stage
initiation-progression model for carcinogenesis, that extended
duration allows time for the proliferation of initiated cells and
thus for higher disease occurrence rates. Furthermore, by
incorporating cell killing into such a model, Luebeck et al.
[L23] hypothesized that the inverse exposure-rate effect may
be reduced in the absence of ore dust, in view of effects on net
cell proliferation. Using a different approach, Brenner [B5]
postulated that the inverse exposure-rate effect comes from
cell cycling, whereby cells in a particular period of their cycle
are more sensitive to radiation than at other times. For the
same total dose, a greater proportion of cells is predicted to be
exposed during the sensitive period if the dose is protracted
rather than acute. Multiple traversals of a cell by alpha
particlesarenecessaryfor such an inverse exposure-rateeffect,
although it should be recognized that not all traversals will
lead to transformation. At sufficiently low exposure rates,
there would probably be at most one traversal of any cell.
Consequently the inverse exposure-rate effect would be
predicted to disappear, owing to the absence of multiple
traversals and their associated interaction. Little [L33]
outlined a biological justification for using data from
epidemiological studiesofminers exposed tohigh radon levels
to estimate risks at low exposure rates. This was based on
research by Hei et al. [H34], which showed that traversal by
a single alpha particle has a low probability of being lethal to
a cell, and that many cells survive traversal by one to four
alpha particles to express a dose-dependent increase in the
frequency of mutations. In a recent cell transformation study,
Miller et al. [M53] found that the oncogenic potential of a
single alpha particle, with an energy similar to that of radon
decayprogeny, was significantly less than that from a Poisson
distributed mean of one alpha particle. This finding suggests
a non-linear response at low doses of high-LET; however,
these results need to be replicated by others.

135. Epidemiological backing for the absence of an inverse
exposure-rate effect at low exposure rates comes in particular
from the study of miners in western Bohemia, which showed
that below 10 WL the ERR per WLM did not appear to
depend on duration of exposure [T3]. Furthermore, in their
joint analysis of the miner studies, Lubin et al. [L6] concluded
that the inverse exposure-rate effect diminishes, and possibly
disappears, when the duration of exposure becomes very long.
Animal data have also been used to address this issue. In a
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study of about 3,000 rats, Morlier et al. [M3] found that lung
cancer incidence among rats that received a total of 25 WLM
appeared to be lower when the exposure was protracted over
18 months rather than 4�6 months; although the
corresponding number of cases was small, the study excluded
an inverse exposure-rate effect at this level of exposure.
Similar conclusions were drawn from an analysis of another
data set, based on more than 4,000 rats with a wide range of
exposures and exposure rates; namely, risk per unit exposure
decreased with increasing duration of exposure for exposure
rates below 10 WL [H41].

136. Results from a meta-analysis of eight case-control
studies of residential radon and lung cancer published up to
the mid-1990s are summarized in Table 10 [L21], together
with the results from some more recent large studies. Lubin et
al. [L10] pointed out that the results of these studies appear to
be consistent with a wide range of underlying risks. The
variability in the findings is likely to reflect, at least in part,
the impact of errors in assessing radon exposures. In
particular, Lubin et al. [L1, L10] showed that errors due, for
example, to the use of recent measurements to characterize
past levels and gaps in measurements in previous homes can
substantially reduce the statistical power of such studies. As
was indicated in Section I.C, it is possible to adjust estimates
of the exposure-response relationship to allow for the bias
towards the null that tends to arise from random errors in
exposure assessment. For example, the central estimate of the
ERR per 100 Bq m�3 in a study in the United Kingdom
increased from 0.08 (95% CI: �0.03�0.20) to 0.12 (95% CI:
�0.05�0.33) after adjusting for uncertainties in the
assessment of radon exposure, although the width of the
associated confidence interval also increased [D30]. Another
example of the possible effect of errors in exposure assessment
occurs in a study in western Germany [W17]. Here the
evidence for an association between radon and lung cancer
incidence was stronger in a subanalysis of radon-prone areas
than in the analysis of the entire study region (see Table 10);
the authors suggested that the latter findings may have been
biased by the inclusion of many dwellings with low, but
imprecisely estimated, radon levels [W17]. In addition, a
recent study in Missouri (United States) showed stronger
evidence of an association between radon and lung cancer
basedon CR-39surface(i.e. glass-based)measurements rather
than on the more traditional track-etch measurements, which
has been suggested to reflect the effect of the more precise
assessmentsofcumulativeexposureachievedusing thesurface
technique [A24]. However, as pointed out in Section I.C,
further validation ofglass-based techniqueswouldbedesirable
[W19]. In addition to the weak indications from some of these
recent studies, a meta-analysis of eight earlier case-control
studies yielded some direct support for an elevated risk from
residential radon exposure [L21]. Based on over 4,000 lung
cancer cases, the trend in risk in the meta-analysis was
significantly greater than zero (p=0.03) and was consistent
with the results from the miner studies, as illustrated in
Figure II. In particular, the relative risk estimated at 150 Bq
m�3 was 1.14 (95% CI: 1.0�1.3). It should be noted that a log-
linear model was fitted to the case-control and miner data.
Importantly, no single study dominated the overall results,

although there were significant differences in the exposure-
response trends among the studies considered [L21].

Figure II. Risk estimates of lung cancer from exposure
to radon (based on [L21]).
Shown are the summary relative risks from meta-analysis
of eight indoor radon studies and from the pooled analysis
of underground miner studies, restricted to exposures
under 50 WLM [L22] and the estimated linear relative risk
from the correlation study of Cohen [C18].

137. Several analyses of lung cancer in the United States in
relation to average levels of indoor radon have been published
by Cohen (e.g. [C5, C6, C18]). These analyses show decreas-
ing trends in area-specific lung cancer rates with increasing
area-averaged radon levels. The findings contrast with those
of cohort studies of radon-exposed miners and of case-control
studies of indoor radon [L21]. In both the cohort and case-
control studies, radon exposures have been estimated for
individual study subjects. Furthermore, in the residential
studies and some of the miner studies, individual smoking
data have been collected. In contrast, the data on radon and
the many potential confounders considered in Cohen's cor-
relation studies are averages over geographical areas. Results
from such studies are vulnerable to biases not present in
results based on individual-level data, such as from cohort or
case-control studies. Radon studies are particularlyvulnerable
tobiases associatedwith theuseofgeographical area-averaged
radon levels because of extreme variation in radon levels
within areas. Greenland and Robins [G2] pointed out that a
lack of confounding in grouped data need not imply the
absence of confounding in data for individuals, and vice
versa. This is particularly important in the case of indoor
radon, because smoking habits have a much greater impact on
lung cancer risk [B35]. Whereas individual smoking habits
form the main potential confounder in an individual-level
study, the corresponding potential confounder in a geographi-
cal correlation studyconsists of the distribution of all smoking
historiesacrossall individualswithin each area. Consequently,
particularlyif the effects ofvariables such as smoking are non-
linear or non-additive at the individual level, the correspond-
ing data available at the area level are unlikely to be
sufficiently detailed to adjust for confounding. Furthermore,
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the data available in correlation studies do not take account of
residential histories. For example, a person who had just
moved into an area from another area with different radon
levels would be categorized solely by the current area of
residence rather than by a time-weighted average exposure.
Additionally, residential radon levels often vary widely, even
within small geographical areas. On the other hand, Cohen
[C7] has drawn attention to the lower statistical uncertainty
associated with his studies, relative to case-control studies.
However, greater statistical precision needs to be weighed
against the potential for substantial bias.

138. The interpretation ofgeographical correlation studies of
radon and lung cancer has continued to be the subject of
debate. In examining this issue, it should first be considered
whether it is possible mathematically that spurious results
could arise from a correlation study. This is possible; there
have been numerous mathematical proofs that results from
such studies can differ systematically from those based on data
for individuals (e.g. [G2, L35]). Secondly, it should be
considered whether it is plausible that the results reported by
Cohen could be explained simply by the methodological
aspects described above. In the absence of data for individuals
throughout the regions studied by Cohen, it is difficult to be
certain on this point. Lubin [L35] presented examples
showing that results of the type described by Cohen can arise
even with weak correlations between radon and smoking, but
Cohen [C25] stated that correlations far beyond the limits of
plausibility cannot explain an appreciable part of the dis-
crepancy with extrapolations from miner data. Smith et al.
[S2] reported that a negative correlation seen in the state of
Iowa, United States, disappeared when mortality data were
replaced by incidence data, although Cohen [C26] was
dubious about the value of these data. It should be emphasized
that epidemiological studies of all types have their strengths
and weaknesses and that none is perfect. As pointed out
above, individual residential case-control studies often lack
statistical precision, in part because of uncertainties in
exposure assessment. However, greater precision should be
obtained from planned combined analyses of these studies,
which in contrast to the Lubin and Boice’s [L21] meta-
analysis based on published summary data, will incorporate
subject-specific data. For the time being, considering the
methodological aspects of the various studies, the data on
miners appear to provide the soundest basis for estimating
radon-induced risks. Furthermore, it should be noted that risk
models based on the full range of miner exposures yield
results that are similar to those based on miner exposures of
less than 50 WLM [L22].

139. In connection with the development byICRP of a model
for internal doses to the respiratory tract [I4], there has been
some interest in comparing risk estimates for lung cancer
from studies of low-LET and radon-exposed groups. How-
ever, Howe [H7] drew attention to the difficulty of arriving at
a single value for the low-LET dose to the lung that could lead
to the same lung cancer risk as 1 WLM exposure to radon. In
particular, the comparison of data on the Japanese atomic
bomb survivors and on fluoroscopypatients referred to earlier
suggests a strong fractionation/dose-rate effect for low-LET

radiation, while the data on radon-exposed miners indicate a
higher risk per unit exposure at low than at high exposure
rates. Furthermore, when attention is confined to low-dose
protracted exposures, the derivation of a conversion factor
between low-LET and radon exposures is complicated by the
paucity of data that are directly relevant.

140. Studies of groups with internal exposures from
thorotrast and 224Ra generally provide little evidence of
elevated risks of lung cancer; see Table 10. In the case of
thorotrast, irradiation of the lung arises principally from
exhalation of 220Rn (thoron), one of the daughter nuclides
of 232Th [H21]. However, the distribution of dose within the
lung is different from that in underground miners exposed
to radon. The incidence of lung cancer among neurological
patients in Denmark given thorotrast was elevated relative
to national rates but not relative to a control group of
patients not given thorotrast, after adjusting for gender, age
at angiography, and calendar period [A5]. In an analysis of
the combined series of Japanese patients, Mori et al. [M14]
indicated an elevated risk of lung cancer relative to a
control group, although this was based on only 11 deaths.
Among female radium dial painters in the United States,
there was some suggestion of an increasing trend in lung
cancer mortality with increasing intake of 226Ra/228Ra,
although there were only 6 deaths in that analysis [S16]. In
general, the statistical precision of these studies was
limited by the relatively low numbers of lung cancers;
furthermore, information on individual smoking habitswas
not always available.

141. Information from studies of workers with high-LET
exposures from plutonium, uranium, and polonium was
reviewed in the UNSCEAR 1994 Report [U2]. Since then,
more information has been published for workers at the
Mayak nuclear plant in the Russian Federation, many of
whom were exposed to both plutonium and external low-
LET radiation. Koshurnikova et al. [K10, K11] showed
that relative to a control group of workers, lung cancer
mortality was raised significantly among workers at the
radiochemical processing plants and at the plant for
plutonium production but not among workers at the
nuclear reactors at Mayak, who were exposed predomi-
nantly to external gamma radiation (see Table 10). The
elevated risk appeared to be concentrated among workers
with plutonium bodyburdens. A subsequent, more detailed
analysis of lung cancer deaths among 1,479 men who
started work at Mayak during 1948�1958 showed a clear
trend in lung cancer risk with estimated alpha dose to the
lung, consistent with linearity [K34]. In addition, a
separate analysis of data for Mayak workers is consistent
with a linear dose response from less than 1 Sv to more
than 100 Sv, although it was based on a weighted sum of
high- and low-LET doses to the lung rather than the high-
LET dose alone [K37]. In contrast to these findings, a case-
control study of Mayak radiochemical plant workers [T2]
appears to indicate a non-linear dose response. The
methodology for this study is summarized in Tables 4 and
5. In particular, in addition to individual measurements of
plutonium body burden and gamma dose, information on
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smoking habits and other potential confounders was
utilized in this analysis [T2]. There was a clear excess of
lung cancer among workers with a 239Pu body burden in
excess of 5.6 kBq (see Table 10). This association was
apparent for adenocarcinoma, squamous-cell carcinoma,
and small-cell carcinoma. Further analysis found little
evidence of an elevated risk for plutonium body burdens
below about 3.7 kBq (corresponding to a lung dose of
0.8 Gy), in qualitative agreement with the form of the dose
response reported in animal studies bySanders et al. [S38].
There was some suggestion of an elevated risk for gamma
doses in excess of 2 Gy (low-LET) relative to lower doses,
although this finding was not statistically significant [T2,
T14]. The wide range of internal doses encountered in the
Mayak studies, from less than 0.5 to over 120 Sv [K34],
together with the individual data on possible confounders
in the case-control study [T2], contribute considerably to
the potential ability of the studies to provide information
on the carcinogenic effects of plutonium in the lung. The
reasons for the differences in the dose-response relation-
ship between the cohort and case-control studies are not
clear. One possibility is that the cohort findings have been
confounded by smoking. Another possibility relates to the
fact that the average lung doses to female workers in the
case-control study were higher than those to males,
whereas virtually all of the male cases and only one of the
female cases were smokers [T2]. Based on this, Khokhrya-
kov et al. [K37] have suggested that curvilinearity in the
dose response in the case-control study may be an artefact
associated with combining two subgroups with different
characteristics, whereas the cohort findings are based ex-
clusively [K34] or largely [K37] on data for males. Further
investigation may shed more light on the reasons for the
apparent differences in the findings.

142. Other studies of plutonium-exposed workers, such as
at the Sellafield plant in the United Kingdom [O1] and at
the Los Alamos National Laboratory in the United States
[W8], did not show statistically significant elevated risks
of lung cancer relative to other workers at the same plants
(see Table 10). The internal exposures in these studies
were generally much lower than those to Mayak workers;
as well as which it was not possible to control for smoking.

4. Summary

143. Results from the Japanese atomic bomb survivors and
from several groups of patients with acute high-dose
exposures show elevated risks of lung cancer associated with
external low-LET radiation. The risk for the atomic bomb
survivors is consistent with a linear trend. These data also
show similar values for the ERR per Sv by age at exposure
and for the EAR per Sv by gender, although without taking
account of smoking habits. Indeed the large influence of
smoking on lung cancer risks is likely to be of great
importance in determining how radiation-induced risks differ
from one population to another. There is some suggestion that
the joint effect of low-LET radiation and smoking is closer to
an additive than a multiplicative relationship, although the
data are sparse and not entirely consistent. Studies of

tuberculosispatientswhoreceivedmultiplechest fluoroscopies
have not demonstrated increased risks of lung cancer, in spite
of the large number of patients with moderate or high lung
doses. The fractionation oftheseexposures, comparedwith the
acute doses received by the atomic bomb survivors, may
explain the difference in findings. However, the severity of
tuberculosis may have confounded the results for some of the
patients with this disease.

144. In contrast to internal low-LET irradiation, there is a
substantial amount of information on lung cancer in relation
to internal high-LET exposure. Most of this information
comesfrom studies of radon-exposed miners. In particular, the
risk appears to increase linearly with cumulative radon
exposure, measured in WLM, but the ERR per WLM
decreases with increasing attained age and time since
exposure. Furthermore, at high cumulative exposures, the
ERR per WLM appears to increase with decreasing exposure
rate, but both epidemiological and experimental evidence
indicate that this phenomenon does not arise at lowexposures.
Findingsfrom case-control studiesofdomesticradon exposure
have been variable but are consistent with predictions from the
miner studies. Among studies of other types of high-LET
exposure, the most informative are those of workers at the
Mayak plant in the Russian Federation, which show an
elevated risk for high lung doses from plutonium; further
investigation of the shape of the dose-response relationship
would help to understand apparent differences in findings for
different groups of workers.

F. MALIGNANT TUMOURS OF THE BONE
AND CONNECTIVE TISSUE

145. Malignant tumours of the bone account for about
0.5% of malignant neoplasms in humans [M39], while
soft-tissue sarcomas, which include connective tissue
malignancies, account for about 1% of all malignancies
[Z3]. Among bone sarcomas, dissimilarities in cell type
between oesteosarcoma and Ewing’s sarcoma indicate that
these tumours have different origins. The role of genetic
susceptibility has been identified through molecular and
cytogenetic studies of the gene loci for these types of
sarcomas, as well as by the linkages of osteosarcoma with
hereditary retinoblastoma and the Li-Fraumeni syndrome
[M39]. Li-Fraumeni syndrome has also been investigated
together with connective tissue malignancies [Z3]. As will
be described below, a variety of studies with external low-
LET and internal high-LET studies exposures have
established that bone sarcomas can be induced by
radiation. Human and animal studies have suggested a
possible association between exposure tochromium and the
risk of bone and soft-tissue malignancies [M39].

1. External low-LET exposures

146. The results from studies of bone and connective tissue
malignancies following external low-LET exposures are
given in Table 11. Among the Japanese atomic bomb
survivors overall, the estimated trend in risk per unit dose
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is positive but is not statistically significantly greater than
zero [P9, R1, T1]. However, there is an indication that the
risk is higher for exposure in childhood than in adulthood,
although this finding is based on small numbers. Statisti-
cally more powerful information comes from studies of
patients treated for cancer in childhood. Three studies with
reasonably large numbers of cases [H44, T17, W11] have
reported a statistically significant increasing trend in risk
with dose, based on mean doses between 10 and 30 Gy;
another such study reported similar results, although with
fewer details [D33]. While the high doses contributed to
the detection of an elevated risk, these studies are less
informative about risks at doses of a few gray or less,
although no excess is apparent at these levels. Compared
with some other cancer types, the estimated ERR per Sv of
around 0.1�0.2 for bone malignancies and/or soft-tissue
sarcomas is not large. A notable finding from the study of
Wong et al. [W11] of retinoblastoma patients was that the
risk of bone and soft-tissue sarcomas was concentrated
among those with hereditary retinoblastoma. Tucker et al.
[T17] reported a similar result, and found that the
relationship between relative risk and dose was similar for
retinoblastoma and other patients; the retinoblastoma
patients had a higher absolute excess risk by virtue of their
higher baseline risk. These results suggest that genetic
predisposition may modify the radiation-associated risk at
high doses.

147. Few studies of adult exposure are informative, owing in
part to the rarity of malignant tumours of the bone or
connective tissue. However, the study of cervical cancer
patients involved mean doses comparable to those in the
above childhood cancer studies [B1]; in that instance, no
significant increasing trend in risk with dose was found.
Among ankylosing spondylitis patients in the United
Kingdom, the total number ofdeaths was significantlygreater
than expected from national rates, but the data were not
analysed in relation to estimates of dose [W1]. In a group of
over 120,000 women in Sweden treated for breast cancer, the
incidence of soft-tissue sarcomas was about double that
expected from national rates [K35]. In a case-control study
based on this Swedish cohort, which analysed information on
the energy imparted from radiotherapy (i.e. the product of the
mass of the patient and the dose absorbed) because organ dose
estimates were not available, angiosarcoma was not found to
be related radiotherapyenergy, whereas the risk of other types
of soft-tissue sarcomas was found to increase with increasing
energy [K35]. A review of medical records at a cancer centre
in the United States indicated that fewer than 3% of cases of
bone and soft-tissue sarcoma had previously received
radiotherapy [B40]. In a study of over 50,000 men in the
United States who had received radiotherapy for prostate
cancer, the proportion who subsequently developed sarcomas
was also low, although there was an elevated risk for sarcomas
at sites within the treatment field, in contrast to more distant
sites that received lower doses [B42]. An analysis of 53 cases
of soft-tissue sarcomas that were identified following
radiotherapyshowed nodefinite relation with age at exposure,
although there was some suggestion of a shorter latency for
therapy involving higher doses [L48].

2. Internal low-LET exposures

148. Studies of groups with medical exposures to radioactive
iodine are uninformative about the risks ofbone malignancies,
owing to the low doses to bone surfaces from this type of
exposure and to the rarity of the disease. Even in a large study
of patients treated for hyperthyroidism in the United States,
deaths from bone malignancies were not listed separately
[R14]. More information may be obtained from studies of
bone-seeking radionuclides. Residents of the area around the
Techa River in the Southern Urals received internal
exposures, mainly from 90Sr, which has been shown to induce
osteosarcomas in rats [N18, S55], as well as external
exposures. In the period 1950�1989, 12 deaths from bone
malignancies were observed in a cohort of 26,485 residents in
the Techa River region [K5]. This represents about 1% of all
cancer deaths in this cohort [K5], compared with a
corresponding value of 0.4% in the Life Span Study [P9].
Risk estimation using the Techa River data is made difficult
by the absence of information on vital status for over a third
of the cohort and by uncertainties in the estimates of
individual doses. However, a major dosereconstruction project
is in progress that aims to provide more reliable individual
dose estimates for cohort members [D37]. Direct measure-
ments of 90Sr have already been made for about half of the
population exposed in the Techa River region, either using a
whole-body counter or by in vivo measurements of teeth.
These measurements have shown a clear correlation with year
of birth [D37]. Total doses to soft tissue, from external and
internal exposures, are likely to be less than 0.1 Sv for most
Techa River residents, although a small proportion is
estimated to have received doses in excess of 1 Sv [K5]. With
further improvements in the quality of the dosimetry and the
follow-up, this cohort has the potential to provide quantitative
estimates of risks from chronic exposures.

3. Internal high-LET exposures

149. Most of the information on bone tumour risks and
internal high-LET irradiation comes from studies of
intakes of radium. Data from medical intakes of 224Ra and
occupational intakes of predominantly 226Ra are considered
in turn.

150. In the early 1950s, Spiess initiated a follow-up study
in Germany of 899 patients with ankylosing spondylitis,
tuberculosis, or a few other diseases who had received
multiple injections of 224Ra [S14]. Up to the end of 1998, a
total of 56 malignant bone tumours had occurred in 55 of
these patients [N14], whereas less than one tumour would
have been expected. Most of the tumours occurred within
25 years of the first 224Ra injection [N14]. Among those
cases for which histopathology information was available,
about half of the cancers were osteosarcomas. However,
there was a relativelyhigh proportion of fibrous-histiocytic
sarcomas, compared with spontaneous bone tumours
[G22]. In particular, the ratio of osteosarcomas to fibrous-
histiocytic sarcomas in this study, 1.8, is similar to that in
other groups where radiation-related excesses have been
seen, such as the radium dial painters [G22].
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151. Bone sarcoma risk among these 224Ra patients was
recentlyanalysed[N14] taking intoaccount reviseddosimetric
calculations[H8]. In particular, thesecalculations indicate that
doses to the bone surface for those exposed at young ages are
smaller than had previously been estimated. As a conse-
quence, the new risk analysis indicates that absolute risks of
bone tumours decrease with increasing age at exposure [N14].
Nekolla et al. modelled the absolute excess risk in terms of
attained age, age at first injection, duration of treatment, and
mean absorbed dose to the bone surface; no effect of gender
was seen [N14]. A linear dose-response model provided a
good fit to the data, although models involving a quadratic
component in dose could not be excluded. Also, while the risk
for a given cumulative dose was higher if the dose was
protracted rather than acute, this difference was estimated to
be small for cumulative doses below about 10 Gy. In addition,
the excess absolute risk decreased from about 12 years
following exposure onwards. Based on this model, the life-
time risk of bone sarcoma incidence for an acute exposure up
to several gray (high-LET) of a population aged 0�75 years
was estimated to be 1.8 (0.6�2.4) 10�3 Gy�1. This value is
similar to estimates made previously by, for example, the
BEIR IV Committee [C2]. However, as indicated earlier, the
new calculations indicate that risks are higher for exposure at
younger ages. In particular, the lifetime risk for the incidence
of bone sarcomas was estimated to be 4 10�3 Gy�1 for an acute
exposure up to several gray (high-LET) at age 15 years,
compared with 0.8 10�3 Gy�1 for an acute exposure at age 45
years [N14]. It should also be noted that, while these absolute
risk coefficients are small, the corresponding estimates of the
ERR per Sv (based on a radiation weighting factor of 20),
between about 0.45 and 0.04, depending on age at exposure,
are consistent with those seen for many other solid tumours
[N14].

152. Nekolla et al. [N14] drew attention to uncertainties in
the extrapolation of their findings to low doses. In particular,
theycompared their findings with those of Wick et al. [W20],
who studied a more recent group of about 1,500 patients in
Germany treated for ankylosing spondylitis with lower
activities of 224Ra than patients in the Spiess study. The model
of Nekolla et al. [N14] predicts 7.8 excess bone sarcomas in
the study of Wick et al. up to 1995, whereas only four
malignant tumours of the skeleton, none of them osteo-
sarcomas, have been observed, compared with 1.3 expected
spontaneous cases [W20]. Since the mean dose to the bone
marrow in [W20] is lower by a factor of about five than that
in [N14], the results of this comparison suggest that the linear
extrapolation in [N14] may overestimate risks at low doses.

153. Studies of over 4,000 radium dial painters, radium
chemists, and patients given 226Ra or 228Ra therapeutically
in the United States were reviewed in the UNSCEAR 1994
Report [U2] and by the BEIR IV Committee [C2]; Fry [F9]
recently published a detailed history of the radium dial
painter studies. Some of these individuals had been
internally contaminated with pure 226Ra, which has a half-
life of 1,620 years, whereas others received a mixture of
226Ra and 228Ra, which has a half-life of 5.75 years. The
BEIR IV Committee reported 87 bone sarcomas in 85 of

4,775 persons whose vital status had been ascertained on
at least one occasion [C2]. Among those 2,403 individuals
for whom there was an estimate of skeletal dose, 66 sarcomas
in 64 persons were reported, whereas fewer than 2 cases of
sarcomas would have been expected from national rates [C2].
The elevated risk in dial workers was particularly evident
among women who entered the industry before 1930 and
whose exposures were higher than those for later workers;
among those earlyworkers there were 46 bone sarcoma deaths
up to the end of 1990 [C27, R35].

154. Various attempts have been made to model the risks of
bone sarcoma in the United States series. Based on 1,468
female radium dial workers who entered the dial industry
before 1950 and who were followed to the end of 1979,
Rowland et al. modelled the annual rate of bone sarcoma as
(α + βA2)exp(�γA), where A is the activity of radium that
entered the blood during the exposure period [R33]. In a later
analysiswith follow-up to the end of1990, Rowland suggested
that the exponent of A was nearer to 3 than to 2 [R35].
Marshall et al. developed a two-target model, proposing that
two successive initiating events are required for osteosarcoma
induction and also allowing for the effects of cell killing
[M51, M52]. Using information on time to death and average
skeletal dose, Raabe et al. drew attention to the effects of dose
rate in both human and animal data on bone sarcomas
following intakes of 226Ra, in particular to the finding that
risks may not be elevated at low dose rates [R34]. More
recently, Carnes et al. analysed data on 820 women who
started radium dial work before 1930 and who were followed
for mortality through to 1990 [C27]. In contrast to some other
analyses, the models of Carnes et al. took account of time
distributions for both risk and exposure and examined 226Ra
and 228Ra separately [C27]. Their preferred model for the
excess absolute risk of bone sarcoma consisted of the sum of
a quadratic term in the accumulating skeletal dose from 226Ra
and a linear term in the accumulating skeletal dose from
228Ra. In addition, the excess relative risk was higher for
exposure at ages associated with active bone growth than at
older ages, when the skeleton was fully developed, although
the excess absolute risk did not appear to vary by age at
exposure [C27]. However, all of these analyses should be
interpreted with caution: the intake of radium was estimated
many years after the event and may be inaccurate; the
distribution of radium in the bone is probably non-uniform
and hot spots capable of extensive cell killing may have
occurred; the continuous receipt of dose makes it difficult to
separate out the fraction of dose associated with cancer
induction; the contributions from alpha emitters and other
radiations accompanying radium decay cannot be separated;
and the fraction of the total dose to the endosteal cells cannot
be specified precisely [B47].

155. In a group of about 1,200 women in the United
Kingdom who worked with paint containing radium from
1939 to 1961, one fatal bone sarcoma occurred up to the
end of 1985, compared with 0.17 expected [B14]. The
difference between these findings and those from the
United States series can be explained by the much lower
radium exposures received by the United Kingdom
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workers, although it should be noted that both groups
would have also received external exposures from the
proximal containers of radioactive paint. The results from
the United Kingdom study, the models fitted to the United
States data that are at least quadratic in dose at low doses,
and the findings from animal studies have prompted the
suggestion that there is a “practical threshold” of about
10 Gy for the induction of bone sarcomas. However, the
UNSCEAR 1994 Report drew attention to a few cases of
bone sarcomas and head sinus carcinomas that had arisen
at lower doses, down to about 1 Gy, in the United States
series [U2]. Furthermore, the bone sarcoma case observed
in the United Kingdom study was in a worker with an
estimated skeletal dose of 0.85 Gy. It would appear,
therefore, that any practical threshold, if it exists, is
unlikely to be greater than about 1 Gy [U2].

156. Some studies of thorotrast patients, such as the one in
Portugal [D31], have indicated elevated risks of bone
sarcomas (see Table 11). However, the numbers of cases in
these studies were smaller than among the 224Ra patients and
the United States radium dial workers. Based on thorotrast
studies, the BEIR IV Committee assessed the lifetime risk of
bone cancer to be 1 10�2 Gy�1 (high-LET) [C2]. This value is
somewhat higher than that derived by Nekolla et al. from the
224Ra patients [N14]. However, the estimate based on the
thorotrast studies is likely to be more uncertain, because these
studies had fewer cases than the studies of the 224Ra patients
and because dose estimation may have been more difficult in
the thorotrast studies.

157. Studies of workers from the United Kingdom and the
United States monitored for exposure to plutonium have
reported few if any cases of bone malignancies (e.g. [W8,
O1]). In contrast, bone tumour deaths were significantly
elevated among plutonium-monitored workers at the Mayak
plant in the Russian Federation [K42]. Bone tumour mortality
increased with increasing levels of plutonium body burden
(p<0.001); however,additional plutonium dosimetryisneeded
before reliable risk estimates can be calculated.

4. Summary

158. Studies of patients treated for childhood cancer
demonstrate an increasing risk of bone sarcomas with dose,
over a range of several tens of gray (low-LET). These studies
are not informative about risks at doses below a few gray, but
a study of retinoblastoma patients in particular indicates that
genetic predisposition may affect risks associated with high
dose therapeutic radiation exposure. Other studies of external
low-LET exposure are less informative, although there is
some suggestion that the relative risk is lower for exposure in
adulthood than in childhood. Studies of the population living
near the Techa River in the Russian Federation may in the
future provide more information on bone cancer risks
following internal low-LET exposures.

159. There is extremely strong evidence that large intakes
of radium have induced bone sarcomas in a group of
patients in Germany and in radium dial workers in the

United States. Because of the long half-lives of 226Ra and
228Ra (the source of the high-LET exposures in the United
States study) relative to the half-life of 224Ra (the source of
exposure in the German study), it is easier to model risks
using the latter study. Analysis of the 224Ra data indicates
that the excess absolute risk decreases with increasing time
since exposure (beyond about 12 years) and age at
exposure, and that the effect on risks of exposure rate is
small at doses below around 10 Gy. The 224Ra data are
consistent with a linear dose response over a range up to
more than 100 Gy, although there is uncertainty in
extrapolating the findings down to doses of a few gray. The
United States study on 226Ra and 228Ra offers little evidence
of an elevated risk at these lower doses, although it is
difficult to evaluate the dose associated with any “practical
threshold” in risk.

G. SKIN CANCER

160. Non-melanoma skin cancers are extremely common in
light-skinned populations but relatively rare in populations
with highly pigmented skin [A9, S26]. Malignant melanoma
incidence is also strongly correlated with skin pigmentation,
but it is about 10 times less common than non-melanoma skin
cancer. Annual incidence rates for melanoma varyfrom about
0.5 per 100,000 persons in Asia to over 20 per 100,000 in
Australia, whereas rates for non-melanoma skin cancers
range from almost 5 per 100,000 in Africa to about 200 per
100,000 in Australia [P5]. Non-melanoma skin cancer
incidence rises rapidly with age, with such cancers being
common among the elderly. Over the past decades, there has
been a dramatic increase in the incidence of both non-
melanoma and melanoma skin cancer [A10, M24]. Much of
the increase in incidence appears to be due to sun exposure.
Total accumulated exposure appears to be the main risk factor
for non-melanoma skin cancer [S26], but for melanoma this
relationship is not a simple one and may be related to
intermittent sun exposure of untanned skin [N8]. Survival for
melanoma depends on stage. Non-melanoma skin cancer is a
treatable malignancy with a very high cure rate.

161. From a histological standpoint, thetwomost common
types of non-melanoma skin cancer are basal-cell and
squamous-cell carcinomas. Theyare substantiallydifferent
with respect to demographic patterns, survival rates,
clinical features, and aetiological factors. The incidence of
both types is higher among males than females [S26].

1. External low-LET exposures

162. Since publication of the UNSCEAR 1994 Report
[U2], additional information from the Life Span Study of
atomic bomb survivors has become available [R15, Y3].
Data from this and other studies are summarized in
Table 12 and Table 26.

163. An association between external ionizing radiation
and non-melanoma skin cancer risk has been demonstrated
in the Life Span Study of atomic bomb survivors [L29,
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R15, T1, Y3], the New York and Israeli tinea capitis
studies [R16, S27], the Rochester thymus study [H31],
patients irradiated for enlarged tonsils [S28], patients
irradiated for various benign head and neck conditions
[V4], and the American and British radiologists [M25,
S41]. No such relationship has been observed for
melanoma, but the number of cases in each study was
extremely small. Most of the significantly increased risks
observed for non-melanoma skin cancer occurred among
people irradiated as children (Table 12).

164. In the latest data from the Life Span Study of atomic
bomb survivors, a strong dose-response relationship was
demonstrated for basal-cell carcinoma (ERR at 1 Sv = 1.9;
90% CI: 0.83�3.3) (Table 26), but not for squamous-cell
carcinoma or melanoma [R15]. There was non-linearity in
the basal-cell carcinoma dose response. A dose-response
curve having two slopes (with the change in slopes at 1 Sv)
marginally improved the fit (p=0.09); a linear model with
a threshold at 1 Sv did not fit the data. In earlier
evaluations of skin cancer in the Life Span Study, non-
linearity was found for all non-melanoma skin cancers
combined [L29, T1].

165. For basal-cell carcinoma in the Life Span Study, the
ERR decreased substantially with increasing age at
exposure, but gender, time since exposure, and attained age
had little influence on the risk [R15]. Skin tumour
prevalence was assessed among a subgroup ofatomic bomb
survivors who were clinically examined. A dose-response
relationship was found for basal-cell carcinoma and
precancerous lesions [Y3]. Consistent with the results from
the larger study of all Life Span Study members, age at
exposure was predictive of developing a skin neoplasm but
gender was not.

166. The substantial increase in skin cancer incidence
rates and reporting, as well as the wide variation in
incidence depending on region and ethnicity, suggests that
relative risks are more suitable than absolute risks for
describing radiation-induced skin cancer risks. Analyses of
skin cancer conducted by the National Radiological
Protection Board in the United Kingdom indicate that a
generalized relative risk model describes the data more
parsimoniously (i.e. with fewer model parameters) than an
absolute risk model [N10]. As seen in Table 12, the ERR
at 1 Sv for persons exposed medically ranges from no risk
for cervical cancer patients [B1] to 1 for infants treated for
enlarged thymus gland [H31, S30]. In the two studies of
patients receiving scalp irradiation for tinea capitis, the
ERRs were about 0.5 [R16, S27, S30]. For children
between the ages of 1 and 15 years, a significant decrease
in the ERR with increasing age at exposure was
demonstrated in the Israeli tinea capitis study [R16].

167. Several recent studies of medical exposures add to
what is known about ionizing radiation and the risk of skin
cancers of different histological types. Associations
between basal- and squamous-cell skin carcinoma and a
history of therapeutic x-irradiation were reported from a

case-control study of male skin cancer patients conducted
in Alberta Province, Canada [G14]. Most of the exposure
was from treatment for benign skin disorders. This is one
of the few studies reporting an excess risk for squamous-
cell carcinoma. Recall bias or misclassification of the skin
disease being treated might account for this finding. The
development of a new basal-cell or squamous-cell
carcinoma subsequent to therapeutic radiation was
evaluated in a study of 1,690 patients diagnosed with an
earlier non-melanoma skin cancer in New Hampshire,
United States [K16]. A history of radiotherapy was
associated with basal-cell carcinoma (relative risk = 2.3;
95% CI: 1.7�3.1) but not squamous-cell carcinoma
(relative risk = 1.0; 95% CI: 0.5�1.9). The risk of a second
non-melanoma skin cancer was higher among persons
exposed early in life.

168. In a follow-up study of bone marrow transplantation
patients, an eightfold risk of melanoma was observed
among patients treated with high-dose, total-body
irradiation [C16]. This finding was based, however, on
only nine melanomas. Among Swedish patients treated
with ionizing radiation for skin haemangioma, the
observed number of melanomas was close to what had been
expected [L16], but no data on non-melanoma were
available since follow-up was based on the Swedish Cancer
Registry, which does not register basal cell carcinomas.

169. Several studies of radiation-exposed medical and
nuclear workers have been conducted, but most do not have
individual doses. These studies mainlyevaluated mortality,
so they are not very informative for assessing skin cancer
effects. A significantly increased risk of skin cancer
mortality was reported for radiologists in the United States
[M23] and in the United Kingdom [S41]. The risks were
larger for radiologists practicing in the early years, when
exposure is thought to have been highest, than for those
practicing later. Among radiological technologists in the
United States, skin cancer mortalitywas significantlylower
than expected compared with national rates (SMR = 0.62;
95% CI: 0.44�0.84) [D23]. Skin cancer incidence was
elevated (SIR = 2.8, p<0.05) among Chinese diagnostic
x-ray workers [W10], particularly those who had been
employed for 15 years or more. Among 4,151 medical
workers in Denmark, whose mean cumulative dose was
very small (18.4 mSv whole-body dose equivalent), skin
cancer risk was not significantly elevated [A15]. The
difference in these findings is probably due to the longer
duration of employment among the Chinese workers (69%
of the Chinese workers had been employed for five or more
years compared with slightly more than 15% of the Danish
workers) or their exposure to higher doses during the early
years. Although the mean radiation dose is not known for
the Chinese workers, it is assumed to be relatively high,
since improvements in radiation safety practices were
introduced only in the mid-to-late 1960s.

170. The results for nuclear workers are similarly
inconsistent. An increased incidence of melanoma was
associated with working with radiation sources at the
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United States Lawrence Livermore National Laboratory in
some studies [A14, S40] but not in others [M34], and no
association was observed at the sister laboratory, Los
Alamos National Laboratory, or at most other nuclear
facilities [W13].

171. Using data from the American Cancer Society data-
base, the frequency of various occupational exposures was
evaluated in 2,780 cases of malignant melanoma and
approximately three times that number of matched controls.
A history of occupational exposure to x rays was significantly
more frequent among the cases than the controls [P26]. This
study did not, however, distinguish between medical and
nuclear workers, and it was not possible to control for
confounding due to social class.

172. In a summary of the literature through the late 1980s,
Shore [S30] suggested that there is an interaction between
ultraviolet and ionizing radiation. One reason for this
hypothesis was the fact that black patients treated in New
York Citywith scalp irradiation for ringworm did not develop
skin cancer on the scalp or face, while white patients
demonstrated a significantly increased risk for developing
basal-cell carcinoma [S27]. A recent National Radiological
Protection Boardpublication reported that radiation-associated
non-melanoma skin cancer generallydevelops on areas of the
skin exposed to ultraviolet radiation [N10]. It was estimated
that for the population of the United Kingdom, the lifetime
risk for non-melanoma skin cancer is 2.3 10�2 Sv�1. The
report concluded that ultraviolet-shielded and heavily
pigmented skin would have lower risks than ultraviolet-
exposed or lightlypigmented skin. The latest Life Span Study
data for basal-cell carcinoma do not support this hypothesis
[R15]. First, the ERR for the atomic bomb survivors, who
have moderately pigmented skin and very low natural rates of
non-melanoma skin cancer, was extremely high; second, the
ERR was not larger for ultraviolet-exposed parts of the body
than for parts of the body that are generally ultraviolet-
shielded [R15]. Yamada et al. [Y3] reported a high risk for
the development of skin neoplasia among people with
occupational exposure to ultraviolet rays, but they did not
report which parts of the body had higher risks. In the New
Hampshire study, there did not appear to be a higher risk for
ultraviolet-exposed parts of the body compared with
ultraviolet-shielded parts [K16]. Thus, the question of a
possible interaction between ionizing radiation and ultraviolet
radiation remains unresolved. Possibly, ultraviolet radiation
exposure plays a less important role in inducing skin cancer
in individuals whose skin has a relatively high melanin
content, but more data are needed to fully understand this
complicated relationship.

2. Internal low-LET exposures

173. Studies of patients receiving 131I diagnostic
examinations [H27] or 131I treatment for hyperthyroidism
[G18, H23, H25] or thyroid cancer [D15, E2, G13, H26] do
not indicate any significantly increased or decreased risks
of skin cancer associated with this exposure. Although the
amount of 131I administered varies from about 2 to

500 MBq for hyperthyroid treatment to 5.5 GBq for thyroid
cancer treatment, the dose to the skin would be relatively
small.

3. Internal high-LET exposures

174. A large, significantly elevated risk of non-melanoma
skin cancer was observed among uranium miners in
Czechoslovakia [S29]. In contrast, neither mortality from
melanoma nor non-melanoma skin cancer was significantly
elevated or related to cumulative exposure in an international
pooled analysis of 11 studies of underground miners [D8].
Although the radon levels in the air were high and the study
population large (64,209 miners), the latter study is hampered
by the fact that mortality does not reflect the true risks of skin
cancer.

175. The major studies of patients treated with internal
high-LET exposures were summarized at two international
meetings [D31, N4, V1, V8, W20]. These results, as well
as results from the Danish thorotrast study [A5], do not
suggest that skin cancer is related to exposure from 224Ra,
226Ra, 228Ra, or thorotrast.

4. Summary

176. Ionizing radiation can induce non-melanoma skin
cancer, but the relationship is almost entirely due to a strong
association with basal-cell carcinoma. To date, there has been
little indication of an association between ionizing radiation
andmalignant melanoma or squamous-cell carcinoma, but the
data are sparse. When radiation exposure occurs during
childhood, the ERR for basal-cell carcinoma is considerably
larger than when the exposure occurs during adulthood. A
verystrong trend for a decreasing risk of basal-cell carcinoma
with increasing age at exposure was observed in the Life Span
Study. Data on the dose-response relation for basal-cell
carcinoma suggest non-linearity, but more data are needed to
better characterize the shape of the dose response, to further
evaluate the role of ionizing radiation in the development of
squamous-cell carcinoma and melanoma, and to clarify the
role of ultraviolet radiation in relation to ionizing radiation.

H. FEMALE BREAST CANCER

177. Breast cancer is the most commonly diagnosed
cancer and cause of cancer mortality among women in
many countries in North America and western Europe;
incidence rates are lower by a factor of 5 or more in Asian
countries (see Table 1) [P5]. Breast cancer incidence rates
have increased since 1960 at all ages in many countries
throughout the world [U14]. In some countries this
increase may be explained in part by changes in screening
practices. However, particularly outside western Europe
and North America, the bulk of the increase is likely to be
due to risk factors for the disease. Known risk factors
include age, family history of breast cancer, early
menarche, late age at first birth, nulliparity, late age at
menopause, height, postmenopausal weight, and a history
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of benign breast disease [K3]. A recent analysis of more
than 50 studies indicated that there is a small increased
risk of breast cancer while women are taking combined
oral contraceptives, although this does not appear to persist
more than 10 years after stopping use [C12]. The potential
role of other possible risk factors, such as birth weight
[M19], which may be a marker of intrauterine factors, and
some components of diet [H19], is still unclear.

178. Ionizing radiation is well documented as a cause of
breast cancer in women [U2]. Mammary tumours have also
been induced in several studies of mice exposed to
radiation (e.g. [S11]). Table 13 presents results from
epidemiological studies that have incorporated some
assessment of the level of low-LET or high-LET doses.

1. External low-LET exposures

179. Most of the external low-LET studies listed in Table 13
were reviewed in the UNSCEAR 1994 Report [U2]. New
findings include those from the extended follow-up for
mortality of the Japanese atomic bomb survivors [P9].
However, as a consequence of the high cure rate for this type
of cancer, the results for cancer incidence in this cohort [T1]
are probablyof greater importance, despite the slightlyshorter
follow-up period for incidence than for mortality. New results
have also been reported from a number of studies, including
the extended follow-up of Swedish patients irradiated for skin
haemangioma in infancy [L46]; this study also incorporated
individual estimates of organ doses [L14] and patients from
both Stockholm [L17] and Gothenburg [L15].

180. Much of the information that has accumulated since
the UNSCEAR 1994 Report relates to exposure in child-
hood. For example, Bhatia et al. [B16] reported a veryhigh
standardized incidence ratio in an international study of
breast cancer among patients treated for Hodgkin's disease
in childhood, as shown in Table 13. Similar results were
reported in studies in the Nordic countries [S23], in France
and the United Kingdom [D33], and in the United States
[T9]. Furthermore, Bhatia et al. reported evidence of a
dose-response trend with relative risks of 5.9 (95% CI:
1.2�30.3) at 20�40 Gy and 23.7 (95% CI: 3.7�152) at
more than 40 Gy, relative to those with doses to the mantle
region of radiotherapy of less than 20 Gy [B16]. While the
study of Hodgkin's disease patients by Hancock et al. [H2]
gave a lower ratio of observed to expected breast cancer
cases, fewer than 10% of these patients were less than 15
years old when originally diagnosed, and there was no
elevated risk among women treated at ages above 30 years.
However, as mentioned in Section I.A, there is the
possibility in the hospital-based studyof Bhatia et al. [B16]
that patients with a second cancer were more likely to
return to hospital than those who were disease-free [D25].
There is some suggestion of an elevated breast cancer risk
following scattered radiation received from radiotherapy
for retinoblastoma during infancy [W11], while in a study
of patients who underwent bone marrow transplantation
(primarily given during childhood to treat leukaemia and
lymphoma) inferences are hampered by the limited period

of follow-up (mean of 4.5 years) [C16]. It should be noted
that the number of cases in these studies is fairly small, and
that the possible role of both chemotherapy and genetic
susceptibility in the development of the tumours is unclear.
However, from a clinical viewpoint these findings are
extremely important, because Bhatia et al. estimate that
around 35% (95% CI: 17�53) of the female patients in
their study will have developed breast cancer by the age of
40 years [B16]. Although other studies, such as those of the
survivors of the atomic bombings in Japan [P9, T1] and of
patients who received thymic irradiation [H10], have
reported lower risks than that of Bhatia et al. [B16], both
the former studies and the latter indicate that the relative
risks for females exposed to radiation in childhood are
higher than for those exposed in adulthood. In particular,
studies of women irradiated after age 40 years [B3, B10,
H20, P9, S20, T1] generally show low values for the ERR
per Sv. For exposure within childhood, there has been
some variation in the findings; for example, the estimate
for the ERR per Sv in Swedish skin haemangioma study
[L46] is lower than in some other studies (see Table 13),
possibly owing to the high proportion of children in the
Swedish study who were irradiated in infancy [L46] or to
the lower dose rate in this study. A recent follow-up of
scoliosis patients in the United States irradiated during
childhood and adolescence indicateda relativelyhigh value
for the ERR per Sv (see Table 13), although potential
confounding associated with the severity of disease and
hence reproductive history may explain part of this
increase [D34].

181. Several of the studies of medical exposures have a
longer follow-up than the Life Span Study. The latest
results from an extended follow-up of the Canadian
fluoroscopystudy[H20] suggest that, after allowing for age
at exposure, the ERR per Sv may be lower between 40 and
57 years following exposure compared with the earlier
period; however, this difference is not statistically
significant. In the Massachusetts fluoroscopy study [B3]
the ERR appears to be constant up to 50 years or more after
exposure, again after adjusting for age at exposure. A
reanalysis of data on women in Sweden irradiated for
benign breast disease found no persistent heterogeneity in
the ERR over the period up to more than 40 years after
exposure [M20]. In contrast to the original analysis [M8],
this analysis involved more detailed modelling of internal
baseline rates and of age and calendar period effects
[M20]. The study of Swedish skin haemangioma patients
[L46] also showed that risks were still elevated more than
60 years after exposure. Thus, these studies indicate that,
in common with the Life Span Study [T1], the ERR per
unit dose is approximately constant up to at least 40 years
following exposure, and indeed may be constant at follow-
up times of 50�60 years.

182. Howe and McLaughlin [H20] reported results from
an extended follow-up of breast cancer mortality among
tuberculosis patients in Canada who received multiple
chest fluoroscopies. In common with other studies (e.g.
[B3, S15, T1]), this study showed a linear dose-response



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER332

relationship, although there was some indication of non-
linearity in an earlier analysis of this cohort [M1]. As
before, the slope of the dose trend was greater for patients
in Nova Scotia than that for patients in other parts of
Canada. The reason for this difference is not clear. One
factor that may be pertinent is the higher doses for the
exposures in Nova Scotia. However, Howe and McLaughlin
noted that on both a relative and an absolute scale, the risk
among Nova Scotia patients appeared to be higher than that
among the survivors of the atomic bombings in Japan.
Furthermore, the risk per unit dose among the non-Nova
Scotia patients is similar to that among the patients in the
Massachusetts study[B3]. The qualityof the dosimetry for the
various sanatoria may also be relevant, although Howe and
McLaughlin emphasized that identical protocols were used to
estimate doses. It should also be noted that the Nova Scotia
findings are driven by data at doses in excess of 10 Gy, so the
non-Nova Scotia findings maybe more representative of risks
at lower doses.

183. As indicated earlier, comparison of the risks seen in
studies of the Japanese atomic bomb survivors and of
populations elsewhere who received medical exposures
may be of value in deciding how to transfer risks across
populations. One complication, however, is the different
degree of fractionation and radiation quality in the two
studies. A parallel analysis of earlier data on breast cancer
among the atomic bomb survivors and patients in several
of the North American studies indicated that the ERR per
unit dose is higher in the latter group, whereas absolute
risks are more similar [L5]. Similar results were found by
Little and Boice [L39], who analysed more recent
incidence data for the Japanese atomic bomb survivors and
the Massachusetts cohorts. Little and Boice concluded that
these data provide little evidence for a reduction in breast
cancer risk after fractionated irradiation [L39]. However,
Brenner [B33] has interpreted these findings as being
consistent with a lower risk for fractionated compared with
acute exposure, based on differences, by a factor of about
2, between the number of in vitro cell transformations
observed for the relatively soft x rays received in
fluoroscopy and other medical exposures and the number
observed for the higher energy gamma rays received by the
atomic bomb survivors. On the other hand, there is little
evidence from animal studies to indicate a difference
between x rays and gamma rays in inducing breast cancer
[U3]. Also, Elkind [E5] has interpreted the results of Little
and Boice [L39] as indicating that breast cancer target cells
may be deficient in repair, in line with a radiobiological
model that he has proposed [E6]. It should also be
emphasized that the comparison of the Japanese and North
American cohorts is also influenced by the method of
transferring risks across populations. Since the disparity in
the ERR per unit dose between the Japanese and
Massachusetts cohorts [L39] would be greater rather than
smaller if the possible effects of photon energy suggested
by Brenner [B33] were allowed for, it would appear to be
more appropriate to transfer age-specific absolute (rather
than relative) risk coefficients for breast cancer from Japan
to North American and possibly other populations.

184. It has been claimed by Gofman [G8] that about 75%
of current breast cancer cases in the United States are due
to ionizing radiation exposure, mostly from diagnostic
medical procedures. This claim is based not on new
epidemiological findings but on his estimation of medical
doses and breast cancer risk factors. There are a number of
flaws and questionable assumptions in his calculations. For
example, the risk estimates are based on old mortality data
for all cancers among the Japanese atomic bomb survivors,
using the previous T65D dosimetry and follow-up to the
end of 1982, rather than on recent incidence or mortality
data for breast cancer specifically, using the DS86 dosi-
metry system. The extrapolation to low doses was based on
an analysis that failed to take account of competing causes
of death in the calculation of cancer rates and that did not
adjust for age and gender [M17]; also, a factor introduced
into the calculations to allow for a multiplicative transfer
of risks from Japan to a United States population was too
high and, in the light of the above findings, probably not
necessary. Furthermore, while Gofman multiplied the risks
from gamma-ray exposure of the atomic bomb survivors by
two, in order to arrive at a risk estimate for x-ray exposure,
it was noted above that relative risks are lower among
women in the United States with x-ray exposures [B3, S15,
L39] than among atomic bomb survivors exposed pre-
dominately to gamma rays, whereas absolute risks are
similar. Given all these considerations, it is likely that
Gofman's breast cancer risk estimate is too high by a factor
of between 7 and 60 approximately [M18]. Furthermore,
doses from past medical practices in the United States are
also likely to have been overestimated. Calculations made
by Evans et al. [E4] based on scientifically sounder
approaches to the estimation of doses and radiation risk
factors indicate that the proportion of breast cancers in the
United States attributable to diagnostic radiography is
closer to 1% than to the much higher values suggested by
Gofman [G8].

185. Most of the studies of occupational exposure to low-
LET radiation have not been informative about the risks of
female breast cancer, owing to the small proportion of
women in these studies. The largest amount of information
concerns radiation workers in the medical field. Based on
a survey of about 79,000 female radiological technologists
who had worked in the United States since 1926, Boice et
al. [B6] conducted a nested case-control study for 528
women with breast cancer. The study demonstrated asso-
ciations with known risk factors, such as early age at
menarche and family history of breast cancer but did not
find correlations with number of years worked or with jobs
involving radiotherapy, radioisotopes, or fluoroscopic
equipment. However, dosimetry records were available for
only 35% of the study subjects, mainly those who had
worked in more recent years. Owing to the low level of
doses received by these workers (generally below 0.1 Gy),
the statistical power to detect an elevated risk was weak.
As mentioned, dose data were lacking for earlier workers,
whose cumulative doses may have been up to about 1 Gy.
A subsequent mortality analysis based on a larger version
of the cohort of radiological technologists showed a relative
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risk of 1.5 (p<0.05) compared with national rates for
women certified before 1940, whereas no enhanced risk
was evident for more recent workers [D23]. This might
reflect the higher doses received by early workers com-
pared with later workers. However, the early workers were
also more likely tobe nulliparous than later workers, which
may indicate a confounding effect. An elevated risk of
breast cancer has also been reported among radiological
technologists and radiologists in China; the doses are not
known, although measured decreased blood counts suggest
that they were generally high [W10].

2. Internal low-LET exposures

186. Several studies of patients given 131I have examined
breast cancer risks. Most of these studies were reviewed in
the UNSCEAR 1994 Report [U2]. While a study in
Massachusetts in the United States showed a higher risk of
breast cancer among women treated for hyperthyroidism
with 131I compared with patients treated by other methods,
there was no consistent trend in risk with the amount of 131I
administered [G10]. Similar conclusions were reached in
a larger study including this and other hyperthyroid
patients in the United States [R14]. In addition, a study of
patients treated for hyperthyroidism in Sweden [H23, H24]
did not show an elevated breast cancer risk overall, nor did
it indicate a trend in risk according to the level of activity
administered. It should be noted that the mean dose to the
breast in the Swedish study was estimated to be 0.06 Gy
[H23], indicating that such studies are unlikely to have
sufficient statistical precision to detect an elevated risk.
This problem also applies to studies of patients given
diagnostic exposures to 131I, where the number of cases was
larger but the doses substantially smaller [H27], and of
patients treated with 131I for thyroid cancer, where the doses
were higher but the number of breast cancers was lower
[H26]. In neither of the last two studies were breast cancer
rates raised significantly relative to national rates.

187. Among people residing on the banks of the Techa
River who received both internal and external low-LET
exposures as a consequence of radionuclide releases from
the Mayak facility in the southern Urals, the proportion of
female cancer deaths from breast cancer (4%) is similar to
that among the Japanese atomic bomb survivors [K5].
However, without information on the breast doses in the
Techa River cohort, it is difficult to make inferences.

3. Internal high-LET exposures

188. Continued follow-up of the early cohort of 224Ra
patients in Germany[N4] has indicated an excess of female
breast cancers compared with the general population, as
shown in Table 13. Calculations [H8] have yielded
estimated breast doses from 224Ra of several milligray to
about 0.45 Gy [N19], with an average of about 0.1 Gy
(high-LET). Analyses of these data indicated that the best
fit was with a model in which the relative risk varied
linearly with dose and decreased with increasing age at
exposure [N4]. In particular, the estimate of the ERR

per Sv was 2.9 among females treated at ages less than 21
years, compared with an ERR per Sv of 0.9 for the full
cohort, although these estimates are based on small
numbers of cases. To identify potential confounders, a
control group was constructed based on 182 patients who
had not been treated with 224Ra. In this group, 7 female
breast cancer cases were observed, compared with 3.8
expected. Although the numbers were small, there was a
suggestion that some of the cases in the control group may
have been associated with repeated fluoroscopic x-ray
examinations in the course of pneumothorax therapy [N4].
In contrast, the patients in the 224Ra cohort had not in
general received pneumothorax therapy, so this may not
explain the excess seen in this group. Another possible
reason for the excess is that patterns of reproductive risk
factors may differ between these patients and the general
population. In view of the results for the control group of
patients, it seems unlikely that this could explain all of the
excess, although the severity of the original disease may
have affected whether or not radium was used, as well as
the patient's subsequent reproductive history (and hence
the risk of breast cancer). It may be that a combination of
factors has led to the observed increase.

189. The study of neurological patients in Denmark [A5]
gave some suggestion of an elevated breast cancer risk
among women exposed to thorotrast for cerebral angio-
graphy relative to unexposed women, although this increase
was not statistically significant (relative risk = 2.1; 95% CI:
0.8�5.7). Autopsy findings suggest that the dose to the breast
from thorotrast is likely to be lower than that to many other
organs [M21]. There is also some indication of an excess of
breast cancer among female dial painters in the United
Kingdom who had used a paint containing radium [B13,
B14]. While there was no significant excess of breast cancer
relative to local rates among radium dial workers in the
United States, the cohort included not only dial painters but
also women who carried out other tasks in this workplace
[S16]. In contrast, a study restricted to the dial painters in the
United States provided some suggestion of a raised breast
cancer rate [R11]. However, as described in the UNSCEAR
1994 Report [U2], any effect of radiation is more likely to be
due to external irradiation of the breast from paint in
containers than to exposures arising from intakes of 226Ra. In
addition, reproductive risk factors may be of relevance to the
breast cancer findings in these studies.

190. In view of the uncertainties in quantifying breast
doses and cancer risks in studies of women exposed to
high-LET radiation, it is not possible to directly compare
the risks of female breast cancer associated with low-LET
and high-LET radiation.

4. Summary

191. Extensive information from the Japanese atomic bomb
survivors and several medically exposed groups demonstrates
elevated risks of female breast cancer following external low-
LET irradiation. The trend in risk with dose is consistent with
linearity, and the ERR per Sv is particularlyhigh for exposure
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at young ages. In contrast, there is little evidence of increased
risks for exposure at ages of more than 40 years. While the
ERR per Sv seems to be fairly constant with time since
exposure, the EAR per Sv appears to be more stable across
populations with differing baseline rates. Examination of data
for the atomic bombsurvivors and some of the medical studies
tend to suggest that dose fractionation has little influence on
the risk per unit dose, although different interpretations have
been placed on these analyses.

192. Data from studies oflow-dosechronicexternal low-LET
irradiation and of internal low-LET and high-LET exposures
are limited. The interpretation of some reports of increased
risks is complicated by the potential for confounding as a
consequence of reproductive factors or other exposures.

I. PROSTATE CANCER

193. Worldwide, prostate cancer is one of the most common
malignancies in men, but with wide variations in rates
between countries [P5]. Specifically, incidence rates are
highest in North America and some European countries and
lowest in China and Japan. However, there is less inter-
national variation in prostate cancer mortality than in
incidence [R32]. Studies of migrants suggest that the varia-
tions between countries cannot be explained solely on the
basis of genetic predisposition [R32]. Both incidence and
mortality rates have increased over the past few decades in
many countries, although a substantial proportion of these
increases may reflect improved detection of the disease [W6].

194. Prostate cancer is rare before 40 years of age, follow-
ing which incidence rates double for each subsequent year
of life, such that the age-specific curve has a steeper slope
than for any other cancer [R32]. Survival rates are related
strongly to the stage of the disease at diagnosis. The
aetiology of prostate cancer is largely unknown. However,
there is some evidence of effects associated with hormonal
factors (e.g. levels of testosterone), family history of the
disease, and dietary factors (e.g. possibly, fat intake [R32]).

1. External low-LET exposures

195. As indicated in Table 14, there is little evidence of an
association between radiation and prostate cancer in the
Life Span Study of the Japanese atomic survivors [T1]. In
other studies, the point estimate of the ERR per Sv from
the study of ankylosing spondylitis patients in the United
Kingdom coincides with that for the atomic bomb
survivors, but with a tighter confidence interval that
excludes values below zero [W1]. However, the latter
finding should be viewed cautiously, in that it is based on
a combination of the number of x-ray treatments and mean
organ dose rather than on individually-based estimates of
doses, as in the Life Span Study. Among patients in the
United States treated for peptic ulcers, raised mortality
from prostate cancer relative to the general population was
observed for both those who received radiotherapy and
those who did not; rates in the two groups did not differ

significantly [G6]. An international study of patients
treated for testicular cancer, many of whom received mean
doses of several tens of gray, indicated an elevated risk of
prostate cancer (SIR = 1.26, 95% CI: 1.07�1.46). How-
ever, this increase was apparent even in the first few years
after treatment, and, in the absence of individual dose data,
it might be surmised that this result was due to heightened
medical surveillance of genitourinary conditions [T21].
Studies of medical exposures in childhood have thus far
yielded little information on prostate cancer risks, mainly
because a very long follow-up is required to obtain suffi-
cient cases (given that this disease occurs predominantly in
older persons).

196. Large studies of radiation workers generally do not
show elevated risks of prostate cancer in relation to
external low-LET radiation (e.g. [C11, M46]). Instances of
worker studies in which increases have been reported may
reflect chance variations (e.g. [A15]) or possibly other
types of exposure (e.g. [B45, F6, R26], described in more
detail below).

2. Internal low-LET exposures

197. In a large study of hyperthyroidism patients in the
United States [R14], mortality from prostate cancer among
patients treated with 131I was significantlylower than would
have been expected from national rates (SMR = 0.68).
Furthermore, there was no indication of a trend in risk
with the level of 131I administered, although it should be
noted that doses to the prostate are likely to have been low.
Studies in Sweden of patients with medical exposures to
131I have tended not to present results for prostate cancer
specifically [H23, H24, H26, H27]. However, the findings
given in these Swedish studies for all male genital cancers
combined, most of which are likely to have been prostate
cancers, showed overall incidence and mortality to be
consistent with national rates. Furthermore, among the
group of Swedish patients treated for hyperthyroidism,
there did not appear to be a clear trend in mortality from
all male genital cancers combined related to the amount of
131I administered [H24]; however, in common with the
corresponding study in the United States [R14], the
prostate doses are unlikely to have been high.

198. A cohort study of employees of the United Kingdom
Atomic Energy Authority showed that while prostate
mortality among all radiation workers was consistent with
national rates, mortality was raised among those workers
who had experienced higher external doses and who had
been monitored for internal radiation exposure [B45, F6].
Based on this cohort, a case-control study was conducted
that looked at individual assessments of exposure to
radionuclides and other substances in the workplace, as
well as socio-demographic factors, for 136 workers with
prostate cancer and 404 matched controls [R26]. Analyses
were conducted for various radionuclides; however, the
results were often correlated, because there was simul-
taneous exposure to some radionuclides in certain working
environments. Rooney et al. [R26] reported significantly
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elevated relative risks associated either with documented
exposure to 51Cr, 59Fe, 60Co, 65Zn, or 3H or with working in
environments potentially contaminated by at least one of
these radionuclides. The latter finding in particular was
based largely on men who worked on heavywater reactors.
Exposure to other radionuclides or to chemicals was not
associated with an elevated risk. While it was difficult to
distinguish the findings for the above five radionuclides,
particular attention was paid to 65Zn, because zinc is
concentrated in the prostate gland and Auger electrons
emitted from 65Zn may give rise to high doses at short
range. However, studies of biokinetics and dosimetry [A7,
B46] indicate that even with pessimistic assumptions about
the uptake of zinc in the prostate and the relative biological
effectiveness of Auger electrons, the dose to the prostate
from occupational exposures is likely to be 0.1�0.2 Sv at
most and, taking account of the findings from the Japanese
atomic bomb survivors [T1], would not be sufficient to
explain the findings of Rooney et al. [R26].

3. Internal high-LET exposures

199. Few studies have reported results for prostate cancer
in relation to internal high-LET exposures. As shown in
Table 14, there is little indication of elevated risks among
patients with intakes of 224Ra [N4] or thorotrast [V8],
although the numbers of cases are not very large. Further-
more, information has rarely been presented about level of
exposure. An exception concerns a study of plutonium
workers in the United Kingdom, in which there was no
increase in risk with the sum of the cumulative organ-
specific dose from plutonium and the external dose [O1].
However, in common with many other studies of workers
high-LET doses to the prostate are likely to have been low.

4. Summary

200. Data for the Japanese atomic bomb survivors and
from most other studies provide little evidence of an
elevated risk of prostate cancer following radiation
exposure. Elevated risks have occasionally been reported,
but it is not clear whether these represent chance findings
or facets of particular types of exposure in the workplace,
either from radiation and other factors. It should be noted
that the statistical precision of some of the medical and
occupational studies is limited by small numbers of cases
and/or low doses. Also, because prostate cancer is pre-
dominantly a disease of the elderly, follow-up studies of
exposure in childhood have not been informative to date.

J. CANCER OF THE URINARY BLADDER

201. Bladder cancer accounts for less than 5% of cancer
incidence and less than 2% of cancer mortality in industrial-
ized countries. Thereiswide international variation in bladder
cancer incidence, with high rates in Europe and North
America and low rates in Latin America and Asia. Incidence
increases steeply with age and is more common among men
than women. In some countries the gender ratio can reach 5:1

[H47, P5]. The incidence increased from the 1960s to the
1980s, but recently the rates have begun to stabilize. Mortality
has been decreasing in both men and women and at all ages.
The temporal trends are influenced by changes in detection
and improvements in survival.

202. Cigarette smoking is a leading cause of bladder cancer.
In Western countries, approximately 50% of the cancer in
men and 30% in women have been attributed to smoking.
Occupational exposures, particularly to aromatic amines, are
also well known bladder cancer risk factors. Urinary tract
infections are also associated with an increased risk of bladder
cancer, especially among women. Use of phenacetin-
containing analgesics and cyclophosphamide, as well as
exposure to S. haematobium infection, are also suspected
bladder cancer risk factors [H47, M45, S48].

1. External low-LET exposures

203. Estimates of risk for bladder cancer from several
studies are given in Table 15. Statistically significant
excess risks have been derived for incidence [T1] and
mortality data [P9, R1] from the Life Span Study, the
cervical cancer case-control study [B1], the anklylosing
spondylitis study [W1], the metropathia haemorrhagica
study [D7], and the benign gynaecological disease study
[I16]. Although the doses are considerably higher in the
last two studies (~6 Gy), the risk estimates are about the
same as the risk estimate in the ankylosing spondylitis
study [W1]. In the Life Span Study, the effects of age and
gender on the risks are unclear. In particular, the incidence
data exhibit a statistically significant gender difference,
with the ERR for females exceeding that for males by a
factor of about 5 but the average EAR showing no
significant difference [T1]; in the mortality data, the point
estimates of the ERRs and EARs for males are higher than
those for females, although the differences are not
statisticallysignificant [P9]. Neither the mortalitydata [S3,
P9] nor the incidence data [T1] in the Life Span Study
exhibit statistically significant variation with age at
exposure for either the ERR or the EAR. There is,
however, a suggestion of some variation with age in the
cervical cancer case-control study [B1].

204. Although individual organ doses frequently are not
available, several, but not all, studies of second cancers
have reported an association between bladder cancer risk
and high therapeutic radiation doses. A non-significant
increased risk of bladder cancer was associated with
radiotherapy in a large cohort ofnon-Hodgkin’s lymphoma
patients [T19] and in a European nested case-control study
of 63 women with bladder cancer who had previously been
treated for ovarian cancer and 188 ovarian cancer patients
who did not develop bladder cancer [K30]. Compared with
surgically treated patients, the relative risks were 1.9 (95%
CI: 0.77�4.9), 3.2 (95% CI: 0.97�10), and 5.2 (95% CI:
1.6�16) for radiotherapy only, chemotherapy only, and
radiotherapyand chemotherapycombined, respectively. Of
32,251 ovarian cancer patients, 20 of the 65 women who
developed bladder cancer were treated solely with
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radiation, resulting in a significantly increased risk (O/E =
2.1; 95% CI: 1.6�2.6) [T20]. The risks increased with time
since exposure, until they were six times greater at 15 or
more years. These results are very consistent with those for
cervical cancer patients who were treated with similar
radiation doses [B1]. Risk was not significantly elevated
among ovarian cancer patients treated with chemotherapy
only [K30].

205. Among men treated for testicular or prostate cancer,
enhanced risks of bladder cancer have been observed.
Among testicular patients with seminoma treated with
radiotherapy (mean dose = ~22 Gy), a two- to threefold
greater risk was found five or more years after treatment.
More than 20 years after treatment, the risk rose to 3.2
[T21]. Among non-seminoma patients receiving radio-
therapy (mean dose = 45 Gy), the risks were elevated but
not statistically significant. Among men treated with high-
dose radiotherapy for prostate cancer, a statistically signi-
ficant 40% increased risk was noted five or more years
after therapy [N11]. No excess risk was found among
patients treated surgically. In a reanalysis and update of
these data, Brenner et al. [B42] reported a 15% (95% CI:
1.02�1.31) elevated risk of bladder cancer among over
50,000 men treated with high-dose radiotherapy compared
with over 70,000 patients who underwent surgery. Risks
were much higher, however, for long-term survivors, with
radiotherapy patients surviving 10 or more years having a
risk of 1.77 (95% CI: 1.14�2.63).

2. Internal low-LET exposures

206. High doses of 131I are often used to treat thyroid
cancer. The bladder is one of the organs that concentrate
iodine [U2]. The 131I dose to the bladder from treatment for
thyroid cancer is about 2 Gy. An excess risk of bladder
cancer has been reported in one small study of thyroid
cancer patients [E2] but not in two others [D18, H26].
Patients treated with 131I for hyperthyroidism receive
100�200 mGy to the bladder. No significantly increased
risks were noted in two studies with a combined study
population of about 30,000 patients [H23, H24, R14]. In a
recent study of hyperthyroid patients treated with 131I in the
United Kingdom, there was a significantly lower risk of
bladder cancer than in the general population, but bladder
cancer incidence increased (p=0.005) with increasing
levels of administered activity [F8].

3. Internal high-LET exposures

207. The recent follow-up of a cohort of German patients
treated with 224Ra has demonstrated an excess relative risk
of bladder cancer compared with the general population
(ERR per Sv = 0.4) [N4]. The relative risk was higher for
patients who were older at diagnosis. No excess of bladder
cancer has been reported in another cohort of patients
treated with 224Ra [W20] or among patients receiving
thorotrast as a contrast medium for arteriography [A5,
D31, M14, V8].

4. Summary

208. Statistically significant excess risks of cancer of the
urinary bladder are seen in several populations exposed to
low-LET radiation. The Life Span Study risk estimates are
somewhat greater than those seen for cancer patients;
however, since the cancer patient studies involve extremely
high doses, the differences may reflect cell killing. In
addition, second cancer register-based cohort studies often
obtain information on initial treatment only. Subsequent
treatments can lead to exposure misclassification, which in
turn can lead to underestimation of exposure effects.
Potential interactions between smoking and radiation
remain to be studied.

K. BRAIN AND CENTRAL NERVOUS
SYSTEM TUMOURS

209. Depending on tumour location, benign and malignant
tumours of the central nervous system (CNS) can have
similar symptoms and outcomes. As a result, the two types
of tumours are not always easily distinguished, and many
tumour registries routinely include both histological types
in their CNS incidence rates. [I11, P18]. Annual incidence
rates for CNS cancers range from about 1.0 to about 10 per
100,000 persons, but since the quality of medical care
varies from country to country and reporting of benign
tumours is inconsistent among registries, international
comparisons of CNS tumours can be misleading [P5]. The
fact that the lower incidence rates are reported primarily
from cancer registries with uncertain completeness of
ascertainment suggests that country-to-countryvariation is
probablyconsiderablyless than current reporting indicates.
Over the last few decades, brain tumour incidence and
mortalityhave increased, especially among the elderly, but
whether this is a real increase or a result of better diagnosis
and reporting is controversial [I11, P18]. With the excep-
tion of meningiomas, CNS tumours occur more frequently
among men than women [P5]. This Section will consider
both benign and malignant CNS tumours occurring within
the cranium (brain, cranial nerves, cranial meninges),
spinal cord, spinal meninges, and peripheral nervous
system because of the potential problem of misclassifica-
tion by tumour behaviour. In addition, since the com-
parison rates used in some studies are derived from tumour
registries that combine all CNS tumours in one category,
results are reported for all CNS tumours and not for
malignant tumours only.

210. While the aetiologyof CNS tumours remains elusive,
therapeutic irradiation of the head and neck during
childhood is an established risk factor, and social class,
trauma, diet, and some chemicals have been identified as
potential risk factors [B43, D35, I11, P18]. Primary
malignancies of the central nervous system are among the
most lethal of all cancers. In the United States, five-year
survival for malignant CNS tumours is approximately30%
and shows little relation with stage at diagnosis [K17].
Survival for benign meningiomas has improved
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considerably over the last few decades, but depending on
tumour size and location, the quality of life can be severely
impaired [L30].

1. External low-LET exposures

211. As summarized in Table 16, the epidemiological
literature provides evidence for an association between
ionizing radiation and tumours of the CNS. Since publica-
tion of the UNSCEAR 1994 Report [U2], additional infor-
mation on the incidence and mortality of CNS tumours in
the Life Span Study of atomic bomb survivors has become
available [P9, P19]. As in earlier reports, the most recent
mortality data from the atomic bomb survivors provide no
evidence of a radiation effect for brain tumours but do
show a non-significant excess risk for tumours of the CNS
outside the brain [P9]. New incidence data that assess
histologic types separately demonstrate a strong dose
response for neurilemmomas (ERR at 1 Sv = 4.0) and a
moderate dose response for meningiomas (Table 27) [P19].
The excess risk for neurilemmomas was observed for
persons of all ages at the time of the bombings. Other
studies of atomic bomb survivors in Hiroshima and
Nagasaki show an association between meningioma
incidence and radiation exposure [S33, S39, S42].

212. A significant relationship between radiation dose and
CNS tumour risk was demonstrated in the Israeli tinea
capitis study [R17]. An average dose of 1.5 Gy from child-
hood radiotherapy to the scalp was associated with an
increased incidence of CNS tumours in the head and neck
(relative risk = 8.4). The relative risks ranged from 2.6 for
gliomas to 9.5 for meningiomas to 33 for neurilemmomas.
Large relative and absolute risks for CNS tumours were
also observed in the New York tinea capitis study [A15,
S31]. Similarly, an association between radiotherapy and
benign CNS tumours was reported following childhood
irradiation for inflamed tonsils and other benign head and
neck conditions [S28, S46] and irradiation in infancy for
an enlarged thymus gland [H31]. Following low doses of
radiation from 226Ra treatment for haemangioma during
infancy in Stockholm, intracranial tumours were not
elevated [L16]. In contrast, the incidence of gliomas and
meningiomas was significantly greater in 1,805 infants
treated with similar doses of 226Ra for haemangioma in
Gothenburg, Sweden, but no clear dose response was
observed [K22, L15]. In a recent pooled analysis of the two
studies, 86 patients with intracranial tumours were
observed among exposed and unexposed patients compared
with 61 expected (SIR = 1.42; 95% CI: 1.13�1.75) [K23].
A linear dose-response relationship fit the data best (ERR
at 1 Gy = 2.7), and within the narrow age-at-exposure
range (0�81 months) the risk increased with decreasing
age at exposure. In a small cohort of children treated with
nasopharyngeal radium implants to prevent deafness, three
adult brain cancers occurred [S32]. Although the incidence
was raised, chance could be one explanation for the
increase [S47]. CNS mortality was not elevated in a larger
study of children treated with smaller doses [V5].

213. A higher-than-expected number of second primary
CNS tumours among survivors of childhood cancers has been
noted in several studies. Neglia et al. [N9] demonstrated that
radiotherapyduring childhood was a significant factor in the
excess of CNS tumours occurring among acute lympho-
blastic leukaemia patients. A cohort of 4,400 childhood
cancer survivors in France and the United Kingdom has
been followed to evaluate the risk of developing second
cancers [D19, L32, L36, L37]. Based on 12 cases with
malignant brain tumours and an equal number of cases
with benign brain tumours, each matched to 15 controls, a
significant dose response was demonstrated for both types
of tumours. The risk was higher for benign tumours (ERR
= 3.15; 95% CI: 0.37�n.a.) than for malignant tumours
(ERR = 0.12; 95% CI: n.a.�0.55), and no modifying effect
of age at exposure was found. This pattern of a higher risk
for benign tumours has been seen in other studies [P19,
R17]. Eng et al. [E1] reported that bilateral retinoblastoma
patients treated with radiation had a large excess of
mortality from benign and malignant neoplasms of the
brain and meninges. More recently, an increased risk of
CNS tumour incidence was found among these patients
[W11]. In a small study with limited statistical power, no
excess risk was observed among retinoblastoma patients
[M26]. Young children who received cranial irradiation as a
conditioning regimen before bone marrow transplantation
were found to have a significantly elevated relative risk of
developing brain or other CNS cancers; however, it was likely
that earlier cranial radiotherapy to treat acute lymphocytic
leukaemia prior to bone marrow transplantation (and
associated total-body irradiation) played an important role in
the development of these neural malignancies [C16].

214. Data on adult exposures are considerably more
limited. Following high-dose (~40 Gy) fractionated radio-
therapy, an excess risk of CNS tumours was observed
among pituitary adenoma patients [B22, T11]. In several
case-control studies of patients with CNS tumours of
various histological types, a history of diagnostic x-ray
examinations [H32] or x-ray treatments to the head was
more often reported for cases than for controls [B23, P20,
P21]. In contrast, a mean brain dose of about 0.6 Gy was
not associated with an increase in CNS tumour incidence
or mortality in two small cohorts of infertile women
irradiated to the pituitary gland and ovaries [R18, R30],
and ankylosing spondylitics did not have an excess of
mortality from spinal cord tumours after being exposed to
high radiation doses to their spinal cords [W1].

215. Dental diagnostic x-rayexposures have been assessed
in several studies conducted by Preston-Martin et al. in
relation to various types of CNS tumours [P20, P21, P22,
P23, P24]. They found associations between meningiomas
and frequent annual full-mouth x-ray examinations and
x-ray examinations performed many years ago, when
radiation doses were relatively high. Risks were higher
when exposure occurred during childhood. In other studies,
however, brain tumour cases did not have a history of
dental x-ray exposure significantly more often than
controls [K18, M27, R19].



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER338

216. Radiation workers in general receive low, fractionated
doses with relatively little exposure to the brain. To date, most
occupational studies have been negative with respect to this
site of cancer [C11, M46, W10]. Brain cancer incidence and
mortality rates were elevated among airline pilots in a few
studies [B48], but no dose-response relation was observed and
confounding due to non-ionizing radiation and socio-
economic status has been postulated [G15].

217. The issue of whether CNS tumours are related to fetal
exposure to radiation remains controversial. Most recently,
Doll and Wakeford [D17] carefully reviewed the literature
and concluded that in utero exposure to a mean dose of
approximately 10 mGy increases the risk of childhood
cancer. This conclusion was largely based on the Oxford
Survey of Childhood Cancers. In the Oxford Survey,
mortality from childhood CNS tumours was associated
with fetal irradiation (relative risk = 1.4; 95% CI: 1.2�1.7)
[B2]. Miller and Boice [M31] expressed concern about the
Oxford Survey results, noting that all childhood cancers
were increased about 40%, whereas such commonality is
not seen in either animal or human studies. Among atomic
bomb survivors exposed in utero, an association between
dose and cancer mortality has not been found, but the in
utero survivor cohort is small, and the negative result is
compatible with a wide range of risks [D14].

2. Internal low-LET exposures

218. Little is known about brain and CNS tumours following
internal exposure to low-LET radiation. A small increased
risk of CNS tumours was observed among 35,000 Swedish
patients receiving diagnostic 131I examinations (SIR = 1.19;
95% CI: 1.00�1.41) [H27]. Since the dose to the brain was
<10 mGy, the observed excess is not likely to be due to the
radiation exposure. Significant excess risks were not
demonstrated among patients receiving 131I therapy for
hyperthyroidism [H23, H24, R14] or thyroid cancer [D15, E2,
G13, H26]; however, among ten-year survivors, brain tumour
incidence was significantly elevated in the Swedish
hyperthyroid patients [H23].

3. Internal high-LET exposures

219. Danish patients exposed to thorotrast had a signifi-
cantlyelevated incidence of brain tumours, but the fact that
these tumours developed very soon after the thorotrast
examination suggests that they are related to the under-
lying disease or better ascertainment rather than to the
thorotrast itself [A5]. Thorotrast was given in conjunction
with cerebral angiography because of a suspected brain
disorder. Often this disorder was later found to be a brain
tumour, especiallyamong epileptic patients. Brain malign-
ancies and other CNS tumours have not been linked to
exposure to radium [S34] or to radon among miners [D8].

4. Summary

220. Ionizing radiation can induce tumours of the CNS,
although the relationship is not as strong as for many other

tumours, and most of the observed radiation-associated
tumours are benign. Indeed, neurilemmomas, which are
highly curable, are the only tumours that consistently
exhibit high risks. Overall, exposure during childhood
appears to be more effective in tumour induction than adult
exposure, but the data on adult exposure are fairly sparse,
and the most recent study of atomic bomb survivors
demonstrated an excess relative risk for neurilemmomas
following exposure at all ages. Little is known about other
factors that modify risk. The association between benign
tumours, particularly meningiomas and neurilemmomas,
and radiation appears tobe substantially stronger than with
malignant tumours. Malignant brain tumours are seen only
after radiotherapy. Additional data are needed to better
characterize the dose response for CNS tumours of various
histological types.

L. THYROID CANCER

221. Thyroid cancer is one of the less common forms of
cancer [P5]. Unlike most cancers, its incidence is relatively
high before age 40 years, increases comparatively slowly
with age, and is about three times higher in women than
men. This female predominance is alsoobserved for benign
thyroid tumours. The degree of malignancy varies widely
with histological type, ranging from the rapidly fatal
anaplastic type to the relatively benign papillary type [F2,
R13]. Data from most countries suggest that mortality is
falling while incidence is increasing [F1]. Ionizing
radiation is a well documented cause of thyroid cancer. The
relative risk of thyroid cancer is also substantially
increased among persons with a history of benign nodules
and goitre. There is some evidence that elevated levels of
thyroid-stimulating hormone, multiparity, miscarriage,
artificial menopause, iodine intake, and diet also may be
risk factors for thyroid cancer[F2, R13].

222. Shore [S8] reviewed the epidemiological studies of
radiation and thyroid cancer conducted through the early
1990s. Since then, more information has become available
from continued follow-up of some cohorts and from a
pooled analysis of seven studies of external radiation [R4].
Additional data on the occurrence of thyroid cancers
among children living in radiation-contaminated areas in
Belarus [D13], the Russian Federation [I23], and Ukraine
[T23] as a result of the Chernobyl nuclear power plant
accident have recently been published. New data on
Chernobyl recoveryoperation workers (“liquidators”) have
also been published in the last few years [K15]. These
results are discussed below and in more detail in Annex J,
“Exposures and effects of the Chernobyl accident”.

1. External low-LET exposures

223. The results for thyroid cancer incidence that were
presented in Table 8 of Annex A in the UNSCEAR 1994
Report [U2] are updated here in Table 17. This Table
contains findings from a pooled analysis of studies of
external irradiation of the thyroid [R4]. This analysis,
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which included seven studies and was based on almost
120,000 people with about 700 thyroid cancers and 3
million person-years of follow-up, allowed a more detailed
evaluation of the dose-response relationship and of
modifying factors than had previously been possible.
Nearly500 thyroid cancers occurred in the half of the study
population exposed during childhood or adolescence.

224. In the analysis of the five cohort studies of persons
irradiated before age 15 years, 436 thyroid cancers were
diagnosed among the exposed population. The pooled ERR
per Gy was 7.7 (95% CI: 2.1�28.7). No single study was
found to have an undue influence on the overall estimates
of risk. The ERR per Gy for females was nearly twice that
for males, but the results were not consistent [R4]. Since
thyroid cancer naturally occurs two to three times more
frequently among females than males, the absolute
radiation-induced risk was correspondingly higher among
women. Even within the narrow range of ages at exposure,
there was strong evidence of a decrease in the ERR with
increasing age at exposure, which suggests that the thyroid
is particularly sensitive to tumour induction at the time of
rapid cell proliferation. The ERR per Gy was highest
15�29 years following childhood exposure, but it remained
high for more than 40 years after exposure [R4]. While the
latter finding was also reported from an extended follow-up
of the Stockholm skin haemangioma cohort [L13], few
other studies have more than 40 years of follow-up. In
contrast to the well described carcinogenic effects of
childhood exposure, there is little evidence of an excess of
thyroid cancer associated with external exposure after age
20 years. Among atomic bomb survivors exposed after age
40 years, the ERR was negative [R4, S8, T1].

225. Each of the studies in the pooled analysis was
consistent with a linear dose-response relationship, although
the range of doses varied considerablyamong studies [R4]. In
the childhood cancer study [T5], which was the only study
with doses over 6 Gy, there was some indication that the
effects of cell killing flattened the dose response at high doses.
Exposures were received in fractions, from all in one day to
several years apart in three of the studies included in the
pooled analysis. There was very weak evidence that for the
same total dose, exposures received in two or more fractions
were less carcinogenic than acute exposures by an estimated
factor of 1.5, with wide confidence limits [R4]. Although no
formal assessment of risk byhistologytype was conducted, the
risk for papillary carcinomas appeared to be higher than for
follicular cancer in the individual studies. To date, no clear
association between ionizing radiation and either medullary
cancer or anaplastic carcinoma has been observed, although
there have been reports of anaplastic carcinoma occurring
after medical irradiation.

226. An elevated risk of thyroid cancer was reported for
patients treated with high-dose radiotherapyfor Hodgkin’s
disease [D33, D36, H9, T5] and for childhood cancers
[H30, T5]. New studies emphasize that Hodgkin’s disease
survivors have a high risk of thyroid cancer if theyreceived
radiotherapy as children [B16, S23]. Recently, a large

increased risk of thyroid cancer was reported among bone
marrow transplantation patients treated with high-dose,
total-body irradiation, especiallyduring childhood (4 cases
observed compared with 0.02 expected); however, radio-
therapyreceived before bone marrowtransplantation might
have played a role in the development of these
malignancies [C16].

227. Information on fractionated and low-dose-rate ex-
posures mostly comes from studies of high-background
areas, diagnostic radiation procedures, and occupational
exposures. Studies of residents living in areas of high
natural background radiation were conducted in China
[T25, T26, W9] and India [P3]. They did not show an
association between the prevalence of thyroid nodules and
lifetime exposure to elevated background radiation. How-
ever, since the doses received in childhood generally were
only a few tens of milligray, the statistical power to detect
a radiation effect was low. Diagnostic x rays, even those
resulting in higher thyroid gland doses or those occurring
during childhood, were not linked to thyroid cancer in a
study in Sweden [I9]. This study is unique because the
ascertainment ofdiagnostic x-rayprocedures was based not
on personal recall but on a search of hospital radiation
records.

228. While early mortality studies of radiation workers
provided no evidence for an elevated risk of thyroid cancer
[M23], there have been reports of an increased risk of
thyroid cancer among x-ray technologists. Among 27,000
x-ray workers and a similar number of non-radiation
medical workers in China, 8 thyroid cancers were found
compared with 4.5 expected [W10]. The relative risk was
larger for personnel working at relatively early ages and
during the period when exposures were greatest. In the
United States, a twofold greater risk of thyroid cancer
incidence was reported in preliminary results from a survey
of over 100,000 predominately female x-ray technologists
[B20]. These preliminary results were based on self-
reported diagnoses on questionnaires and might have
included benign nodules or adenomas. In a recent mortality
studyof the x-ray technologists, no excess of thyroid cancer
deaths was noted [D23]. Consistent with the incidence
results are findings from a Swedish record-linkage study in
which x-ray technicians had double the risk of thyroid
cancer compared with the general population of Sweden
[C17] and from a small Italian study in which male hospital
radiation workers had a higher prevalence of thyroid nodules
than comparable non-exposed workers [A8]. Based on only
nine thyroid cancer deaths, a significantly elevated mortality,
but no dose response, was observed in mostly male nuclear
workers in the United Kingdom [L20]; the evidence for an
excess diminished with longer follow-up [M46]. No
association was reported for nuclear workers in the United
States [G12] or in the combined international analysis of
nuclear workers from Canada, the United Kingdom, and
the United States [C11]. Since adult, acute radiation
exposures have not been linked to thyroid cancer, the
reports of excesses are surprising. Each of these studies,
however, has methodological weaknesses for studying
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thyroid cancer that might have influenced the findings. For
example, except for the nuclear worker studies, individual
doses were not available; multiple comparisons were tested
in most studies; and the number of cases was generally
small, which produces unstable risk estimates. Furthermore,
the well known association between radiation and thyroid
cancer may have led to more complete case ascertainment for
radiation workers.

229. As a consequence of the Chernobyl accident, large
numbers of men from all over the former Soviet Union
were brought in to participate in recovery operations at the
reactor and in the surrounding areas. Altogether
approximately 600,000 workers were involved, about
240,000 of them during 1986 and 1987. Most of the
exposure of the workers came from external gamma and
beta irradiation. Internal exposure from radionuclides was
minor after the first few weeks [U4]. Several investigations
of recovery workers from the Baltic countries have been
conducted. In a systematic clinical evaluation, including
palpation and ultrasound, of the nearly 2,000 Chernobyl
recovery operation workers from Estonia, no excess of
thyroid nodularityor cancer was detected [I10]. Doses were
estimated for each worker based on medical records,
responses to a questionnaire, and biodosimetry. Film
badges suggested that workers had been exposed to a mean
dose from external sources of approximately 100 mGy, but
biodosimetry indicated that the doses might have been
considerably lower [L31]. Thyroid cancer incidence and
mortality were evaluated in a cohort of nearly 5,000
Estonian workers [R20]. No thyroid cancers were observed,
whereas 0.21 would have been expected based on age,
gender, and calendar-specific cancer rates in Estonia. In a
cohort of Lithuanian Chernobyl workers, the three
observed thyroid cancers did not significantly differ from
the expected number based on Lithuanian cancer rates
[K39]. Given the low dose and late age at exposure, these
negative findings are consistent with data from the Life
Span Study of atomic bomb survivors [T1].

230. In a much larger study of 168,000 Russian recovery
operation workers, Ivanov et al. [I13, I18] reported an
increased risk of thyroid cancer compared with the
population of Russia. Comparing cancer incidence in these
workers to that in a general population is questionable,
because the recovery operation workers had a higher level
of medical surveillance, especially of their thyroid glands
[B4]. However, Ivanov et al. [I17] noted that they adjusted
for a screening effect. Further data regarding these findings
are needed.

2. Internal low-LET exposures

231. Studies of medical exposures to 131I were reviewed
extensively in the UNSCEAR 1994 Report [U2]. Since
then, further information has become available from three
large follow-up studies of 131I-exposed patients. In addition
to an extended period of follow-up (as much as 40 years
following exposure), the Swedish study of over 34,000
patients administered 131I for diagnostic purposes now

incorporates individual estimates of thyroid doses [H4].
Dose quantification was based on the amount of 131I
administered and the 24-hour thyroid uptake. Information
on the size of the thyroid gland was available for nearly
half of the patients, and adjustments to dose estimates on
the basis of these data did not affect the results. Basic
details of the study cohort are given in Table 2, Table 3,
and Table 17, while Table 28 presents thyroid cancer
incidence in relation to dose. Although overall incidence,
after excluding the first five years following exposure, was
greater than that in the general population, there was no
indication of a dose-response trend. Furthermore, analyses
based on the reason for the initial referral showed that
incidence was higher than expected only among those
referred for suspicion of a thyroid tumour. Among those
referred for other reasons, thyroid cancer incidence was
lower than expected compared with national rates. Among
the 34,000 patients evaluated by Hall et al. [H4], 7% were
under 20 years of age at the time of exposure and less than
1% were under 10 years of age. Among the 2,408
adolescents and young adults (average thyroid dose of
1.5 Gy), 3 thyroid malignancies were observed compared
with 1.8 expected based on national rates (SIR = 1.69; 95%
CI: 0.35�4.9). These data do not allow inferences about
childhood exposures. No excess of thyroid nodules was
detected when 1,005 women who had been examined years
before with 131I (mean thyroid dose of 0.54 Gy) and 248
non-exposed women were screened for thyroid disorders
[H36]; however, among the exposed women the prevalence
of thyroid nodules was correlated with dose.

232. Studies of patients treated with 131I for hyperthyroidism
have dealt almost entirely with adults. Although individual
thyroid doses have not been calculated, the intention is to
deliver 60�100 Gy to the thyroid [B21]. At doses of this
magnitude, the ERR per Gy for children receiving external
radiation begins to level off, probably due to cell killing [R4].
Among 10,000 Swedish patients, 18 thyroid cancers were
observed, yielding a standardized incidence ratioof1.29 (95%
CI: 0.76�2.03) [H23]. Among 23,000 patients evaluated in a
new follow-up of the thyrotoxicosis study in the United States,
an increased risk of thyroid cancer mortality was observed
[R14]. The excess risk was primarily due to a large risk
during the first five years following treatment and was higher
among toxic nodular goitre patients than Graves’ disease
patients. Franklyn et al. [F8] reported an elevated incidence of
thyroid cancer and thyroid cancer deaths in a follow-up of
7,417 hyperthyroid patients treated with 131I in England.
Compared with the population of England and Wales, both
the SIR (3.25; 95% CI: 1.7�6.2) and the SMR (2.78; 95% CI:
1.2�6.7) were elevated, but no dose response was
demonstrated. These findings suggest that some of the excess
may be due to the underlying thyroid disease.

233. While the data from the medical radioiodine studies
are informative, the uncertainties associated with esti-
mating thyroid doses from 131I, especially in persons with
thyroid abnormalities, reduce the precision of the risk
estimates. The non-uniformity of the dose distribution in
the thyroid gland results in some areas of tissue receiving
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such high doses that cell killing could occur and other
areas receiving extremely low doses [N7]. Thus, the
tumorigenic effects of the exposure might be lower than
would be expected based on the average dose. Nevertheless,
131I dose estimation in medical studies is far better than for
the studies of environmental 131I exposure.

234. Four years after the 1986 accident at the Chernobyl
nuclear plant, a substantial increase in childhood thyroid
cancer was observed in contaminated regions of the former
Soviet Union [S49]. For a more detailed discussion of
thyroid cancer risk following the Chernobyl accident, see
Annex J, “Exposures and effects of the Chernobyl
accident”. In Belarus, and particularly in the Gomel region
to the north of Chernobyl, the number of childhood thyroid
cancers diagnosed between 1990 and 1992 was much
higher than in 1986�1989 [K6]. The diagnoses of most of
the thyroid cancers were confirmed by an international
pathology review [W5]. An unusually high frequency of
thyroid cancer continues to occur in Belarus [B49, D13]
and in heavily contaminated areas in Ukraine [L19, T23]
and the Russian Federation [T10, I23, I24] among persons
who were less than 15 years of age at the time of the
accident. Childhood thyroid cancer rates in these areas in
1991�1994 were higher by a factor of almost 10 than in
the preceding five years (Table 29). The number of cases
identified among persons born less than 17 years before the
accident reached about 1,800 in 1998 (Annex J,
“Exposures and effects of the Chernobyl accident”). Risk
appears to increase with decreasing age at exposure [A3,
K31, P31, W16]. Recent data from Belarus suggest that
while increases in thyroid cancer incidence are still
occurring among individuals who were less than 5 years of
age at the time of the accident, rates for older children
might be stabilizing [K31]. In the Ukraine, rates are still
rising for persons less than 14 years of age, but a similar
leveling off of the risk among those 14�18 years old at the
time of the accident was observed [T23]. Age-at-exposure
effects warrant further investigation.

235. Following early reports of an increased frequency of
thyroid cancer, questions were raised about the effects of
screening the exposed population [B8, R3, S22]. While the
screening programmes being conducted in the contaminated
areas are responsible for some increases in thyroid cancer
ascertainment, the majority of tumours reviewed by an
international panel were not microcarcinomas. In fact, many
showed direct invasion of extrathyroidal tissues and lymph
node spread [W5].

236. A study of 107 thyroid cancer cases and 214 matched
controls was conducted in Belarus [A26]. Taking intoaccount
the reason for diagnosis, a strong dose response was
demonstrated. Although the estimated doses in the studyhave
considerable uncertainty, the results indicate that the excess of
thyroid cancers is related to the radiation exposure.

237. A strong correlation between estimated exposure
from 131I and thyroid cancer rates has been reported in
several studies [J4, J5, L19, L51]. In a well designed

correlation study, Jacob et al. [J5] compared average thyroid
doses from 131I exposure in many regions in Belarus and the
Russian Federation with 1991�1995 incidence rates for the
1971�1986 birth cohort. A linear dose-response relationship
was found (EAR per 104 PY Gy= 2.3; 95% CI: 1.4�3.8; ERR
per Gy = 23; 95% CI: 8.6�82). Likhtarev et al. [L51] also
conducted a correlation study using recent data (1990�1997)
from the Ukraine. They reported an EAR per 104 PY Gy of
1.6 (95% CI: 0.7�3.4) and an ERR per Gy of 38 (95% CI:
16�97) for the 1971�1986 birth cohorts. While these studies
provide reasonable risk estimates, they are based on
geographical correlations and are subject to the limitations
inherent in such evaluations.

238. No radiation-associated thyroid malignancies have
been observed less than five years after external exposure
[R4]. Despite some early occurrence of childhood thyroid
cancers after the Chernobyl accident, most cases were
diagnosed after 1991 (Table 29). A minimal latency period
for radiation-induced thyroid tumours of four years might
have resulted from the ability to detect an effect because of
the millions of children exposed to radiation from the
Chernobyl accident or because of the advancement of time
to diagnosis due to screening.

239. A high frequency of RET/PTC oncogene rearrange-
ments is found in the thyroid cancers occurring in the
Chernobyl area. Some studies have reported specific types of
RET/PTC in Chernobyl cases [B25, K24] compared with
tumours associated with external radiation [B26]; however,
findings have not been consistent [W4]. Both RET/PTC1 and
PTC3 rearrangements have been reported in Chernobyl-
related patients, and recent research suggests that age at
exposure, time since exposure, and morphology may be
important in determining the type of PTC rearrangement
[P10, S13, T34].

240. Taking all of the data together, screening and other
selection effects may explain some of the increase in
thyroid tumours seen among the children living around
Chernobyl, but radiation exposure from the reactor
accident clearly plays a major role. The associated
mechanism is not yet well understood, and the magnitude
of the risk from 131I per se remains uncertain. The
geographical distribution of these tumours coincides more
closely with the areas of 131I contamination than with the
areas of 137Cs contamination, but there is also a correlation
with the distribution of shorter-lived radioisotopes (e.g. 132I,
133I, and 135I) [A3]. Other factors that might influence
radiation risks have been identified. Many of the regions
around Chernobyl are iodine-deficient [G20, P37], and
iodide dietary supplementation had been terminated before
the accident [W5]. Although large amounts of stable iodine
were distributed to the population living near the plant as
prophylaxis shortly after the accident, the distribution was
incomplete and is thought not to have been very effective
[M32]. Genetic susceptibility to radiation-associated thyroid
cancer also has been suggested as a potential modifier of risk
[C36]. Finally, other potential environmental contaminants
need to be investigated.
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241. The health effects of exposure to 131I fallout from
atmospheric nuclear tests conducted at the Nevada test site in
the 1950s have been studied for the last four decades. In the
most recent follow-up, 2,500 children were examined and
individual doses to the thyroid reconstructed. Nineteen
neoplasms, of which eight were malignant, were diagnosed.
The ERR per Gy was about 7 (p=0.02). When the analysis
was restricted to malignancies, the ERR per Gy was 7.9 but
was not statistically significant [K36]. The 131I doses from
weapons testing at the Nevada Test Site were assessed by the
United States National Cancer Institute [N12]. Iodine-131 is
the radionuclide of main concern because it is the principal
radionuclide in fallout and is ingested by drinking
contaminated milk. Approximately 5.6 EBq of 131I were
released into the atmosphere, resulting in radioiodine
deposition throughout the United States. Iodine-131 thyroid
doses were estimated for each countyin the continental United
States by age group, gender, and level of milk consumption.

242. The average thyroid dose to the approximately 160
million people living in the United States at the time of
testing was 20 mGy. The estimated dose varied substan-
tially depending on geographic location, age at the time of
exposure, and quantity, source, and type of milk intake.
Doses were highest east of the test site in Nevada and Utah
and in some counties in Idaho, Montana, New Mexico,
Colorado, and Missouri and were lowest on the West
Coast, on the border with Mexico, and in parts of Texas
and Florida. Owing to geographic differences, doses
ranged from 0.01 to 160 mGy. The average dose to young
children was approximately 10 times higher than the
estimated adult dose, because the thyroid gland of small
children concentrates more iodine and because children
drink much more milk than adults. While the uncertainty
associated with estimating the average thyroid dose to the
population of the United States is about a factor of 2, the
uncertainty in dose estimates for individuals is about a
factor of 3.

243. Gilbert et al. [G19] related age-, calendar year-,
gender-, and county-specific thyroid cancer mortality and
incidence rates in the United States to 131I dose estimates,
taking geographic location, age at exposure, and birth
cohort into account. Neither cumulative dose nor dose
received between 1 and 15 years of age was associated with
thyroid cancer incidence or mortality, but an association
was suggested for dose received before 1 year of age (ERR
at 1 Gy = 10.6; 95% CI: 1.1�29 and ERR at 1 Gy = 2.4;
95% CI: 0.5�5.6 for mortality and incidence data,
respectively).

244. From 1949 to 1962, the former Soviet Union con-
ducted 133 atmospheric nuclear tests at the Semipalatinsk
test site in Kazakhstan [B44, R31]. Local fallout was
particularly high from tests carried out in 1949, 1953, and
1962. Approximately 10,000 persons living near the test
site and 40,000 living in the Altai region in the Russian
Federation were exposed to over 250 mSv effective dose.
Effects on the health of populations living near Semipala-
tinsk in Kazakhstan and in the Altai region are currently

being studied. An excess of benign and malignant thyroid
tumours has been reported for the Kazakhstan population
[B44, R31]. It is expected that new data from the ongoing
studies in both Kazakhstan and the Russian Federation will
become available soon.

245. Between 1944 and 1957, the Hanford Nuclear Site in
Washington State, United States, released 20�25 PBq of
131I into the atmosphere. In January 1999, the results of the
Hanford Thyroid Disease Study were released to the public
[D29]. In total, 5,199 people born between 1940 and 1946
in seven counties in eastern Washington State were
identified for study. Ninety-four percent were located,
4,350 (84%) were alive, and 3,441 (66%) agreed to
participate in the study. Study participants provided
information on place of residence, consumption of milk
and other relevant foods, occupational history, selected
lifestyle factors, and medical history. Thyroid doses were
estimated for the 3,193 study participants who had lived
near Hanford at the time of atmospheric releases based on
individual characteristics, e.g. level and type of milk
consumption and dosimetry information from the Hanford
Environmental Dose Reconstruction project. The other 248
participants had moved from the Hanford area and were
considered to have received no exposure. The mean and
median doses were 186 mGy and 100 mGy, respectively.
The distribution of dose was skewed (range 0 to
2,840 mGy), with a high percentage of participants having
low doses and only a small percentage having high doses.
Each participant was evaluated clinically by two study
physicians. The examination included ultrasound, thyroid
palpation, and blood tests. Eleven categories of thyroid
disease, ultrasound-detectedabnormalities, and hyperpara-
thyroidism were evaluated in terms of estimated 131I
radiation dose to the thyroid.

246. A total of 19 participants were diagnosed with
thyroid cancer and 249 with benign thyroid nodules. No
evidence of a dose-response relationship was found for
malignant or benign nodules or any of the other outcomes
studied. The final report is yet to be published, and there
has been criticism of the large degree of uncertainty in the
dose estimates. Nevertheless, the results do not provide
evidence that 131I doses on the order of 100 mGy increase
the risk of developing thyroid neoplasia.

247. Although some animal studies have suggested that
131I may be less carcinogenic than external radiation [N5],
a large study of rats found similar carcinogenic effects for
131I and external radiation [L11]. The strain of rat used has
a high rate of developing follicular thyroid carcinomas, yet
Royal [R22] noted that the study is particularly relevant,
since it was well designed and the rats were the equivalent
of young adolescents at the time of exposure and were
exposed to low as well as moderate and high radiation
doses. In summary, the very limited human data on
childhood exposure to 131I and adult exposure to external
radiation are insufficient for concluding that there are
significant differences between these types of radiation
with regard to thyroid cancer induction.
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3. Internal high-LET exposures

248. Radium is primarily a bone seeker, and the develop-
ment of thyroid cancer has not been associated with
exposure in most studies, but a statistically significant
elevated risk, based on a small number of cases, was
observed among radium dial painters in the United States
who worked before 1940 [P27] and among patients treated
with 224Ra in Germany [N4].

249. Neither thyroid cancer mortality nor incidence was
elevated among Danish thorotrast patients [A5]. Radon
exposure in mines did not increase the risk of thyroid
cancer mortality in a pooled analysis of 11 studies of
underground miners [D8].

4. Summary

250. The thyroid gland is highly susceptible to the
carcinogenic effects ofexternal radiation during childhood.
Age at exposure is an important modifier of risk, and a
very strong tendency for risk to decrease with increasing
age at exposure is observed in most studies. Although
thyroid cancer occurs naturally more frequently among
women, the ERR does not appear to differ significantly for
men and women. Among people exposed during
childhood, the ERR of thyroid cancer is highest 15�29
years after exposure, but elevated risks persist even 40
years after exposure. The carcinogenic effects of 131I are
less well understood. Most epidemiological studies have
shown little risk following a wide range of exposure levels,
but almost all of them looked at adult exposures. Recent
results from Chernobyl indicate that radioactive iodine
exposure during childhood is linked to thyroid cancer
development, but the level of risk is not yet well quantified.

M. NON-HODGKIN’S LYMPHOMA

251. Non-Hodgkin’s lymphoma (NHL) is a collection of
distinct disease entities that are malignant expansions of
lymphocytes. The lymphomas that make up this grouping
can generally be separated into those with B-cell or T-cell
lineage. The precise definition of NHL has varied over
time; a recent classification that is widely used is the
Revised European American Lymphomas classification
[H42].

252. Rates of NHL have increased in many countries over
the past few decades, particularly at older ages [H39]. In
part this is likely to be due to changes in the definition of
NHL and to improved ascertainment, although these
factors are unlikely to explain all of the increases [H39].
Epidemiological studies have shown associations with
chronic immunosuppression, for example, among
transplant recipients and other patients who received
immunopressive therapy [H43, K26]. Associations with
certain viruses, such as Epstein-Barr [M37] and HIV
[S44], have also been identified. Some studies suggest
elevated risks for those employed in agriculture,

particularly those working with pesticides (e.g. [C31]),
although other studies have not shown such a link (e.g.
[W15]).

1. External low-LET exposures

253. Information on incidence and mortality from NHL
following external exposure to low-LET radiation is
presented in Table 18. As can be seen from this Table, the
results are mixed, with many of the studies listed having
failed to show a statistically significant association with
radiation exposure. The Life Span Study of survivors of the
atomic bombings falls into this category, although Preston
et al. [P4] reported some evidence of an increasing dose
response for males (p=0.04) but not for females, among
whom, if anything, the trend is negative. The latter
findings might appear to contradict those for the cervical
cancer patients, where there is borderline evidence of a
positive dose response; however, among exposed patients,
there was little indication of an increasing trend with
increasing dose [B1]. Furthermore, studies of women
treated for benign gynaecological disorders [D7, I6] have
not suggested associations with radiation. Comparison of
the Life Span Study findings for males with those findings
for the ankylosing spondylitis patients might be informative,
given that most of these patients were male. Weiss et al. [W1]
reported that NHL mortality among spondylitis patients was
raised significantly compared with national rates (relative
risk = 1.73; 95% CI: 1.23�2.36), and that this elevated risk
appeared to disappear more than 25 years after exposure;
however, no dose-response analysis was performed. In
another study of a mostly male population, Cardis et al.
[C11] did not find an association between NHL and
external radiation among nuclear industry workers,
although the precision of the study was limited by the
generally low doses. The same limitation affected a study
of diagnostic x-ray procedures [B39], which also did not
show an association when based on a two-year lag;
however, this study used numbers of x-ray procedures
rather than doses.

254. The Life Span Study also provided no evidence that
any elevated risk would be greater for exposure in
childhood than in adult life [P4]. There are few other data
on childhood exposure. The study of Swedish children
treated for benign lesions in the locomotor system [D12]
showed rates of NHL incidence and mortality similar to
national values, although no dose-response analyses were
reported.

2. Internal low-LET exposures

255. There are few data that allow examining the risks of
NHL specifically in relation to internal low-LET radiation.
The data that are available are for groups with medical
exposures to 131I (see Table 18). Among over 35,000 patients
with diagnostic exposures, Holm et al. [H27] reported an SIR
of 1.21. This value was not significantly different from 1 (at
the 5% level), although the SIRof 1.24 for all lymphomas was
significantly raised. However, while total cancer risk was
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analysed in relation to level of the activity of iodine
administered, noresults were reported for NHL. Furthermore,
doses to this cohort were generally very small (mean bone
marrow dose = 0.19 mGy). Doses were higher in a study of
Swedish patients treated for hyperthyroidism [H23]. In this
instance, the observed number of cases was less than
expected from national rates, significantlyso after omitting
the first 10 years of follow-up (SIR = 0.40, although based
on only seven cases). Again, however, NHL incidence was
not analysed in relation to level of exposure. Ron et al.
[R14] studied NHL mortality among hyperthyroidism
patients in relation to estimated bone marrowdose from 131I
therapy; most of the patients were from the United States
but for this analysis some patients from the United
Kingdom were included. There was no evidence of a trend
in risk with dose, although the generally low doses limited
the precision of the analysis [R14].

3. Internal high-LET exposures

256. There is limited information on NHL risks among
groups exposed internally to high-LET radiation. Relevant
findings are summarized in Table 18. Among German
patients who received thorotrast, van Kaick et al. [V8]
reported 15 cases among 2,326 patients, which represented
a relative risk of about 2.5 compared to a group of unex-
posed patients. However, there was no analysis in relation
to the level of exposure. Among thorotrast patients in
Denmark [A5] and ankylosing spondylitis patients in
Germany treated with 224Ra [W3], the numbers of cases
were too small to permit detailed inferences. Larger
numbers arose in the combined analysis of radon-exposed
miners [D8]; here the total number of deaths observed was,
if anything, less than that expected from national and
regional rates (SMR = 0.80, 95% CI: 0.56�1.10), but no
analysis was conducted according to the level of exposure.

4. Summary

257. Results from studies of NHL risk among groups
exposed to external low-LET radiation are mixed. The
Japanese atomic bomb survivors as a whole do not show an
association, although there is some evidence of an
increasing trend in incidence with dose among males (but
not females). Findings from other studies are variable, with
no clear consistency. Overall, there is little evidence of an
association between NHL and external low-LET radiation.

258. There is limited information on NHL risk in relation to
internal low- or high-LET radiation. The general absence of
analyses in relation to level of exposure and the limited
statistical precision of one such analysis that was conducted
hinders interpretation of the data that are available.

N. HODGKIN’S DISEASE

259. Hodgkin’s disease is distinguished from other
lymphomas mainly by the presence of giant Reed-Stern-
berg cells [B34]. While changes over time in the classi-

fication of Hodgkin’s disease are likely to have had some
effect on analyses of trends in rates, there are indications
from various countries of a slight decrease in incidence
rates [H39]. More pronounced decreases have been seen in
mortality rates during recent decades, reflecting improved
treatment [H39]. Internationally, incidence rates tend to be
much higher in North America and Europe than in Asia
[P5] (see also Table 1). Clustering of cases of Hodgkin’s
disease has been reported in some studies (e.g. [A17]), and
a viral origin has been suggested by associations with
certain childhood environments, such as small family size
and uncrowded conditions, that could reduce or delay
infections [G18]; Epstein-Barr virus has been cited as
possibly being relevant [M36].

1. External low-LET exposures

260. The studies of external low-LET radiation included
in Table 19 have not always reported estimates of trend
based on dose-response analyses but have, at least in some
instances, indicated whether there were any statistically
significant trends with dose. For the Japanese atomic bomb
survivors, Preston et al. [P4] found no evidence of a dose
response, although the confidence intervals were fairly
wide owing to the small number of cases (see Table 19).
Studies of patients treated for benign gynaecological
disease [I6] and of nuclear workers [C11] also showed no
trend with dose, although based on small numbers of
deaths in the former instance and low doses in the latter.
For the other studies of external low-LET exposure listed
in Table 19, the observed number was sometimes greater
than the number expected, although not to a statistically
significant extent.

2. Internal low-LET exposures

261. There are few data that allow examining the risks of
Hodgkin’s disease specifically in relation to internal low-
LET radiation. The data that are available concern groups
with medical exposures to 131I (see Table 19). Among over
35,000 patients with diagnostic exposures, Holm et al.
[H27] reported an SIR of 1.35. This value was not
significantly different from 1 (at the 5% level), although
the SIR for all lymphomas, 1.24, was significantly raised.
However, while total cancer risk was analysed in relation
to the activity of iodine administered, no results were
reported for Hodgkin’s disease. Furthermore, doses to this
cohort were generally very small (mean bone marrow dose
= 0.19 mGy). Doses were higher in a study of Swedish
patients treated for hyperthyroidism [H23]. However, the
small number of cases observed, while consistent with
national rates, limited inferences. Furthermore, the
incidence ofHodgkin’s disease was not analysed in relation
to level of exposure [H23]. Ron et al. [R14] studied
Hodgkin’s disease mortality among hyperthyroidism
patients, mostly from the United States, in relation to
estimated bone marrow dose from 131I therapy. There was
no evidence of a trend in risk with dose, although the small
number of deaths and the generally low doses limited the
precision of the analysis [R14].
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3. Internal high-LET exposures

262. Relevant findings are summarized in Table 19. Studies
of German [V8] and Danish [A5] thorotrast patients, while
not indicating elevated risks, are based on verysmall numbers
of cases. A combined analysis of radon-exposed miners [D8]
reported an SMR for Hodgkin’s disease of 0.93 (95% CI:
0.54�1.48), but the 17 deaths were not analysed in relation to
level of exposure.

4. Summary

263. While dose-response analyses have not always been
performed in the relevant studies and the numbers of cases
have sometimes been fairlysmall, the available data do not
indicate an association between Hodgkin’s disease and
radiation, either for external or internal exposures.

O. MULTIPLE MYELOMA

264. This group of conditions consists of plasma cell
malignancies, which include Waldenstrom’s macro-
globulinaemia as well as multiple myeloma [H48]. It is
more common among men than women and is rare,
particularlyat young ages [C23]. Mortality rates have been
increasing during the past few decades in various
countries, but this increase has largely been confined to
older ages and may be due in large part to earlier
incompleteness in ascertainment [C23]. Some case-control
studies have indicated associations between myeloma and
employment in agriculture or in the food industry [B30,
B31, C24].

1. External low-LET exposures

265. Table 20 contains information on multiple myeloma
following exposure to external low-LET radiation. Of
particular note is the discrepancy between the findings for
mortality and incidence among the Japanese atomic bomb
survivors. The most recent mortality follow-up [P9], in
common with an earlier analysis of mortality in this
population [S3], showed a statistically significant associa-
tion between myeloma risk and dose. However, data on
myeloma incidence yield a much lower estimate for the
trend in risk with dose; furthermore, it is consistent with
there being no effect of dose [P4]. The authors of the
incidence report noted that the mortality findings appeared
to be heavily dependent on the inclusion of questionable
diagnoses and on both second primaries and cases above
4 Gy that were excluded from the incidence analysis [P4].
In view of the care taken to review the myeloma diagnoses
in the incidence analysis, it seems reasonable to place
greater weight on these findings.

266. Results from the other studies of external low-LET
exposure cited in Table 20 are mixed. Some, e.g. the
international studyofcervical cancer patients [B1], provide
no evidence of an elevated risk. On the other hand, Darby
et al. [D7] reported a significant elevated risk of myeloma

mortality among metropathia patients in the United
Kingdom, although there was less evidence of an association
from a similar study in the United States [I6]. The number of
myeloma deaths among ankylosing spondylitis patients in the
United Kingdom was significantly greater than that expected
from national rates but was not analysed in relation to dose
[W1]. An international study of cancer mortality among
nuclear workers found a significant association with dose
[C11], although this finding was influenced strongly by
just a few cases with doses above 0.4 Sv. In a study of
diagnostic x rays, Boice et al. [B39] found that the risk of
myeloma incidence was similar among those who had and
those who had not received x rays under two health plans;
however, there was some evidence of an increasing trend
in risk with an increasing number of x-ray procedures,
although actual dose estimates were not available.

267. It is noticeable that of the studies of external low-
LET exposures listed above and in Table 20, those that
suggest an elevated risk of myeloma tend to be studies of
mortality, in contrast to the few studies of incidence.
Indeed, in common with the atomic bomb survivors study,
the Swedish study of treatment for benign lesions of the
locomotor system indicated an elevated risk of mortality
relative to national rates, but not of incidence [D12]. It is
unclear whether these findings might be due to differential
recording of myeloma on death certificates, based on
knowledge of prior radiation exposure. However, in view
of the greater accuracy in diagnoses of incident cases of
myeloma, inferences from incidence data are likely to be
more sound.

2. Internal low-LET exposures

268. There are few data on multiple myeloma risks in
relation to internal low-LET radiation. In studies of Swedish
patients with exposure to 131I for diagnostic purposes [H27]
and as treatment for hyperthyroidism [H23], the observed
numbers of incident cases were close to those expected from
national rates. However, the risk of myeloma was not analysed
in relation to level of exposure. Indeed, the bone marrowdoses
were generallylow in the two studies (means of 0.19 mGyand
60 mGy, respectively). Ron et al. [R14] studied myeloma
mortality among hyperthyroidism patients, mostly from the
United States, in relation to estimated bone marrow dose from
131I therapy. Although the estimated trend was greater than
zero, it was not significantly different from zero (p=0.3); the
small number of cases and the generally low doses limited the
precision of the analysis [R14].

3. Internal high-LET exposures

269. Relevant findings are shown in Table 20. There is
some evidence of an excess of myeloma incidence among
Danish thorotrast patients, relative both to national rates
and to an unexposed control group [A5], although based on
only four cases. Among German thorotrast patients, van
Kaick et al. [V8] reported ten cases of plasmacytoma
among 2,326 patients, which represented a relative risk of
about 4.1 compared to a group of unexposed patients.
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Among patients in Germany treated with 224Ra, two
plasmacytomas were cited in the Spiess study [S14], and
one medullary plasmacytoma was reported in the study of
Wick et al. [W20]. In the combined analysis of radon-
exposed miners [D8], there was an indication of elevated
mortality from myeloma relative to national and regional
rates, although the difference was not significant (SMR =
1.30; 95% CI: 0.85�1.90); however, the risk of myeloma
was not analysed in relation to level of exposure. For a
subgroup of these miners, namely uranium miners in
western Bohemia, Tomášek et al. [T16] reported a statisti-
cally significant positive trend in myeloma risk with
increasing cumulative radon exposure, but based on only
three deaths. Similarly, while there was a statistically
significant excess of multiple myeloma deaths among
radium dial workers in the United States (SMR = 2.79;
95% CI: 1.02�6.08), this was based on only six deaths, and
the risk did not appear to be related to internal radium
body burden [S16].

4. Summary

270. Several mortalitystudies have indicated an increasing
trend in the risk of multiple myeloma with increasing dose
from external low-LET radiation. However, such
associations are not generally apparent in studies of
myeloma incidence, even for groups (such as the atomic
bomb survivors) where the corresponding mortality data
point towards an elevated risk. This suggests that the
classification of myeloma on death certificates may have
been conducted differentially, according to whether there
was a past radiation exposure, although it is difficult to be
certain. Given the generally better quality of diagnoses
recorded in incidence data, the findings from the atomic
bomb survivors, in particular, would suggest that there is
little evidence of an association with low-LET radiation.

271. There is limited information on internal low- and
high-LET exposures. Some studies have suggested an
elevated risk, but based on small numbers of cases.

P. LEUKAEMIA

272. Although one of the rarer cancers, leukaemia is of
particular interest because there is substantial information,
both epidemiological and experimental, on the effects of
ionizing radiation. In terms of its general epidemiology, it can
be seen from Table 1 that the variation in rates between
different populations is not as great as for most solid tumours.
In considering trends and aetiological factors, it is important
to take account of the various subtypes of leukaemia and their
different age-specific rates. Modern classifications of leukae-
mia and other lymphatic and haematopoietic malignancies
(e.g. [B32]) are based on cytogenetic and molecular principles
that do not always coincide with the International Classi-
fication of Diseases. Three main subtypes will be considered
here: acute lymphatic leukaemia (ALL), which is a leukaemia
of precursor cells of either B-cell or T-cell origin; acute
myeloid leukaemia (AML), whose lineage and subtype are

generally defined according to the FAB system [B32]; and
chronic myeloid leukaemia (CML), whose predominant
haematological feature is an elevated white cell count in the
peripheral blood and which is characterized cytogeneticallyby
the Philadelphia chromosome [L52]. Reference will also be
made to chronic lymphatic leukaemia (CLL), which has a
B-cell or a T-cell lineage [L52].

273. Most leukaemia cases in childhood are ALL, whereas
CML and CLL make up a high percentage of cases in
adulthood. In the case of childhood ALL, the most striking
and consistent trend in different countries since 1950 has been
the decline in mortality [K1], reflecting the introduction of
effective chemotherapy and cranial radiotherapy. Childhood
ALL incidence, in contrast, has been fairly constant or has
perhaps shown a small increase over the same period [D2].
Apart from ionizing radiation, risk factors for childhood ALL
includealkylatingchemotherapeuticagentsandgeneticfactors
such as Down's syndrome. Greaves [G5] suggested that the
increase in rates during this century would be consistent with
many acute lymphatic leukaemias in children being due to
delayed exposure to childhood infections. Kinlen suggested,
however, that a specific infective agent (or agents) underlies
childhood leukaemias, as is truefor several animal leukaemias
[K1].

274. For adult leukaemia, rates at ages 75�84 years have
increased in several countries since 1950 [K1]. These trends
are consistent with improvements in cancer registration and
in the detail ofdeath certification. Ionizing radiation, benzene,
and cytotoxic agents are known causes of leukaemias in
adults; there is also some evidence that cigarette smoking is a
risk factor, particularly for myeloid leukaemia [K1].

275. Information on the induction of leukaemia by the
irradiation of laboratory animals was reviewed in the
UNSCEAR 1977 and 1986 Reports [U5, U7]. A variety of
lymphatic and myeloid leukaemias have been induced in
different animals, although with differing dose-response
relationships. However, studies of myeloid leukaemia in mice
are consistent in showing a lower risk for a given total dose
when exposure to low-LET radiation is protracted rather than
acute [U3].

1. External low-LET exposures

276. Risk estimates for leukaemia are presented in Table 21.
For the Life Span Study of atomic bomb survivors, only the
leukaemia incidence results are shown, because larger
numbers are involved relative to the corresponding mortality
data [P9]and because the diagnoses of the incident cases have
been reviewed [P4]. In the review in the UNSCEAR 1994
Report [U2], it was concluded that the incidence of acute
leukaemias or of chronic myelogenous leukaemia exhibits
strong associations with exposure to external low-LET radia-
tion. In contrast, several large studies of groups with medical
exposures (e.g. [B12, C9, C10, W2]) show no association
between radiation and CLL. Although the Life Span Study of
atomic bomb survivors also fails to show an association with
CLL, the medical studies provide much stronger evidence,
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owing to the low baseline rates in Japan. Furthermore, for
leukaemia other than CLL, the temporal pattern of radiation-
induced risks differs between exposures in childhood and
adulthood, although in both instances the minimal latency
period is less than for most solid cancers. Further data on the
modifying effects of age and time have become available from
the extended mortalityfollow-up of the atomic bombsurvivors
[P9]. These data show that, whereas both the ERR and EAR
decrease soon after exposure in childhood, the decline in risk
tends to be less pronounced for exposures in adulthood.
Additional information on temporal trends comes from studies
of medical exposures in adulthood, such as therapy for cervi-
cal cancer [B12], cancer of the uterine corpus [C10] (in this
cohort, a considerable number of women were exposed at ages
over 65 years), benign gynaecological disease [I6], and anky-
losing spondylitis [W2]. The first and last of these studies
found the ERR to decrease substantially about 10 years after
exposure. However, as in the study of patients with benign
gynaecological disease, most of the evidence for this decrease
related to CML, whereas the ERR for acute leukaemia
(principally AML) was more stable with time since exposure.
These results are generally in accord with findings for CML
and AML incidence among the atomic bomb survivors [P4],
as confirmed by a parallel analysis [L47] of these data in
combination with data from the cervical cancer [B12] and
ankylosing spondylitis [W2] studies. The combined analysis
showed some evidence overall of a decrease in the ERR for
AML with increasing time since exposure, but to a lesser
extent than for CML [L47]. In connection with this, it can be
noted that acute leukaemias formed the majority of the non-
CLL leukaemias in the study of uterine corpus patients, for
whom there was no clear trend in ERR with time since
exposure [C10].

277. Interpretation of the dose-response relationships in
studies of groups exposed in adulthood to at least several gray
is complicated by the effect of cell killing at high doses. The
degree of partial-body irradiation, fractionation, and dose rate
mayalsobe relevant, while there is some suggestion (although

based on small numbers) that, for example, the joint effect on
leukaemia risk of total-body irradiation and chemotherapy
may be more than additive [C9]. Table 30 presents results
from modelling of the dose response for leukaemia (other than
CLL) in four large, well conducted studies with individual
dosimetry. These studies are based on patients treated for
cervical cancer, uterine corpus cancer, and ankylosing
spondylitis, plus the Japanese atomic bomb survivors. The
latter studyaccords with a linear-quadratic dose response over
the range 0�3 Gy, such that the risk per unit dose at low doses
is lower than at higher doses. Most of the evidence for this
non-linearity arises for AML [P4]. However, a parallel
analysis of the atomic bomb data and those from the cervical
cancer and ankylosing spondylitis studies [L47] showed that
the data for CML and ALL were also consistent with a
curvilinear dose response over doses less than 1 Gy (see
Figure III). At doses above 3�4 Gy, the risk per unit dose
subsequently decreases. This effect is seen at lower doses in
the three studies of medical irradiation listed in Table 30.
However, while it appears to be particularlystrong among the
ankylosing spondylitis patients (whose exposures were from
x rays given in fractions) and those uterine cancer patients
who received brachytherapy (radium implants) alone, it was
weaker for the cervical cancer patients, most of whom
received a mixture of brachytherapyand external radiation. In
addition, Table 30 shows that the estimated ERR at 1 Gy is
reasonablysimilar in the studies of the atomic bombsurvivors,
the ankylosing spondylitis patients, and the uterine corpus
cancer patients given brachytherapy only, but higher than the
ERR at 1 Gy for the cervical cancer patients or for the uterine
cancer patients treated with external radiation. The risk
estimates included in Table 21 from three other large studies
of medical exposures in adulthood, namely of breast cancer
patients [C9], patients treated for benign lesions in the
locomotor system (e.g. arthrosis and spondylosis) [D12], and
patients treated for benign gynaecological disease[I6], are also
variable, although they are lower than the risk estimates for
the atomic bomb survivors.

Figure III. Observed and modelled relative risk of acute myeloid, acute lymphocytic and chronic myeloid leukaemia
in a combined analysis of data for the Japanese atomic bomb survivors, women treated for cervical cancer, and

patients treated for ankylosing spondylitis [L47].
The values are specific to an attained age of 50 years, after exposure at 25 years,

and depict the dose-response at doses less than 1 Sv.
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278. Reconciling these results is not straightforward. The
differing results on the effect ofexternal irradiation and lower-
dose-rate brachytherapy make it difficult to explain the
findings solely on the basis of dose rate. The possible effect of
errors in assessing bone marrow doses should also be borne in
mind. However, onepotential explanation relates to the degree
of partial-body irradiation. Most of the marrow doses for the
cervical cancer and uterine corpus cancer patients were to the
pelvis, sacrum, and lower lumbar vertebra only. However, a
subgroup of the externally irradiated women in the uterine
corpus study who received substantial doses to the bone
marrow in both the central trunk of the body and the pelvic
marrow (as did the ankylosing spondylitis patients) had a
greater risk (relative risk = 5.5; 95% CI: 2.0�15.1) than
women with more non-uniform exposures (relative risk =
1.90; 95% CI: 1.1�3.2) (p-value for difference = 0.04) [C10].
Furthermore, the estimated ERR per Gy from the study of
Swedish patients treated for benign lesions in the locomotor
system [D12], in which exposures of the bone marrow were
highly non-uniform, appears from Table 21 to be lower than
that from the studies of more uniform exposure, although no
confidence interval for the former estimate was given.
Another important factor concerns differences between
leukaemia subtypes. In a parallel analysis of the atomic bomb
survivor, cervical cancer, and ankylosing spondylitis studies,
Little et al. [L47] showed that there were statistically
significant study-to-study differences in the model fitted to
data for all leukaemia other than CLL, but that the models
fitted to AML, ALL, and CML separately were consistent
across the studies. Therefore differences between studies in
range ofages at exposure and length of follow-up mayexplain
at least some of the variation in the observed risks.

279. Occupational studies have the potential to provide
information on how dose rate influences the risk of
leukaemia. In spite of leukaemia being one of the less
common cancers, the high ERR per unit dose and the often
shorter induction time relative to many other cancers
means that the comparison of leukaemia risks among
radiation-exposed workers with the risks in groups such as
the atomic bomb survivors may well be informative. The
UNSCEAR 1994 Report [U2] drew attention to the reports
of an association between leukaemia and radiation
exposure among workers at the Mayak facility in the
Russian Federation, some of whom received substantial
bone marrow doses from external gamma irradiation
several decades ago [K7]. It can be seen from Table 21 that
most of the evidence for an elevated leukaemia risk relates
toworkers at the radiochemical plant [K10]. Koshurnikova
et al. [K11] quoted a preliminary lifetime radiation risk
coefficient for men who started work at this plant before
1954 that was similar to that given by ICRP [I1] for
workers, although no confidence interval was given for the
former value. In interpreting these findings, it should be
borne in mind that 10% of the cohort had been lost to
follow-up as of the end of 1994, although the cause of
death is known for 97% of deaths [K32]. Also, bone
marrow doses from plutonium have yet to be calculated for
these workers, although they are likely to be lower than
those from external gamma radiation [K32].

280. In contrast to the radiation doses received by early
Mayak workers, occupational exposures received in various
countries in recent years have tended to be low. As a
consequence, studies of small groups of such workers have
tended to produce varying results, reflecting their low
statistical power to detect small increases in risk. To obtain
greater statistical precision, it is therefore necessary to
assemble as large a cohort with as long a follow-up as
possible. In Japan a cohort of nearly 115,000 nuclear
industry workers was identified [E3], but it could be
followed-up for at most five years, limiting the inferences
that could be drawn about leukaemia risks. More powerful
information was derived from an international combined
study of nuclear industry workers in Canada, the United
Kingdom, and the United States [I2, C11]. This study was
based on a cohort of over 95,000 workers with individual
dosimetry for external radiation and over 2 million person-
years of follow-up. As indicated in Table 21, the total
number of leukaemias is larger than in many of the other
studies listed but the mean dose is lower. Analysis of
mortality from leukaemia (other than CLL) showed a
statistically significant increasing trend in risk with dose.
The central estimate of risk per unit dose corresponded to
0.59 times the value estimated from the atomic bomb
survivors based on a linear dose-response model and 1.59
times the value based on a linear-quadratic model fitted to
the bomb survivor data; the corresponding 90% confidence
interval ranged from about zero up to four times the value
from the linear-quadratic bomb survivor model. The
evidence for a trend with dose was particularly strong for
CML, as has also been reported in a large study of workers
in the United Kingdom [M46, L20], some of whom were
included in the international study.

281. Several points should be noted when interpreting the
results of the international worker study [C11, I2]. First,
the statistical significance of the trend in the worker data
is based largelyon a few cases with cumulative doses above
400 mSv [S24]. Dose-response analyses restricted to lower
doses do not show a significant trend, although the
estimated trend from these analyses is compatible with that
from the full analysis [C11, C13]. However, the small total
number, nine, of estimated excess leukaemias should be
noted. Secondly, much of the evidence for a trend is based
on workers at a reprocessing plant at which there could
have been internal exposures not only to radionuclides but
also to chemicals. However, excluding workers judged to
have potentially received more than 10% of their dose from
exposure to neutrons or from intakes of radionuclides did
not affect the trend with dose. Indeed, while inspection of
the point estimates of the ERR per Sv from the various
facilities included in the study might suggest variability
[S24], the findings are statistically consistent [C13]. This
again reflects the limited statistical precision of the
individual studies. Thirdly, dosimetry is an important
consideration in a study that draws on data from different
countries and in which dosimetry practices have varied
over time. A dosimetry committee assembled for the
purposes of this study judged that the dose estimates were
generally compatible, although bone marrow doses may



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER 349

have been overestimated by about 20%, implying a slight
underestimation of the risk per unit dose [C11]. In
addition, as pointed out previously, random errors in
ascertaining doses are more likely to bias risk estimates
towards the null than away from it. To conclude, this
international study of radiation workers is valuable in
addressing the risks associated with low-dose and low-
dose-rate exposures, and additional investigations of this
type should help to reduce uncertainties further.

282. Workers who took part in the recovery operations
following the Chernobyl accident often received doses of
0.1�0.2 Gy, i.e. greater than those currentlybeing received
by many nuclear industry workers but lower than those of
the early Mayak workers. The study of recovery operation
workers from Estonia lacked statistical precision, owing to
the small cohort and limited follow-up; indeed no
leukaemia cases were identified, although one had been
expected from population rates [R20]. Further information
has been reported from studies of much larger numbers of
workers from the Russian Federation. As previously noted
in Section I.A, the interpretation of these findings depends
on the type of comparison. Ivanov et al. [I13] cited an
excess of leukaemia among these workers relative to rates
for the general Russian population; however, in a case-
control analysis based on comparisons among recovery
operation workers, no significant correlations with dose or
other aspects of their work were found [I14] (see Table 21).
This difference is likely to be due to differences in
methodology; in particular, to a probable bias in the cohort
study [B27].

283. The study of natural background radiation in the
Yangjiang area of China did not show a statistically signi-
ficant association with leukaemia over all ages [T25, T26]
(see Table 21). A subgroup analysis based on an earlier
follow-up suggested an excess of leukaemias in the first
year of life, but based on very small numbers (three
observed compared with 0.4 expected from population
rates) and on mortality rather than incidence data [A11].
A small study in Italy found no positive association
between adult myeloid leukaemia and levels of background
gamma radiation measured in homes, in contrast to earlier
suggestions of such an association based on geological
inferences of the natural radiation dose levels [F7].

284. Information on the incidence of leukaemia among
people living near the Techa River was considered in the
UNSCEAR 1994 Report [U2]. Both external and internal
exposures were received by these individuals. As indicated
previously, these investigations are potentially important
sources of risk estimates, particularly for leukaemia.
Emigration from this area, the possiblyconfounding effects
of toxic chemicals around the Techa River, and the
reconstruction of individual doses are issues pertinent to
realizing this potential. Kossenko et al. [K5] noted that the
fraction of the total number of deaths due to leukaemia in
the Techa River cohort is slightly higher than the
corresponding fraction in the Life Span Study. While this
result may reflect differences between the cohorts in the

level and type of exposure, the inclusion in the former cohort
of leukaemias identified from a wide range of sources may
also have influenced the finding [K5]. Studies relating to
contamination as a result of the Chernobyl accident are
addressed in the Section on internal exposures, although
again, both internal and external exposures were received. In
contrast, doses to persons exposed to nuclear weapons test
fallout in southwestern Utah in the United States were mainly
from external radiation. The study of this group, which was
discussed in the UNSCEAR 1994 Report [U2], found an
association between bone marrow doses from fallout and
leukaemia mortality [S17]. This association was restricted
primarily to acute leukaemia before the age of 20 years
following the period of highest exposure, although the
indication of a similar level of risk for CLL in adults may
suggest caution in interpreting these findings.

285. Findings from another study at low doses were reported
by Boice et al. [B39], who undertook a case-control study of
diagnostic x-ray procedures. Relative to persons for whom no
such procedures were recorded within two health plans, the
relative risk of leukaemia (other than CLL) associated with
diagnostic x rays was 1.42 (95% CI: 0.9�2.2), based on a two-
year lag. There was no significant trend in risk with the
number of procedures, although individual estimates of organ
doses were not available [B39].

286. Information on the risks of leukaemia and other cancers
from irradiation in utero was summarized in the UNSCEAR
1994 Report [U2]. The topic is considered in more detail in
Annex G, “Biological effects at lowradiation doses”. Briefly,
various case-control studies of childhood cancer, including
leukaemia, have shown elevated relative risks associated with
obstetric x-ray examinations of pregnant women of the order
of 1.4�1.5 [D17]. Although the relative risk from the Oxford
Survey of Childhood Cancers in the United Kingdom, in
particular, has high statistical precision, concerns have been
raised, most recently by Boice and Miller [B41], about the
possibilityofbias and confounding. Several of these points, for
example, the apparent disparity between the findings of case-
control and cohort studies and the similarity of the relative
risks for leukaemia and other cancers, have been considered
by Doll and Wakeford [D17]. With respect to these specific
points, Doll and Wakeford cited problems with some of the
cohort obstetric x-raystudies, and noted that the cells that give
rise to most childhood cancers other than leukaemia persist
and are capable of dividing for only a short time, if at all, after
birth [D17]. The doses received in the studies of obstetric
x rays are somewhat uncertain, but the mean values are likely
to have been 10�20 mGy. It is notable that studies of
childhood leukaemia following another type of obstetric
examination, namely ultrasound, have not shown elevated
risks; for example, a recent national case-control study in
Sweden using prospectively assembled data on prenatal
exposure toultrasound reported relative risks close to 1 [N16].
The other main source of information on leukaemia following
in utero irradiation comes from atomic bomb survivors
exposed in utero. Delongchamp et al. [D14] have reported
some evidence of elevated leukaemia mortality in this group
relative to controls in the period from October 1950 to May
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1992, although based on only two deaths. No additional
leukaemia cases were reported in an earlier analysis of cancer
incidence [Y1]. In contrast to survivors exposed in childhood,
there was no increasing trend in leukaemia risk with dose
among the in utero-exposed survivors, owing to the absence
ofdeaths at high doses [D14]. Indeed there were no leukaemia
deaths at ages less than 15 years among those exposed in
utero. However, the low statistical precision associated with
the small numbers in this group should be noted. Overall, the
available evidence points to an elevated leukaemia risk from
in utero irradiation, although there is uncertainty over its
magnitude.

287. Some studies of childhood leukaemia in relation to
paternal preconception irradiation were also mentioned in the
UNSCEAR 1994 Report [U2]. Although a case-control study
in West Cumbria in the United Kingdom [G7] suggested an
association between paternal preconception irradiation and
leukaemia in the offspring of workers at the Sellafield plant,
this finding was specific to workers in the village of Seascale
near Sellafield and was not seen among the offspring of other
Sellafield workers with similar preconception doses [H6].
Furthermore, thepaternal preconception irradiation result was
not replicated in subsequent studies of the children of
radiation workers in Scotland [K2] or Canada [M16], and no
leukaemia excess has been observed among offspring of the
atomic bomb survivors [Y2]. A large study found an elevated
risk of leukaemia in the children of nearly 120,000 male
radiation workers in the United Kingdom compared with
other children (relative risk = 1.83; 95% CI: 1.11�3.04);
however, no association was found between leukaemia risk
and levels of paternal preconception irradiation [D24]. In a
study based on a cohort of nearly 40,000 children of male
nuclear industry employees in the United Kingdom, which
included workers in the just-mentioned study [D24], the
incidence of cancer was found to be similar to national rates
[R29]. In this instance, the only suggestion of an elevated risk
was based on three cases with total preconception doses of at
least 100 mSv [R29], two of which had already been reported
in the study in West Cumbria [G7]. In reviews of this topic,
Little et al. [L18] and Doll et al. [D10] concluded that the
inconsistencynot onlywith the other epidemiological data but
also with experimental data makes it highly unlikely that the
association observed at Seascale represents a causal relation-
ship.

2. Internal low-LET exposures

288. A study of leukaemia incidence among nearly 47,000
patients in Sweden given 131I for thyroid cancer,
hyperthyroidism, or diagnostic purposes [H12], mostly in
adulthood, was considered in detail in the UNSCEAR 1994
Report [U2] (see Table 21). Although there was no evidence
of an association between bone marrow dose and leukaemia
in this study, this may reflect a lack of statistical power
associated with the generally low doses (mean 14 mGy). Ron
et al. [R14] studied leukaemia mortality among
hyperthyroidism patients, mostly from the United States, in
relation to estimated bone marrow dose from 131I therapy.
There was no evidence of a trend in risk with dose, either for

leukaemia excluding CLL (see Table 21) or CLL alone,
although the generally low doses (mean of 42 mGy) limited
the precision of this analysis [R14]. Statistical precision was
even more of a concern in a study of thyroid cancer patients
in France [D18], for which, even though the mean bone
marrow dose was similar in magnitude (34 mGy), the cohort
of 1,771 patients was much smaller than in the
aforementioned studies. Although no leukaemias were
observed in the French study, the number expected from
national rates was only 1.28 [D18].

289. The European Childhood Leukaemia-Lymphoma
Incidence Study (ECLIS), set up to monitor trends in rates
following the Chernobyl accident, has examined data up to
the end of 1991 from 36 cancer registries in 23 countries,
including Belarus and parts of the Russian Federation [P12].
This is a geographical correlation study, in which doses and
risks have been assessed for geographical areas rather than on
an individual basis. As pointed out earlier, this approach may
give rise to methodological problems and is not suitable for
deriving risk estimates, although it does permit a general
description of disease rates. The latest report from ECLIS
found an overall increase in age-standardized rates of
childhood leukaemias during 1980�1986, which continued at
about the same rate during 1987�1991 [P12]. No correlation
was found with the geographical distribution of effective dose
due to fallout from the accident, based on values published in
the UNSCEAR 1988 Report [U4]. In view of the very low
bone marrow doses received in most of the areas studied
(generally less than 1 mSv), this finding is not surprising.
Indeed, to have any hope of detecting very small elevated
risks, large studies such as this are required. In contrast,
smaller studies often give variable results. For example,
Petridou et al. [P15] reported an elevated risk of infant
leukaemia in Greece among those in utero at the time of or
soon after the Chernobyl accident. However, not onlywas this
finding based on a subgroup analysis involving only 12 cases
diagnosed in the first year of life, but it is inconsistent with the
results of obstetric x-ray studies [U2]. Other small studies,
such as those in Finland [A6], Sweden [H22], and Romania
[D26], have not shown an association between childhood
leukaemia and Chernobyl fallout. In Germany, Michaelis et
al. [M30] reported an increased risk of infant leukaemia
among those in utero at or soon after the time of the accident
relative to those born at other times. However, this increase
was, if anything, highest in those regions with the lowest
levels of contamination, and the authors concluded that in
utero exposure was not a cause of the elevated risk [M30,
S53]. A study in Belarus [I22] has shown that the relative risk
for infant leukaemia, while it is greater than 1, is not elevated
to a statistically significant extent and is lower than the
corresponding values from the studies in Germany[M30] and
Greece [P15]. The issue of infant leukaemia following the
Chernobyl accident is being examined further using the much
larger ECLIS database [P25].

290. While much of the dose to those in western Europe
from the Chernobyl accident arose from external exposures,
internal exposures may have been more important closer to
Chernobyl. Ivanov et al. [I5] reported similar rates of acute
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leukaemia among children in areas of Belarus with varying
levels of radionuclide contamination. Furthermore, in an
analysis of aggregated data from contaminated areas of
Belarus, the Russian Federation, and Ukraine, Prisyazhniuk
et al. [P16] showed that while age-adjusted leukaemia rates
rose from 1980 to 1994, this trend appeared to be similar for
the periods before and after the Chernobyl accident; also, rates
were similar in areas with different levels of contamination.

291. There has been interest in recent years in reports of
cancer clusters in the vicinityof nuclear installations. Manyof
these reports were considered in the UNSCEAR 1994 report
[U2] (see also [M34]). In the United Kingdom, excesses of
childhood leukaemia have been reported around some nuclear
sites, in particular, the Sellafield [C28] and Dounreay [C29]
reprocessing plants. However, environmental assessments
suggest that these findings are unlikely to be attributable to
radioactive release from the sites. Indeed, while exposures
associated with these sites often comprise a mixture of
external and internal low-LET and internal high-LET
exposures, theyhave been assessed to be generally less in total
than exposures from natural radiation [C28, C29]. Elsewhere,
studies in, for example, the United States [J1], Canada [M35],
France [H40], western Germany[K25], and Japan [I15], have
tended not to show excesses of cancer around nuclear
installations, specifically of childhood cancer and/or
leukaemia in some instances. Some exceptions have been
reported; for example, Wing et al [W14] cited an excess of
leukaemia around the Three Mile Island nuclear power plant
in the United States. However, as indicated earlier in relation
to lung cancer, Hatch et al. [H37, H38] interpreted their
original analysis of these data as not providing convincing
evidence of an association with the very low doses resulting
from radiation emissions from the plant.

292. It should be borne in mind that inferences from studies
around nuclear installations are limited by their geographical
nature, the very small doses involved, and, as around some of
the United Kingdom sites, for example, the relatively small
numbers of cases. There are also difficulties in interpretation
with the differing analyses performed; for example, with
respect to age (0�4, 0�14, or 0�24 years), diagnostic category
(leukaemia, leukaemia and NHL, all cancers), time period,
and proximity to the installation. When many different
analyses are performed, it would not be surprising to obtain a
statistically significant finding, i.e. one that would arise 1 in
20 times by chance alone. The unavailability of data can also
present a problem; for example, the ascertainment of
childhood leukaemias may be incomplete owing to a lack of
national incidence data [H40], or small-area data may not be
available, e.g. as in parts of the United States studied by
Jablon et al. [J1]. Some of these problems can be addressed
through case-control or cohort studies, which collect data at
the individual level. As mentioned earlier, the case-control
approach has been valuable in addressing the issue of paternal
preconception irradiation [D24]. However, difficultiescan still
arise in this type of study. For example, Pobel and Viel [P7]
suggested an association between childhood leukaemia and
the use of beaches around the La Hague reprocessing plant in
France. However, this result was dependent on a small

number of cases, relied on the recall of habits stretching back
several decades, and involved multiple comparisons [C30,
L38]. Furthermore, no such association was found around the
Sellafield plant in the United Kingdom [G7].

3. Internal high-LET exposures

293. It has been suggested that uptake of radon by fat cells
in the bone marrow might lead to irradiation of the
haematopoietic stem cells [R10], and there have been some
indications from geographical correlation studies, based on
large-area data, of an association between radon exposure
in dwellings and leukaemia [H14]. However, this sug-
gestion has not been replicated in geographical studies
using small-area data and more refined analyses [M13,
R6]. More weight might be given to a large case-control
study in the United States by Lubin et al. [L34] that
collected data on an individual rather than a geographical
basis (see Table 4 for details). No evidence was found of an
association between acute lymphoblastic leukaemia in
childhood and individual assessments of indoor radon
exposure. In particular, for time-weighted average radon
concentrations in excess of 148 Bq m�3, the relative risk
compared with concentrations of less than 37 Bq m�3 was
1.02 (95% CI: 0.5�2.0) based on matched case-control
pairs [L34]. A study of childhood acute myeloid leukaemia
in the United States [S52] and smaller studies of childhood
cancers in Germany [K38] and of acute myeloid leukaemia
in Italy [F7], all of which involved measurements of radon
in homes, also did not show associations with leukaemia
risks overall.

294. To test for anyassociation between radon and the risk
of cancers other than lung cancer in a studywith individual
dosimetry, Darby et al. [D8] performed a collaborative
analysis of data from 11 cohorts of underground miners.
Further details of the component cohorts are given in
Table 4, and Table 21 contains some results for leukaemia.
The combined cohort was very large (over 64,000 men)
with over 1 million person-years of follow-up. There was
an excess in mortality from leukaemia of all types relative
to national or regional rates within 10 years of first
employment (SMR = 1.93; 95% CI: 1.19�2.95, based on
21 deaths). However, restricting the analysis to the period
when the 8th and 9th revisions of the International
Classifications of Diseases were in operation, so that
leukaemia subtypes could be distinguished, there was no
evidence of an elevated level of leukaemia other than CLL
(SMR = 1.28; 95% CI: 0.51�2.64, based on seven deaths).
The leukaemia subtype with the highest SMR was acute
myeloid leukaemia (SMR = 2.42; 95% CI: 0.51�2.64),
although based on only three deaths. Perhaps of greater
interest than SMRs were analyses in relation to cumulative
radon exposure which, although based on small numbers,
showed no trend in the risk of all leukaemia, leukaemia
excluding CLL, or AML. More than 10 years after first
employment, there was no indication of an elevated SMR,
either for all leukaemias or specific subtypes. The possibly
elevated SMR in the earlier period may well be due to
chance, since agents encountered in mines, such as diesel
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fumes and arsenic, are thought not to be leukaemogens,
and the levels of gamma radiation in mines, although not
always known, are likely to be too low to explain this result
[D8]. The study therefore provides evidence that high
concentrations of radon in air do not cause a material risk
of leukaemia mortality.

295. An elevated level of leukaemia, in particular, myeloid
leukaemia, was reported in studies of thorotrast patients in
Germany [V8], Denmark [A4, A5], Portugal [D31], and
Japan [M14]. Results from these studies are summarized in
Table 21. Andersson et al. [A4] showed that the risk of
AML and myelodysplastic syndrome increased in relation
to cumulative dose, having taken account not only of the
amount injected but also the time since injection. There
was also a suggestion of a cell-killing effect at high doses,
although this was not statistically significant. Based on a
mean bone marrow dose of 1.3 Gy (high-LET), Andersson
et al. derived a risk estimate for these diseases of 1.7
10�2 Gy�1. While this suggests that the RBE of alpha
radiation relative to low-LET radiation may be lower than
the value of 20 recommended by ICRP [I1], it should be
noted that the latter value was chosen to apply at low
doses, rather than that at the high doses in this study.
Furthermore, there are uncertainties in the risk estimate
derived by Andersson et al. [A4] owing to the relatively
small number of cases and imprecision in the estimation of
individual doses. Hunacek and Kathren [H33] compared
published risk coefficients with values determined from
dose rates based on post-mortem radiochemical analysis of
tissues from a thorotrast patient. Using results from
thorotrast studies in Germany, Japan, and Portugal (but not
Denmark), theyobtained a leukaemia risk coefficient of3.2
10�2 Gy�1 [H33], which is somewhat higher than that
calculated by Andersson et al. [A4]. However, the former
value is likely to be incorrect, owing to an error in
calculating bone marrow dose rates based on data for the
total skeleton. Furthermore, new dose calculations indicate
that the bone marrow dose had been previously
underestimated and that the risk per unit dose had been
overestimated [I25].

296. There is some evidence for an excess of leukaemia
among patients injected with 224Ra [N4, W20], with one of
these studies [W20] indicating an excess more than 30 years
after the first injection of 224Ra. However, inferences are
restricted by the generally small number of cases and the
absence of dose-response analyses. Among radium dial
workers in the United States, the number of leukaemias
observed was close to that expected in the general population
[S7]. Although it has been suggested that the cases among
pre-1930 dial painters arose early [S54], the small numbers in
both this analysis and an analysis by bone marrow dose [S7]
limit the interpretability of these data.

297. No leukaemias have been observed in the offspring of
Danish thorotrast patients [A13]. Although this study was

based on a small cohort, its statistical power was enhanced
by the high doses to the testes from alpha radiation (mean
dose = 0.94 Sv).

4. Summary

298. There is a substantial amount of information on the
risks of leukaemia from radiation exposure. This reflects
the high relative increase in risk compared with other
cancer types and the temporal pattern in risk, with many of
the excess leukaemias occurring within about the first two
decades following exposure, particularly among those
irradiated at young ages. There are some differences
between the Life Span Study of atomic bomb survivors and
some large studies of medically exposed groups in
estimates of both the magnitude of the radiation risk and
the shape of the dose response for external low-LET
exposure. These findings may reflect differences between
studies in the uniformity of exposure to the bone marrow
and in the degree of fractionation and protraction of
exposure, as well as differences in the pattern of risk
between leukaemia subtypes. There is clear evidence of
non-linearity in the dose response for leukaemia, which has
a slope that decreases at lower doses.

299. A large international study of radiation workers
suggested an elevated leukaemia risk, although the results
were compatible with a range of values. Case-control
studies of prenatal x rays indicate an increased risk of
leukaemia in childhood due to in utero irradiation,
although the absence of a dose-related increase in the
sparse corresponding data for atomic bomb survivors adds
uncertainty to the magnitude of the risk. Epidemiological
evidence does not suggest that irradiation prior to
conception gives rise to a material risk of childhood
leukaemia.

300. The data available on internal exposures to low-LET
radiation do not indicate elevated risks of leukaemia; this
may well reflect the low statistical precision associated
with generally small doses. There is no convincing
evidence of an increased risk of leukaemia due to
environmental exposures associated with the Chernobyl
accident, although investigations are continuing. Excesses
of childhood leukaemia have been reported around some
nuclear installations in the United Kingdom, but generally
not in other countries; these excesses are based on small
numbers of cases and have not been explained on the basis
of radioactive releases from the installations. Dose-related
increases in leukaemia risk have been seen among patients
with large exposures to high-LET radiation arising from
injections of thorotrast, a diagnostic x-ray contrast
medium. There is less evidence for elevated risks among
patients injected with 224Ra and little or no evidence for
increased risks among radium dial workers or from studies
with individual assessments of radon exposure, either in
mines or in homes.
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IV. LIFETIME RISK FOR TOTAL CANCER

301. In Chapter III the focus was on risks for specific cancer
sites. The aim in this Chapter is to develop risk estimates for
total cancer, in line with previous assessments of the
Committee, most recently in the UNSCEAR 1994 Report
[U2]. Many of the issues associated with producing such
estimates were discussed in Chapters I and II. However, some
of them are summarized here, together with points that are
germane to total cancer risks.

302. The estimation of total cancer risks is in some ways
easier than the estimation of risks for specific cancer sites.
The most notable difference is the larger number of cancers
available from epidemiological studies of all cancers. This
means that the statistical precision of estimates based on
such data should be greater than the precision for specific
cancers. On the other hand, heterogeneity in risks between
cancer types may counterbalance this. Indeed, “cancer” is
a multitude of different diseases with different aetiologies.

303. As an example of an analysis based on a collection of
cancer types, Figure IV shows estimates of the ERR per Sv for
various types of solid cancer in survivors of the atomic
bombings based on the most recent mortalitydata [P9]. These
values have been adjusted for age at exposure and gender.
Pierce et al. [P9] noted that the variation in the ERR per Sv
between cancer sites is not statistically significant. However,
they cautioned that this should not be taken as substantial
evidence that the ERR per Sv is the same for all sites, given
the differences in aetiology for different cancer types.
Furthermore, the ERR is only one scale of representation, and
the EAR per Sv should also be considered. However, because
the baseline rates vary for different types of solid cancer, the
EAR per Sv is likely to vary much more widely between
cancer types than the ERR per Sv.

304. The increased statistical precision associated with an
analysis of all solid cancers assists in the development of risk
models. In particular, it maybe possible to detect variations in
risk with factors such as age, time, and gender that are not
apparent in data for specific cancer sites. For example,
Figure V summarizes models fitted to data on mortality from
all solid cancers for the Japanese atomic bomb survivors [P9].
This indicates variations in the ERR per Sv and EAR per Sv
with gender, age at exposure, and attained age that maynot be
evident in analyses for specific cancers. However, it should be
recognized that such models might be affected by differences
between cancer types in the pattern of risk. On the other hand,
as previously mentioned in Section I.E, analyses conducted
separately for various cancer sites may yield differences in
trends in risk with, for example, age and/or time, simply as a
consequence of chance variations. One possibility, suggested
by Pierce and Preston [P6], is to analyse data for various
cancer sites, or groupings thereof, in parallel. This may allow
the development of models for which the level of the relative
risk, for example, differs between cancer types but under
which the variation with factors such as age and time is the
same across cancer types.

Figure IV. Excess relative risk (and 90% CI) for
mortality from specific solid cancers and all solid
cancers together (horizontal line) in survivors of the
atomic bombings, standardized for females exposed at
age 30 years [P9].

305. Related to the above considerations is the issue of
whether one or more data sets should be used to estimate
total cancer risks. Artefactual differences might arise if
different data sets are used for different cancer types.
However, this should be balanced against the quantity of
data for a particular cancer type that is available from a
given study. Indeed, some studies, such as case-control
studies, have focused on only one or a few cancer sites and
therefore cannot be used by themselves to estimate total
cancer risks.

A. EXPRESSIONS OF LIFETIME RISK

306. There is some confusion in discussions and
presentations of lifetime risks associated with radiation
exposure. To simplify matters, the following discussion is
restricted to mortality, and it is assumed that there are two
causes of death: “cancer” and “non-cancer”. However, the
discussion can be generalized to deal with incident cases
and multiple causes, any number of which may be affected
by exposure.

307. The obvious definition of a lifetime risk is simply the
difference between the proportion of people dying ofcancer
in an exposed population and the corresponding proportion
in a similar population with no radiation exposure. This
difference is called the excess lifetime risk (ELR). Formal
mathematical expressions for the ELR and related
quantities are given by Thomas et al. [T18].



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER354

308. While the ELR is of some value, it provides an
incomplete summary of the effect of exposure on a
population. This can be seen most clearly by considering
death from any cause as the outcome of interest. In this
case the ELR must be zero, since all people will eventually
die of something, even if radiation changes the risk of
death. However, the ELR is also misleading for cause-
specific mortality. If exposure has the same relative impact
on death rates for all causes, then cause-specific ELR
estimates will be zero. In contrast, suppose that radiation
increases the risk of death for cancer by some fraction but
also increases the risk of death from non-cancer causes by
a smaller amount. In this instance, the ELR for cancer
deaths will be positive, while that for non-cancer deaths
will be negative, even though radiation exposure increased
non-cancer death rates.

309. One way to address problems with the ELR is to
consider how exposed and unexposed populations differ
with respect to the expected age at death for all causes
or for specific causes of death. However, average life
expectancies (or more comprehensive summaries of the
distribution of ages at death) are difficult to interpret
without a clear understanding of the general pattern of
death rates in a population. In particular, what might be
considered fairly large increases in death rates are
associated with rather small changes in life expectancy.
For example, based on death rates in the United States
for 1985, a 50% increase in all-cause mortality for 20-
years old would reduce their life expectancies by about
three years. As another illustration of the problem with
changes in life expectancy, consider a situation in which
an exposure reduces life expectancy from 75 to 25 years
for 1% of the population, for example, as a consequence
of leukaemia following an exposure of 1 Gy. In this
instance, the average life expectancy for the population
would be reduced by 6 months. In general, changes in
life expectancy are not a particularly useful summary of
the exposure effects. To be useful, loss of life expectancy
(LLE) should be related to some measure of the number
of people whose life expectancy was affected by the
exposure.

310. A useful alternative to the ELR can be developed by
considering the (cause-specific) death rate defined by the
difference in death rates for exposed and unexposed
populations as an additional cause of death that has been
introduced into a population. Technically this difference is
not a rate function, since it would assume a negative value
if exposure had a protective effect. However, by treating the
difference as a rate, one can compute the fraction of deaths
attributable to this “new” cause of death or the probability
that an individual will die from a cancer associated with
the exposure. This quantity has been described in [U2,
T18] as the risk of exposure-induced death (REID). In
contrast to the ELR, the REID is positive if exposure
increases death rates and negative if exposure decreases
death rates. Furthermore, cause-specific values of the REID
are zero for any cause for which the rates are not affected
by exposure.

311. The values called excess deaths in recent analyses of
the atomic bomb survivor data (e.g. [P9]) are closely
related to the REID. In particular, the Life Span Study
excess deaths are the sum of REID estimates over the
follow-up period, having allowed for gender, age at
exposure, and dose, with population background rates
determined by the experience of the cohort. The REID
estimates presented later in this Chapter are computed
using background rates from populations other than the
Life Span Study, and they estimate the number of excess
deaths for lifetime follow-up after exposure.

312. As in the UNSCEAR 1994 Report [U2] and recent Life
Span Study reports, the quantity LLE divided by the REID,
which can be thought of as the change in life expectancy per
attributable case, provides a helpful summaryof the impact of
exposure on life expectancy. In the example given earlier, in
which 1% of the population is affected, the change in life
expectancy per attributable case is 50 years (i.e. 0.5 years/
0.01), which is in line with expectations.

313. Mortality computations are, in principle, relatively
straightforward; further details were given in the UNSCEAR
1994 Report [U2]. Gender-specific, age-dependent baseline
total- and cause-specific death rates for the populations of
interest are used to define the baseline survival probability
function. For a given age at exposure, gender-specific excess
rates for causes affected by radiation are added to the
appropriate cause-specific baseline rates to give the cause-
specific and total rates for the (hypothetical) exposed
population. Conditional on age at exposure, these adjusted
total rates define the age-specific survival probability in the
exposed population. The risk measures of interest, namely, the
ELR, REID and LLE, can be computed from these conditional
survival probabilities and cause-specific disease rates.

314. For lifetime incidence computations, the gender- and
age-specific survival probabilities for the unexposed
populations are replaced by cancer-free survival probabilities.
These functions are computed from gender- and age-specific
rate functions defined as the sum of the total non-cancer death
rate and the total cancer incidence rate. The total non-cancer
death rate is defined as the difference between the total death
rate and the total cancer death rate.

B. METHODS AND ASSUMPTIONS
OF CALCULATIONS

315. The results presented here are derived from cause-
specific attributable risks and the loss of life expectancy per
attributable case in five populations: China, Japan, Puerto
Rico, the United States, and the United Kingdom. Lifetime
mortality risks are computed for the following cancers:
oesophagus, stomach, colon, lung, liver, female breast,
bladder, other solid cancers, and leukaemia, as well as all
other (non-cancer) causes. For incidence, radiation effects on
the risk of thyroid cancer are also considered. In the
computations presented here, it is assumed that all organs
receive the same dose. If exposure is limited to a single organ,
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risks for that organ would be only slightly larger than the
organ-specific risks discussed below. Even in a whole-body
exposure it will be the case that different organs receive
different doses; however, the differences in dose-specific risks
between those from the joint computa-tion and those from a
computation based on the actual doses to each organ will not
be large. For example, in a situation in which the breast
receives a dose of 1 Gy and the stomach a dose of 0.8 Gy,
estimates of the breast cancer risk following a whole-body
1 Gy exposure and of the stomach cancer risk following a
0.8 Gy whole-body exposure will be good approximations to
the actual organ-specific risks.

316. Risk estimates for mortality are also given for Chinese
and Puerto Rican populations. These estimates make use of
life-table and death-rate information given by Land and
Sinclair [L12]. In these instances, the computations were
carried out in terms of three “causes”: non-cancer deaths, non-
leukaemia cancer deaths, and leukaemia deaths.

317. Primary results are given for uniform whole-body
exposures of 0.1 and 1 Gy for men and women exposed at 10,
30, or 50 years of age. These results depend on the following
factors, each of which are discussed briefly below:

(a) the exposed population for which risk estimates are
developed, and the models used to describe the excess
risks in this population;

(b) the models used to describe risks at low doses;
(c) the method used to extend the excess risk models

beyond the period of observation for the population
from which these models were developed;

(d) the cause-specific mortality (or incidence) rates and
the age structure of the populations to which the rates
are applied;

(e) the methods used to transport excess risks based on
models for one population to another population; and

(f) the method used to allow for fractionation or dose-
rate effects.

1. Risk models

318. As in the UNSCEAR 1994 Report [U2], the risk
estimates derived in this Section are based on recent data on
the experience of the atomic bomb survivors. The data from
Life Span StudyReport 12 [P9], which covers the period from
1950 through 1990, were used for the estimation of cause-
specific mortality risks for solid cancers. Solid cancer
incidence risk estimates are based on linking the Life Span
Study survivor cohort and the Hiroshima and Nagasaki
tumour registry data [M2] for 1958 through 1987 [T1]. The
cause-specific solid cancer mortality and incidence rate
models used here were developed specifically for these
computations. The method used to estimate risks at low doses
is discussed in detail below.

319. Radiation effects are often described by models for
cause-specific death rates or hazard functions. The hazard
at age a is defined formally in terms of the ratio of the
probability of dying from the cause in a short interval (a,

a+l) to the length of the interval (l), given that one is alive
at a. The hazard function in the absence of radiation exposure
will be called the baseline hazard. It is reasonable to allow the
baseline hazard, denoted as h0(a,s,p), to depend on gender (s)
and calendar time period (p) in addition to age. One way to
describe the effect of a radiation exposure is to consider the
difference between the hazard function in the exposed
population and the baseline hazard for this population. This
difference is the excess absolute risk (EAR). The ratio of the
EAR to the baseline hazard is the excess relative risk (ERR).

Figure V. ERR and EAR for solid cancer mortality
among survivors of the atomic bombings in Japan
[P9]. The lines show the patterns of risk in the data.

320. The leukaemia EAR model developed by Preston et
al. [P4] was used to describe the effect of radiation on
leukaemia risks in both the mortality and incidence
computations. To allow for excess leukaemia risks during
the first few years after exposure (about which the Life
Span Study data provide no direct evidence), it is assumed
that excess rates for the first five years are half of those
seen five years after exposure.

321. Two types of ERR models were developed for solid
cancers. These models are similar to those considered by
Pierce et al. [P9] (see Figure V). In the first model, the
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h LSS
d (a,s,e,�) � h LSS

0 (�) [1�β θsd exp(γe)]

h LSS
d (a,s,e,�) � h LSS

0 (�)[1�β θs da k]

ERR depends on gender and age at exposure. For this age-
at-exposure model, the cause-specific hazard rate has the
form

322. In the model presented here, the baseline hazard, i.e.
the hazard in the absence of radiation exposure, denoted
here by h0(a,s,p), depends on age (a), gender (s), and
calendar period (p). The dose-response slope is allowed to
depend on gender and, for non-gender-specific cancers, is
described in terms of the product of the slope for males
(βM) times a gender ratio parameter (θF:M). Unless there was
evidence of a significant lack of fit, the gender ratio and
age-at-exposure (e) effects were assumed to be equal to
those for all solid cancers as a whole. Lack of fit was
defined as a deviance change [M38] of more than 4 for a
single parameter or more than 6 for both parameters.

323. Under the second solid cancer risk model, the ERR
depends on gender and attained age (i.e. age at death or
cancer incidence, denoted by a) but not on age at exposure.
For this attained-age model, the cause-specific hazard rate
has the form

in which the temporal variation in the ERR is modelled as
a power function of attained age. As with the age-at-
exposure model, the gender ratio and attained-age effects
were taken to be equal to those for all solid cancers as a
group unless there was evidence of a significant lack of fit.

324. The site-specific solid cancer ERR parameters for the
mortality and incidence models are summarized in Table 31.
For each site of interest and each model, the Table presents
the gender-specific ERR per Gy estimates, together with the
gender ratio (female:male) and the age-at-exposure and
attained-age effects. The age-at-exposure effect is given as the
percentage change in risk associated with a 10-year increase
in age at exposure. The attained-age effect is the power of age.
For the age-at-exposure model, the gender-specific estimates
of ERR per Gy are for a person exposed at age 30 years. For
the attained-age model, they are the ERR per Gyestimates for
a person at attained age 50 years.

2. Low-dose response

325. The issue of cancer risks at low doses is discussed in
detail in Annex G, “Biological effects at low radiation
doses”. Among the points covered there are the minimum
doses at which statistically significant elevated risks have
been detected in epidemiological studies. As mentioned
earlier in this Annex, the minimum doses for detectable
effects depend on the statistical precision of the relevant
study and can also be influenced by any potential bias in
the study. While statistically powerful studies can allow
effects to be detected at lower doses than small studies,

there will be some small doses at which it will not be
possible to detect an elevated risk. It is difficult to specify
values at which no study will be able to identify an effect,
given that, for example, further follow-up of groups such
as the Japanese atomic bomb survivors will continue to
increase in statistical power and so aid the future
investigation of low-dose risks. However, the results cited
in Annex G, “Biological effects at low radiation doses”,
give some idea about minimum doses at which elevated
risks can be seen at present.

326. Pierce et al. [P9] reported a statistically significant
increasing trend in mortality risks in the 0�50 mSv range for
all solid cancers combined among the Japanese atomic bomb
survivors, based on follow-up to 1990. However, they also
noted that the interpretation of this finding is not
straightforward, since it reflects an increasing risk per unit
dose in the low dose range not seen for cancer incidence in
the survivors [T1]. Observed cancer death rates are increased
byabout 5% for survivors with doses in the 20�50 mSv range,
which is larger than the roughly 2% increase predicted at
these doses by linear models fitted to the full dose range.
Pierce et al. [P9] suggested that this difference might be due
to differential misclassification of cause of death, i.e. a slight
bias towards recording cancer rather than other causes on the
death certificate for atomic bomb survivors who are known to
have been relatively close to the hypocentre. This illustrates
how potential biases, while small in absolute terms, can affect
the interpretation of low-dose risks. Dose-response relation-
ships for the atomic bomb survivors are discussed further
below.

327. Several authors [C35, L40] have raised questions on
the statistical support for the low-dose findings in [P9].
However, as indicated by Pierce et al. [P28, P36], the
statistical result at low doses is quite robust, although as
noted earlier, the relatively small effects in this dose range
mean that small biases could distort the inferences about
the low-dose response function.

328. Annex G, “Biological effects at low radiation doses”,
refers to some other studies that provide information on
minimum doses for detectable effects. It should be noted that
it may be easier to detect elevated risks for particular types of
cancer or in specific age-at-exposure groups for which, owing
to low background rates, small absolute increases in rates may
lead to large relative risks. For example, in a combined
analysis of data from seven studies of thyroid cancer after
external radiation exposure, Ron et al. [R4] found that a linear
dose response provided a good fit to the data on childhood
exposure, not onlyat high doses but also down to 0.1 Gy(low-
LET). Annex J, “Exposures and effects of the Chernobyl
accident”, also reviews studies of childhood cancer following
irradiation in utero (see also Sections III.K and III.P of this
Annex). The Oxford Study of Childhood Cancers shows
elevated risks of childhood cancer following prenatal x-ray
exposures with a mean dose of 10�20 mGy [D17]; however,
concerns have been raised [M31] about the interpretation of
this result and the consistency with the findings for the in-
utero-exposed atomic bomb survivors [D14].
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h T
di (a,s,e) � h T

0i (a,s) [1 � ERR J (d,s,a,e)]

329. Analyses of data across a range of doses usuallyprovide
a statistically more powerful approach to considering risks at
low doses than focussing on results for specific dose
categories. Indeed, the latter approach may yield chance
findings owing to multiple significance testing. The mortality
risks for all solid cancers combined and for leukaemia among
the Japanese atomic bomb survivors, over a wide range of
doses, were illustrated in Figure XVIII of Annex G, “Biologi-
cal effects at low radiation doses”. Dose-response analyses of
data on cancer incidence [P4, T1] and mortality [P9] for the
atomic bomb survivors have recentlybeen conducted byLittle
and Muirhead [L41, L42] and by Hoel and Li [H45] (see also
Annex G). It should be noted that in contrast to Hoel and Li
[H45], Little and Muirhead [L41, L42] took account of
random errors in dose estimates. These analyses showed that
for solid cancers, either individually or combined, the atomic
bomb survivor data are consistent with a linear dose response
and that incorporating a threshold into the dose-response
model does not significantly improve the fit [L41, L42]. The
only exception may be non-melanoma skin cancer incidence,
for which there is some evidence of a threshold at about 1 Sv
[L41]. A further analysis of the atomic bomb data by Little
and Muirhead [L50] also took account of possible systematic
errors in neutron dose estimates for survivors in Hiroshima.
This analysis showed little evidence of upward curvature in
the dose response for the incidence of all solid tumours
combined over the range 0�4 Gy (low-LET); there was more
suggestion of upward curvature over the range 0�2 Gy (low-
LET), although this was not significant at the 5% level [L50].
For leukaemia, as has been noted previously [P4, P9], a linear-
quadratic dose-response model (such that the risk per unit
dose is smaller at low than at high doses) provides a
significantly better fit than a linear model. However, there is
some evidence from the leukaemia incidence data that
incorporating a threshold (estimated to be 0.12 Sv; 95% CI:
0.01�0.28) provides a better fit than the linear-quadratic
model alone (two-sided p=0.04) [L41]. On the other hand,
there is less evidence for such a threshold based on the
corresponding mortalitydata (two-sided p=0.16) [L42]. Since
the estimates of relative risk at low dose are similar for the
leukaemia incidence and mortality data, Little and Muirhead
[L42] suggested that the difference in findings may be due to
the finer division of dose groups in the publicly available
mortality data than in the corresponding incidence data.

330. In view of the above, the calculations given below are
based on linear dose-response models for solid cancers and
on a linear-quadratic model for leukaemia. The form of the
risk models was described in the preceding Section.

3. Projection methods

331. Generally speaking, the age-at-exposure and attained-
age models describe the Life Span Study data equally well.
However, as will be seen below, these models lead to different
projections of risk beyond the current follow-up period for
survivors exposed as children. For people exposed to the
atomic bombings after age 50, little projection is needed since
their follow-up is close to complete. In Figure V, it can be
seen that for this group the ERR basically is constant over

time. For most sites, the age-at-exposure model assumes that
ERRs for those exposed as children will remain at their
current relatively high values throughout life; in contrast, the
attained-age model assumes that ERRs will decline as the
survivors get older. Thus, the two models correspond to
different methods for projecting risks beyond the current
follow-up.

332. In the UNSCEAR 1994 Report [U2], only age-at-
exposure models were used, and various ad hoc (i.e. non-
model-based) projection methods were used. One of those
methods (constant ERR) is equivalent to the use of the age-
at-exposure model, while the second method (constant
ERR over the current follow-up, with risks declining in the
future) is similar to the use of the attained-age model.

4. Populations and mortality rates

333. In Table 32, mortality and incidence estimates are
given for five populations: China, Puerto Rico, Japan, the
United Kingdom, and the United States. Cause-specific
mortality rates for Japan, the United States, and the United
Kingdom are based on 1985 national statistics in the three
countries. Mortality rates for China and Puerto Rico are
taken from Land and Sinclair [L12]. Data on cancer
incidence rates were obtained from the current (7th)
edition of Cancer Incidence in Five Continents [P5]. For
the United States, data for the combined SEER registries
were used. Japanese rates were computed as the
unweighted average of rates for the Hiroshima, Nagasaki,
and Osaka tumour registries. Rates from the Shanghai
Cancer Registry were used for China.

334. Population age distributionswere used tocompute the
population risks shown in Tables 33�37. The 1985 age
distributions were used for Japan, the United States, and
the United Kingdom. Estimates for China and Puerto Rico
were based on the summary life-tables given by Land and
Sinclair [L12].

5. Transport of risks between populations

335. For each risk model, two methods were used to
transport site-specific solid cancer risks estimated for a
Japanese population to populations of China, Puerto Rico,
the United States or the United Kingdom. These methods
will be called relative risk transport and absolute risk
transport.

336. For the relative risk transport, the cause-specific
hazard rate in the target population, T, was computed as
the product of the baseline hazard in the target population
and the (age-at-exposure or attained-age) ERR for the
Japanese population, J:

337. For the absolute risk transport, the cause-specific
hazard rate in the target population was computed as the
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h T
di (a,s,e) � h T

0i (a,s) � EAR J (d,s,a,e)

EAR J (d,s,a,e) � h J
0i (a,s) ERR J (d,s,a,e)

sum of the target-population baseline hazard and the EAR
for the Japanese population:

Here the EAR function for the Japanese population was
computed as the product of the appropriate ERR function
for the model of interest (age-at-exposure or attained-age)
and the corresponding Japanese baseline rate, namely

For leukaemia, EARs were estimated directly in the
survivors, and all transport was done using absolute rates.

6. Fractionation and dose-rate effects

338. Experimental and epidemiological information on
cancer risks from fractionated or low-dose-rate exposure,
relative to acute or high-dose-rate exposure, was reviewed
in the UNSCEAR 1993 Report [U3] and is also considered
in Annex G, “Biological effects at low radiation doses”.
The UNSCEAR1993 Report indicated that risks associated
with low-dose or low-dose-rate exposures may be less than
those from acute high doses by a factor of as much as 3.
The Committee has not examined all new studies since
1993 to assess potential changes in the range of values.
However, some recent information on this topic is provided
in this Annex, for example, from the comparison of results
from the acutely exposed Japanese atomic bomb survivors
and from tuberculosis patients with fractionated x-ray
exposures from fluoroscopies. For lung cancer, there is no
indication of an elevated risk in the Canadian [H7] and
United States (Massachusetts) [D4] fluoroscopy studies,
unlike in the atomic bombsurvivors [P9, T1]. However, the
severity of tuberculosis may have affected the findings for
lung cancer in these patients. For breast cancer, it has been
suggested, based on comparison of the fluoroscopy and
atomic bomb survivor findings, that fractionation may not
affect risks [L39], although a different interpretation has
been put on this finding [B33].

339. Further information on low-dose-rate occupational and
environmental exposures has also become available in recent
years and is summarized both in this Annex and in Annex G,
“Biological effects at low radiation doses”. While it has been
possible in some instances to find some evidence of an
elevated risk (e.g. for leukaemia among nuclear industry
workers [C11]), such studies do not currently have sufficient
statistical power to allow those risks to be estimated with great
precision. Furthermore, riskestimation based, for example, on
groups in the former Soviet Union is sometimes complicated
by exposures to both low- and high-LET radiation. Further
investigation, including longer follow-up and more detailed
analyses, may improve the estimation of risks from
fractionated and low-dose-rate exposure. For the time being,
however, the values for a reduction factor of less than 3 that
were suggested in the UNSCEAR 1993 Report seem to be
reasonable, notwithstanding the possibility of differences
between some cancer types.

340. For leukaemia, the linear-quadratic dose-response
model implies a reduction factor of2 when extrapolating from
acute high doses to low doses or low dose rates. It would,
therefore, not be necessary to apply another reduction factor
to the leukaemia results given for a dose of 0.1 Sv if the
exposure was fractionated or protracted rather than acute.
However, the results at 1 Sv for solid cancers could,
tentatively, be reduced by a factor of 2 for fractionated or
protracted exposures.

C. LIFETIME RISK ESTIMATES

341. The principal results of the calculation of lifetime
risks are given in Table 33 for an acute whole-body dose of
1 Sv or 0.1 Sv. This Table presents solid cancer results for
the two projection models (age-at-exposure and attained-
age dependence of the ERR) and two risk transport models
(ERR and EAR transport) for the five populations. As
noted above, leukaemia risks always were based on an
EAR model. The transport method makes little difference
because non-CLL leukaemia rates are similar in the
different populations; consequently, results are presented
only for the EAR transport model.

342. For comparison, the estimates at 1 Sv for a Japanese
population that were derived in the UNSCEAR 1994 Report
[U2] are included in Table 33. The UNSCEAR 1994
estimates for the REID (10.9% averaged over gender) were
based on an age-at-exposure model applied to Japanese rates
and are generallycomparable to the current estimates for solid
cancers (11.2% averaged over gender). The 1994 leukaemia
estimate of 1.1% averaged over gender is slightly higher than
the current estimate of 0.9%. This difference arises because of
slight differences in the leukaemia risk model and because, for
the current computations, leukaemia was included as another
“site” in a joint analysis of the impact of a whole-body
exposure, while in 1994 leukaemia was considered separately
from other causes (i.e. as if only the bone marrow had been
exposed). The difference reflects the impact of increased
hazards for the competing risks of radiation-associated solid
cancers.

343. Although the solid cancer REID estimates are based on
a linear dose-response model, the REID estimate for a dose of
0.1 Sv is slightly more than 10% of the estimate for a dose of
1 Sv. For example, considering solid cancer mortality in
United States males using an attained age model and relative
risk transport, the REID estimates for 1 and 0.1 Sv are 6.2%
and 0.7%, respectively. This non-linearity reflects the effect of
competing risks at lower doses vs. at higher doses. However,
for these models, the REID estimates for solid cancers at
lower doses are approximately linear in dose.

344. The use of the attained-age model leads to smaller
lifetime risks for solid cancers than the corresponding age-
at-exposure model. The reason for this can be seen in
Table 34, which is based on a Japanese population. The
persistence of high relative risks under the age-at-exposure
model leads to large lifetime risks for those exposed as



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER 359

children. For solid cancer mortality following exposure at
age 10 years, the values of REID are 14% for men and
20% for women, while the corresponding gender-specific
incidence risks are 31% and 37%, respectively. The
attained-age model, which describes the current Life Span
Study data as well as the age-at-exposure model, allows the
relative risks for those exposed as children to decrease as
they reach the ages of high cancer mortality or incidence.
As a result, the estimated gender-specific solid cancer
mortality and incidence risks following exposure at age 10
years are about half the values predicted by the age-at-
exposure model. The population average lifetime risk
estimates for the attained-age model are about 70% of
those for the age-at-exposure model.

345. Some other measures of radiation detriment, based on
mortality in a male Japanese population, are given in
Table 35. As expected, the excess lifetime risk ELR is similar
to the REID(i.e. thepercentageofradiation-associated deaths)
for leukaemia, but the former is less than the latter for all solid
cancers. Furthermore, the excess lifetime risk is negative for
non-cancer causes, since the sum of this measure over all
causes must equal zero. The loss of life expectancy per
attributable solid cancer death is similar under the attained-
age and age-at-exposure projection models.

346. As indicated in Table 33, values of REID for solid
cancer mortality in men are generally comparable for the
Japanese, United Kingdom, and United States populations:
about 9% with the age-at-exposure model and 6% with the
attained-age model following a dose of 1 Sv. However,
lifetime attributable risks for men in the Chinese and
Puerto Rican populations are about 30% lower than those
in Japan, the United Kingdom, and the United States.
There is greater variability in female rates, but the same
general pattern is seen in the magnitude of the risk
estimates, with values of REID for Japan, the United
Kingdom, and the United States being considerablygreater
than those for China and Puerto Rico. These differences
reflect almost entirelydifferences in the lifetime probability
of cancer mortality in these populations, as presented in
Table 32, which in turn reflect the population-to-
population variability in baseline rates.

347. Estimates of REID for women are consistently greater
than those for men, largely reflecting gender differences in
life expectancy and the contribution of breast cancer. REID
estimates for cancer mortality in women exhibit greater
sensitivity to both the risk projection model and the transport
method than do those for men. This difference is primarily
due to variations in breast cancer mortality between these
populations.

348. Estimates of REID for cancer incidence are slightly
lower for Japanese men (19% using the age-at-exposure
model and 13% for the attained-age model) than for United
States men (15% and 11% for the age-at-exposure and
attained-age models, respectively), while estimates for men
in the United Kingdom are somewhat higher (26% and
22%, respectively). These differences generally reflect

differences in the baseline rates. Since lifetime baseline
cancer incidence risks for China and Puerto Rico are more
similar to those in Japan, the United Kingdom and the
United States than are the corresponding mortality risks,
the differences in incidence estimates of REID between
these two countries and Japan, the United Kingdom, and
the United States are not as marked as they are for
mortality. REID estimates associated with relative risk
transport tend to be larger for Western women than for
Japanese women. This difference is due almost entirely to
the higher breast cancer incidence and mortality in the
United States and United Kingdom populations than in the
Japanese population.

349. Tables 36 and 37 give detailed breakdowns by cancer
type of estimates of REID risks for mortality and incidence,
respectively, based on one of the above models, namely the
attained-age projection model. When relative risk and
absolute risk transport are compared for the populations of the
United States and the United Kingdom, the main effect of
using the latter rather than the former transport method is to
reduce the REID estimates for women. This is due principally
to reductions in the excess associated with breast and lung
cancer, whose background ratesare lower for Japanesewomen
than for Western women. With this reduction, the differences
in REID for the populations considered are less marked than
under the relative risk transport.

350. Since the UNSCEAR 1994 Report [U2], further work
has been undertaken to assess uncertainties in cancer risk
estimates. In particular, NCRP report 126 [N17] assessed
the uncertainty in the total fatal cancer risk for the United
States population from external low-LET irradiation at low
doses and low dose rates; it took account of the following
factors:

(a) statistical uncertainties in the estimation of a risk factor,
based on data for the Japanese atomic bomb survivors;

(b) possible bias due to over- or under-reporting of cancer
deaths in the atomic bomb survivors;

(c) the effect of both random and systematic errors in dose
estimates for the atomic bomb survivors;

(d) uncertainty in the method of transferring risks from
Japan to the United States;

(e) uncertainty associated with the projection of risks over
time, from the period of follow-up to a complete life-
time;

(f) uncertainty in the DDREF; and
(g) a subjective assessment of any remaining unspecified

uncertainties.

351. Uncertainties associated with each of these factors
were propagated using a Monte Carlo approach [N17]. For
a United States populations of all ages and both genders,
the mean value for the total cancer risk at low doses and
low dose rates was estimated as 4.0 10�2 per Sv, with a
90% confidence interval of 1.2�8.8 10�2 per Sv. The shape
of the total uncertainty distribution was skewed towards
higher values, as a consequence of which the median value
(3.4 10�2 per Sv) was smaller than the mean. A sensitivity
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analysis demonstrated that the main contributors to the
total uncertaintywere the DDREF (about 38% of the total),
unspecified uncertainties (about 29%), and the transfer to
the United States population (about 19%).

352. In a separate exercise supported by the United States
Nuclear Regulatory Commission and the European
Commission, uncertainties in cancer risk estimates were
elicited from a series of experts [L27]. Using a formal
analysis, the uncertainties provided by these experts were
combined to obtain an overall distribution of uncertainty that
took account of differences between the various subjective
assessments. Table 38 shows the estimates of REID elicited

for an acute dose of 1 Gy (low-LET) to a hypothetical
European Union/United States population of all ages and both
genders, together with the associated 90%confidenceinterval.
For all cancers combined, the limits of the confidence interval
range about a factor of three higher and lower around the
median of 10.2%. This represents a slightly wider interval
than that arising from the NCRP analysis [N17]. For specific
cancer types, the uncertainty intervals in the European
Union/United States analysis are wider, in relative terms, than
the interval for all cancers combined, sometimes ranging from
several order of magnitudes lower than the median value up
to about an order of magnitude higher [L27]. However, these
ranges encompassed previous estimates of risk.

CONCLUSIONS

353. Since the Committee’s assessment of the risks of
radiation-induced cancer in the UNSCEAR 1994 Report
[U2], more information has become available from
epidemiological studies of radiation-exposed groups. Some
of this information relates to populations exposed to acute
doses of external low-LET radiation. For example,
mortality data have been updated to the end of 1990 for
86,572 survivors of the atomic bombings at Hiroshima and
Nagasaki. As of December 1990, 56% of the survivors
were still alive, and it was estimated that 421 excess
cancers deaths had occurred; 334 from solid cancer and 87
from leukaemia. Both this study and further follow-up of
patients who received medical radiation exposure have
provided additional data on cancer risks at long times
following irradiation, particularly for those exposed at
young ages. However, there are still uncertainties in the
projection of risks from the current follow-up periods until
the end of life, given that most of the people who were
irradiated at young ages are still alive.

354. The increased statistical precision associated with the
longer follow-up and the resulting larger number of
cancers in the above studies has also assisted in the
examination of dose-response relationships, particularlyat
lower doses. For example, the most recent data for the
Japanese atomic bomb survivors are largelyconsistent with
linear or linear-quadratic dose trends over a wide range of
doses. However, analyses restricted solely to low doses are
complicated by the limitations of statistical precision, the
potential for misleading findings owing to any small,
undetected biases, and the effects of performing multiple
tests of statistical significance when attempting to establish
a minimum dose at which elevated risks can be detected.
Longer follow-up of large groups such as the atomic bomb
survivors will provide more information at low doses.
However, epidemiologyalone will not be able to resolve the
issue of whether there are dose thresholds in risk. In
particular, the inability to detect increases at verylow doses
using epidemiological methods does not mean that the
underlying cancer risks are not elevated.

355. New findings have also been published from analyses
of fractionated or chronic low-dose exposure to low-LET
radiation, although the statistical precision of these studies
is low in comparison with high-dose-rate results from the
atomic bomb survivors. Analyses of data for nuclear
workers indicate that the risk of leukaemia increases with
increasing dose, whereas no dose response has been
established for solid cancers. A comparison of the atomic
bomb survivors with patients who received fractionated
x-ray exposures in the course of treatment for tuberculosis
suggests that dose fractionation may not reduce the risk of
breast cancer, although this interpretation has been
questioned in view of the potential effects of radiation
quality. It is difficult to arrive at a definitive conclusion on
the effects of dose rate on cancer risks, since the relevant
epidemiological data are sparse and the effects may differ
among cancer types. For example, no elevated risk of lung
cancer was observed in tuberculosis patients who received
fractionated exposures, whereas a statistically significant
elevated risk was found in the atomic bomb survivors;
however, the severity of tuberculosis may have affected the
results for these patients.

356. Information on the effects of internal exposure, from
both low- and high-LET radiation, has increased since the
time of the UNSCEAR 1994 Report [U2]. In particular, the
early reports of an elevation in thyroid cancer incidence in
parts of the former Soviet Union contaminated as a result
of the Chernobyl accident have been confirmed and suggest
a link with radioactive iodine exposure during childhood.
Nevertheless, risk estimation associated with these findings
is still complicated by difficulties in dose estimation and in
quantifying the effect of screening for the disease. This
topic is considered in further detail in Annex J,
“Exposures and effects of the Chernobyl accident”. Other
studies in the former Soviet Union have provided further
information relevant to internal exposures; for example, on
lung, bone and liver cancers among workers at the Mayak
plant and, to a lesser extent, on cancers among the
population living near the Techa River, in both instances
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in the southern Urals. However, the different sources of
radiation exposure (both external and internal) and, in the
case of the Techa River studies, the potential effects of
migration, affect the quantification of risks. Results from
several case-control studies of lung cancer and indoor radon
have been published in recent years that, in combination, are
consistent with extrapolations from data on radon-exposed
miners, although the statistical uncertainties in the findings
from the indoor studies are still too large to determine a
reliable risk estimate.

357. Particular attention has been paid in this Annex to
risks for specific cancer sites. Again, the information that
has become available in recent years has helped in the
examination of risks. However, there are still problems in
characterizing risks for some cancer sites, owing to the low
statistical precision associated with relatively small
numbers of estimated excess cases. This can limit, for
example, the ability to estimate trends in risk in relation to
factors such as age at exposure, time since exposure, and
gender. Furthermore, data are sometimes lacking or have
not been published in a format that is detailed enough to
allow an assessment of how risks vary among populations.
An exception is breast cancer, where a comparison of data
on the Japanese atomic bomb survivors and women with
medical exposures in North America points to an absolute
transfer of risks between populations. For some other sites,
such as the stomach, there are indications that a
multiplicative transfer between populations would be
appropriate, although the evidence is generally not strong.
There are some cancer sites for which there is little
evidence for an association with radiation (e.g. non-
Hodgkin’s lymphoma, Hodgkin’s disease, and multiple
myeloma). While the risk evaluations for lymphomas are
affected by the small numbers of cases in several studies,
these results should be contrasted with the clear relation
found in many populations between radiation and the risk
of leukaemia (excluding CLL), which is also a rare disease.

358. The results presented in Tables 33�37 illustrate the
sensitivity of lifetime risk estimates to variations in
background rates. These findings suggest that this
variability can lead to differences that are comparable to
the variations associated with the transport method or
method of risk projection. Issues of uncertainty in lifetime
risk estimates are discussed in more detail in NCRP report
126 [N17]. The variability in these projections highlights
the difficulty of choosing a single value to represent the
lifetime risk of radiation-induced cancer. Furthermore,
uncertainties in estimates of risk for specific types of
cancer are generally greater than for all cancers combined.

359. Despite these difficulties, risk estimates are of
considerable value for use in characterizing the impact of a
radiation exposure on a population. Using the same approach
taken in the UNSCEAR 1994 Report [U2], namelyan age-at-
exposure model applied to a Japanese population of all ages,
the lifetime risk of exposure-induced death from all solid
cancers combined following an acute dose of 1 Sv is estimated
to be about 9% for men, 13% for women and 11% averaged
over genders. The calculations in this Annex show that these
values can vary among different populations and with
different risk models. Overall, however, the risk estimates are
consistent with the value of 10.9% for an acute dose of 1 Sv
cited in the UNSCEAR1994 Report [U2]. The uncertainties
in the above estimates may be of the order of a factor of 2,
higher or lower. The estimates could be reduced by 50% for
chronic exposures, again with an uncertainty factor of 2,
higher or lower. Using the attained-age model, the estimated
lifetime risks of exposure-induced death are about 70% of
those based on the age-at-exposure model. Total solid cancer
incidence risks can be taken as being roughly twice those for
mortality. Lifetime solid cancer risk estimates for those
exposed as children might be twice the estimates for a
population exposed at all ages. However, continued follow-up
of existing irradiated cohorts will be important in determining
lifetime risks. The experience of the Japanese atomic bomb
survivors is consistent with a linear dose-response for the risk
of all solid cancers combined; therefore, as a first
approximation, linear extrapolation of the estimates at 1 Sv
acute dose can be used for estimating solid cancer risks at
lower doses. For specific types of solid cancer, the risks
estimated in this Annex are broadly similar to those presented
in the UNSCEAR 1994 Report [U2].

360. The computations in this Annex suggest that lifetime
risks for leukaemia are relatively invariant to the
population used, both because an absolute risk transport
model was used and because baseline rates of leukaemia,
other than CLL, are less variable among populations than
are baseline rates of solid cancers. For either gender, the
lifetime risk of exposure-induced leukaemia mortality can
be taken as 1% following an acute dose of 1 Sv. This is
similar to the value of 1.1% at 1 Sv cited in the UNSCEAR
1994 Report [U2]. Based on a linear-quadratic dose-
response model, decreasing the dose tenfold, from 1 Sv to
0.1 Sv, would be expected to reduce the lifetime risk
estimate by a fraction of 20. Thus, the lifetime risk of
exposure-induced death for leukaemia can be estimated as
0.05%, for either gender, following an acute dose of 0.1 Sv.
No further reduction for chronic exposures is necessary.
The uncertainty in the leukaemia risk estimate may be on
the order of a factor of 2, higher or lower.
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Table 1
Examples of high and low cancer rates in various populations a b

[P5]

Site of cancer Sex
High cancer incidence Low cancer incidence

Population Rate Population Rate

Nasopharynx Males Hong Kong
Singapore (Chinese)
United States, San Francisco (Chinese)

24.3
18.5
11.6

Canada, Nova Scotia
United States, New Mexico

(Non-Hispanic white)
Ireland, Southern

0.1
0.2

0.2

Females Hong Kong
Singapore (Chinese)
Canada, Northwest Territories

9.5
7.3
5.1

United Kingdom, south-western
Finland
Norway

0.1
0.1
0.1

Oesophagus Males United States, Connecticut (black)
Hong Kong
France, Haut Rhin

20.1
14.2
14.2

Israel (non-Jews)
Italy, Sicily (Ragusa Province)
Thailand, Chiang Mai

0.5
1.0
2.3

Females India, Bombay
China, Tianjin
United Kingdom, Scotland, West

8.3
6.2
5.2

United States, New Mexico
(American Indian)

Spain, Tarragona
Israel (non-Jews)

0.2

0.2
0.2

Stomach Males Japan, Yamagata
China, Shanghai
Italy, Romagna

95.5
46.5
39.3

United States, Atlanta (white)
Israel (non-Jews)
Thailand, Chiang Mai

5.2
6.8
7.5

Females Japan, Yamagata
Italy, Romagna
China, Shanghai

40.1
22.8
21.0

United States, Iowa
Israel (non-Jews)
Canada, Saskatchewan

2.2
3.2
3.7

Colon Males United States, Detroit (black)
United States, Hawaii (Japanese)
Japan, Hiroshima

35.0
34.4
31.6

India, Madras
Thailand, Chiang Mai
Peru, Trujillo

1.8
4.2
4.4

Females New Zealand (non-Maori)
Canada, Newfoundland
United States, Detroit (black)

29.6
28.1
27.9

India, Madras
Thailand, Chiang Mai
Singapore (Indian)

1.3
3.7
4.7

Liver Males Japan, Osaka
China, Shanghai
United States, Los Angeles (Korean)

46.7
28.2
23.9

Canada, Prince Edward Island
Netherlands, Eindhoven
United Kingdom, south-western

0.7
1.3
1.6

Females Japan, Osaka
China, Shanghai
Thailand, Chiang Mai

11.5
9.8
9.7

Australia, Tasmania
Canada, Prince Edward Island
India, Madras

0.3
0.3
0.5

Lung and bronchus Males United States, New Orleans (black)
New Zealand (Maori)
Canada, Northwest Territories

110.8
99.7
90.3

United States, New Mexico
(American Indian)

Peru, Trujillo
India, Madras

10.3

11.9
12.6

Females New Zealand (Maori)
Canada, Northwest Territories
United States, San Francisco (black)

72.9
65.6
44.3

India, Madras
Spain, Zaragoza
Malta

2.4
2.7
3.4

Melanoma of skin Males Australia, New South Wales
New Zealand (non-Maori)
United States, Hawaii (white)

33.1
25.0
19.5

Japan, Osaka
China, Shanghai
India, Bombay

0.2
0.3
0.4

Females New Zealand (non-Maori)
Australia, New South Wales
Austria, Tyrol

29.8
25.7
15.6

Japan, Osaka
China, Shanghai
India, Bombay

0.2
0.3
0.3

Breast Females United States, Los Angeles (Non-Hisp white)
United States, Hawaii (white)
Israel (Jews born in Israel)

103.7
96.5
90.5

Thailand, Chiang Mai
Israel (non-Jews)
United States, Los Angeles (Korean)

14.6
21.3
21.4

Cervix Females Peru, Trujillo
India, Madras
Colombia, Cali

53.5
38.9
34.4

Israel (non-Jews)
China, Shanghai
Finland

3.0
3.3
3.6
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Site of cancer Sex
High cancer incidence Low cancer incidence

Population Rate Population Rate

a Numbers given are age-standardized (world) annual incidence per 100,000 population.
b Registries for which IARC [P5] indicated problems in ascertainment have not been included in this Table. However, some of the differences in rates

may be due in part to variations in the level of ascertainment and to random variation.

Prostate Males United States, Atlanta (black)
United States, Hawaii (white)
Canada, British Columbia

142.3
108.2
84.9

China, Tianjin
India, Madras
Thailand, Chiang Mai

1.9
3.6
4.1

Bladder Males Italy, Trieste
Spain, Mallorca
Switzerland, Geneva

38.7
36.4
32.5

United States, New Mexico
(American Indian)

United States, Hawaii (Hawaiian)
Canada, British Columbia

2.6

3.9
11.3

Females Italy, Trieste
Denmark
United Kingdom, Scotland, West

9.4
7.7
7.5

United States, New Mexico
(American Indian)

France, Isere
United States, Hawaii (Filipino)

0.6

2.6
2.7

Brain, central
nervous system

Males Italy, Trieste
Iceland
United States, Hawaii (white)

9.5
9.4
8.7

Singapore (Malay)
Japan, Yamagata
Thailand, Chiang Mai

1.6
1.8
2.0

Females Italy, Trieste
Poland, Warsaw city
United States, Atlanta (white)

8.7
5.9
5.8

United States, Los Angeles (Chinese)
India, Madras
Japan, Yamagata

1.1
1.1
1.7

Thyroid Males Iceland
United States, Hawaii (Filipino)
United States, Los Angeles (Filipino)

6.1
5.1
4.0

United Kingdom, Wessex
Estonia
Denmark

0.7
0.7
0.8

Females United States, Hawaii (Filipino)
United States, Los Angeles (Filipino)
Italy, Ferrara

25.5
11.2
11.1

India, Madras
United Kingdom, Yorkshire
Netherlands, Eindhoven

1.6
1.7
1.9

Non-Hodgkin’s
lymphoma

Males United States, San Francisco (non-Hisp white)
Italy, Romagna
United States, Hawaii (white)

25.0
15.5
15.1

India, Madras
Thailand, Chiang Mai
Singapore (Indian)

3.7
3.8
3.9

Females Italy, Ferrara
Israel (Jews born in Israel)
United States, San Francisco (Hispanic white)

11.5
11.1
11.0

India, Madras
China, Shanghai
Estonia

2.0
2.5
2.5

Hodgkin’s disease Males United States, San Francisco (non-Hisp white)
Italy, Veneto
Israel (Jews born in Israel)

4.3
4.0
3.2

China, Tianjin
Japan, Miyagi
Singapore (Chinese)

0.3
0.4
0.5

Females United States, Connecticut (white)
Italy, Veneto
Israel (Jews born in America or Europe)

3.6
3.5
3.1

Japan, Osaka
China, Shanghai
Hong Kong

0.2
0.3
0.3

Multiple myeloma Males United States, Los Angeles (black)
New Zealand (Maori)
Australian Capital Territory

9.5
5.7
5.4

Thailand, Chiang Mai
China, Tianjin
United States, Los Angeles (Japanese)

0.4
0.4
0.5

Females United States, Detroit (black)
New Zealand (Maori)
United States, Hawaii (Hawaiian)

6.4
5.8
4.2

Thailand, Chiang Mai
China, Tianjin
India, Madras

0.3
0.3
0.4

Leukaemia Males Italy, Trieste
Australia, South Australia
United States, Detroit (white)

15.0
13.3
12.7

India, Madras
Singapore (Indian)
Japan, Yamagata

3.0
3.0
4.4

Females Italy, Trieste
Australia, South Australia
United States, San Francisco (Filipino)

9.0
8.9
8.4

United States, Central Louisiana
(black)

India, Madras
Japan, Miyagi

1.6

2.0
3.3
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Table 3
Strengths and limitations of major cohort and case-control epidemiological studies of carcinogenic effects
of exposures to low-LET radiation

Study Strengths Limitations

EXTERNAL HIGH-DOSE-RATE EXPOSURES

Exposures to atomic bombings

Life Span Study
[P4, P9, T1]

Large population of all ages and both sexes not
selected because of disease or occupation

Wide range of doses
Comprehensive individual dosimetry
Survivors followed prospectively for up to 45 years
Complete mortality ascertainment
Cancer incidence ascertainment

Acute, high-dose-rate exposure that provides
no direct information on effects of gradual
low-dose-rate exposures

Restriction to 5-year survivors for mortality
(13 years for incidence)

Possible contribution of neutrons somewhat
uncertain

Possible effects of thermal or mechanical injury and
conditions following the bombings uncertain

Survivors of atomic
bombings (in utero)

[D14, Y1]

Not selected for exposure
Reasonably accurate estimate of dose
Mortality follow-up relatively complete
Follow-up into adulthood

Small numbers of exposed individuals and cases
Incidence determination may not be complete
Mechanical and thermal effects may have influenced

results

Treatment of malignant disease

Cervical cancer cohort
[B11, B12, B50]

Large-scale incidence study based on tumour registry
records

Long-term follow-up
Relatively complete ascertainment of cancers
Non-exposed comparison patients

Very large doses to some organs result in cell killing
and tissue damage

Potential misclassification of metastatic disease for
some organs

Potential misclassification of exposure
No individual dosimetry
Characteristics of patients with cervical cancer differ

from general population

Cervical cancer case-
control

[B1]

Comprehensive individual dosimetry for many organs
Dose-response analyses
Other strengths as above [B11]

As above [B11], except problems with individual
dosimetry and comparison with general population
now removed

Small number of non-exposed cases
Partial-body and partial-organ dosimetry complex

Lung cancer following
breast cancer

[I7]

Individual estimates of radiation dose to different
segments of the lungs

Large number of non-irradiated patients
Most patients did not receive chemotherapy
Substantial proportion of patients with

over 20 years of follow-up

Small number of lung cancers
Lack of data on individual smoking habits
Potential inaccuracies in partial-body dosimetry

Contralateral breast cancer
[B10, S20]

Large numbers of incident cases within population-
based tumour registries

Individual radiation dosimetry
Wide range of doses

Limited number of young women
Possibility of over matching, resulting in some

concordance of exposure between cases and controls
Possible misclassification of metastases or recurrence

Soft-tissue sarcoma
following breast cancer

[K35]

Incident cases identified from a population-based
tumour registry

Analyses based on estimates of energy imparted from
radiotherapy (i.e. product of the mass of the patient
and the absorbed dose), rather than organ dose

Leukaemia following
breast cancer

[C9]

Comprehensive individual dosimetry for bone-
marrow compartments

Comprehensive ascertainment of treatment
information to separate chemotherapy risk

Dose-response analyses

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

Leukaemia following
cancer or the uterine corpus

[C10]

Large number of incident cases with population-
based cancer registries

Comprehensive individual dosimetry for bone-
marrow compartments

Attempt to adjust for chemotherapy
Large non-irradiated comparison group
Dose-response analyses covering doses below

1.5 Gy as well as above 10 Gy

Effects of cell-killing at high doses
Potential inaccuracies in partial-body dosimetry

Lung cancer following
Hodgkin's disease
(international)

[K9]

Individual estimates of radiation dose to the affected
lung

Some data on individual smoking habits
Detailed information on chemotherapy
Relatively large number of cases

Smoking data limited, and reported more fully for
cases than for controls

Follow-up period generally less than 10 years
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Study Strengths Limitations

Lung cancer following
Hodgkin's disease
(Netherlands)

[V2]

Individual estimates of radiation dose to the area of
the lung where the tumour developed

Individual data on smoking habits
Extensive data on doses from chemotherapy

Small number of cases
Limited follow-up (median 10 years)
Few females

Breast cancer following
Hodgkin's disease

[H2]

Individual assessment of doses
Analysis by age at exposure

Small number of cases
Limited follow-up
Mostly very high doses (>40 Gy)

Leukaemia following
Hodgkin's disease
(international)

[K40]

Individual radiation dosimetry
Detailed information on chemotherapy

Follow-up period generally less than 10 years

Leukaemia following non-
Hodgkin's lymphoma
(international)

[T6]

Comprehensive individual dosimetry for
bone marrow compartments

Detailed information on chemotherapy

Small number of cases
No dose-response analysis, other than separation

into two groups

Leukaemia following non-
Hodgkin's lymphoma
(United States)

[T15]

Individual dosimetry for bone marrow
Detailed information on chemotherapy

Very small cohort; few cases
No comparison group of unexposed patients

Childhood cancers
(international)

[T5, T7, T17]

Comprehensive individual dosimetry to estimate
organ doses

Attempt to adjust for drug exposure
Dose-response analyses

Only high-dose exposures
Potential for some overmatching since hospital-based
Complete dosimetry not always available

Childhood cancers
(France/United Kingdom)

[D19, D33]

Incidence follow-up
Doses from radiotherapy and chemotherapy estimated

Individual dose estimates generally not used in analyses
Lack of external comparison group
Small numbers for specific types of cancers

Bone cancer and leukaemia
after childhood cancer
(United Kingdom)

[H44, H11]

Incidence follow-up
Individual dosimetry
Information available on chemotherapy

Most of the findings concern doses of 5�10 Gy or more

Retinoblastoma
[W11]

Long-term incidence follow-up
Individual dose estimates for bone and soft sarcoma

sites
Wide range of doses

Little information on chemotherapy
Most of the findings concern doses of 5 Gy or more

Thyroid cancer following
childhood cancers

[D20]

Incidence follow-up
Individual organ dose estimates
Wide range of thyroid doses

Lack of external comparison group

Childhood Hodgkin's
disease

[B16]

Cohort of persons exposed at young ages to high
radiation doses

Individual dosimetry
Information available on chemotherapy doses

Small numbers of cases
No formal modelling of dose-response or of

chemotherapy effects

Treatment of benign disease

Childhood skin
haemangioma

[K23, L13, L15, L16,
L17, L24, L46]

Long-term and complete follow-up
Comprehensive individual dosimetry for many organs
Incidence ascertained
Protracted exposure to radium plaques

Relatively small numbers of specific cancers

Benign lesions in
locomotor system

[D12, J2]

Long-term and complete follow-up
Individual dose estimates
Incidence and mortality ascertained

Uncertainties in computing individual doses to sites, based
upon a sample of records

Ankylosing spondylitis
[W1, W2]

Large number of exposed patients
Long-term and complete mortality follow-up
Detailed dosimetry for leukaemia cases and

sample of cohort
Small non-exposed group evaluated for general

reassurance that leukaemia risk was unrelated
to underlying disease

Comparisons with general population
Underlying disease related to colon cancer and

possibly other conditions
Individual dose estimates available only for

leukaemia cases and a 1 in 15 sample
of the population

Israel tinea capitis
[R5, R9, R16, R17]

Large number of exposed patients
Two control groups
Ascertainment of cancer from hospital records and

tumour registry
Individual dosimetry for many organs

Dosimetry for some sites (e.g. thyroid) uncertain, owing
to possible patient movement or uncertainty in

tumour location
Limited dose range
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Study Strengths Limitations

New York tinea capitis
[S27, S30]

Relatively good dose ascertainment for skin and other
cancers

Small number of cancers
No recent follow-up information
Few females

New York post-partum
mastitis

[S15, S30]

Individual estimates of breast dose from medical
records

Breast cancer incidence ascertained
Dose-response analyses

All exposed women were parous, but comparison
women were not (380 non-exposed and sisters of

both exposed and non-exposed)
Inflamed and lactating breast might modify

radiation effect

Rochester thymic
irradiation

[H10]

Individual dosimetry for thyroid and some other sites
Sibling control group
Long follow-up
Fractionation effects could be evaluated
Dose-response analyses

Radiation treatment fields for newborns varied, and
dosimetry uncertain for some sites

Adjustment in analysis for sibship size uncertain
Questionnaire follow-up may have resulted in

under-ascertainment of cases

Tonsil irradiation
[S21, S28, S30]

Individual dosimetry for thyroid and some other sites
Long follow-up
Large numbers of cases for certain sites
Dose-responses analyses

Effect of screening on ascertainment of thyroid cancer
and nodules

No unexposed control group

Tonsil, thymus or acne
irradiation

[D5]

Long period between exposure and examination
Prospective as well as retrospective follow-up

Possible screening effect
Small cohort
No unexposed control group

Swedish benign breast
disease

[M8, M20, M28]

Incidence study with long-term follow-up
Individual dosimetry for many organs
Fractionated exposure
Unexposed control group

Lack of data on potential confounders
Small numbers for most cancer types, other than breast

Benign gynaecological
disease

[D7, I6, I16]

Large number of exposed women
Non-exposed women with benign gynaecological

disease
Very long mortality follow-up
Individual dosimetry
Protracted exposures to radium implants (10-24 hours)
Dose-response analyses

Uncertainty in proportion of active bone-marrow
exposed
Small numbers of specific types of cancer
Misclassification on certain cancers on death

certificates (e.g. pancreas)

Lymphoid hyperplasia
screening

[P8]

Individual dosimetry
Comparison of questionnaire and clinical

examination results
Comparison group treated by surgery for the same

condition

Apparent bias in questionnaire data, owing to
self-selection of subjects

Clinical examinations provide data on prevalence
rather than incidence

Study of thyroid nodules; cancer cases not confirmed

Peptic ulcer
[G6]

Individual dosimetry
Non-exposed patients with peptic ulcer
Exceptionally long follow-up (50 years)
Some risk factor information available in records

Standardized radiotherapy precluded dose-response
analyses

Non-homogeneous dose distribution within organs,
such that simple averaging may be misleading

Metastatic spread on stomach cancer probably
misclassified as liver and pancreatic cancer on death
certificates

Possible selection of somewhat unfit patients for
radiotherapy rather than surgery

Diagnostic examinations

Massachusetts TB
fluoroscopy

[B3, D4, S30]

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

measurements
Non-exposed TB patients
Fractionated exposures occurred over many years
Dose-response analyses

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

Questionnaire response probably under-ascertained
cancers

Debilitating effect of TB may have modified radiation
effect for some sites, e.g. lung

Diagnostic x rays
(US health plans)

[B39]

Information on diagnostic x rays abstracted from
medical records

Surveillance bias unlikely, since cases and controls
were at equal risk for having x-ray procedures
recorded and malignancy diagnosed

Potential for ascertainment bias, e.g. through early
diagnosis of a malignancy

Analyses based on number of x-ray procedures rather
than actual doses

Canadian TB fluoroscopy
[H7, H20]

Large number of patients
Non-exposed TB comparison group
Individual dosimetry for lung and female breast
Fractionated exposures occurred over many years
Dose-response analyses

Mortality limits comparisons with breast cancer
incidence series, e.g. time response

Uncertainties in dosimetry limit precise
quantification of risk

Different dose responses for female breast cancer
between one sanatorium and the rest of Canada
may indicate errors in dosimetry, differential
ascertainment, or differences in biological response
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Study Strengths Limitations

Diagnostic medical and
dental x rays

(Los Angeles) [P10, P35]

Dosimetry attempted based on number and type
of examinations

No available records of x rays
Potential for recall bias in dose assessment
Doses likely to have been underestimated

Diagnostic x rays
(Sweden)

[I9]

Information on diagnostic x rays over many years
abstracted from medical records

Analyses based on number and type of x-ray procedures
rather than actual doses

Scoliosis
[D34]

Adolescence possibly a vulnerable age for exposure
Dosimetry undertaken based on number of films and

breast exposure
Dose-response analysis

Comparison with general population potentially
misleading, since scoliosis associated with several
breast cancer risk factors (e.g. nulliparity)

Dose estimates may be subject to bias as well as random
error

EXTERNAL LOW-DOSE OR LOW-DOSE-RATE EXPOSURES

Prenatal exposures

Oxford Survey of
Childhood Cancers

[S1, B2, M29]

Very large numbers
Comprehensive evaluation of potential confounding
Early concerns over response bias and selection bias

resolved

Uncertainty in fetal dose from obstetric x-ray
examinations

Similar relative risks for leukaemia and other cancers
may point to possible residual confounding

North-eastern United States
childhood cancers
[M9]

Large numbers
Reliance on obstetric records

Uncertainty in fetal dose

Occupational exposures

Nuclear workers Often large numbers
Personal dosimetry
Low-dose fractionated exposures
Could provide useful information in future

Low doses make clear demonstration of radiation effect
difficult

Possibly confounding influence of chemical and other
toxic exposures in workplace

Healthy worker effect
Mortality follow-up
Lifestyle factors (e.g. smoking histories) generally not

available

Chernobyl clean-up
workers

Often large numbers
Low-dose fractionated exposures
Could provide useful information in future

Difficulties in assessing individual exposures
Possible differences in cancer ascertainment relative to

the general population
Short period of follow-up so far

Mayak workers
[K10, K11, K32,
K34, Z1]

Wide range of exposures
Individual measurements of external gamma dose and

plutonium body burden
Individual information on potential confounders in

stomach cancer study

Possible uncertainties in assessment of exposures
Further details of ascertainment of stomach cancer cases

and controls desirable

Medical workers Often large numbers
Low-dose fractionated exposures over long periods

General lack of information on individual doses
precludes usefulness to date

Natural radiation

Yangjiang
[T12, A11, Z2, S35,
T25, T26]

Large cohorts in high background and control areas
Stable population
Extensive dosimetry for region
Assessment of potential confounders

Mortality follow-up
Small numbers for some cancer types
Low doses

Central Italy
[F7]

Individual measurements of domestic gamma
radiation and radon

Small number of cases
Mortality data only
Measurements only in last home
Low doses

INTERNAL LOW-DOSE-RATE EXPOSURES

Medical exposures

Swedish 131I thyroid cancer
[H23, H24]

Large numbers
Nearly complete incidence ascertainment
Administered activities of 131I known

Comparison with general population
Dose-response not based on organ doses
High-dose cell-killing probably reduced possible thyroid

effect
Patients selected for treatment
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Study Strengths Limitations

Diagnostic 131I
[H4, H12, H27]

Large numbers
Unbiased and nearly complete ascertainment of

cancers through linkage with cancer registry
Administered activities of 131I known for each patient
Organ doses to the thyroid computed with some

precision
Dose-response analyses for thyroid cancer and

leukaemia, based on wide range of doses
Low-dose-rate exposure

Comparison with general population only, except for
thyroid cancer and leukaemia

Reason for some examinations related to high detection
of thyroid cancers, i.e. suspicion of thyroid tumour
was often correct

Doses to organs other than thyroid very low
Population under surveillance

United States
thyrotoxicosis
patients

[D22, R14, S36]

Large numbers of patients treated with 131I
Large non-exposed comparison groups
Comprehensive follow-up effort
Administered activities of 131I known

Individual doses computed only for certain organs
Mortality follow-up
Few patients irradiated at young ages
Possibility of selection bias by treatment

Swedish 131I thyroid cancer
[H26]

Incidence follow-up
Administered activities of 131I known
Unexposed group

Individual doses not computed
Small numbers for specific cancer types
Few patients irradiated at young ages
Possibility of selection bias by treatment

French therapeutic 131I
[D18]

Incidence follow-up
Administered activities of 131I known
Exclusion of patients who received external

radiotherapy
Unexposed group

Individual doses not computed
Small numbers for specific cancer types
Few patients irradiated at young ages
Possibility of selection bias by treatment

Environmental exposures

Techa River population
[K5, K27]

Large numbers with relatively long follow-up
Wide range of estimated doses
Unselected population; attempted use of local
population rates for comparison
Possible to examine ethnic differences in cancer risk
Potential for future

Dosimetry difficult and not individual
Mixture of internal and external exposures complicates

dosimetry
Follow-up and cancer ascertainment uncertain
Contribution of chemical exposures not evaluated

Chernobyl-related
exposure

[A26]

Large numbers exposed
Wide range of thyroid doses within the states of the

former Soviet Union

Mixture of radioiodines and availability of data
make dose estimation difficult, particularly for
individuals

Possible differences in cancer ascertainment relative
to the general population

Fairly short period of follow-up so far

Marshall Islands fallout
[H35, R21]

Population unselected for exposure
Comprehensive long-term medical follow-up
Individual dosimetry attempted

Mixture of radioiodines and gamma radiation preclude
accurate dose estimation

Surgery and hormonal therapy probably influenced
subsequent occurrence of thyroid neoplasms

Small numbers

Utah 131I fallout:
thyroid disease

[K36]

Comprehensive dosimetry attempted
Protracted exposures at low rate

Possible recall bias in consumption data used for risk
estimation

Possible under-ascertainment of disease in low-dose
subjects

Small number of thyroid cancers

Utah 131I fallout
[S37]

Comprehensive dosimetry attempted
Large number of leukaemia deaths
Protracted exposures at low rate

Uncertainty in estimating bone marrow doses
Estimated cumulative doses lower than from natural

background radiation

Occupational exposures

UK Atomic Energy
Authority:
Prostate cancer study

[R26]

Information abstracted for study subjects on socio-
demographic factors, exposures to radionuclides,
external doses and other substances in the
workplace

Cases and controls selected from an existing cohort

Exposure to some radionuclides tended to be
simultaneous, making it difficult to study them
individually
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Table 5
Strengths and limitations of major cohort and case-control epidemiological studies of carcinogenic effects
of exposures to high-LET radiation

Study Strengths Limitations

Treatment for benign disease

224Ra patients Large number of excess bone cancers
Long-term follow-up
Substantial proportion of patients treated in childhood or
adolescence

Uncertainties in organ doses for individual patients
Other aspects of treatment may be relevant (e.g. x rays)
Comparison group constructed only recently

for the Spiess study [S14]

Diagnostic examinations

Thorotrast patients Large number of excess cancers
Long-term follow-up

Uncertainties in organ doses for individual patients
Chemical attributes of thorotrast might influence risks

Occupational exposures

Radium luminizers Protracted exposures from 226Ra
Large numbers of excess cancers in United States study

Potential inaccuracies in estimating radium intakes
Distribution of radium in bone may be non-uniform
External irradiation may be relevant for breast cancers

Mayak workers Wide range of exposures
Individual measurements of plutonium body burden

and external gamma dose
Information on smoking and other potential

confounders in the lung cancer case-control study

Possible uncertainties in assessment of exposures
Further details of the ascertainment of subjects in the lung
cancer case-control study [T2] would be desirable

United Kingdom and
United States
nuclear workers

Individual measurements of plutonium body burden
or other internally deposited radionuclides, and
external gamma dose

General lack of information on smoking and other
potential non-radiation confounders
Possible uncertainties in assessment of internal exposures

Florida phosphate
workers

[C34]

Relatively large number of person-years
Assessment of exposures to other agents

(e.g. silica and acid mists)

Not possible to obtain direct quantitative estimates
of exposure levels

Absence of data on smoking habits for lung cancer
analysis

Chinese iron and steel
workers

[L49]

Assessments made of lung doses from inhalation of
thorium

Information available on smoking habits

Lung doses generally low
Small number of deaths for specific cancer types

Radon-exposed
underground miners

Large numbers
Protracted exposures over several years
Wide range of cumulative exposures
Exposure-response analyses

Uncertainties in assessment of early exposures
Possible modifying effect of other types of exposure

(e.g. arsenic)
Smoking histories limited or not available

Environmental exposures

Residential radon Large numbers in most studies
Protracted exposures over many years
Individual data on radon and smoking

Uncertainties in assessing exposures (measurement
error, mobility between dwellings, structural changes
to dwellings)

Radon concentrations low for many subjects
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c The values given are for 10-year survivors.
d The values given exclude the period within five years of first treatment.
e Dose-response analysis based on the number of treatment courses given.
f Not available.
g Based on a 10-year lag. Trend not statistically significant..
h No apparent trend with administered level of 131I, although a significance test was not performed.

Table 6
Risk estimates for cancer incidence and mortality from studies of radiation exposure: oesophageal cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

68
16
8

76

84

66.2
11.2
8.2
69.2

77.4

0.23
0.22
0.23
0.22

0.23

297 452
491 130
297 452
491 130

788 582

0.12
1.95
�0.11
0.45

0.37
(�0.45�1.31) b

0.26
0.44
�0.03
0.63

0.36
(�0.44�1.28) b

Cervical cancer cohort [B11] c 12 11.0 0.35 178 243 0.26 (95% CI:
�1.1�1.3) b

0.16 (95% CI:
�0.6�1.3) b

Mortality

Life Span Study [P9]
Age at exposure

Males <20 years
20-39 years

>40 years
Females <20 years

20-39 years
>40 years

Time since exposure
Both sexes 5-10 years

11-25 years
26-40 years
41-45 years

All

13
30
61
0

14
19

13
52
51
21

137

15.9
31.2
55.0
0.0
10.2
12.9

12.9
40.6
49.2
16.2

125.2

0.21
0.25
0.23
0.20
0.19
0.17

0.22
0.20
0.20
0.19

0.21

376 371
117 959
132 009
416 447
358 988
201 931

261 996
658 705
533 369
144 940

1 603 705

- 0.87 (-2.44 -1.40)
- 0.15 (-1.22 -1.20)

0.48 (-0.50 -1.64)
�

1.94 (-0.88 -5.96)
2.78 (-0.20 -6.81)

0.05 (-1.87 -2.81)
1.41 (0.02 -3.08)
0.18 (-0.97 -1.57)
1.55 (-0.67 -4.52)

0.76 (0.02 -1.59) b

- 0.37 (-1.04 -0.59)
- 0.40 (-3.22 -3.18)

1.99 (-2.10 -6.82)
�

0.55 (-0.25 -1.69)
1.77 (-0.13 -4.34)

0.02 (-0.92 -1.38)
0.87 (0.01 -1.90)
0.17 (-0.89 -1.45)
1.73 (-0.75 -5.04)

0.56 (0.02 -1.16) b

Ankylosing spondylitis [W1] d 74 38 5.55 287 095 0.17 (95% CI:
0.09�0.25) e

0.23 (95% CI:
0.1�0.3) b

Metropathia haemorrhagica [D7] 9 9.27 0.05 47 144 �0.58
(<�0.2�13.9) b

�0.94
(�7.0 �22.5) b

Massachusetts TB fluoroscopy [D4] 14 6.7 0.80 169 425 n.a. f n.a.

Nuclear workers in Canada,
United Kingdom, United States [C11]

104 n.a. 0.04 2 124 526 >0 g n.a.

Nuclear workers in Japan [E3] 25 37.1 0.014 533 168 >0 g n.a.

INTERNAL LOW-LET EXPOSURES

Mortality

United States thyrotoxicosis [R14] 25 25 n.a. 385 468 n.a. h n.a.
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Table 7
Risk estimates for cancer incidence and mortality from studies of radiation exposure: stomach cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

679
628
167

1 140

1 307

660.4
561.3
142.0

1 079.7

1 221.7

0.24
0.23
0.24
0.23

0.23

298 700
493 900
365 200
427 300

792 500

0.12
0.52
0.74
0.24

0.30 (0.2�0.5) b

2.61
5.86
2.87
6.15

4.68 (2.5�7.4) b

Cervical cancer case-control [B1] c 348 167.3 2 n.a. 0.54 (0.05�1.5) 1.23

Mayak workers [Z1] 20 d n.a. >3 n.a. 1.1 (95% CI:
0.01�3.4) e

n.a.

Swedish benign breast disease [M28] 14 15.6 0.66 26 493 1.3 (95% CI:
0�4.4)

n.a.

Stockholm skin haemangioma [L16] 5
�6 0.09 406 565 <0 <0

Mortality

Life Span Study [P9]
Age at exposure

Males <20 years
20-39 years

>40 years
Females <20 years

20-39 years
>40 years

Time since exposure
Both sexes 5-10 years

11-25 years
26-40 years
41-45 years

All

78
193
536
63
257
390

153
610
606
148

1 517

75.2
188.2
527.0
51.6

233.6
369.0

151.6
581.0
573.8
137.7

1 444.1

0.21
0.21
0.21
0.21
0.21
0.21

0.21
0.21
0.21
0.21

0.21

369 372
116 442
129 183
414 045
357 293
201 031

186 468
725 251
530 897
144 740

1 587 355

0.18 (�0.7�1.2)
0.12 (�0.4�0.7)
0.08 (�0.3�0.4)
1.05 (�0.1�2.4)
0.48 (�0.0�1.0)
0.27 (�0.1�0.7)

0.04 (�0.6�0.7)
0.24 (�0.1� f)

0.27 (�0.1�0.6)
0.36 (�0.3�1.1)

0.24 (0.03�0.5) b

0.37 (�1.4�2.5)
1.96 (�7.1�12.0)
3.30 (�10.2�17.8)
1.31 (�0.1�3.0)
3.12 (�0.3�6.8)
4.97 (�2.6�13.0)

0.35 (�4.7�6.0)
1.90 (�0.7� e)

2.89 (�0.6�6.6)
3.38 (�3.0�10.5)

2.19 (0.30�4.1) b

Ankylosing spondylitis [W1] g 127 128 3.21 287 095 �0.004 (95% CI:
�0.05-0.05) h

�0.02 (95% CI:
�0.2-0.2)

Yangjiang background radiation
[T25, T26]

70 77.8 n.a. i 1 246 340 �0.27(95% CI:
�1.37-2.69) j

n.a.

Peptic ulcer [G6] 40 14.4 k 14.8 35 815 0.15 0.25

Metropathia haemorrhagica [D7] l 33 26.8 0.23 47 144 1.01 (<�0.2�2.8) b 5.72 (<�2.4�16) b

Benign gynaecological disease [I16] m 23 21.8 0.2 71 958 0.27
(�4.25�4.80) n

0.83 (<0�72.7) b

Nuclear workers in Canada,
United Kingdom, United States [C11] 275 n.a. 0.04 2 124 526 <0 o n.a.

Nuclear workers in Japan [E3] 149 177.2 0.014 533 168 <0 o n.a.
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Based on 5-year survivors. The observed and expected numbers are for both exposed and unexposed persons. The excess absolute risk estimate was

computed using background incidence rates estimated using the cervical cancer cohort study [B11].
d Workers with external gamma dose in excess of 3 Gy.
e ERR among those with external gamma doses in excess of 3 Gy relative to those with lower doses.
f Calculation of upper confidence limit did not converge.
g The values given exclude the period within five years of first treatment.
h Dose-response analysis based on the number of treatment courses given.
i Mean annual effective dose = 6.4 mSv.
j Based on a 10-year latent period.
k Based on unirradiated patients.
l The values given exclude the period within five years of irradiation.
m The observed and expected number of cases are for 10-year survivors. The estimated number of expected cases incorporated an adjustment

based on the Poisson regression model given in [I16].
n Wald-type CI.
o Based on a 10-year lag. Trend not statistically significant.
p 95% CI in parentheses.
q Restricted to the period 10 or more years after treatment.
r Relative risk at 1 Gy.
s No apparent trend with administered activity of 131I , although a significance test was not performed.
t Relative to unexposed controls.
u In the control group, 16 stomach cancers were diagnosed, compared with 16.9 expected.
v Number quoted in an earlier follow-up [V3].
w Amount of thorotrast administered.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk p

INTERNAL LOW-LET EXPOSURES

Incidence

Swedish hyperthyroid patients [H23] 58 q 43.6 0.25 Gy n.a. 2.32 r

Mortality

United States thyrotoxicosis patients
[R14]

82 78.0 0.178 385 468 >0 s

INTERNAL HIGH-LET EXPOSURES

Incidence

224Ra ankylosing spondylitis patients
[W20]

18 12.2 n.a. 32 800 1.56 t, u

224Ra ankylosing spondylitis patients
[N4]

13 ~11 n.a. 25 000 ~1.2

Danish thorotrast patients [A5] 7 6.9 n.a. 19 365 1.82 (0.61�5.66) t

Mortality

German thorotrast patients [V3, V8] 30 v n.a. 20.6 ml w n.a. 0.6 t
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Table 8
Risk estimates for cancer incidence and mortality from studies of radiation exposure: colon cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

109
114
32

191

223

90.7
103.0
28.0

165.7

193.7

0.23
0.22
0.23
0.22

0.23

297 500
491 100
363 300
425 300

788 600

0.87
0.48
0.62
0.70

0.67 (0.1�1.3) b

2.66
1.01
0.48
2.71

1.65 (0.7�3.0) b

Cervical cancer case-control [B1] c 409 409 24 n.a. 0.00
(�0.01�0.02)

0.01
(�0.09�0.18)

Stockholm skin haemangioma [L16] 12
�11 0.07 406 565 0.37 d 0.11

Mortality

Life Span Study [P9]
Age at exposure

Males <20 years
20-39 years

>40 years
Females <20 years

20-39 years
>40 years

Time since exposure
Both sexes 5-10 years

11-25 years
26-40 years
41-45 years

All

18
25
45
9

49
52

9
41
97
51

198

13.8
22.7
42.7
5.6

40.4
48.0

9.4
37.7
85.3
41.9

173.2

0.20
0.20
0.20
0.20
0.20
0.20

0.20
0.20
0.20
0.20

0.20

369 372
116 442
129 183
414 045
357 283
201 031

186 468
725 251
530 897
144 740

1 587 355

1.52 (�0.8�4.7)
0.51 (�1.2�2.7)
0.27 (�1.0�1.8)
2.96 (�0.8�8.9)
1.06 (�0.3�2.7)
0.42 (�0.8�1.8)

�0.22 (�2.5�3.3)
0.44 (�0.9�2.1)
0.69 (�0.2�1.7)
1.08 (�0.2�2.7)

0.71 (0.06�1.4) b

0.57 (�0.3�1.7)
0.99 (�2.3�5.2)
0.88 (�3.2�5.8)
0.40 (�0.1�1.2)
1.20 (�0.3�3.0)
1.00 (�1.8�4.4)

�0.11 (�1.3�1.7)
0.23 (�0.5�1.1)
1.10 (�0.4�2.8)
3.14 (�0.7�7.8)

0.78 (0.07�1.6) b

Benign gynaecological disease [I16] e 75 46.6 1.3 71 958 0.51 (�0.8�5.61) 3.2 (�0.9�7.1) b

Metropathia haemorrhagica [D7] f 47 33 3.2 47 144 0.13 (95% CI:
0.01�0.26)

0.92 (95% CI:
0.1�1.8) b

Peptic ulcer [G6] 31 24.0 g 6 35 815 0.05 (95% CI:
�0.05�0.22) b

0.33 b

Nuclear workers in Canada,
United Kingdom, United States [C11] 343 n.a. 0.04 2 124 526 <0 d, h n.a.

Nuclear workers in Japan [E3] 51 42.6 0.014 533 168 <0 d, h n.a.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk i

INTERNAL LOW-LET EXPOSURES

Mortality

United States thyrotoxicosis patients
[R14] j

282 255 0.108 k 385 468 n.a. l
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Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk i

a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Based on 10-year survivors. The observed and expected numbers cover both exposed and unexposed persons. The excess absolute risk estimate was

computed using background incidence rates, estimated using the cervical cancer cohort study [B11].
d Not statistically significantly different from zero.
e The observed and expected number of cases are for 10-year survivors. The estimated number of expected cases incorporated an adjustment based on

the Poisson regression model given in [I16].
f The values given exclude the period within five years of irradiation.
g Based on unirradiated patients.
h Based on a 10-year lag.
i 95% CI in parentheses.
j Data for colorectal cancer [R14].
k Value for small intestine [R14].
l No apparent trend with administered activity of 131I, although a significance test was not performed.
m Relative to unexposed controls.
n Number quoted in earlier follow-up [V3].
o Amount of thorotrast administered.

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish thorotrast patients [A5] 9 7.1 n.a. 19 365 1.28 (0.54�2.84) m

Mortality

German thorotrast patients [V3, V8] 10 n n.a. 20.6 ml o n.a. �0.5 m
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Table 9
Risk estimates for cancer incidence and mortality from studies of radiation exposure: liver cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(106 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1] b

Sex Male
Female

Age at exposure <20 years
>20 years

All

174
110
63
221

284

150.1
104.4
48.3

206.2

254.5

0.24
0.23
0.24
0.23

0.24

299 646
496 606
367 003
429 249

796 252

0.66
0.23
1.27
0.31

0.48 (0.04�0.96) c

3.32
0.49
1.67
1.50

1.55 (0.13�3.08) c

Cervical cancer cohort [B11] d 8 8.8 1.50 178 243 �0.06
(�0.37�0.4) c

�0.03
(�0.16�0.2) c

Swedish benign breast disease [M28] 12 11.3 0.66 26 493 0.09 (95% CI:
<0�1.4)

n.a.

Mortality

Life Span Study [P9] e

Age at exposure
Males <20 years

20-39 years
>40 years

Females <20 years
20-39 years

>40 years
Time since exposure

Both sexes 5-10 years
11-25 years
26-40 years
41-45 years

All

67
73
108
17
65
102

42
112
178
100

432

60.2
66.5
99.5
16.2
58.1
97.0

38.9
104.1
162.8
90.5

397.6

0.20
0.24
0.21
0.20
0.20
0.17

0.22
0.22
0.22
0.22

0.22

371 456
116 815
129 974
416 768
359 129
202 013

186 468
725 251
530 897
144 740

1 596 155

0.57 (�0.50�1.82)
0.41 (�0.44�1.41)
0.40 (�0.38�1.28)
0.23 (�1.62�2.78)
0.60 (�0.50�1.89)
0.29 (�0.65�1.37)

0.36 (�0.82�1.80)
0.34 (�0.39�1.18)
0.42 (�0.17�1.08)
0.48 (�0.32�1.38)

0.42 (0.04�0.83) c

0.92 (�0.81�2.95)
2.34 (�2.52�8.01)
3.06 (�2.90�9.82)
0.09 (�0.63�1.08)
0.96 (�0.81�3.05)
1.40 (�3.13�6.56)

0.75 (�1.71�3.75)
0.49 (�0.56�1.69)
1.30 (�0.53�3.32)
2.97 (�2.01�8.65)

1.08 (0.10�2.15) c

Ankylosing spondylitis [W1] f 11 13.6 2.13 287 095 �0.09
(�0.24�0.2) c

�0.04
(�0.11�0.1) c

Peptic ulcer [G6] 9 11.4 g 4.61 35 815 �0.05 (95% CI:
�0.15�0.24) c

�0.15 c

Benign gynaecological disease [I16] h 9 i 16.6 0.21 71 958 �2.18
(�3.26-�0.3) c

�5.03
(�7.52-�0.7) c

Yangjiang background radiation
[T25, T26]

171 213.8 n.a. j 1 246 340 �0.99 (95% CI:
�1.60�0.10) k

n.a.

Nuclear workers in Canada
United Kingdom, United States [C11]

33 n.a. 0.04 2 124 526 ~0 n.a.

Nuclear workers in Japan [E3] 111 128.9 0.014 533 168 >0 l n.a.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk m

INTERNAL LOW-LET EXPOSURES

Mortality

United States thyrotoxicosis patients
[R14]

39 44.8 n.a. 385 468 n.a.
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Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk m

a 90% in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Based on histologically verified cases.
c Estimates based on method described in the introduction to Chapter III.
d Based on 10-year survivors.
e Includes deaths coded as primary liver cancer and liver cancer not specified as secondary.
f The values given exclude the period within five years of first treatment.
g Based on unirradiated patients.
h The estimated number of expected cases incorporated an adjustment based on the Poisson regression model given in [I16].
i Including gallbladder.
j Mean annual effective dose = 6.4 mSv.
k Based on a 10-year latent period.
l Based on a 10-year lag. Trend not statistically significant.
m 95% CI in parentheses.
n Per 10 ml injected dose.

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish thorotrast patients [A5] 84 0.7 3.9�6.1 Gy n.a. 194.2 n

(31.0�1 216)

Mortality

German thorotrast patients [V1, V8] 454 3.6 4.9 Gy n.a. 25 Gy-1

Portuguese thorotrast patients [D3] 104 6.6 26 ml
thorotrast

16 963 5.7 n

Combined Japanese thorotrast patients
[M14]

143 4 n.a. 10 685 n.a.
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Table 10
Risk estimates for cancer incidence and mortality from studies of radiation exposure: lung cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years
Time since exposure 5-19 years

20-29 years
30-42 years

All

245
211
30
426
85
146
225

456

224.7
140.1
26.2

338.5
67.8

116.3
186.4

364.7

0.25
0.24
0.25
0.24
0.24
0.24
0.24

0.25

302 000
500 700
370 000
432 700
288 566
317 535
314 545

802 700

0.36
2.08
0.57
1.06
1.04
1.05
0.85

1.00 (0.6�1.4) b

2.67
5.81
0.41
8.27
2.45
3.85
5.05

4.55 (2.4�6.0) b

Hodgkin's disease (international) [K9] 79 n.a. 2.2 n.a. n.a. c n.a.

Hodgkin's disease (Netherlands) [V2] 29 n.a. 7 n.a. ~1 (95% CI:
<0� ~10)

n.a.

Breast cancer [I7] 17 n.a. 9.8 d n.a. 0.08 (95% CI:
�0.77�0.22) e

0.9

Swedish benign breast disease [M28] 10 11.2 0.75 26 493 0.38 (95% CI:
<0�0.6)

n.a.

Stockholm skin haemangioma [L16] 11
�9 0.12 406 565 1.4 0.33

Mortality

Life Span Study [P9]
Age at exposure

Males <20 years
20-39 years

>40 years
Females <20 years

20-39 years
>40 years

Time since exposure
Both sexes 5-10 years

11-25 years
26-40 years
41-45 years

All

30
97
182
18
125
132

10
158
297
119

584

28.4
90.8

164.8
16.6

115.3
115.4

8.3
143.7
268.4
107.4

526.1

0.23
0.23
0.23
0.23
0.23
0.23

0.23
0.23
0.23
0.23

0.23

369 372
116 442
129 183
414 045
357 283
201 031

186 468
725 251
530 897
144 740

1 587 355

0.24 (�1.0�1.9)
0.30 (�0.5�1.2)
0.45 (�0.1�1.1)
0.37 (�1.3�2.6)
0.37 (�0.3�1.1)
0.63 (�0.1�1.4)

0.87 (�1.5�4.5)
0.43 (�0.2�1.1)
0.46 (0.01�0.9)
0.47 (�0.2�1.3)

0.48 (0.16�0.8) b

0.18 (�0.8�1.4)
2.32 (�3.5�9.0)
5.80 (�1.5�1.1)
0.15 (�0.5�1.1)
1.18 (�1.0�3.6)
3.60 (�0.4�8.0)

0.39 (�0.7�2.0)
0.86 (�0.3�2.2)
2.34 (0.07�4.8)
3.50 (�1.7�9.4)

1.59 (0.53�2.7) b

Ankylosing spondylitis [W1] f 563 469 2.54 287 095 0.05 (95% CI:
(0.002�0.09) g

0.9 (95% CI:
0.0�1.4) b

Canadian TB fluoroscopy [H7] h 455 473.7 1.02 672 071 0.00 (95% CI:
�0.06�0.07)

0.0 (95% CI:
�0.4�0.4)

Peptic ulcer [G6] 99 58.2 i 1.79 35 815 0.39 (95% CI:
0.11�0.78) b

6.36 b

Massachusetts TB fluoroscopy [D4] 69 81.8 0.84 169 425 �0.19
(<�0.2�0.04) b

�0.90
(<�1.8�0.2) b

Yangjiang background radiation
[T25, T26]

62 76.5 n.a. j 1 246 340 �0.68 (95% CI:
�1.58�1.67) k

n.a.

Nuclear workers in Canada, United
Kingdom, United States [C11]

1 238 n.a. 0.04 2 124 526 <0 l n.a.
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Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk m

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

Nuclear workers in Japan [E3] 117 124.9 0.014 533 168 <0 l n.a.

Mayak reactor workers (cohort study) n

[K34]
47 56.23 1.02 67 097 �0.161 l

�11.7 l

Study
Observed

cases
Expected

cases
Mean
WLM

Person-
years

Average ERR o

at 100 WLM

INTERNAL HIGH-LET EXPOSURES (Occupational radon)

Mortality

Chinese tin miners [L4, X1] p 936 649 277.4 135 357 0.16 (0.1�0.2)

West Bohemia uranium miners [L4, T22] q 702 137.7 219 106 983 0.64 (0.4�1.1)

Colorado Plateau uranium miners
[H17, L4] o

327 74 807.2 75 032 0.42 (0.3�0.7)

Ontario uranium miners [K4, L4] o 282 221 30.8 319 701 0.89 (0.5�1.5)

Newfoundland fluorspar miners [L4, M15] r 138 32.1 382.8 48 189 0.70 (0.44�1.14)

Swedish iron miners [L4, R8] o 79 44.7 80.6 32 452 0.95 (0.1�4.1)

New Mexico uranium miners [L4, S19] o 68 23.5 110.3 46 797 1.72 (0.6�6.7)

Beaverlodge uranium miners
[H15, H18, L4] o

56 15.4 81.3 s 68 040 3.25 (1.0�9.6) t

Port Radium uranium miners [H16, L4] o 39 26.7 242.8 31 454 0.19 (0.1�0.6)

Radium Hill uranium miners [L4, W7] o 32 23.1 7.6 25 549 5.06 (1.0�12.2)

French uranium miners [L4, T8] o 45 36.1 68.7 39 487 0.36 (0.0�1.3)

Cornish tin miners [D8, H13] 82 n.a. 65 66 900 0.045 u

Study Observed
cases

Expected
cases

Mean
concentration

(Bq m�3)

Person-
years

Average ERR k

at 100 Bq m�3

INTERNAL HIGH-LET EXPOSURES (Residental radon)

Incidence

Meta-analysis of eight case-control studies
[L21]

4 263 n.a. n.a. n.a. 0.09 (0.0�0.2)

West Germany [W17]
Entire study region
Radon-prone areas

1 449
365

n.a.
n.a.

49 v

67 o
n.a.
n.a.

�0.02 (�0.18-0.17)
0.13 (�0.12-0.46)

East Germany [W18] 1 053 n.a. 87 w n.a. 0.04 (�0.04-0.12)

Southwest England [D30] 982 n.a. 58 o n.a. 0.08 (�0.03-0.20)

Missouri-II [A24]
Based on track-etch measurements
Based on CR-39 surface measurements

247
372

n.a.
n.a.

58.5
64.6

n.a.
n.a.

0.06 (�0.1-0.6)
0.65 (0.1-2.0)
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Relative risks quoted in Section III.E.
d Average dose to both lungs for irradiated controls.
e Wald-type CI; likelihood-based lower confidence bound could not be identified.
f The values given exclude the period within five years of first treatment.
g Dose-response analysis based on the number of treatment courses given.
h The values given exclude the period within ten years of exposure and ages at risk less than 20 years.
i Based on unirradiated patients.
j Mean annual effective dose = 6.4 mSv.
k Based on a 10-year latent period.
l Trend not statistically significant.
m 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
n Results presented here for males only.
o 95% CI in parentheses.
p The values cited are from [L4], unless indicated otherwise, and except for the expected number of cases which has been calculated as O/(1+100 αD),

where O is the observed cases, α is the ERR at 100 WLM and D is the mean WLM.
q Values cited are based on data from [T22].
r Values cited are from [M15], and include non-exposed miners.
s Revised value for persons in nested case�control study [H18].
t Values based on case-control analysis with revised exposure estimates [H18].
u Coefficient based on time-weighted cumulative exposure.
v Value for cases.
w Value for cases, based on measurements in living room [W18].
x Workers with plutonium body burden above 5.55 kBq.
y Comparison group consists of workers with plutonium body burden below 5.55 kBq.
z Relative to unexposed controls, among whom 29 cases were observed, compared with 49.6 expected [W20].
aa Based on national rates [A5].
ab As given in [A12].
ac Relative to unexposed controls, with adjustment for sex, age at angiography, and calendar period.
ad Alpha dose to lung, based on a radiation weighting factor of 20 [K34].
ae Relative to other radiation workers at Sellafield; difference is not statistically significant [O1].
af Mean amount of thorotrast administered in the first series of Japanese patients [M47].
ag Amount of thorotrast administered.
ah Relative to unexposed controls.
ai Based on three deaths in the control group, and excluding the first five years after administration of thorotrast [D31].
aj Workers with plutonium body burden of 74 Bq or more.
ak Comparison group consists of workers with plutonium body burden below 74 Bq.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average relative
risk n

INTERNAL HIGH-LET EXPOSURES (other than radon)

Incidence

Mayak radiochemical plant workers
(case-control study) [T2]

60 x n.a. n.a. n.a. 3.1 (1.8�5.1) y

224Ra ankylosing spondylitis patients [W20] 25 35.7 n.a. 32 800 1.20 z

224Ra ankylosing spondylitis patients [N4] 20 30 n.a. 25 500 0.67

Danish thorotrast patients [A5] 21 10.9 aa 0.18 Gy ab 19 365 0.7 (0.3�1.7) ac

Mortality

Mayak workers (cohort study) j 105 42.18 6.56 Sv ad 31 693 0.321 Sv�1

(0.20�0.47)

Sellafield plutonium workers [O1] 133 145.8 0.19 Sv 415 432 1.12 ae

Japanese thorotrast patients, combined data
[M14]

11 n.a. 17 ml af 10 685 2.0 (1.0�3.9)

German thorotrast patients [V1] 53 n.a. 20.6 ml ag n.a. 0.75 ah

Portuguese thorotrast patients [D31] 10 n.a. 26.3 ml af 16 963 4.68
(0.24�92.1) ai

Los Alamos workers aj [W8] 8 n.a. n.a. n.a. 1.78 (0.79�3.99) ak



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER400

Table 11
Risk estimates for cancer incidence and mortality from studies of radiation exposure: malignancies of the
bone and connective tissue
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

9
7
4

12

16

6.4
5.7
1.1
11.0

12.1

0.23
0.22
0.23
0.22

0.23

297 500
491 100
363 300
425 300

788 600

1.78
0.99
11.0
0.42

1.42 (<�0.2�4.5) b

0.38
0.12
0.34
0.11

0.22 (<�0.1�0.7) b

Retinoblastoma patients [W11]
(bone and soft tissue sarcoma) c

81 16.9 0.0 d n.a. 0.19 (95% CI:
0.14�0.32)

n.a.

Childhood radiotherapy, international
[T17]

54 20.0 27.0 n.a. 0.06 (0.01�0.2) b n.a.

Childhood cancer, United Kingdom
(bone) e [H44]

49 18.8 10d n.a. 0.16 (95% CI:
0.07�0.37)

n.a.

Cervical cancer case-control [B1]
(connective tissue) f

46 70.8 7.0 n.a. �0.05
(�0.11�0.13)

�0.01
(�0.03�0.03)

Cervical cancer case-control [B1]
(bone) f

15 10.4 22 n.a. 0.02
(�0.03�0.21) b

n.a.

Mortality

Life Span Study [R1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

14
10
3

21

24

10.8
8.5
1.9
17.4

19.3

0.23
0.23
0.23
0.22

0.23

471 800
731 300
574 500
628 600

1 203 100

1.26
0.81
2.58
0.92

1.07 (<�0.2�3.3) b

0.29
0.09
0.08
0.26

0.17 (<�0.1�0.5) b

Ankylosing spondylitis [W1] g

(bone and connective and soft tissue)
19 6.3 4.54 287 095 0.44 b 0.097 b

Nuclear workers in Canada, United
Kingdom, United States [C11]

(bone)

11 n.a. 0.04 2 124 526 <0 h n.a.

Nuclear workers in Canada, United
Kingdom, United States [C11]

(connective tissue)

19 n.a. 0.04 2 124 526 >0 h n.a.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk i

Average excess
absolute risk
(104 PYSv)-1

INTERNAL HIGH-LET EXPOSURES

Incidence

224Ra TB and ankylosing spondylitis
patients (bone) [N14]

55 0.2 30.6 Gy 25 500 n.a. n.a.

224Ra ankylosing spondylitis patients
(bone and connective tissue) [W20]

4 1.3 ~6 Gy 32 800 4.3 j n.a.
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Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk i

Average excess
absolute risk
(104 PYSv)-1

a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Results are for patients with bone or soft tissue sarcoma for whom dosimetry information was available.
d Mean dose for controls of bone cancer cases.
e Results are based on a case-control analysis of bone cancer.
f Based on one-year survivors. The observed and expected numbers cover both exposed and unexposed persons. The excess absolute risk for connective

tissue was computed using baseline incidence data derived from the cohort study [B11].
g The values given exclude the period within five years of first treatment.
h Based on a 10-year lag. Trend not statistically significantly different from zero.
i 95% CI in parentheses.
j Relative to unexposed controls, among whom one case was observed compared with 1.4 expected [W20].
k Amount of thorotrast administered.
l Crude relative risk, based on one case in the control group. This relative risk is not significantly different from 1 (p>0.05) [V8].
m Based on pre-1930 workers with an average skeletal dose greater than zero [C27].
n Based on five deaths in the control group, and excluding the first five years after administration of thorotrast [D31].

German thorotrast patients (bone
sarcoma [V8]

4 n.a. 20.6 ml k n.a. ~3.3 l n.a.

Mortality

United States radium luminizers m

(bone) [C27, R35, S12, S16, S54, S56]
46 <1 8.6 Gy 35 819 n.a. ~13

Portuguese thorotrast patients (bone)
[D31]

16 n.a. 26.3 ml k 16 963 7.08
(1.65�30.3) n

n.a.
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c From data presented by Shore [S30].
d Person-years estimated from data presented by Shore [S30].

Table 12
Risk estimates for cancer incidence and mortality from studies of radiation exposure: skin cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

41
57
21
77

98

31.4
44.4
7.7
68.2

75.9

0.33
0.32
0.32
0.33

0.33

324 100
538 900
399 300
463 700

863 000

0.92
0.88
5.37
0.39

0.88 (0.4�1.9) b

0.89
0.72
1.04
0.58

0.78 (0.4�1.4) b

Childhood exposure

Israel tinea capitis [R16] 42 10.0 6.8 265 070 0.47 (0.3�0.7) b 0.18 (0.1�0.25) b

New York tinea capitis (whites) c

[S27, S30]
83 24.0 5.0 52 000 d 0.49 (0.37�0.63) b 2.5 (1.9�3.2) b

Rochester thymic irradiation c

[H31, S30]
14 4.2 2.3 87 000 d 1.05 (0.50�1.9) b 0.50 (0.3�0.9) b

Tonsil irradiation c [S28, S30] 63 45.0 3.8 96 000 d 0.11 (0.03�0.19) b 0.50 (0.2�1.0) b

Adult exposure

Cervical cancer cohort [B1] 88 100 10 342 786 �0.01
(�0.02�0.01) b

�0.02
(�0.06�0.03) b

Massachusetts TB fluoroscopy c

[D16, S30]
80 75.3 9.6 122 000 d 0.01 (0�0.03) b 0.04 (0�0.2) b

New York mastitis c [S30] 14 10.7 2.6 14 000 d 0.12 (0�0.8) b 0.90 (0�2.8) b
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Table 13
Risk estimates for cancer incidence and mortality from studies of radiation exposure: female breast cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality. For case-control studies, the observed number of cases covers both exposed and unexposed persons.

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)�1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Age at exposure <20 years

>20 years
Time since exposure 5�19 years

20�29 years
30�42 years

All

122
173
49
87

159

295

62.8
137.1
36.9
63.5
99.5

199.9

0.28
0.27
0.28
0.27
0.27

0.27

202 600
308 000
161 400
175 800
173 400

510 600

3.32 (2.3�4.4)
0.98 (0.4�1.6)

1.19
1.34
2.21

1.74 (1.1�2.2) b

10.3 (7.2�14)
4.36 (1.8�7.2)

2.72
4.86

12.68

6.80 (4.9�8.7) b

Massachusetts TB fluoroscopy [B3] 142 107.6 0.79 54 600 0.40 (0.2�0.7) b 7.98 (3.6�13) b

New York acute post-partum mastitis
[S15]

54 20.8 3.7 9 800 0.43 (0.3�0.6) b 9.14 (6.0�13) b

Swedish benign breast disease
[M8, M20]

115 28.8 8.46 37 400 0.35 (0.3�0.4) b 2.72 (2.2�3.3) b

Cervical cancer case control c [B50]
Without ovaries

953 d

91 e
1083.0

82.6
0.31
0.31

n.a.
n.a.

�0.2 (<�0.2�0.3)
0.33 (<�0.2�5.8)

<�0.3 (<�0.3�0.2)
n.a.

Contralateral breast
Denmark [S20]
United States [B10]

529
655

508.7
550.4

2.51
2.82

n.a.
n.a.

0.02 (<�0.1�0.2) b

0.07 (<�0.1�0.2) b
n.a.
n.a.

Rochester thymic irradiation f [H10] 22 7.8 0.76 38 200 2.39 (1.2�4.0) b 4.89 (2.4�8.1) b

Childhood skin haemangioma f [L46] 245 204 0.33 600 000 0.35 (95% CI:
0.18�0.59)

1.44 (95% CI:
0.78�2.28)

Hodgkin's disease (Stanford) [H2] 25 6.1 �44.0 100 057 0.07 (0.04�0.11) b 0.04 (0.03�0.07) b

Childhood Hodgkin's disease f [B16] 17 0.2 20 n.a. n.a. g n.a.

Mortality

Life Span Study [P9]
Age at exposure <20 years

20�39 years
>40 years

Time since exposure 5�10 years
11�25 years
26�40 years
41�45 years

All

52
57
33
16
47
54
25

142

29.1
50.0
30.2
22.3
40.9
36.5
13.5

107.6

0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.25

414 045
357 283
201 031
108 719
442 174
330 501
90 964

972 358

3.16 (1.61�5.0)
0.56 (�0.4�1.7)
0.37 (�0.8�1.8)
�1.12 (�2.2�0.4)
0.60 (�0.4�1.19)
1.19 (0.66�3.4)
3.43 (1.16�6.4)

1.28 (0.57�2.1) b

2.22 (1.13�3.5)
0.78 (�0.5�2.4)
0.55 (�1.2�2.8)
�2.30 (�4.5�0.8)
0.55 (�0.4�1.7)
2.11 (0.72�3.8)
5.07 (1.72�9.4)

1.42 (0.63�2.3) b

Scoliosis patients f [D34] 70 35.7 0.11 184 508 5.4 (95% CI:
1.2�14.1)

12.9 (95% CI:
4.0�21.0)

Ankylosing spondylitis [W1] h 42 39.3 0.59 n.a. 0.08 (95% CI:
�0.30�0.65) i

n.a.

Canadian TB fluoroscopy [H20] 349 237 0.89 411 706 0.90 (95% CI:
0.55�1.39) j

3.16 (95% CI:
1.97�4.78) k

Nuclear workers in Canada,
United Kingdom, United States [C11] 84 n.a. 0.04 n.a. >0 l n.a.
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Excess absolute risk among cervical cancer patients is computed using baseline incidence data derived from the cohort study [B11].
d Based on 5-year survivors.
e Based on 10-year survivors.
f Population exposed as children.
g Relative risks by dose group quoted in Section III.H.1.
h The values given exclude the period within five years of first treatment.
i Dose-response analysis based on the number of treatment courses given.
j Including a factor to allow for differences between Nova Scotia and other Canadian provinces. Values apply to exposure at age 15 years.
k Including a factor to allow for differences between Nova Scotia and other Canadian provinces. Values apply 20 years following exposure at age 15

years.
l Based on a 10-year lag. Trend not statistically significant.
m High-LET breast dose from radium-224.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average ERR at
1 Sv

INTERNAL HIGH-LET EXPOSURES

Incidence

224Ra TB and ankylosing spondylitis
patients [N4]

28 8 �0.1 Gy m n.a. 0.9
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c The values given exclude the period within five years of first treatment.
d Dose-response analysis based on the number of treatment courses given.
e Based on unirradiated patients.
f Based on a 10-year lag. One-sided p-value for increasing trend equals 0.953, based on a normal approximation.
g 95% CI in parentheses.
h Men who worked in environments potentially contaminated with 51Cr, 59Fe, 60Co, 65Zn or 3H.
i No apparent trend with administered activity of 131I, although a significance test was not performed.
j Amount of thorotrast administered.
k Relative to unexposed controls.

Table 14
Risk estimates for cancer incidence and mortality from studies of radiation exposure: prostate cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)�1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1] 95 92.01 0.21 297 500 0.14 (�0.6�1.0) b 0.44 (�1.8�3.0) b

Mortality

Ankylosing spondylitis [W1] c 88 64.7 2.18 n.a. 0.14 (95% CI:
0.02�0.28) d

n.a.

Peptic ulcer [G6] 26 18.7 e 0.08 n.a. 4.9 (95% CI:
�2.5�15.0) b

n.a.

Nuclear workers in Canada,
United Kingdom, United States [C11]

256 n.a. 0.04 n.a. <0 f n.a.

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk g

INTERNAL LOW-LET EXPOSURES

Incidence

UK Atomic Energy Authority workers:
case-control study [R26]

28 h n.a. n.a. n.a. 2.36 (1.26�4.43)

Mortality

United States thyrotoxicosis patients
[R14]

36 52.7 <0.1 n.a. n.a. i

INTERNAL HIGH-LET EXPOSURES

Incidence

224Ra TB and ankylosing spondylitis
patients [N4]

16 ~12 n.a. n.a. ~1.3

Mortality

German thorotrast patients [V8] 21 n.a. 20.6 ml j n.a. ~0.9 k
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Based on 10-year survivors. The observed and expected numbers cover both exposed and unexposed persons. The excess absolute risk estimate was

computed using background incidence rates estimated using the cervical cancer cohort study [B11].
d The observed and expected number of cases are for 10-year survivors. The estimated number of expected cases incorporated an adjustment

based upon the Poisson regression model given in [I16].
e The values given exclude the period within five years of irradiation.
f The values given exclude the period within five years of first treatment.
g Dose-response analysis based on the number of treatment courses given.
h Based on a 10-year lag. Trend not statistically significant.

Table 15
Risk estimates for cancer incidence and mortality from studies of radiation exposure: cancer of the urinary
bladder
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included survivors
with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)�1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

76
39
12
103
115

70.3
27.9
10.3
87.8
98.1

0.23
0.22
0.23
0.22
0.23

297 500
491 200
363 300
425 300
788 600

0.35
1.80
0.71
0.79

0.76 (0.3�2.1) b

0.84
1.02
0.20
1.62

0.95 (0.3�2.1) b

Cervical cancer case-control [B1] c 273 65.8 45 n.a 0.07 (0.02�0.17) 0.12 (0.04�0.3)

Mortality

Life Span Study [P9]
Age at exposure

Males <20 years
20�39 years

>40 years
Females <20 years

20�39 years
>40 years

Time since exposure
Both sexes 5�10 years

11�25 years
26�40 years
41�45 years

All

6
5

39
2
7

23

4
29
35
14

82

3.4
4.1
35.4
1.7
8.1
19.5

5.0
28.3
26.1
16.6

72.2

0.20
0.23
0.21
0.20
0.19
0.17

0.20
0.20
0.20
0.19

0.20

371 260
116 726
129 809
416 447
358 988
201 931

258 146
658 705
533 369
144 940

1 595 161

3.83 (�1.19�12.50)
0.90 (�2.26�6.63)
0.48 (�0.83�2.11)
1.05 (�3.90�13.98)
�0.69 (�3.07�3.27)
1.04 (�1.14�3.91)

�1.02 (�3.67�4.14)
0.12 (�1.34�2.00)
1.75 (�0.04�3.98)
�0.82 (�2.55�1.65)

0.58 (�0.40�1.72) b

0.35 (�0.11�1.15)
0.32 (�0.80�2.35)
1.32 (�2.27�5.75)
0.04 (�0.15�0.55)
�0.15 (�0.69�0.73)
1.00 (�1.10�3.78)

�0.20 (�0.71�0.81)
0.05 (�0.58�0.86)
0.85 (�0.02�1.94)
�0.94 (�2.92�1.89)

0.27 (�0.19�0.79) b

Benign gynaecological disease [I16] d 19 9.0 6.00 71 958 0.20 (0.08�0.35) 0.24 (0.1�0.4) b

Metropathia haemorrhagica [D7] e 20 6.7 5.20 47 144 0.40 (95% CI:
0.15�0.66)

0.55 (95% CI:
0.2�0.9) b

Ankylosing spondylitis [W1] f 71 46.1 2.18 287 095 0.24 (95% CI:
0.09�0.41) g

0.39 (95% CI:
0.19�0.54) b

Nuclear workers in Canada,
United Kingdom, United States [C11]

104 n.a. 0.04 2 142 526 >0 h n.a.
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Based on a 10-year lag. Trend not statistically significant.

Table 16
Risk estimates for cancer incidence and mortality from studies of radiation exposure: brain and central
nervous system tumours
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence.

Study Observed
cases

Expected
cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure <20 years

>20 years

All

20
51
20
51

71

21.7
45.3
15.7
51.4

67.1

0.27
0.26
0.26
0.26

0.26

307 100
509 300
376 100
440 200

816 300

�0.30
0.48
1.05
�0.03

0.22 (<0�1.3) b

�0.21
0.43
0.44
�0.03

0.18 (<0�0.8) b

Israel tinea capitis [R17] 60 8.4 1.5 283 930 4.08 (3.1�5.2) b 1.2 (0.9�1.5) b

New York tinea capitis [A16] 8 1.4 1.4 48 115 3.4 (1.3�6.7) b 0.98 (0.4�1.9) b

Swedish pooled skin haemangioma
[K23]

83 58.0 0.07 913 402 2.7 (95% CI:
1.0�5.6)

2.1 (95% CI:
0.3�4.4)

Mortality

Pituitary adenoma (UK) [B22] 5 0.5 45 3 760 0.20 (0.07�0.45) b 0.27 (0.09�0.59) b

Nuclear workers in Canada,
United Kingdom, United States[C11]

122 n.a. 0.04 2 142 526 <0 c n.a.
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Table 17
Risk estimates for cancer incidence and mortality from studies of radiation exposure: thyroid cancer
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [T1]
Sex Male

Female
Age at exposure 0�9 years

10�19 years
20�29 years

>30 years

All

22
110
24
35
18
55

132

14.9
79.4
7.6
14.6
17.5
54.5

94.3

0.27
0.26
0.21
0.31
0.28
0.25

0.26

307 167
510 388
185 507
190 087
132 738
309 224

817 600

1.80
1.49

10.25
4.50
0.10
0.04

1.5 (0.5�2.1) b

0.87
2.32
4.21
3.46
0.13
0.06

1.8 (0.8�2.5) b

Tuberculosis, adenitis screening
[H3, S8]
Age at exposure <20 years

>20 years
6
2

0.0
0.2

8.20
8.20

950
3 100

36.5 (16�72) b

1.2 (0.1�3.7) b
7.7 (3.3�15) b

0.7 (0.1�2.4) b

Cohort studies of children

Life Span Study [T1]
Age at exposure 0�19 years 59 22.2 0.26 375 600 6.3 (5.1�10.1) b 3.8 (2.7�5.4) b

Israeli tinea capitis [R9] c 43 10.7 0.1 274 180 34 (23�47) b 13 (9.0�18) b

New York tinea capitis [S8] 2 1.4 d 0.1 79 500 7.7(<0�60) b 1.3 (<0�10.3) b

Rochester thymic irradiation e [S18] 37 2.7 1.4 82 204 9.5 (6.9�12.7) b 3.0 (2.2�4.0) b

Childhood cancer f [T5] 23 0.4 12.5 50 609 4.5 (3.1�6.4) b 0.4 (0.2�0.5) b

Stockholm skin haemangioma [L13] 17 7.5 0.26 406 355 4.9 (95% CI:
1.3�10.2)

0.9 ((95% CI:
0.2�1.9)

Gothenburg skin haemangioma [L15] 15 8 0.12 370 517 7.5 (95% CI:
0.4�18.1)

1.6 (95% CI:
0.09�3.9)

Screening studies of children

Lymphoid hyperplasia screening e, g

[P8, S8]
13 5.4 b 0.24 34 700 5.9 (1.8�11.8) b 9.1 (2.7�18.3) b

Thymus adenitis screening [M4, S8] 16 1.1 b 2.9 44 310 4.5 (2.7�7.0) b 1.2 (0.7�1.8) b

Michael Reese, tonsils h [S21] 309 110.4 0.6 88 101 3.0 (2.6�3.5) b 37.6 (32�43) b

Tonsils/thymus/acne screening
[D5, S8]

11 0.2 b 4.5 6 800 12.0 (6.6�20) b 3.5 (2.0�5.9) b

Pooled analysis of five studies of children

Life Span Study
Israeli tinea capitis
Rochester thymic irradiation
Lymphoid hyperplasia screening
Michael Reese tonsil [R4]

436 n.a. n.a. n.a. 7.7 (95% CI:
2.1�28.7)

4.4 (95% CI:
1.9�10.1)

Studies of adults

Cervical cancer case-control d [B1] 43 18.8 0.11 n.a. 12.3 (<0�76) b 6.9 (<0�39.2) b

Cervical cancer cohort d, i [B11] 16 12.5 0.11 342 786 2.5 (<0�6.8) b 0.9 (<0�2.5) b

Stanford thyroid [H9] 6 0.4 45 17 700 0.3 (0.1�0.7) b 0.07 (0.03�0.1) b
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a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c Doses to the thyroid in this study may be much more uncertain than doses to organs directly in the x-ray beam.
d Expected number of cases computed using excess relative risk estimates given in [S8].
e Known dose. PY and expected number of cases estimated from data given in [S8].
f Based on cohort members with 15 or more years of follow-up and population-expected rates.
g This was a study of nodular disease, and cancer cases were not confirmed.
h Study includes no unexposed controls; estimates of the number of expected cases were computed using the fitted excess relative risk reported in

[S21]. Results are based on the new dosimetry described in [S21]. The large excess absolute risk in this study illustrates the impact of screening
on thyroid cancer risk estimates. As described in [S21], a special thyroid screening programme in this cohort was initiated in 1974. This
screening led to a large increase in the number of incident cases detected among both cases and controls. The paper describes an analysis in
which allowance was made for the effect of screening. The screening-adjusted excess absolute risk was estimated as 1.7 (10 4 PYGy)�1.

i Excludes cases diagnosed during first 10 years of follow-up.
j Trend not statistically significant (see Table 28).

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk

INTERNAL LOW-LET EXPOSURES

Incidence

Diagnostic 131I [H4] 67 49.7 1.1 653 093 n.a. j
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Table 18
Risk estimates for cancer incidence and mortality from studies of radiation exposure: non-Hodgkin’s lymphoma
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence.

Study
Observed

cases
Expected

cases

Mean
dose
(Sv) a

Person-
years

Average excess
relative risk b

at 1 Sv

Average excess
absolute risk b

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [P4]
Sex Male

Female
Age at exposure <20 years

>20 years

All

41
35
17
59

76

33.2
38.3
15.8
55.7

71.5

0.26
0.25
0.26
0.25

0.25

412 400
664 500
478 100
598 800

1 076 900

0.91
�0.34
0.30
0.24

0.25 (<0.2�1.1) c

0.73
�0.20
0.10
0.22

0.17(<�0.3�0.8) c

Cervical cancer case-control d [B1] 94 37.5 7.10 n.a. 0.21
(�0.03�0.93) c

n.a.

Benign lesions in the locomotor system [D12] 81 80.3 0.39 392 900 0.02 c 0.05 c

Mortality

Benign lesions in the locomotor system [D12] 50 56.9 0.39 439 400 �0.31 c
�0.40 c

Ankylosing spondylitis [W1] e 37 21.3 4.38 287 095 0.17 c 0.77 c

Benign gynaecological disease [I6] 40 42.5 1.19 246 821 �0.05 (<-0.2�0.2) c
�0.08 (<-0.3�0.3) c

Massachusetts TB fluoroscopy [D4] 13 f 13.1 0.09 157 578 �0.05
(<�0.2�6.5) c

�0.04 (<-0.2�5.4) c

Peptic ulcer [G6] 12 6.4 g 1.55 35 815 0.57 (95% CI:
�0.19�2.6) c

1.01 c

Nuclear workers in Canada, United Kingdom
and United States [C11]

135 n.a. 0.04 2 142 526 <0 h n.a.

Study Observed
cases

Expected
cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk

at 1 Sv

INTERNAL LOW-LET EXPOSURES

Incidence

Diagnostic 131I [H27] 95 78.5 0.00019 i 527 056 n.a.

Swedish 131I hyperthyroid [H23] 22 32.4 0.06 139 018 n.a.

Mortality

United States thyrotoxicosis j [R14] 74 n.a. 0.042 735 255 0.6 h

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk k

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish Thorotrast patients [A5] 2 1.6 n.a. 19 365 1.47 (0.19-8.87) l
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Study Observed
cases

Expected
cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk

at 1 Sv

a Mean dose to red bone marrow.
b 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
c Estimates based on method described in the introduction to Chapter III.
d Based on 5-year survivors. The observed and expected numbers cover both exposed and unexposed persons.
e The values given exclude the period within five years of first treatment. Mean dose to bone marrow taken from [W2].
f Includes deaths from multiple myeloma.
g Based on unirradiated patients.
h Not statistically significantly different from zero.
i Mean dose to bone marrow given in [H12].
j Some patients from the United Kingdom were included in this analysis [R14].
k 95% CI in parentheses.
l Risk relative to an unexposed control group, in which three cases were observed compared with 3.5 expected.
m Risk relative to an unexposed control group, in which one case was observed compared with 1.0�2.3 expected.
n Amount of thorotrast administered.
o Crude relative risk, based on five cases in an unexposed control group.

224Ra ankylosing spondylitis patients [W3] 2 0.9�1.8 n.a. n.a.
�2 m

Mortality

German Thorotrast patients [V8] 15 n.a. 20.6 ml n n.a.
�2.5 o
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a Mean dose to red bone marrow.
b 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
c Estimates based on method described in the introduction to Chapter III.
d Based on one-year survivors. The observed number of cases covers both exposed and unexposed persons.
e Unmatched relative risk of 0.63 (90% CI: 0.2-2.6), compared to those with <2 Sv.
f The values given exclude the period within five years of first treatment. Mean dose to bone marrow taken from [W2].
g Trend not statistically significant.
h Mean dose to bone marrow given in [H12].
i Some patients from the United Kingdom were included in this analysis [R14].
j 95% CI in parentheses.
k Risk relative to an unexposed control group, in which one case was observed compared with 1.04 expected.
l In an unexposed control group, no cases were observed compared with 0.8�1.1 expected.
m Amount of thorotrast administered.
n Crude relative risk, based on two cases in an unexposed control group.

Table 19
Risk estimates for cancer incidence and mortality from studies of radiation exposure: Hodgkin’s disease
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence.

Study Observed
cases

Expected
cases

Mean
dose
(Sv) a

Person-
years

Average excess
relative risk b

at 1 Sv

Average
excess

absolute risk b

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [P4] 10 9.02 0.23 1 076 500 0.43 (�1.6�3.5) c 0.04 (�0.1-0.3) c

Cervical cancer case-control [B1] d 14 n.a. 7.10 n.a. n.a. e n.a.

Benign lesions in the locomotor system [D12] 17 22.3 0.39 392 900 �0.61 c
�0.35 c

Mortality

Benign lesions in the locomotor system [D12] 21 15.4 0.39 439 400 0.93 c 0.33 c

Ankylosing spondylitis [W1] f 13 7.9 4.38 287 095 0.15 c 0.04 c

Benign gyenaecological disease [I6] 10 6.6 1.19 246 821 0.43 c 0.12 c

Nuclear workers in Canada, United Kingdom,
and United States [C11]

43 n.a. 0.04 2 142 526 >0 g n.a.

Study Observed
cases

Expected
cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk

at 1 Sv

INTERNAL LOW-LET EXPOSURES

Incidence

Diagnostic 131I [H27] 27 20.0 0.00019 h 527 056 n.a.

Swedish 131I hyperthyroid [H23] 6 7.2 0.06 139 018 n.a.

Mortality

United States thyrotoxicosis i [R14] 12 n.a. 0.042 735 255 �1 g

Study
Observed

cases
Expected

cases
Mean

dose
Person-

years
Average

relative risk j

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish thorotrast patients [A5] 1 0.65 n.a. 19 365 1.6 (0.06�40.4) k

224Ra ankylosing spondylitis patients [W3] 1 0.8�1.1 n.a. n.a. n.a. l

Mortality

German thorotrast patients [V8] 2 n.a. 20.6 ml m n.a. �0.8 n
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Table 20
Risk estimates for cancer incidence and mortality from studies of radiation exposure: multiple myeloma
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence and 0.005 Sv or more (weighted colon dose) for
mortality

Study
Observed

cases
Expected

cases

Mean
dose
(Sv) a

Person-
years

Average excess
relative risk b

at 1 Sv

Average excess
absolute risk b

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [P4]
Sex Male

Female
Age at exposure <20 years

>20 years

All

12
18
4

26

30

9.2
19.3
3.1
25.4

28.6

0.26
0.25
0.26
0.25

0.25

412 400
664 500
478 100
598 800

1 076 900

0.17
�0.28
1.07
0.09

0.20 (<�0.2�1.7) c

0.26
�0.08
0.07
0.04

0.05 (<�0.05�0.4) c

Cervical cancer case-control d [B1] 56 n.a. 7.10 n.a. �0.10 (<0�0.23) c n.a.

Benign lesions in the locomotor system
[D12]

65 67.5 0.39 392 900 �0.09 c
�0.16 c

Mortality

Life Span Study [P9]
Sex Male

Female

All

16
35

51

14
31

45

0.23
0.23

0.23

614 997
972 359

1 587 355

1.13 (<0�6.41)
1.16 (0.01�3.9)

1.15 (0.12�3.27) c

0.15 (<0�0.51)
0.19 (0.001�0.5)

0.17 (0.02�0.4) c

Benign lesions in the locomotor system
[D12]

80 63.8 0.39 439 400 0.65 c 0.95 c

Ankylosing spondylitis [W1] e 22 13.6 4.38 287 095 n.a. n.a.

Benign gynaecological disease [I6] 14 12.4 1.19 246 821 0.11 (<�0.2�0.6) c 0.05 (<�0.1�0.3) c

Peptic ulcer [G6] 3 2.2 f 1.55 35 815 0.23 (95% CI:
�0.6�10)

0.13

Metropathia haemorrhagica [D7] g 9 3.5 1.30 47 144 1.23 (0.3�2.7) c 0.90 (0.2�2.0) c

Nuclear workers in Canada, United
Kingdom, and United States [C11]

44 n.a. 0.04 2 142 526 4.2 (0.3�14.4) n.a.

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk

at 1 Sv

INTERNAL LOW-LET EXPOSURES

Incidence

Diagnostic 131I [H27] 50 45.9 0.00019 h 527 056 n.a.

Swedish 131I Hyperthyroid [H23] 21 20.0 0.06 139 018 n.a.

Mortality

United States thyrotoxicosis i [R14] 28 n.a. 0.042 735 255 11 j
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a Mean dose to red bone marrow.
b 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
c Estimates based on method described in the introduction to Chapter III.
d Based on one-year survivors. The observed number of cases covers both exposed and unexposed persons.
e The values given exclude the period within five years of first treatment. Mean dose to bone marrow taken from [W2].
f Based on unirradiated patients.
g The values given exclude the period within five years of irradiation.
h Mean dose to bone marrow given in [H12].
i Some patients from the United Kingdom were included in this analysis [R14].
j Not statistically significantly different from zero (p=0.3).
k 95% CI in parentheses.
l Risk relative to an unexposed control group, in which two cases were observed compared with 2.1 expected.
m Diagnosis of plasmacytoma.
n Mean amount of thorotrast administered, based on hospital records.
o Crude relative risk, based on two cases in an unexposed control group (p>0.05).

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk k

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish thorotrast patients [A5] 4 0.95 n.a. 19 365 4.34 (0.85�31.3) l

Mortality

German thorotrast patients [V8] 10 m n.a. 20.6 ml n n.a.
�4.1 o
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Table 21
Risk estimates for cancer incidence and mortality from studies of radiation exposure: leukaemia
The number of observed and expected cases as well as the mean dose and person-years for cohort studies are
computed throughout this Table for exposed persons only. In the Life Span Study the exposed group included
survivors with organ doses of 0.01 Sv or more for incidence.

Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

EXTERNAL LOW-LET EXPOSURES

Incidence

Life Span Study [P4]
Sex Male

Female
Age at exposure <20 years

>20 years
Time since exposure 5-10 years

11-20 years
21-30 years
31-42 years

All

71
70
46
95
29
45
34
33

141

35.3
32.1
17.9
49.5
5.1
40.3
18.5
28.1

67.4

0.26
0.25
0.26
0.25
0.25
0.25
0.25
0.25

0.25

412 300
664 500
478 100
598 700
160 900
367 200
277 900
270 800

1 076 800

3.91
4.75
6.11
3.70

18.69
0.46
3.32
0.70

4.37 (3.2�5.6) b

3.35
2.29
2.28
3.06
5.87
0.50
2.21
0.72

2.73 (2.0�3.5) b

Cervical cancer case-control c e[B12] 141 n.a. 7.2 n.a. 0.74 (0.1�3.8) 0.50 (0.1�2.6)

Cancer of the uterine corpus d, e [C10] 118 n.a. 5.4 n.a. 0.10 (95% CI:
<0.0�0.23)

n.a.

Benign lesions in the locomotor system
[D12]

116 98.5 0.39 392 900 0.46 b 1.14 b

Hodgkin’s disease e, f [K40] 60 n.a. n.a. n.a. 0.24 (95% CI:
0.04�0.43)

n.a.

Breast cancer therapy g [C9] 38 n.a. 7.5 n.a. 0.19 (0.00�0.6) 0.89 (0.00�3.0)

Techa River population [K27] 37 19.3 0.5 388 880 1.84 (0.9�3.1) b 0.91 (0.4�15) b

UK childhood cancers f, h [H11] 21 n.a. n.a. n.a. 0.241 (95% CI:
0.01�1.28)

n.a.

International childhood cancer h, i [T7] 25 n.a. 10 n.a. 0.0 (0.0�0.004) n.a.

Chernobyl recovery operation workers
in Russian Federation j [I14] 24 n.a. 0.115 n.a. 1.67 (�5.90�9.23) n.a.

Mortality

Benign lesions in the locomotor system
[D12]

115 95.5 0.39 439 400 0.52 b 1.14 b

Ankylosing spondylitis e, k [W2] 53 17.0 4.38 245 413 6.00 l n.a.

Benign gynaecological disease e [I6] 47 27.6 1.19 246 821 2.97 (2.2�4.0) 1.25 (0.9�1.7)

Massachusetts TB fluoroscopy e [D4] 17 18 0.09 157 578 <�0.2
(<�0.2�4.5) b

<�0.2
(<�0.2�5.1) b

Israeli tinea capitis h, m [R5] 14 6 0.3 279 901 4.44 (1.7�8.7) b 0.95 (0.4�1.9) b

Stockholm skin haemangioma h [L24] 14 ~11 0.2 373 542 1.6 (95% CI:
(�0.6�5.5) n

n.a.

Metropathia haemorrhagica o [D7] 12 5.6 1.3 53 144 0.74 (95% CI:
�0.11�1.59)

0.85 b

Peptic ulcer e [G6] 8 2.9 p 1.55 35 815 1.13 (95% CI:
�0.2�6.5)

0.92 b

Nuclear workers e in Canada,
United Kingdom, United States [C11] 119 n.a. 0.04 2 142 526 2.18 (0.13�5.7) q n.a.
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Study
Observed

cases
Expected

cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk a

at 1 Sv

Average excess
absolute risk a

(104 PYSv)-1

a 90% CI in parentheses derived from published data for Life Span Study and using exact Poisson methods for the other studies.
b Estimates based on method described in the introduction to Chapter III.
c The observed number of cases covers both exposed and unexposed persons. The excess relative risk was estimated using a linear-exponential dose-

response model, and the associated CI was estimated from the confidence region curves in [B9]; the excess absolute risk estimate uses incidence
estimates from the cohort study [B11].

d Risk estimate based on a linear dose-response model fitted to data for all radiation types [C10].
e Excludes cases of chronic lymphatic leukaemia.
f Risk estimate based on analysis in [L52].
g The excess absolute risk for this study is computed based on annual incidence estimates and average follow-up times reported in [C9].
h Population exposed as children.
i The observed number of cases covers both exposed and unexposed persons. Risk estimates based on an unmatched analysis of data given in [T5].
j Excludes cases of chronic lymphatic leukaemia. Results are not restricted according to the date of starting work.
k The values given exclude the one-year period following the treatment.
l Risk estimate based on a linear exponential dose-response model averaged over the period 1�25 years after exposure [W2].
m A re-estimate of the dose to bone marrow in this study indicates a mean dose of 0.60 rather than 0.30 Sv. Consequently the excess relative risk

becomes 2.22 Sv-1 [R7].
n Based on those with doses above 0.1 Sv.
o The values given exclude the period within two years of irradiation.

Nuclear workers in Japan r [E3] 23 25.5 0.014 533 168 >0 s n.a.

Yangjiang background radiation
[T25, T26]

33 29.7 n.a. t 1 246 340 1.61 (95% CI:
<0�28.4) u

n.a.

Mayak workers (cohort study) [K10]
Radiochemical plant
Plutonium production
Reactors

27
11
6

10.8
5.19
6.74

1.71
0.72
0.87

162 556
67 086
87 307

1.65 v

n.a.
n.a.

0.89 r

n.a.
n.a.

Study Observed
cases

Expected
cases

Mean
dose
(Sv)

Person-
years

Average excess
relative risk

at 1 Sv

INTERNAL LOW-LET EXPOSURES

Incidence

Diagnostic and therapeutic 131I [H12] 130 119 0.014 943 944 n.a. s

Mortality

United States thyrotoxicosis e w [R14] 82 n.a. 0.042 735 255 ~1 s

Study
Observed

cases
Expected

cases
Mean
dose

Person-
years

Average
relative risk x

INTERNAL HIGH-LET EXPOSURES

Incidence

Danish thorotrast patients [A5] 20 ab 1.3 n.a. 19 365 12.7
(2.4�138.4) y

224Ra ankylosing spondylitis
patients [W20]

13 4.2 n.a. 32 800 2.4 z

Mortality

Radon-exposed miners[D8] 69 59.5 155 WLM aa 1 085 000 n.a. s

German thorotrast patients [V8] 42 ab n.a. 20.6 ml ac n.a. �4.9 ad

Portuguese thorotrast patients [D31] 11 ab n.a. 26.3 ml ac 16 963 15.2 (1.28�181.7) ae

Japanese thorotrast patients (combined
data) [M14]

10 n.a. 17 ml af 10 685 12.5 (4.5�34.7)
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p Based on unirradiated patients.
q Doses lagged by two years.
r No cases of chronic lymphatic leukaemia (CLL) in cohort. Expected number based on rates for leukaemia excluding CLL.
s Trend not statistically significant.
t Mean annual effective dose = 6.4 mSv.
u Based on a two-year latent period.
v Based on male workers followed to the end of 1993, as given in [K11].
w Some patients from the United Kingdom were included in this analysis [R14].
x 95% CI in parentheses.
y Relative to unexposed controls, adjusted for gender, age at administration and calendar period [A5].
z In the control group, seven leukaemias were observed, compared with 5.4 expected [W20].
aa Mean cumulative radon exposure.
ab Excludes cases of chronic lymphatic leukaemia.
ac Mean amount of thorotrast administered, based on hospital records.
ad Crude relative risk, based on seven cases in the control group.
ae Based on two deaths in the control group, and excluding the first five years after administration of thorotrast [D31].
af Mean amount of thorotrast administered in the first series of Japanese patients [M47].
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a Estimated percentage of population that would die of radiation-induced cancer. Computed using relative risks estimated from the relevant studies (split
by gender and age at exposure where possible), and applied to Japanese death rates for 1985 [J3]. The calculations have been performed for the gender
and age-specific groupings that predominate in the relevant study. 90% CI in parentheses unless otherwise stated.

b Constant relative risk for first 45 years after exposure. Relative risk then decreases linearly with increasing attained age to zero at age 90 years.
c Based on the excess relative risk among those with external gamma doses in excess of 3 Gy relative to those with lower doses, divided by an

(arbitrary) value of 4 in order to estimate risks at 1 Gy.

Table 22
Estimates of the projected lifetime risk of cancer mortality following an organ dose of 1 Sv, based on
studies of radiation exposure

PART A: STOMACH

Study Gender

Risk of exposure-induced death (REID) (%) a for a projection method with
a 10�year latent period and a relative risk for exposure at ages

<20 years �20 years

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

EXTERNAL LOW-LET EXPOSURES

Values based on incidence studies

Life Span Study [T1] Both 0.38 0.17 0.10 0.08

Cervical cancer case-control [B1] Females � � 0.18 (0.03�0.49) 0.14 (0.03�0.39)

Mayak workers [Z1] Males � � 0.15 (95% CI:
0�0.5) c

0.12 (95% CI:
0�0.4) c

Swedish benign breast disease [M28] Females � � 0.43 (0�1.4) 0.34 (0�1.1)

Values based on mortality studies

Life Span Study [P9] Males
Females

Both

0.11 (<0�0.76)
0.40 (<0�0.93)

0.26

0.05 (<0�0.37)
0.17 (<0�0.40)

0.11

0.06
0.13
0.09

0.05
0.09
0.07

Ankylosing spondylitis [W1] Males � � <0 (95% CI:
<0�0.03)

<0 (<0�0.02)

Peptic ulcer [G6] Both � � 0.07 0.05

Metropathia haemorrhagica [D7] Females � � 0.33 (<0�0.92) 0.26 (<0�0.73)

Benign gynaecological disease [I16] Females � � 0.09 (<0�1.57) 0.07 (<0�1.2)
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a Estimated percentage of population that would die of radiation-induced cancer. Computed using relative risks estimated from the relevant studies (split
by gender and age at exposure where possible) and applied to Japanese death rates for 1985 [J3]. The calculations have been performed for the gender
and age-specific groupings that predominate in the relevant study. 90% CI in parentheses unless otherwise stated.

b Constant relative risk for first 45 years after exposure. Relative risk then decreases linearly with increasing attained age to zero at age 90 years.
c Not statistically significant.

PART B: COLON

Study Gender

Risk of exposure-induced death (REID) (%) a for a projection method with
a 10�year latent period and a relative risk for exposure at ages

<20 years �20 years

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

EXTERNAL LOW-LET EXPOSURES

Values based on incidence studies

Life Span Study [T1] Both 0.55 0.25 0.51 0.42

Cervical cancer case-control [B1] Females � � 0.00
(�0.01�0.02)

0.00
(�0.01�0.02)

Stockholm skin haemangioma [L16] Both 0.33 c 0.15 � �

Values based on mortality studies

Life Span Study [P9] Males
Females

Both

1.5 (<0�4.6)
2.2 (<0�6.7)

1.8

0.73 (<0�2.3)
0.95 (<0�2.9)

0.84

0.35
0.48
0.42

0.28
0.34
0.31

Benign gynaecological disease [I16] Females � � 0.31 (<0�3.5) 0.25 (<0�2.7)

Metropathia haemorrhagica [D7] Females � � 0.08 (95% CI:
0.01�0.21)

0.06 (95% CI:
0.00�0.17)

Peptic ulcer [G6] Both � � 0.04 (95% CI:
�0.04�0.18)

0.03 (95% CI:
�0.03�0.13)
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a Estimated percentage of population that would die of radiation-induced cancer. Computed using relative risks estimated from the relevant studies (split
by gender and age at exposure where possible), and applied to Japanese death rates for 1985 [J3]. The calculations have been performed for the gender
and age-specific groupings that predominate in the relevant study. 90% CI in parentheses unless otherwise stated.

b Constant relative risk for first 45 years after exposure. Relative risk then decreases linearly with increasing attained age to zero at age 90 years.

PART C: LUNG

Study Gender

Risk of exposure-induced death (REID) (%) a for a projection method with a
10�year latent period and a relative risk for exposure at ages

<20 years �20 years

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

Assumed constant
from 10 years
after exposure

Declining
to zero risk

at age 90 years b

EXTERNAL LOW-LET EXPOSURES

Values based on incidence studies

Life Span Study [T1] Both 2.1 1.0 3.3 2.9

Hodgkin’s disease (Netherlands) [V2] Both � � ~3 (<0 � ~30) ~3 (<0 � ~30)

Breast cancer [I7] Females � � 0.19 (95% CI:
<0�0.52)

0.16 (95% CI:
<0�0.45)

Swedish benign breast disease [M28] Females � � 0.43 (95% CI:
0�1.4)

0.34 (95% CI:
0�1.1)

Stockholm skin haemangioma [L16] Both 5.2 2.5 � �

Values based on mortality studies

Life Span Study [P9] Males
Females

Both

1.1 (<0�8.7)
1.1 (<0�7.5)

1.1

0.52 (<0�4.1)
0.48 (<0�3.4)

0.50

1.5
1.2
1.3

1.3
1.0
1.2

Ankylosing spondylitis [W1] Males � � 0.20 (95% CI:
0.01�0.36)

0.18 (95% CI:
0.01�0.32)

Canadian TB fluoroscopy [H7] Both 0.00 (95% CI:
<0�0.26)

0.00 (95% CI:
<0�0.12)

0.00 (95% CI:
<0�0.22)

0.00 (95% CI:
<0�0.19)

Peptic ulcer [G6] Both � � 1.2 (95% CI:
0.34�2.4)

1.1 (95% CI:
0.31�2.2)

Massachusetts TB fluoroscopy [D4] Both <0 (<0�0.15) <0 (<0�0.07) <0 (<0�0.13) <0 (<0�0.11)
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a Adjusted for age at risk, calendar year at risk and sex.
b Excludes person-years for age at risk <20 years and deaths and person-years at risk within 10 years of exposure.
c Defined as less than 0.01 Sv for the fluoroscopy study and less than 0.005 Sv for the study on survivors of atomic bombings.

a Background lung cancer rates are adjusted for attained age (all studies), other mine exposures [China, France, Ontario, United States (Colorado, New
Mexico)], and indicator of radon progeny exposure (Beaverlodge) and ethnicity (New Mexico). United States (Colorado) data are restricted to
exposures under 3,200 WLM. The relative risk is modelled by the form RR = 1 + β × WLM × (WL)γ.

b Total number of cases is 2,701 and omits 12 cases that were included in both United States studies (New Mexico and Colorado).
c P-value for test of significance of continuous variation of ERR/WLM by WL.
d Howe and Stager [H18] quote a revised mean of 81.3 WLM for exposed miners, compared with an earlier mean of 50.6 WLM for miners with non-

zero exposure.

Table 23
Lung cancer mortality in the Canadian fluoroscopy study and in the study of survivors of the atomic
bombings

Lung dose
(Sv)

Canadian fluoroscopy study
(1950�1987)

[H7]

Study of survivors of atomic bombings
(1950�1990)

[P9, P11]

Observed
deaths

Relative
risk a b 95% CI

Observed
deaths

Relative
risk a b 95% CI

0 c

>0�0.49
0.50�0.99
1.00�1.99
2.00�2.99
�3.00

723
180
92
114
41
28

1.00
0.87
0.82
0.94
1.09
1.04

0.74�1.03
0.66�1.02
0.77�1.15
0.80�1.50
0.72�1.53

349
477
43
39
11
5

1.00
1.16
1.35
2.05
2.80
1.65

1.02�1.34
0.97�1.83
1.40�2.96
1.41�5.06
0.61�3.70

Table 24
Lung cancer cases and parameters for risk estimates in studies of radon-exposed underground miners a

[L6, L45]

Study cohort Cases b

Average
cumulative
exposure
(WLM)

Excess relative
risk

per 100 WLM
(β × 100)

Modification
factor

(γ)

Test of
significance

(p) c

China tin miners
Western Bohemia uranium miners
Colorado Plateau uranium miners
Ontario uranium miners
Newfoundland fluorspar
Sweden iron miners
New Mexico uranium miners
Beaverlodge uranium miners
Port Radium uranium miners
Radium Hill uranium miners
France uranium miners

980
661
294
291
118
79
69
65
57
54
45

277.4
198.7
595.7
30.8

367.3
80.6

110.3
17.2 d

242.8
7.6
68.7

0.59
5.84
14.5
2.40
5.14
1.55
6.56
7.42
1.15
5.68
1.92

�0.79
�0.78
�0.79
�0.55
�0.53
�1.02
�0.30
�0.67
�0.42
�0.63
0.57

<0.001
<0.001
<0.001
0.002

<0.001
0.03
0.17

0.001
0.24
0.30
0.57
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a ERR = β (w5�14 + θ15�24 w15�24 + θ25+w25+)φage γz, i.e. a product of terms representing: (a) exposure in three time periods, i.e. 5-14, 15�24 and 25+ years
previously (Note: BEIR IV used 5�14 and 15+); (b) attained age (φage); (c) duration of exposure or average concentration (γz) (Note: not included in
BEIR IV model).

a Includes exposed and non-exposed cases.
b Estimates are for a person exposed to the atomic bombings at age 30 years. The estimates depend on age at exposure with larger risks for those

exposed earlier and smaller risks for thoses exposed later in life. The risks change by about 11% for a one-year change in age at exposure.
c Test of the hypotheses that effects differ across categories.

Table 25
Parameter values used by BEIR Committees in risk models for lung cancer following radon exposure
[C2, C21]

Parameter

Parameter value

BEIR VI preferred models a

BEIR IV model
Exposure-age-duration Exposure-age-concentration

Time since exposure, θ (years)
5�14
15�24
�25

1
0.72
0.44

1
0.78
0.51

1
0.5
0.5

Attained age, φage (years)
<55
55�64
65�74
�75

1
0.52
0.28
0.13

1
0.57
0.29
0.09

1
0.83
0.33
0.33

Duration of exposure, γz (years)
<5
5�14
15�24
25�34
�35

1
2.78
4.42
6.62

10.20

1
1
1
1
1

1
1
1
1
1

Exposure rate (WL)
<0.5
0.5�1.0
1.0�2.99
3.0�4.99
5.0�14.99
�15.0

1
1
1
1
1
1

1
0.49
0.37
0.32
0.17
0.11

1
1
1
1
1
1

Table 26
Basal-cell skin cancer incidence in the Life Span Study
[R15]

Variable Observed cases a Average excess relative risk
at 1 Sv

90% CI

All b

Gender
Male
Female

Age at exposure
<10 years
10�19 years
20�30 years
>40 years

80

32
48

(Heterogeneity c p > 0.5)

3
8

28
41

(Heterogeneity c p = 0.03)

1.9

2.7
1.6

21
6.7
1.7
0.7

0.83�3.3

0.5�9.1
0.5�4.1

4.1�73
2.1�17
0.5�3.8
�0.05�2.2
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a Total person years at <0.0005 Sv: 791,456; at 0.0005�0.099 Sv:7425,831; at 0.1�0.99 Sv: 355,877; and at >1 Sv: 65,844.

a The first five years after exposure were excluded.
b Estimated without considering thyroid weight.

Table 27
Numbers and rates of tumours of the brain and central nervous system in the Life Span Study of atomic
bomb survivors (1958�1994)
[P19]

Histology
Brain dose a

(Gy)
Number of cases

Incidence rate
per 10,000 person years

Glioma, astrocytoma <0.0005
0.0005�0.099

0.1�0.99
>1

19
12
7
3

0.24
0.16
0.20
0.46

Meningioma <0.0005
0.0005�0.099

0.1�0.99
>1

33
28
19
5

0.42
0.38
0.53
0.76

Neurilemmoma <0.0005
0.0005�0.099

0.1�0.99
>1

18
11
17
9

0.23
0.15
0.48
1.37

Not specified and other <0.0005
0.0005�0.099

0.1�0.99
>1

15
18
9
3

0.19
0.24
0.25
0.46

Table 28
Thyroid cancer risk in patients receiving diagnostic administration of 131I a

[H4]

Dose b

(Gy)
Observed

number of cases
Standardized incidence ratio

(SIR)
95% CI

Referred for suspicion of a thyroid tumour

�0.25
0.26�0.50
0.51�1.00

>1.00

All

6
12
4

20

42

3.57
4.30
1.39
2.72

2.86

1.31�7.77
2.22�7.51
0.38�3.56
1.66�4.20

2.06�3.86

Referred for other reasons

�0.25
0.26�0.50
0.51�1.00

>1.00

All

5
4
5

11

25

0.55
0.68
0.47
1.04

0.75

0.18�1.29
0.18�1.73
0.20�1.46
0.52�1.86

0.48�1.10

All patients

�0.25
0.26�0.50
0.51�1.00

>1.00

All

11
16
9

31

67

1.03
1.84
0.46
1.60

1.35

0.51�1.83
1.05�2.98
0.38�1.57
1.09�2.27

1.05�1.71
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a For age at exposure 30 years.
b For attained age 50 years (ages at exposure <40 years).

Table 31
Models for risks of solid cancer mortality and incidence used in the lifetime risk computations
based on the Life Span Study

Cancer type

Age-at-exposure model Attained-age model

Excess relative risk per Sv a Sex
ratio

(female/
male)

Change in risk
per 10-year

increase in age
at exposure (%)

Excess relative risk per Sv b Sex
ratio

(female/
male)

Power
of age

Male Female Male Female

Cancer mortality risks

All solid cancer
Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Other cancer

0.38
0.91
0.26
0.46
0.61
0.30
0.00
0.46
0.38

0.77
1.88
0.54
0.95
1.66
0.99
1.34
0.94
0.77

2.1
2.1
2.1
2.1
1.0
3.3
-

2.1
2.1

�32
�32
�32
�32
�13
26
�32
33
�32

0.38
1.04
0.27
0.68
0.29
0.68
0.00
0.97
0.32

0.88
2.37
0.63
1.56
0.29
1.55
2.35
2.21
0.74

2.3
2.3
2.3
2.3
1.0
2.3
-

2.3
2.3

�1.5
�1.5
�1.5
�1.5
1.4
�1.5
�1.5
�1.5
�1.5

Cancer incidence risks

All solid cancer
Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Thyroid
Other cancer

0.38
0.41
0.29
0.46
0.58
0.50
0.00
1.18
0.89
0.47

0.79
0.84
0.60
0.95
0.58
2.18
1.55
0.98
1.84
0.28

2.1
2.1
2.1
2.1
1.0
4.3
-

0.8
2.1
0.6

�33
0
0
0
�7
7
0
�61

0
�50

0.58
0.78
0.39
0.83
0.66
0.51
0.00
1.53
1.14
0.65

1.10
1.48
0.73
1.56
0.66
2.19
2.22
2.90
2.15
0.38

1.9
1.9
1.9
1.9
1.0
4.3
-

1.9
1.9
0.6

�2.1
�2.1
�2.1
�2.1
�0.6
0.2
�2.1
�2.1
�2.1
�3.2

Table 32
Estimated lifetime probabilities of solid cancer and leukaemia in unexposed populations

Cancer
type

Lifetime probability (%)

China Japan Puerto Rico United Kingdom United States

Male Female Male Female Male Female Male Female Male Female

Incidence

Solid cancer
Leukaemia

24.3
0.3

16.2
0.3

37.2
0.4

15.3
0.3

26.2
0.6

19.9
0.5

39.6
0.7

33.6
0.5

33.9
0.6

30.4
0.5

Mortality

Solid cancer
Leukaemia

12.8
0.1

9.5
0.1

23.3
0.4

25.2
0.3

13.9
0.1

11.1
0.1

24.0
0.6

20.1
0.5

21.6
0.6

17.9
0.5
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Table 34
Estimates of REID for an acute whole-body dose of 1 Sv to a Japanese population

Projection model
Age

at exposure
(years)

REID (%)

Solid cancer mortality Solid cancer incidence Leukaemia incidence

Male Female Male Female Male Female

Age-at-exposure model 10
30
50
All

13.9
8.6
6.2
9.5

19.6
11.9
8.8
12.9

31.0
15.4
9.1
18.6

36.5
18.8
10.7
21.0

1.9
0.8
0.6
1.0

1.0
0.9
0.6
0.7

Attained-age model 10
30
50
All

6.7
6.7
6.3
6.2

9.7
9.5
8.2
8.5

14.9
13.3
11.4
13.3

20.1
18.1
13.0
16.2

1.9
0.8
0.6
1.0

1.0
0.9
0.6
0.7

Table 35
Estimates of measures of radiation detriment associated with an acute whole-body dose of 1 Sv to a male
Japanese population

Age at
exposure
(years)

Cause
of

death

Unexposed Exposed

Lifetime
risk

Age-at-exposure model Attained-age model

Lifetime
risk

Radiation-
associated

deaths,
REID
(%)

Excess
lifetime

risk,
ELR
(%)

Loss of
life

expectancy,
LLE

(years)

Lifetime
risk

Radiation-
associated

deaths,
REID
(%)

Excess
lifetime

risk,
ELR
(%)

Loss of
life

expectancy,
LLE

(years)

10 Solid cancer
Leukaemia
Other causes

23.6
0.5
75.9

34.6
2.4
63.0

13.9
2.0
0.0

11.0
1.9
�12.9

12.7
53.1
0.0

28.6
2.4
69.0

6.7
2.0
0.0

5.0
1.9
�6.9

15.0
53.0
0.0

30 Solid cancer
Leukaemia
Other causes

23.8
0.5
75.7

30.7
1.3
68.0

8.6
0.9
0.0

6.9
0.9
�7.7

12.0
29.0
0.0

29.1
1.3
69.6

6.7
0.9
0.0

5.3
0.9
�6.1

13.9
28.9
0.0

50 Solid cancer
Leukaemia
Other causes

23.9
0.4
75.7

28.9
1.0
70.1

6.2
0.6
0.0

5.0
0.6
�5.6

10.3
13.9
0.0

28.9
1.0
70.1

6.3
0.6
0.0

5.0
0.6
�5.7

11.4
14.0
0.0

All ages Solid cancer
Leukaemia
Other causes

23.3
0.4
76.3

30.9
1.4
67.7

9.5
1.0
0.0

7.6
1.0
�8.6

11.1
30.6
0.0

28.2
1.5
70.4

6.2
1.0
0.0

4.9
1.0
�5.9

12.8
30.6
0.0



ANNEX I: EPIDEMIOLOGICAL EVALUATION OF RADIATION-INDUCED CANCER 429

a Owing to rounding errors, the sum of the individual values in each column sometimes differs from the total, which has been calculated to greater
accuracy. Also, in a few instances, the mortality estimates in this Table are greater than the corresponding incidence values in Table 37 owing to the
use of baseline rates that differ by the region studied within a country or that differ by time period (see Section IV.B.4).

b Relative risk transportation.
c Absolute risk transportation.
d The estimates presented for solid cancers at 0.1 Sv do not involve a reduction factor for low doses or low dose rates. In contrast, the leukaemia

estimates at 0.1 Sv are based on a linear-quadratic dose response.

Table 36
Estimates of REID for cancer mortality under the attained-age model, based on acute whole-body exposure
at age 30 years a

Cancer
type

REID (%)

China
Japan

Puerto Rico United Kingdom United States

RR b AR c RR AR RR AR RR AR

Dose of 1 Sv (males)

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Other solid cancer
All solid cancers
Leukaemia

2.6
0.7
0.2
0.6
0.5
0.0
0.1
0.7
5.3
0.5

0.6
0.9
0.3
1.5
1.0
0.0
0.2
1.1
5.6
0.5

0.7
1.0
0.4
1.2
1.8
0.0
0.2
1.3
6.7
0.9

1.2
0.5
0.3
0.9
0.2
0.0
0.2
1.4
4.8
0.5

0.7
1.0
0.4
1.7
1.1
0.0
0.2
1.2
6.4
0.5

0.5
0.3
0.6
0.1
3.6
0.0
0.5
1.4
7.1
0.7

0.8
1.1
0.4
1.3
2.0
0.0
0.3
1.4
7.3
0.7

0.3
0.1
0.9
0.2
3.1
0.0
0.4
1.8
6.8
1.0

0.7
0.9
0.4
1.0
1.6
0.0
0.2
1.1
5.9
1.0

Total 5.9 6.1 7.6 5.3 6.9 7.8 8.0 7.8 6.9

Dose of 0.1 Sv (males) d

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.27
0.07
0.02
0.06
0.05
0.00
0.01
0.07
0.55
0.02

0.07
0.09
0.04
0.16
0.10
0.00
0.02
0.11
0.59
0.02

0.08
0.11
0.04
0.12
0.19
0.00
0.02
0.14
0.70
0.04

0.13
0.05
0.03
0.09
0.02
0.00
0.03
0.15
0.50
0.02

0.07
0.10
0.04
0.18
0.12
0.00
0.02
0.13
0.66
0.02

0.06
0.03
0.06
0.01
0.38
0.00
0.06
0.15
0.75
0.03

0.08
0.12
0.05
0.14
0.21
0.00
0.03
0.15
0.77
0.03

0.03
0.01
0.10
0.02
0.33
0.00
0.04
0.19
0.71
0.05

0.07
0.10
0.04
0.11
0.17
0.00
0.02
0.12
0.62
0.05

Total 0.57 0.61 0.74 0.5 0.7 0.78 0.80 0.76 0.67

Dose of 1 Sv (females)

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Other solid cancer
All solid cancers
Leukaemia

3.2
0.9
0.3
0.6
0.3
0.6
0.1
1.8
7.7
0.5

0.4
1.0
0.5
1.8
0.4
1.2
0.2
1.8
7.2
0.5

0.6
1.4
0.7
0.6
2.5
1.3
0.2
2.3
9.5
1.0

1.3
0.6
0.8
1.0
0.1
2.2
0.3
2.8
9.0
0.5

0.5
1.3
0.6
2.4
0.5
1.3
0.2
2.3
9.1
0.5

0.7
0.4
1.5
0.1
3.5
5.8
0.5
2.8
15.2
1.0

0.6
1.5
0.7
0.6
2.6
1.4
0.3
2.5
10.1
1.1

0.2
0.2
1.9
0.2
3.2
5.2
0.3
3.2
14.4
1.5

0.5
1.2
0.6
0.5
2.3
1.3
0.2
2.2
8.8
1.6

Total 8.1 7.6 10.4 9.6 9.7 16.2 11.2 15.9 10.3

Dose of 0.1 Sv (females) d

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.34
0.09
0.03
0.06
0.03
0.06
0.01
0.19
0.81
0.02

0.04
0.11
0.05
0.19
0.04
0.12
0.02
0.19
0.76
0.02

0.06
0.14
0.07
0.06
0.26
0.14
0.02
0.25
1.00
0.04

0.14
0.07
0.09
0.10
0.01
0.23
0.03
0.29
0.96
0.02

0.06
0.14
0.07
0.25
0.06
0.14
0.02
0.24
0.98
0.02

0.08
0.04
0.17
0.01
0.38
0.63
0.05
0.32
1.68
0.04

0.06
0.16
0.08
0.06
0.28
0.14
0.03
0.27
1.08
0.04

0.03
0.02
0.22
0.02
0.34
0.56
0.04
0.36
1.58
0.06

0.05
0.13
0.06
0.06
0.24
0.13
0.02
0.23
0.93
0.06

Total 0.83 0.78 1.04 1.0 1.0 1.72 1.12 1.64 0.99
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a Owing to rounding errors, the sum of the individual values in each column sometimes differs from the total, which has been calculated to greater accuracy.
b Relative risk transportation.
c Absolute risk transportation.
d The estimates presented for solid cancers at 0.1 Sv do not involve a reduction factor for low doses or low dose rates. In contrast, the leukaemia

estimates at 0.1 Sv are based on a linear-quadratic dose response.

Table 37
Estimates of REID for cancer incidence under the attained-age model, based on acute whole-body exposure
at age 30 years a

Cancer
type

REID (%)

China
Japan

Puerto Rico United Kingdom United States

RR b AR c RR AR RR AR RR AR

Dose of 1 Sv (males)

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Thyroid
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.6
1.1
0.6
0.7
3.2
0.0
0.2
0.5
2.6
9.4
0.8

0.5
1.7
1.3
2.4
2.4
0.0
0.3
0.7
2.7
12.0
0.8

0.5
1.9
1.4
2.6
2.8
0.0
0.3
0.8
2.9
13.3
0.8

0.5
0.4
0.8
0.3
1.3
0.0
0.1
0.7
4.0
8.0
0.9

0.5
1.9
1.4
2.5
2.9
0.0
0.3
0.8
2.9
13.1
0.9

0.5
0.5
1.2
0.2
5.0
0.0
0.4
0.1
5.1
12.9
0.9

0.6
2.1
1.6
2.8
3.4
0.0
0.9
0.3
3.2
14.9
0.9

0.2
0.2
1.1
0.1
2.9
0.0
0.4
0.4
6.8
12.1
0.7

0.4
1.5
1.2
2.1
2.0
0.0
0.6
0.3
2.5
10.6
0.7

Total 10.2 12.8 14.1 8.9 14.0 13.8 15.8 19.7 13.8

Dose of 0.1 Sv (males) d

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Thyroid
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.06
0.12
0.07
0.08
0.35
0.00
0.02
0.05
0.27
1.01
0.04

0.05
0.19
0.14
0.26
0.27
0.00
0.03
0.08
0.29
1.30
0.04

0.05
0.21
0.16
0.28
0.32
0.00
0.04
0.09
0.32
1.46
0.04

0.05
0.04
0.09
0.03
0.14
0.00
0.02
0.07
0.43
0.85
0.04

0.05
0.20
0.15
0.27
0.33
0.00
0.03
0.09
0.31
1.44
0.04

0.05
0.05
0.13
0.02
0.55
0.00
0.04
0.01
0.55
1.40
0.02

0.06
0.23
0.17
0.31
0.39
0.00
0.10
0.04
0.35
1.65
0.02

0.02
0.02
0.13
0.02
0.32
0.00
0.04
0.04
0.74
1.33
0.05

0.04
0.17
0.13
0.23
0.23
0.00
0.07
0.03
0.26
1.16
0.05

Total 1.05 1.34 1.50 0.89 1.48 1.42 1.67 1.38 1.21

Dose of 1 Sv (females)

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Thyroid
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.4
1.0
1.1
0.6
4.7
4.6
0.6
0.2
1.1
14.4
0.8

0.1
1.6
1.6
0.6
3.4
4.9
1.2
0.3
1.4
15.1
0.8

0.2
1.9
2.0
0.8
4.6
5.3
1.3
0.4
1.6
18.1
0.9

0.3
0.4
1.5
0.1
2.4
8.4
0.5
0.5
1.4
15.5
1.2

0.2
1.9
2.0
0.8
4.5
5.3
1.3
0.4
1.6
17.9
1.2

0.4
0.4
2.0
0.1
7.4
12.3
0.5
0.3
2.4
25.7
1.1

0.2
2.0
2.1
0.9
5.1
5.4
0.4
1.3
1.6
19.0
1.2

0.1
0.1
1.9
0.1
7.5
13.6
0.5
1.0
2.2
27.0
1.0

0.1
1.6
1.7
0.7
3.5
4.9
0.3
1.2
1.4
15.4
1.1

Total 15.2 15.9 19.0 16.7 19.0 26.8 20.1 30.2 17.9

Dose of 0.1 Sv (females) d

Oesophagus
Stomach
Colon
Liver
Lung
Breast
Thyroid
Bladder
Other solid cancer
All solid cancers
Leukaemia

0.05
0.11
0.12
0.07
0.54
0.49
0.06
0.03
0.12
1.58
0.03

0.02
0.17
0.18
0.07
0.39
0.52
0.12
0.04
0.15
1.67
0.03

0.02
0.21
0.22
0.10
0.54
0.56
0.14
0.05
0.17
2.02
0.04

0.03
0.04
0.17
0.02
0.28
0.90
0.06
0.05
0.15
1.70
0.05

0.02
0.21
0.22
0.09
0.53
0.56
0.14
0.05
0.17
1.99
0.05

0.05
0.05
0.24
0.01
0.91
1.39
0.06
0.03
0.27
3.01
0.02

0.02
0.22
0.24
0.10
0.61
0.57
0.05
0.14
0.18
2.13
0.02

0.01
0.02
0.24
0.01
0.95
1.57
0.06
0.11
0.26
3.23
0.05

0.02
0.17
0.19
0.41
0.07
0.52
0.04
0.13
0.15
1.70
0.05

Total 1.61 1.70 2.06 1.75 2.04 3.03 2.15 3.28 1.75
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a REID for a joint European Union / United States population (90% CI in parentheses). Elicitation of risks involved questioning a range of experts.
b ELR for a United States population [C1].
c REID averaged over United Kingdom and United States populations, using a relative risk projection model (data extracted from [I1]).
d REID for a Japanese population, using an age-at-exposure model [U2].
e REID for a Japanese population of both genders and all ages, using an age-at-exposure model (derived from Table 34 of this Annex).
f REID for a Japanese population of both genders and all ages, using an attained-age model (derived from Table 36 of this Annex).
g Averaged over genders.

Table 38
Comparison of elicited high dose and high-dose-rate lifetime low-LET fatal cancer risks for a general
population (European Union / United States) with those derived from other sources
(Risks expressed per 100 at 1 Sv)
(Based on [L27])

Cancer type Elicited risk a BEIR V b ICRP 60 c UNSCEAR 1994 d UNSCEAR 2000
(Age-at-exposure) e

UNSCEAR 2000
(Attained age) f

Bone
Colon
Breast g

Leukaemia
Liver
Lung
Pancreas
Skin
Stomach
Thyroid
All other cancers

0.035 (<10�3
� 0.88)

0.98 ( 0.011�3.35)
0.78 ( 0.11�3.78)

0.91 ( 0.026�2.33)
0.86 (<10�3

�2.02)
2.76 ( 0.59�8.77)
0.17 (<10�3

�1.26)
0.039 (<10�3

�0.37)
0.30 (<10�3

�4.01)
0.059 (<10�3

�0.71)
2.60 (<10�3

�10.8)

0.35
0.95

1.7

3.24
0.97
0.95

2.92

0.03
0.51

0.6
1.0
1.1
1.2
2.5

1.4

0.6
0.6
1.0
0.9
2.1

1.2

All cancers 10.2 (3.47�28.5) 7.9 12.05 12 12 9
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INTRODUCTION

1. The accident of 26 April 1986 at the Chernobyl
nuclear power plant, located in Ukraine about 20 km south
of the border with Belarus, was the most severe ever to
have occurred in the nuclear industry. The Committee
considered the initial radiological consequences of that
accident in the UNSCEAR 1988 Report [U4]. The short-
term effects and treatment of radiation injuries of workers
and firefighters who were present at the site at the time of
the accident were reviewed in the Appendix to Annex G,
“Early effects in man of high doses of radiation”, and the
average individual and collective doses to the population of
the northern hemisphere were evaluated in Annex D,
“Exposures from the Chernobyl accident”, of the 1988
Report [U4]. The objective of this Annex is (a) to review in
greater detail the exposures of those most closely involved
in the accident and the residents of the local areas most
affected by the residual contamination and (b) to consider
the health consequences that are or could be associated
with these radiation exposures.

2. The impact of the accident on the workers and local
residents has indeed been both serious and enormous. The
accident caused the deaths within a few days or weeks of
30 power plant employees and firemen (including 28
deaths that were due to radiation exposure), brought about
the evacuation of about 116,000 people from areas sur-
rounding the reactor during 1986, and the relocation, after
1986, of about 220,000 people from what were at that time
three constituent republics of the Soviet Union: Belorussia,
the Russian Soviet Federated Socialist Republic (RSFSR)
and the Ukraine [K23, R11, V2, V3] (these republics will
hereinafter be called by their present-day country names:
Belarus, the Russian Federation and Ukraine). Vast
territories of those three republics were contaminated, and
trace deposition of released radionuclides was measurable
in all countries of the northern hemisphere. Stratospheric
interhemispheric transfer may also have led to some
environmental contamination in the southern hemisphere
[D11]. In addition, about 240,000 workers (“liquidators”)
were called upon in 1986 and 1987 to take part in major
mitigation activities at the reactor and within the 30-km
zone surrounding the reactor; residual mitigation activities
continued until 1990. All together, about 600,000 persons
received the special status of “liquidator”.

3. The radiation exposures resulting from the Chernobyl
accident were due initially to 131I and short-lived radio-
nuclides and subsequently to radiocaesiums (134Cs and
137Cs) from both external exposure and the consumption of
foods contaminated with these radionuclides. It was
estimated in the UNSCEAR 1988 Report [U4] that, outside
the regions of Belarus, the Russian Federation and Ukraine
that were most affected by the accident, thyroid doses
averaged over large portions of European countries were at
most 25 mGy for one-year old infants. It was recognized,
however, that the dose distribution was veryheterogeneous,

especially in countries close to the reactor site. For
example, in Poland, although the countrywide population-
weighted average thyroid dose was estimated to be
approximately 8 mGy, the mean thyroid doses for the
populations of particular districts were in the range from
0.2 to 64 mGy, and individual values for about 5% of the
children were about 200 mGy [K32, K33]. It was also
estimated in the UNSCEAR 1988 Report [U4] that
effective doses averaged over large portions of European
countries were 1 mSv or less in the first year after the
accident and approximately two to five times the first-year
dose over a lifetime.

4. The doses to population groups in Belarus, the
Russian Federation and Ukraine living nearest the accident
site and to the workers involved in mitigating the accident
are, however, of particular interest, because these people
have had the highest exposures and have been monitored
for health effects that might be related to the radiation
exposures. Research on possible health effects is focussed
on, but not limited to, the investigation of leukaemia
among workers involved in the accident and of thyroid
cancer among children. Other health effects that are
considered are non-cancer somatic disorders (e.g. thyroid
abnormalities and immunological effects), reproductive
effects and psychological effects. Epidemiological studies
have been undertaken among the populations of Belarus,
the Russian Federation and Ukraine that were most
affected by the accident to investigate whether dose-effect
relationships can be obtained, notably with respect to the
induction of thyroid cancer resulting from internal
irradiation by 131I and other radioiodines in young children
and to the induction of leukaemia among workers resulting
from external irradiation at low dose rates. The dose
estimates that are currently available are of a preliminary
nature and must be refined by means of difficult and time-
consuming dose reconstruction efforts. The accumulation
of health statistics will also require some years of effort.

5. Because of the questions that have arisen about the
local exposures and effects of the Chernobyl accident, the
Committee feels that a review of information at this stage,
almost 15 years after the accident, is warranted. Of course,
even longer-term studies will be needed to determine the
full consequences of the accident. It is the intention to
evaluate in this Annex the data thus far collected on the
local doses and effects in relation to and as a contribution
to the broader knowledge of radiation effects in humans.
Within the last fewyears, several international conferences
were held to review the aftermath of the accident, and
extensive use can be made of the proceedings of these
conferences [E3, I15, T22, W7]; also, use was made of
books, e.g. [I5, K19, M14, M15], and of special issues of
scientific journals, e.g. [K42], devoted to the Chernobyl
accident.
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6. The populations considered in this Annex are (a) the
workers involved in the mitigation of the accident, either
during the accident itself (including firemen and power
plant personnel who received doses leading to deter-
ministic effects) or after the accident (recovery operation
workers); (b) members of the general public who were
evacuated to avert excessive radiation exposures; and (c)
inhabitants of contaminated areas who were not evacuated.

The contaminated areas, which are defined in this Annex
as being those where the average 137Cs ground deposition
density exceeded 37 kBq m�2 (1 Ci km�2), are found mainly
in Belarus, in the Russian Federation and in Ukraine.
Information on the contamination levels and radiation
doses in other countries will be presented only if it is
related to epidemiological studies conducted in those
countries.

I. PHYSICAL CONSEQUENCES OF THE ACCIDENT

7. The accident at the Chernobyl nuclear power station
occurred during a low-power engineering test of the Unit
4 reactor. Safety systems had been switched off, and
improper, unstable operation of the reactor allowed an
uncontrollable power surge tooccur, resulting in successive
steam explosions that severely damaged the reactor
building and completely destroyed the reactor. An account
of the accident and of the quantities of radionuclides
released, to the extent that they could be known at the time,
were presented by Soviet experts at the Post-Accident
Review Meeting at Vienna in August 1986 [I2]. The
information that has become available since 1986 will be
summarized in this Chapter.

8. The radionuclide releases from the damaged reactor
occurred mainly over a 10-day period, but with varying
release rates. An initial high release rate on the first day
was caused by mechanical discharge as a result of the
explosions in the reactor. There followed a five-day period
of declining releases associated with the hot air and fumes
from the burning graphite core material. In the next few
days, the release rate of radionuclides increased until day
10, when the releases dropped abruptly, thus ending the
period of intense release. The radionuclides released in the
accident deposited with greatest density in the regions
surrounding the reactor in the European part of the former
Soviet Union.

A. THE ACCIDENT

9. The Chernobyl reactor is of the type RBMK, which
is an abbreviation of Russian terms meaning reactor of
high output, multichannel type. It is a pressurized water
reactor using light water as a coolant and graphite as a
moderator. Detailed information about what is currently
known about the accident and the accident sequence has
been reported, notably in 1992 by the International Atomic
Energy Agency (IAEA) [I7], in 1994 in a report of the
Massachusetts Institute of Technology [S1], in 1995 by the
Ukrainian Academyof Sciences [P4], and in 1991�1996 by
the Kurchatov Institute [B24, C5, K20, K21, S22, V4]. A
simplified description of the events leading to the accident
and of the measures taken to control its consequences is
provided in the following paragraphs. As is the case in an

accident with unexpected and unknown events and
outcomes, many questions remain to be satisfactorily
resolved.

10. The events leading to the accident at the Chernobyl
Unit 4 reactor at about 1.24 a.m. on 26 April 1986 resulted
from efforts to conduct a test on an electric control system,
which allows power to be provided in the event of a station
blackout [I2]. Actions taken during this exercise resulted
in a significant variation in the temperature and flow rate
of the inlet water to the reactor core (beginning at about
1.03 a.m.). The unstable state of the reactor before the
accident is due both tobasic engineering deficiencies (large
positive coefficient of reactivity under certain conditions)
and to faulty actions of the operators (e.g., switching off
the emergency safety systems of the reactor) [G26]. The
relatively fast temperature changes resulting from the
operators’ actions weakened the lower transition joints that
link the zirconium fuel channels in the core to the steel
pipes that carry the inlet cooling water [P4]. Other actions
resulted in a rapid increase in the power level of the reactor
[I7], which caused fuel fragmentation and the rapid
transfer of heat from these fuel fragments to the coolant
(between 1.23:43 and 1.23:49 a.m.). This generated a
shock wave in the cooling water, which led to the failure of
most of the lower transition joints. As a result of the failure
of these transition joints, the pressurized cooling water in
the primary system was released, and it immediately
flashed into steam.

11. The steam explosion occurred at 1.23:49. It is
surmised that the reactor core might have been lifted up by
the explosion [P4], during which time all water left the
reactor core. This resulted in an extremely rapid increase
in reactivity, which led to vaporization of part of the fuel
at the centre of some fuel assemblies and which was
terminated by a large explosion attributable to rapid
expansion of the fuel vapour disassembling the core. This
explosion, which occurred at about 1.24 a.m., blew the core
apart and destroyed most of the building. Fuel, core
components, and structural items were blown from the
reactor hall onto the roof of adjacent buildings and the
ground around the reactor building. A major release of
radioactive materials into the environment alsooccurred as
a result of this explosion.
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12. The core debris dispersed by the explosion started
multiple (more than 30) fires on the roofs of the reactor
building and the machine hall, which were covered with
highly flammable tar. Some of those fires spread to the
machine hall and, through cable tubes, to the vicinity of the
Unit 3 reactor. A first group of 14 firemen arrived on the
scene of the accident at 1.28 a.m. Reinforcements were
brought in until about 4 a.m., when 250 firemen were
available and 69 firemen participated in fire control activities.
These activities were carried out at up to 70 m above the
ground under harsh conditions of high radiation levels and
dense smoke. By 2.10 a.m., the largest fires on the roof of the
machine hall had been put out, while by 2.30 a.m. the largest
fires on the roof of the reactor hall were under control. By
about 4.50 a.m., most of the fires had been extinguished.
These actions caused the deaths of five firefighters.

13. It is unclear whether fires were originating from the
reactor cavity during the first 20 h after the explosion.
However, there was considerable steam and water because of
the actions of both the firefighters and the reactor plant
personnel. Approximately 20 h after the explosion, at 9.41
p.m., a large fire started as the material in the reactor became
hot enough to ignite combustible gases released from the
disrupted core, e.g. hydrogen from zirconium-water reactions
and carbon monoxide from the reaction of hot graphite with
steam. The fire made noise when it started (some witnesses
called it an explosion) and burned with a large flame that
initially reached at least 50 m above the top of the destroyed
reactor hall [P4].

14. The first measures taken to control the fire and the
radionuclidereleases consisted ofdumpingneutron-absorbing
compounds and fire-control materials into the crater formed
bythe destruction of the reactor. The total amount ofmaterials
dumped on the reactor was approximately 5,000 t, including
about 40 t of boron compounds, 2,400 t of lead, 1,800 t of
sand and clay, and 600 t of dolomite, as well as sodium
phosphate and polymer liquids [B4]. About 150 t of materials
were dumped on 27 April, followed by 300 t on 28 April,
750 t on 29 April, 1,500 t on 30 April, 1,900 t on 1 May, and
400 t on 2 May. About 1,800 helicopter flights were carried
out todump materials onto the reactor. During the first flights,
the helicopters remained stationary over the reactor while
dumping the materials. However, as the dose rates received by
the helicopter pilots during this procedure were judged to be
too high, it was decided that the materials should be dumped
while the helicopters travelled over the reactor. This
procedure, which had a poor accuracy, caused additional
destruction of the standing structures and spread the
contamination. In fact, much of the material delivered by the
helicopters was dumped on the roof of the reactor hall, where
a glowing fire was observed, because the reactor core was
partially obstructed by the upper biological shield, broken
piping, and other debris, and rising smoke made it difficult to
see and identify the core location (see Figure I). The material
dumping campaign was stopped on day 7 (2 May) through
day 10 (5 May) after the accident because of fears that the
building support structures could be compromised. If that
happened, it would allow the core to be less restrained from

possible meltdown, and steam explosions would occur if the
core were to interact with the pressure suppression pool
beneath the reactor. The increasing release rates on days 7
through 10 were associated with the rising temperature of the
fuel in the core. Cooling of the reactor structure with liquid
nitrogen using pipelines originating from Unit 3 was initiated
only at late stages after the accident. The abrupt ending of the
releases was said to occur upon extinguishing the fire and
through transformation of the fission products into more
chemically stable compounds [I2].

Figure I. Cross-section view of damaged Unit 4
Chernobyl reactor building.

15. The further sequence of events is still somewhat
speculative, but the following description conforms with the
observations of residual damage to the reactor [S1, S18]. It is
suggested that the melted core materials (also called fuel-
containing masses, corium, or lava) settled to the bottom of
the core shaft, with the fuel forming a metallic layer below the
graphite. The graphite layer had a filtering effect on the
release of volatile compounds. This is evidenced by a con-
centration of caesium in the corium of 35% [S1], somewhat
higher than would otherwise have been expected in the highly
oxidizing conditions that prevailed in the presence of burning
graphite. The very high temperatures in the core shaft would
have suppressed plate-out of radionuclides and maintained
high release rates of penetrating gases and aerosols. After
about 6.5 days, the upper graphite layer would have burned
off. This is evidenced by the absence of carbon or carbon-
containing compounds in the corium. At this stage, without
the filtering effect of an upper graphite layer, the release of
volatile fission products from the fuel may have increased,
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although non-volatile fission products and actinides would
have been inhibited because of reduced particulate emission.

16. On day 8 after the accident, it would appear that the
corium melted through the lower biological shield (LBS)
and flowed onto the floor of the sub-reactor region (see
Figure I). This rapid redistribution of the corium and
increase in surface area as it spread horizontally would
have enhanced the radionuclide releases. The corium
produced steam on contact with the water remaining in the
pressure suppression pool, causing an increase in aerosols.
This may account for the peak releases of radionuclides
seen at the last stage of the active period.

17. Approximately nine days after the accident, the
corium began to lose its ability to interact with the
surrounding materials. It solidified relatively rapidly,
causing little damage to metallic piping in the lower
regions of the reactor building. The chemistry of the
corium was altered by the large mass of the lower
biological shield taken up into the molten corium (about
400 of the 1,200-t shield of stainless steel construction and
serpentine filler material). The decayheat was significantly
lowered, and the radionuclide releases dropped by two to
three orders of magnitude. Visual evidence of the
disposition of the corium supports this sequence of events.

18. On the basis of an extensive series of measurements
in 1987�1990 of heat flux and radiation intensities and
from an analysis of photographs, an approximate mass
balance of the reactor fuel distribution was established
(data reported byBorovoi and Sich [B16, S1]). The amount
of fuel in the lower regions of the reactor building was
estimated to be 135 ± 27 t, which is 71% of the core load
at the time of the accident (190.3 t). The remainder of the
fuel was accounted for as follows: fuel in the upper levels
of the reactor building (38 ± 5 t); fuel released beyond the
reactor building (6.7 ± 1 t); and unaccounted for fuel
(10.7 t), possibly largely on the roof of the reactor hall
under the pile of materials dumped by the helicopters.

19. Different estimates of the reactor fuel distribution have
been proposed byothers. Purvis [P4] indicated that the amount
of fuel in the lava, plus fragments of the reactor core under the
level of the bottom of the reactor, is between 27 and 100 t and
that the total amount of the fuel in the reactor hall area is
between 77 and 140 t. Kisselev et al. [K12, K15] reported that
only 24 ± 4 t were identified by visual means in the lower
region of the reactor. It may be that most of the fuel is on the
roof of the reactor hall and is covered by the material that was
dropped on it from helicopters. Only the removal of this layer
of material will allow making a better determination of the
reactor fuel distribution.

B. RELEASE OF RADIONUCLIDES

20. Two basic methods were used to estimate the release
of radionuclides in the accident. The first method consists
in evaluating separately the inventory of radionuclides in

the reactor core at the time of the accident and the fraction
of the inventory of each radionuclide that was released into
the atmosphere; the products of those two quantities are the
amounts released. The second method consists in
measuring the radionuclide deposition density on the
ground all around the reactor; if it is assumed that all of
the released amounts deposited within the area where the
measurements were made, the amounts deposited are equal
to the amounts released. In both methods, air samples
taken over the reactor or at various distances from the
reactor were analysed for radionuclide content todetermine
or to confirm the radionuclide distribution in the materials
released. The analysis of air samples and of fallout also led
to information on the physical and chemical properties of
the radioactive materials that were released into the
atmosphere. It is worth noting, however, that the doses
were estimated on the basis of environmental and human
measurements and that the knowledge of the quantities
released was not needed for that purpose.

1. Estimation of radionuclide amounts
released

21. From the radiological point of view, 131I and 137Cs are
the most important radionuclides to consider, because they
are responsible for most of the radiation exposure received
by the general population.

22. Several estimates have been made of the radionuclide
core inventory at the time of the accident. Some of these
estimates are based on the burn-up of individual fuel
assemblies that has been made available [B1, S1]. The
average burn-up of 10.9 GW d t�1 [B1], published in 1989,
is similar to the originally reported value of 10.3 GW d t�1

[I2], but with non-linear accumulation of actinides, more
detailed values of burn-up allow more precise estimation of
the core inventories. In the case of 132Te and of the short-
lived radioiodines, Khrouch et al. [K16] took into account
the variations in the power level of the reactor during the
24 hours before the accident, as described in [S20]. An
extended list of radionuclides present in the core at the
time of the accident is presented in Table 1. The values
used by the Committee in this Annex are those presented
in the last column on the right. For comparison purposes,
the initial estimates of the core inventory as presented in
1986 [I2], which were used by the Committee in the
UNSCEAR 1988 Report [U4], are also presented in
Table 1; these 1986 estimates, however, have been decay-
corrected to 6 May 1986, that is, 10 days after the
beginning of the accident. The large differences observed
between initial and recent estimates for short-lived
radionuclides (radioactive half-lives of less than 10 days)
are mainly due to radioactive decay between the actual day
of release and 6 May, while minor differences may have
been caused by the use of different computer codes to
calculate the build-up of activity in the reactor core. For
137Cs, the 1986 and current estimates of core inventory at
the time of the accident are 290 and 260 PBq, respectively.
For 131I, the corresponding values are 1,300 and 3,200 PBq,
respectively.
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23. There are several estimates of radionuclides released
in the accident based on recent evaluations. Three such
listings, including two taken from the IAEA international
conference that took place at Vienna in 1996 [D8], are
given in Table 2 and compared to the original estimates of
1986 [I2]. The estimates of Buzulukov and Dobrynin [B4],
as well as those of Kruger et al. [K37], are based on
analyses of core inventories [B1, B3]. There is general
agreement on the releases of most radionuclides, and in
particular those of 137Cs and 131I, presented in the 1996
evaluations. The values used by the Committee in this
Annex are those presented in the last column on the right.
The release of 137Cs is estimated to be 85 PBq, about 30%
of the core inventory and that of 131I is estimated to be
1,760 PBq, about 50% of the core inventory.

24. In the UNSCEAR 1988 Report [U4], estimates were
made of the release of 137Cs and 131I in the accident. From
average deposition densities of 137Cs and the areas of land
and ocean regions, the total 137Cs deposit in the northern
hemisphere was estimated to be 70 PBq, which is in fairly
good agreement with the current estimate.

25. The release of 131I was estimated in the UNSCEAR
1988 Report to be 330 PBq on the basis of the reported 131I
inventory of 1,300 PBq [I2] and of a release fraction of
25% [U4]. This, however, was the inventory of 131I at the
end of the release period (6 May 1986). It would have been
higher at the beginning of the accident. The 131I inventory
is now estimated to be 3,200 PBq, as shown in Table 1, and
because the fractional release of 131I is likely to have been
about 50%, the 131I release given in the UNSCEAR 1988
Report is lower than the current estimate by a factor of
about 5.

26. The results presented in Table 2 are incomplete with
respect to the releases of 132Te and of the short-lived
radioiodines (132I to 135I). In this Annex, the releases of
those radionuclides have been scaled to the releases of 131I,
using the radionuclide inventories presented in Table 1 and
taking into account the radioactive half-lives of the
radionuclides. The following procedure was used: (a) the
release rates at the time of the steam explosion were
estimated from the radionuclide inventories presented in
Table 1, assuming no fractionation for the short-lived
radioiodines (133I, 134I and 135I) with respect to 131I, a value
of 0.85 for the ratio of the release rates of 132Te and of 131I,
and radioactive equilibrium between 132I and 132Te in the
materials released. The activity ratios to 131I in the initial
release rates are therefore estimated to have been 1.5 for
133I, 0.64 for 134I, 0.9 for 135I, and 0.85 for 132Te and 132I; (b)
the variation with time of the release rate of 131I over the
first 10 days following the steam explosion was assessed
using published data [A4, I6]. The estimated daily releases
of 131I are presented in Table 3; and (c) the variation with
time of the release rates of the short-lived radioiodines and
of 132Te has been assumed to be the same as that of 131I, but
a correction was made to take into account the differences
in radioactive half-lives. The variation with time of the
daily releases of 131I, 133I and 132Te, which are adopted in

this Annex, are illustrated in Figure II; for comparison
purposes, the estimated daily releases of 137Cs are also
shown in Figure II.

Figure II. Dailyreleaseof iodine-131, iodine-133, tellurium-
132 and caesium-137 from the Chernobyl reactor.

27. The overall releases of short-lived radioiodines and
of 132Te are presented in Table 4; they are found to be
substantially lower than those of 131I. This is due to the fact
that most of the short-lived radioiodines decayed in the
reactor instead of being released.

28. Additional, qualitative information on the pattern of
release of radionuclides from the reactor is given in
Figure III. The concentrations of radionuclides in air were
determined in air samples collected by helicopter above the
damaged reactor [B4]. Although the releases were
considerably reduced on 5 and 6 May (days 9 and 10 after
the accident), continuing low-level releases occurred in the
following week and for up to 40 days after the accident.
Particularly on 15 and 16 May, higher concentrations were
observed, attributable to continuing outbreaks of fires or to
hot areas of the reactor [I6]. These later releases can be
correlated with increased concentrations of radionuclides
in air measured at Kiev and Vilnius [I6, I35, U16].

2. Physical and chemical properties of the
radioactive materials released

29. There were only a few measurements of the aero-
dynamic size of the radioactive particles released during the
first days of the accident. A crude analysis of air samples,
taken at 400�600 m above the ground in the vicinity of the
Chernobyl power plant on 27 April 1986, indicated that large
radioactive particles, varying in size from several to tens of
micrometers, were found, together with an abundance of
smaller particles [I6]. In a carefully designed experiment,
aerosol samples taken on 14 and 16 May 1986 with a device
installed on an aircraft that flew above the damaged reactor
were analysed by spectrometry [B6, G14]. The activity
distribution of the particle sizes was found to be well
represented as the superposition of two log-normal functions:
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Figure III. Concentration of radionuclides in air measured above the damaged Chernobyl reactor [B6].

one with an activity median aerodynamic diameter (AMAD)
ranging from 0.3 to 1.5 µm and a geometric standard
deviation (GSD) of 1.6�1.8, and another with an AMAD of
more than 10 µm. The larger particles contained about
80%�90% of the activityofnon-volatile radionuclides such as
95Zr, 95Nb, 140La, 141Ce, 144Ce and transuranium radionuclides
embedded in the uranium matrix of the fuel [K35]. The
geometric sizes of the fuel particles collected in Hungary,
Finland and Bulgaria ranged from 0.5 to 10 µm, with an
average of 5 µm [B35, L40, V9]. Taking the density of fuel
particles to be 9 g cm�3, their aerodynamic diameter therefore
ranged from 1.5 to 30 µm, with an average value of 15 µm.
Similar average values were obtained for fuel particles
collected in May 1986 in southern Germany [R20] and for
those collected in the 30-km zone in September 1986 [G27].

30. It was observed that Chernobyl fallout consisted of hot
particles in addition tomorehomogeneouslydistributed radio-
active material [D6, D7, K34, S26, S27, S28]. These hot
particles can be classified into two broad categories: (a) fuel
fragments with a mixture of fission products bound to a
matrix ofuranium oxide, similar to the composition of the fuel
in the core, but sometimes strongly depleted in caesium,
iodine and ruthenium, and (b) particles consisting of one
dominant element (ruthenium or barium) but sometimes
having traces of other elements [D6, J3, J4, K35, K36, S27].
These monoelemental particles may have originated from
embedments of these elements produced in the fuel during
reactor operation and released during the fragmentation of the
fuel [D7]. Typical activities per hot particle are 0.1�1 kBq for
fuel fragments and 0.5�10 kBq for ruthenium particles [D6];
a typical effective diameter is about 10 µm, to be compared
with sizes of 0.4�0.7 µm for the particles associated with the
activities of 131I and 137Cs [D6, D7]. Hot particles deposited in
the pulmonary region will have a long retention time, leading
to considerable local doses [B33, L23]. In the immediate
vicinity of a 1 kBq ruthenium particle, the dose rate is about
1,000 Gy h�1, which causes cell killing; however, sublethal
doses are received by cells within a few millimetres of the hot
particle. Although it was demonstrated in the 1970s that
radiation doses from alpha-emitting hot particles are not more

radiotoxic than the same activity uniformly distributed in the
whole lung [B28, L33, L34, L35, R15], it is not clear whether
the same conclusion can be reached for beta-emitting hot
particles [B33, S27].

C. GROUND CONTAMINATION

1. Areas of the former Soviet Union

31. Radioactive contamination of the ground was found to
some extent in practically every country of the northern
hemisphere [U4]. In this Annex, contaminated areas are
defined as areas where the average 137Cs deposition densities
exceeded 37 kBq m�2 (1 Ci km�2). Caesium-137 was chosen
as a reference radionuclide for the ground contamination
resulting from the Chernobyl accident for several reasons: its
substantial contribution to the lifetime effective dose, its long
radioactive half-life, and its ease of measurement. As shown
in Table 5, the contaminated areas were found mainly in
Belarus, in the Russian Federation and in Ukraine [I24].

32. The radionuclides released in the accident deposited
over most of the European territory of the former Soviet
Union. A map of this territory is presented in Figure IV.
The main city gives its name to each region. The regions
(oblasts) are subdivided into districts (raions).

33. The characteristics of the basic plume developments
were illustrated in the UNSCEAR 1988 Report [U4]. Further
details have been presented by Borzilov and Klepikova [B7]
and are illustrated in Figure V. The important releases lasted
10 days; during that time, the wind changed direction often,
so that all areas surrounding the reactor site received some
fallout at one time or another.

34. The initial plumes of materials released from the
Chernobyl reactor moved towards the west. On 27 April, the
winds shifted towards the northwest, then on 28 April to-
wards the east. Twoextensive areas, Gomel-Mogilev-Bryansk
and Orel-Tula-Kaluga, became contaminated as a result of
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Figure IV. Administrative regions surrounding the Chernobyl reactor.

Figure V. Plume formation by meteorological conditions for instantaneous releases
on dates and times (GMT) indicated [B7].

deposition of radioactive materials from the plume that passed
over at that time (Figure V, trace 3). The contamination of
Ukrainian territorysouth ofChernobyl occurred after 28 April
(Figure V, traces 4, 5 and 6). Rainfall occurred in an

inhomogeneous pattern, causing uneven contamination areas.
The general pattern of 137Cs deposition based on calculations
from meteorological conditions has been shown to match the
measured contamination pattern rather well [B7].
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Figure VII. Surface ground deposition of caesium-137 in the immediate vicinity of the Chernobyl reactor [I1, I24].
The distances of 30 km and 60 km from the nuclear power plant are indicated.

35. The detailed contamination patterns have been
established from extensive monitoring of the affected
territory. The contamination of soil with 137Cs in the most
affected areas of Belarus, the Russian Federation and Ukraine
is shown in Figure VI, and the 137Cs contamination of soil in
the immediate area surrounding the reactor is shown in
Figure VII. The deposition of 90Sr and of nuclear fuel
particles, usuallyrepresented as the deposition oftheir marker,
95Zr or 144Ce, were relatively localized. The contamination
maps for these radionuclides are illustrated in Figures VIII
and IX. An important deposition map to be established is that
of 131I. Estimated 131I deposition in Belarus and the western
part of the Russian Federation is shown in Figure X. Because
there were not enough measurements at the time of
deposition, the 131I deposition pattern can be only
approximated from limited data and relationships inferred
from 137Cs deposition. Because the 131I to 137Cs ratio was
observed to vary from 5 to 60, the 131I deposition densities
estimated for areas without 131I measurements are not very
reliable. Measurements of the current concentrations of 129I in
soil could provide valuable information on the 131I deposition
pattern [S45].

36. The principal physico-chemical form of the deposited
radionuclides are: (a) dispersed fuel particles, (b) condensa-
tion-generated particles, and (c) mixed-type particles, in-
cluding the adsorption-generated ones[I22]. The radionuclide

distribution in the nearby contaminated zone (<100 km), also
called the near zone, differs from that in the far zone (from
100 km to approximately 2,000 km). Deposition in the near
zone reflected the radionuclide composition of the fuel. Larger
particles, which were primarily fuel particles, and the
refractory elements (Zr, Mo, Ce and Np) were to a large
extent deposited in the near zone. Intermediate elements (Ru,
Ba, Sr) and fuel elements (Pu, U) were also deposited largely
in the near zone. The volatile elements (I, Te and Cs) in the
form of condensation-generated particles, were more widely
dispersed into the far zone [I6]. Of course, this
characterization oversimplifies the actual dispersion pattern.

37. Areas of high contamination from 137Cs occurred
throughout the far zone, depending primarilyon rainfall at the
time the plume passed over. The composition of the deposited
radionuclides in these highly contaminated areas was
relatively similar. Some ratios of radionuclides in different
districts of the near and far zones are given in Table 6.

38. The three main areas of contamination have been
designated the Central, Gomel-Mogilev-Bryansk and
Kaluga-Tula-Orel areas. The Central area is in the near
zone, predominantly to the west and northwest of the
reactor. Caesium-137 was deposited during the active
period of release, and the deposition density of 137Cs was
greater than 37 kBq m�2 (1 Ci km�2) in large areas of the
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Figure VIII. Surface ground deposition of strontium-90
released in the Chernobyl accident [I1].

Kiev, Zhitomir, Chernigov, Rovno and Lutsk regions of
Ukraine and in the southern parts of the Gomel and Brest
regions of Belarus. The 137Cs deposition was highest within
the 30-km-radius area surrounding the reactor, known as
the 30-km zone. Deposition densities exceeded 1,500
kBq m�2 (40 Ci km�2) in this zone and also in some areas
of the near zone to the west and northwest of the reactor,
in the Gomel, Kiev and Zhitomir regions (Figure VII).

39. The Gomel-Mogilev-Bryansk contamination area is
centred 200 km to the north-northeast of the reactor at the
boundaryof the Gomel and Mogilev regions of Belarus and
of the Bryansk region of the Russian Federation. In some
areas contamination was comparable to that in the Central
area; deposition densities even reached 5 MBq m�2 in some
villages of the Mogilev and Bryansk regions.

40. The Kaluga-Tula-Orel area is located 500 km to the
northeast of the reactor. Contamination there came from
the same radioactive cloud that caused contamination in
the Gomel-Mogilev-Bryansk area as a result of rainfall on
28�29 April. The 137Cs deposition density was, however,
lower in this area, generally less than 500 kBq m�2.

41. Outside these three main contaminated areas there were
manyareas where the 137Cs deposition densitywas in the range
37�200 kBq m�2. Rather detailed surveys of the contamina-
tion of the entire European part of the former Soviet Union
have been completed [I3, I6, I24]. A map of measured 137Cs
deposition is presented in Figure VI. The areas affected by
137Cs contamination are listed in Table 7. As can be seen,
146,100 km2 experienced a 137Cs deposition density greater
than 37 kBq m�2 (1 Ci km�2). The total quantity of 137Cs
deposited as a result of the accident in the contaminated areas
of the former Soviet Union, including in areas of lesser
deposition, is estimated in Table 8 to be 43 PBq. A 137Cs
background of2�4 kBq m�2 attributable toresidual levels from
atmospheric nuclear weapons testing from earlier years must
be subtracted to obtain the total deposit attributable to the
Chernobyl accident. When this is done, the total 137Cs deposit
from the accident is found to be approximately 40 PBq
(Table 8). The total may be apportioned as follows: 40% in
Belarus, 35% in the Russian Federation, 24% in Ukraine, and
less than 1% in other republics of the former Soviet Union.
The amount of 137Cs deposited in the contaminated areas (>37
kBq m�2) of the former Soviet Union is estimated tobe 29 PBq,
and the residual activity there from atmospheric nuclear
weapons testing is about 0.5 PBq.

Figure IX. Surface ground deposition of plutonium-239
and plutonium-240 released in the Chernobyl accident
at levels exceeding 3.7 kBq m-2 [I1].
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Figure XI. Surface ground deposition of caesium-137 released in Europe after the Chernobyl accident [D13].
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42. During the first weeks after the accident, most of the
activity deposited on the ground consisted of short-lived
radionuclides, of which 131I was the most important radio-
logically. Maps of 131I deposition have been prepared for
Belarus and part of the Russian Federation (Figure X). As
indicated in paragraph 35, these maps are based on the
limited number of measurements of 131I deposition density
available in the former Soviet Union, and they use 137Cs
measurements as a guide in areas where 131I was not
measured. These maps must be regarded with caution, as the
ratio of the 131I to 137Cs deposition densities was found to vary
in a relatively large range, at least in Belarus.

43. Deposition of 90Sr was mostly limited to the near zone
of the accident. Areas with 90Sr deposition density exceed-
ing 100 kBq m�2 were almost entirely within the 30-km
zone, and areas exceeding 37 kBq m�2 were almost all
within the near zone (<100 km). Only a few separate sites
with 90Sr deposition density in the range 37�100 kBq m�2

were found in the Gomel-Mogilev-Bryansk area, i.e. in the
far zone (Figure VIII) [A9, B25, H13].

44. Information on the deposition of plutonium isotopes is
not as extensive because of difficulties in detecting these
radionuclides. The only area with plutonium levels exceeding
4 kBq m�2 was located within the 30-km zone (Figure IX). In
the Gomel-Mogilev-Bryansk area, the 239,240Pu deposition
density ranged from 0.07 to 0.7 kBq m�2, and in the Kaluga-
Tula-Orel area, from 0.07 to 0.3 kBq m�2 [A9]. At Korosten,
located in Ukraine about 115 km southwest of the Chernobyl
power plant, where the 137Cs deposition densitywas about 300
kBq m�2, the 239,240Pu deposition density due to the Chernobyl
accident derived from data in [H8] is found to be only about
0.06 kBq m�2, which is 4�8 times lower than the 239,240Pu
deposition density from global fallout.

2. Remainder of northern and southern
hemisphere

45. As shown in Table 5, there are also other areas, in
Europe, where the 137Cs deposition density exceeded 37
kBq m�2, notably, the three Scandinavian countries (Fin-
land, Norway and Sweden), Austria and Bulgaria. In those
countries, the 137Cs deposition density did not exceed 185
kBq m�2 except in localized areas (for example, a 2�4 km2

area in Sweden within the commune of Gävle [E6] and
mountainous areas in the Austrian Province of Salzburg
[L24]). The pattern of 137Cs deposition density in the whole
of Europe is shown in Figure XI [D13, I24].

46. Small amounts of radiocaesium and of radioiodine
penetrated the lower stratosphere of the northern
hemisphere during the first few days after the accident [J6,
K43]. Subsequently, transfer of radiocaesium to the lower
atmospheric layers of the southern hemisphere may have
occurred as a result of interhemispheric air movements
from the northern to the southern stratosphere, followed by
subsidence in the troposphere [D11]. However, radioactive
contamination was not detected in the southern hemisphere

by the surveillance networks of environmental radiation.
Interhemispheric transfer also occurred to a small extent
through human activities, such as shipping of foods or
materials to the southern hemisphere. Therefore, only very
low levels of radioactive materials originating from the
Chernobyl accident have been present in the biosphere of
the southern hemisphere, and the resulting doses have been
negligible.

D. ENVIRONMENTAL BEHAVIOUR OF
DEPOSITED RADIONUCLIDES

47. The environmental behaviour of deposited radio-
nuclides depends on the physical and chemical character-
istics of the radionuclide considered, on the type of fallout
(i.e. dry or wet), and on the characteristics of the
environment. Special attention will be devoted to 131I, 137Cs
and 90Sr and their pathways of exposure to humans.
Deposition can occur on the ground or on water surfaces.
The terrestrial environment will be considered first.

1. Terrestrial environment

48. For short-lived radionuclides such as 131I, the main
pathway of exposure of humans is the transfer of the
amounts deposited on leafy vegetables that are consumed
within a few days, or on pasture grass that is grazed by
cows or goats, giving rise to the contamination of milk.
The amounts deposited on vegetation are retained with a
half-time of about two weeks before removal to the ground
surface and to the soil. Long-term transfer of 131I from
deposition on soil to dietary products that are consumed
several weeks after the deposition has occurred need not be
considered, because 131I has a physical half-life of only
8 days.

49. Radionuclides deposited on soil migrate downwards
and are partially absorbed by plant roots, leading in turn to
upward migration into the vegetation. These processes
should be considered for long-lived radionuclides, such as
137Cs and 90Sr. The rate and direction of the radionuclide
migration into the soil-plant pathway are determined by a
number of natural phenomena, including relief features,
the type of plant, the structure and makeup of the soil,
hydrological conditions and weather patterns, particularly
at the time that deposition occurred. The vertical migration
of 137Cs and 90Sr in soil of different types of natural
meadows has been rather slow, and the greater fraction of
radionuclides is still contained in its upper layer
(0�10 cm). On average, in the case of mineral soils, up to
90% of 137Cs and 90Sr are found in the 0�5 cm layer; in the
case of peaty soils, for which radionuclide migration is
faster, only 40% to 70% of 137Cs and 90Sr are found in that
layer [I22]. The effective half-time of clearance from the
root layer in meadows (0�10 cm) in mineral soils has been
estimated to range from 10 to 25 years for 137Cs and to be
1.2�3 times faster for 90Sr than for 137Cs; therefore, the
effective clearance half-time for 90Sr is estimated to be 7 to
12 years [A11, A14].
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50. For a given initial contamination of soil, the
transfer from soil to plant varies with time as the
radionuclide is removed from the root layer and as its
availability in exchangeable form changes. The 137Cs
content in plants was maximum in 1986, when the
contamination was due to direct deposition on aerial
surfaces. In 1987, 137Cs in plants was 3�6 times lower
than in 1986, as the contamination of the plants was
then mainly due to root uptake. Since 1987, the transfer
coefficients from deposition to plant have continued to
decrease, although the rate of decrease has slowed: from
1987 to 1995, the transfer coefficients of 137Cs decreased
by 1.5 to 7 times, on average [I22]. Compared with 137Cs
from global fallout, 137Cs from the Chernobyl accident in
the far zone was found to be more mobile during the
first four years after the accident, as the water-soluble
fractions of Chernobyl and fallout 137Cs were about 70%
and 8%, respectively [H15]. Later on, ageing processes
led to similar mobility values for 137Cs from the
Chernobyl accident and from global fallout.

51. The variability of the transfer coefficient from
deposition to pasture grass for 137Cs is indicated in Table 9
for natural meadows in the Polissya area of Ukraine [S40].
The type of soil and the water content both have an
influence on the transfer coefficient, the values of which
were found to range from 0.6 to 190 Bq kg�1 (dry grass) per
kBq m�2 (deposition on the ground) in 1988�1989 [S40].
The variability as a function of time after the accident in
the Russian Federation has been studied and reported on by
Shutov et al. [S41].

52. Contrary to 137Cs, it seems that the exchangeabilityof
90Sr does not keep decreasing with time after the accident
and may even be increasing [B36, S41]. In the Russian
Federation, no statisticallysignificant change was found in
the 90Sr transfer coefficient from deposition to grass during
the first 4 to 5 years following the accident [S41]. This is
attributable to two competing processes: (a) 90Sr conversion
from a poorly soluble form, which characterized the fuel
particles, to a soluble form, which is easily assimilated by
plant roots, and (b) the vertical migration of 90Sr into
deeper layers of soil, hindering its assimilation by
vegetation [S41].

53. The contamination ofmilk, meat and potatoes usually
accounts for the bulk of the dietary intake of 137Cs.
However, for the residents of rural regions, mushrooms and
berries from forests occupy an important place. The
decrease with time of the 137Cs concentrations in those
foodstuffs has been extremely slow, with variations from
one year to another depending on weather conditions [I22].

2. Aquatic environment

54. Deposition of radioactive materials also occurred on
water surfaces. Deposition on the surfaces of seas and
oceans resulted in low levels of dose because the
radioactive materials were rapidly diluted into very large
volumes of water.

55. In rivers and small lakes, the radioactive contamina-
tion resulted mainly from erosion of the surface layers of
soil in the watershed, followed by runoff in the water
bodies. In the 30-km zone, where relatively high levels of
ground deposition of 90Sr and 137Cs occurred, the largest
surface water contaminant was found to be 90Sr, as 137Cs
was strongly adsorbed by clay minerals [A15, M19]. Much
of the 90Sr in water was found in dissolved form; low levels
of plutonium isotopes and of 241Am were also measured in
the rivers of the 30-km zone [A15, M19].

56. The contribution of aquatic pathways to the dietary
intake of 137Cs and 90Sr is usually quite small. However, the
137Cs concentration in the muscle of predator fish, like perch
or pike, may be quite high in lakes with long water retention
times, as found in Scandinavia and in Russia [H16, K47, R21,
T23]. For example, concentration of 137Cs in the water of lakes
Kozhanyand Svyatoe located in severelycontaminated part of
the Bryansk region of Russia was still high in 1996 because of
special hydrological conditions: 10�20 Bq l�1 of 137Cs and
0.6�1.5 Bq l�1 of 90Sr [K47]. Concentration of 137Cs in the
muscles of crucian (Carassius auratus gibeio) sampled in the
lake Kozhany was in the range of 5�15 kBq kg�1 and in pike
(Esox lucius) in the range 20�90 kBq kg�1 [K47, T23].
Activity of 137Cs in inhabitants of the village Kozhany located
along the coast of lake Kozhany measured by whole-body
counters in summer 1996 was 7.4 ± 1.2 kBq in 38 adults who
did not consume lake fish (according to interviews performed
before the measurements) but was 49 ± 8 kBq in 30 people
who often consumed lake fish. Taking into account seasonal
changes in the 137Cs whole-body activity, the average annual
internal doses were estimated to be 0.3 mSv and 1.8 mSv in
these two groups, respectively. Also, the relative importance
of the aquatic pathways, in comparison to terrestrial pathways,
may be high in areas downstream of the reactor site where
ground deposition was small.

E. SUMMARY

57. The accident at the Chernobyl nuclear power station
occurred during a low-power engineering test of the Unit
4 reactor. Improper, unstable operation of the reactor
allowed an uncontrollable power surge to occur, resulting
in successive steam explosions that severely damaged the
reactor building and completely destroyed the reactor.

58. The radionuclide releases from the damaged reactor
occurred mainly over a 10-day period, but with varying
release rates. From the radiological point of view, 131I and
137Cs are the most important radionuclides to consider,
because they are responsible for most of the radiation
exposure received by the general population. The releases
of 131I and 137Cs are estimated to have been 1,760 and
85 PBq, respectively (1 PBq = 1015 Bq). It is worth noting,
however, that the doses were estimated on the basis of
environmental and thyroid or body measurements and that
knowledge of the quantities released was not needed for
that purpose.
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59. The three main areas of contamination, defined as
those with 137Cs deposition densitygreater than 37 kBq m�2

(1 Ci km�2), are in Belarus, the Russian Federation and
Ukraine; they have been designated the Central, Gomel-
Mogilev-Bryansk and Kaluga-Tula-Orel areas. The Central
area is within about 100 km of the reactor, predominantly
to the west and northwest. The Gomel-Mogilev-Bryansk
contamination area is centred 200 km to the north-
northeast of the reactor at the boundary of the Gomel and
Mogilev regions of Belarus and of the Bryansk region of
the Russian Federation. The Kaluga-Tula-Orel area is
located in the Russian Federation, about 500 km to the
northeast of the reactor. All together, as shown in Table 7
and in Figure XI, territories with an area of approximately
150,000 km2 were contaminated in the former Soviet
Union.

60. Outside the former Soviet Union, there were many
areas in northern and eastern Europe with 137Cs deposition

density in the range 37�200 kBq m�2. These regions
represent an area of 45,000 km2, or about one third of the
contaminated areas found in the former Soviet Union.

61. The environmental behaviour of deposited
radionuclides depends on the physical and chemical
characteristics of the radionuclide considered, on the type
of fallout (i.e. dry or wet), and on the characteristics of the
environment. For short-lived radionuclides such as 131I, the
main pathway of exposure to humans is the transfer of
amounts deposited on leafy vegetables that are consumed
by humans within a few days, or on pasture grass that is
grazed by cows or goats, giving rise to the contamination
of milk. The amounts deposited on vegetation are retained
with a half-time of about two weeks before removal to the
ground surface and to the soil. For long-lived radionuclides
such as 137Cs, the long-term transfer processes from soil to
foods consumed several weeks or more after deposition
need to be considered.

II. RADIATION DOSES TO EXPOSED POPULATION GROUPS

62. It is convenient to classify into three categories the
populations who were exposed to radiation following the
Chernobyl accident: (a) the workers involved in the accident,
either during the emergency period or during the clean-up
phase; (b) inhabitants of evacuated areas; and (c) inhabitants
of contaminated areas who were not evacuated. The available
information on the doses received by the three categories of
exposed populations will be presented and discussed in turn.
Doses from external irradiation and from internal irradiation
will be presented separately. The external exposures due to
gamma radiation were relatively uniform over all organs and
tissues of the body, as their main contributors were 132Te-132I,
131I and 140Ba-140La for evacuees, 134Cs and 137Cs for
inhabitants of contaminated areas who were not evacuated,
and radionuclidesemittingphotons ofmoderatelyhigh energy
for workers. These external doses from gamma radiation have
been expressed in terms of effective dose. With regard to
internal irradiation, absorbed doses in the thyroid have been
estimated for exposures to radioiodines and effective doses
have been estimated for exposures to radiocaesiums.

63. Doses have in almost all cases been estimated by means
ofphysical dosimetrytechniques. Biological indicators ofdose
has been mainlyused, within days or weeks after the accident,
to estimate doses received by the emergency workers, who
received high doses from external irradiation and for whom
dosemeters were either not operational nor available. Unlike
physical dosimetry, biological dosimetric methods are
generally not applicable to doses below 0.1 Gy and reflect
inter-individual variations in radiation sensitivity. Soon after
the accident, biological dosimetry is usually based on the
measurement of the frequency of unstable chromosome
aberrations (dicentric and centric rings). By comparing the
rate of dicentric chromosomes and centric rings with a

standard dose-effect curve obtained in an experiment in vitro,
it is possible to determine a radiation dose. This method has
been recommended for practical use in documents of WHO
and IAEA. However, the use of dicentric as well as other
aberrations of the unstable type for the purposes of biological
dosimetry is not always possible, since the frequency of cells
containing such aberrations declines in time after exposure.

64. For retrospective dosimetry long after the exposure,
biological dosimetry can be a complement to physical dosi-
metry, but only techniques where radiation damage to the
biological indicator is stable and persistent and not subject to
biochemical, physiological or immunological turnover, repair
or depletion are useful. In that respect, the analysis of stable
aberrations (translocations), the frequency of which remains
constant for a long time after exposure to radiation, is pro-
mising. The probability of occurrence of stable (transloca-
tions) and unstable (dicentrics) aberrations after exposure is
the same. However, translocations are not subjected to
selection during cell proliferation, in contrast to dicentrics.
Fluorescence in situ hybridization (FISH) or Fast-FISH in
conjunction with chromosome painting may be useful in
retrospective dosimetry for several decades after exposure.

65. Other biological (or biophysical) techniques for
measuring doses are electron spin resonance (ESR) or
opticallystimulated luminescence (OSL). These techniques
are used in retrospective dosimetry to measure the
radiation damage accumulated in biological tissue such as
bone, teeth, fingernails and hair. Also, the gene mutation
glycophorin A that is associated with blood cells may be
used. Currently, the detection limits for FISH, ESR and
OSL are about 0.1 Gy [P28]. At low dose levels, however,
the estimation of the dose due to the radiation accident is
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highly unreliable because of the uncertainty in the
background dose resulting from other radiation exposures
(medical irradiation, natural background, etc.) or, in the
case of FISH, from other factors such as smoking.

A. WORKERS INVOLVED IN THE
ACCIDENT

66. The workers involved in various ways in the accident
can be divided into two groups: (a) those involved in
emergency measures during the first day of the accident
(26 April 1986), who will be referred to as emergency
workers in this Annex, and (b) those active in 1986�1990
at the power station or in the zone surrounding it for the
decontamination work, sarcophagus construction and other
clean-up operations. This second group of workers is
referred to as recovery operation workers in this Annex,
although the term liquidator gained common usage in the
former Soviet Union.

1. Emergency workers

67. The emergency workers are the people who dealt
with the consequences of the accident on the very first day

(26 April 1986), i.e. the staff of the plant, the firemen
involved with the initial emergency, the guards and the staff
of the local medical facility. Most of them were at the reactor
site at the time of the accident or arrived at the plant during
the few first hours. In the Russian literature, two other
categories of people are referred to: (a) the “accident
witnesses”, who were present at the plant at the time of the
accident and who may or may not have been involved in
emergency operations (so that part of them are also classified
as “emergency workers”) and (b) the “accident victims”, who
were sent to the local medical facility and then transferred to
special hospitals in Moscow and Kiev. All accident victims
were emergency workers and/or accident witnesses. The
numbers of accident witnesses and emergency workers are
listed in Table 10. According to Table 10, on the morning of
26 April, about 600 emergencyworkers were on the site of the
Chernobyl power plant.

68. The power plant personnel wore only film badges that
could not register doses in excess of 20 mSv. All of these
badges were overexposed. The firemen had nodosimeters and
no dosimetric control. Dose rates on the roof and in the rooms
of the reactor block reached hundreds of gray per hour.
Measured exposure rates in the vicinity of the reactor at the
time of the accident are shown in Figure XII.

Figure XII. Measured exposure rates in air on 26 April 1986 in the local area of the Chernobyl reactor.
������������	��
����
���

��
�

69. The highest doses were received by the firemen and the
personnel of the power station on the night of the accident.
Some symptoms of acute radiation sickness were observed in
237 workers. Following clinical tests, an initial diagnosis of
acute radiation sickness was made in 145 of these persons. On
further analysis of the clinical data, acute radiation sickness
was confirmed later (in 1992) in 134 individuals. The health
effects that were observed among the emergency workers are
discussed in Chapters III and IV.

70. The most important exposures were due to external
irradiation (relatively uniform whole-body gamma
irradiation and beta irradiation of extensive bodysurfaces),
as the intake of radionuclides through inhalation was
relatively small (except in two cases) [U4]. Because all of
the dosimeters worn by the workers were overexposed, they
could not be used to estimate the gamma doses received via
external irradiation. However, relevant information was
obtained by means of biological dosimetry for the treated
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persons. The estimated ranges of doses for the 134
emergency workers with confirmed acute radiation
sickness are given in Table 11. Forty-one of these patients
received whole-bodydoses from external irradiation of less
than 2.1 Gy. Ninety-three patients received higher doses
and had more severe acute radiation sickness: 50 persons
with doses between 2.2 and 4.1 Gy, 22 between 4.2 and
6.4 Gy, and 21 between 6.5 and 16 Gy [I5]. As shown in
Table 12, the relative errors were 10%�20% for doses
greater than 6 Gy; they increased as the dose level
decreased, to about 100% for whole-body doses of about
1 Gy, and were even greater for doses of less than 0.5 Gy.
The skin doses from beta exposures evaluated for eight
patients with acute radiation sickness ranged from 10 to 30
times the dose from whole-body gamma radiation [B10].

71. Internal doses weredeterminedfrom thyroid and whole-
body measurements performed on the persons under treat-
ment, as well as from urine analysis and from post-mortem
analysis of organs and tissues. For most of the patients, more
than 20 radionuclides were detectable in the whole-body
gamma measurements; however, apart from the radioiodines
and radiocaesiums, the contribution to the internal doses from
the other radionuclides was negligible [U4]. Internal doses
evaluated for 23 persons who died of acute radiation sickness
are shown in Table 13. The lung and thyroid doses, calculated
to the time of death, are estimated to have ranged from
0.00026 to 0.04 Gy and from 0.021 to 4.1 Gy, respectively.
Some of the low thyroid doses may be due to the fact that
stable iodine pills were distributed among the reactor staff less
than half an hour after the beginning of the accident. It is also
speculated that the internal doses received by the emergency
workers who were outdoors were much lower than those
received by the emergency workers who stayed indoors. For
comparison purposes, the estimated external doses are also
presented in Table 13. The external doses, which range from
2.9 to 11.1 Gy, are, in general, much greater than the internal
doses.

72. Internal dose reconstruction was alsocarried out for 375
surviving emergency workers who were examined in
Moscow; the results are presented in Table 14. The average
doses were estimated to vary from 36 mGy to bone marrow to
280 mGy to bone surfaces, the maximum doses being about
10 times greater than the average doses. Also, thyroid doses
were estimated for the 208 emergency workers admitted to
Hospital 6 in Moscow within 3

�4 weeks after the accident
(Table 15); most of the thyroid doses were less than 1 Gy, but
three exceeded 20 Gy. It is interesting to note that the
measurements of 131I and 133I among the five emergency
workers with the highest thyroid doses showed that 133I
contributed less than 20% to the thyroid dose. The specific
values of the contributions from 133I were 18% (with 74%
from 131I), 11% (81% from 131I), 6% (86% from 131I), 10%
(82% from 131I) and 14% (78% from 131I) for the five workers
[G12]. The thyroid doses due to internal exposures are
estimated to be in the range from several percent to several
hundred percent of the external whole-body doses. The
median value of the ratio of the thyroid to the whole-body
dose was estimated to be 0.3 [K19]. Finally, information is

available for the relative intakes of 16 radionuclides of 116
patients, determined from measurements in urine and in
autopsy materials [D12]; according to these measurements,
the average intake of 132Te was found to be about 10% that of
131I [D12].

2. Recovery operation workers

73. About 600,000 persons (civilian and military) have
received special certificates confirming their status as
liquidators, according to laws promulgated in Belarus, the
Russian Federation and Ukraine. Of those, about 240,000
were militaryservicemen [C7]. The principal tasks carried out
by the recovery operation workers (liquidators) included
decontamination of the reactor block, reactor site, and roads
(1986�1990) and construction of the sarcophagus (May-
November 1986), a settlement for reactor personnel (May-
October 1986), the town of Slavutich (1986�1988, 1990),
wasterepositories (1986�1988), and dams and water filtration
systems (July-September 1986, 1987) [K19]. During the entire
period, radiation monitoring and securityoperations were also
carried out.

74. Ofparticular interest are the 226,000 recoveryoperation
workers who were employed in the 30-km zone in
1986�1987, as it is in this period that the highest doses were
received; information concerning these workers is provided in
Table 16. About half of these persons were civilian and half
were military servicemen brought in for the special and short-
term work. The workers were all adults, mostly males aged
20�45 years. The construction workers were those partici-
pating in building the sarcophagus around the damaged
reactor. Other workers included those involved in transport
and security, scientists and medical staff. The distributions of
the external doses for the categories of workers listed in Table
16, as well as for the emergency workers and accident
witnesses, are shown in Table 17.

75. The remainder of the recovery operation workers
(about 400,000), who generally received lower doses,
includes those who worked inside the 30-km zone in
1988�1990 (a small number of workers are still involved),
those who decontaminated areas outside the 30-km zone,
and other categories of people.

76. In 1986 a state registry of persons exposed to radiation
was established at Obninsk. This included not only recovery
operation workers but evacuees and residents of contaminated
areas as well. The registry existed until the end of 1991.
Starting in 1992, national registries of Belarus, the Russian
Federation and Ukraine replaced the all-union registry. The
number of recovery operation workers in the national
registries of Belarus, the Russian Federation and Ukraine is
listed in Table 18. Some381,000 workers from these countries
were involved in the years 1986�1989. To this must be added
the 17,705 recovery operation workers recorded in the
registries of the Baltic countries, including 7,152 from
Lithuania, 5,709 from Latvia and 4,844 from Estonia [K13].
More detailed information on the registries is provided in
Chapter IV. The total number of recovery operation workers
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recorded in the registries appears to be about 400,000. This
number is likely to increase in the future, as some
organizations may not have provided all their information to
the central registries; in addition, individuals may on their
own initiative ask to be registered in order to benefit from
certain privileges. However, the number of recoveryoperation
workers recorded in the national registries is well below the
figure of about 600,000, which corresponds to the number of
people who have received special certificates confirming their
status as liquidators.

(a) External effective doses from gamma
radiation

77. The doses to the recovery operation workers who
participated in mitigation activities within two months
after the accident are not known with much certainty.
Attempts to establish a dosimetric service were inadequate
until the middle of June. TLDs and condenser-type dosi-
meters that had been secured by 28 April were insufficient
in number and, in the case of the latter type, largely non-
functioning, and records were lost when the dosimetric
service was transferred from temporary to more permanent
quarters. In June, TLD dosimeters were available in large
numbers, and a databank of recorded values could be
established. From July 1986 onwards, individual dose
monitoring was performed for all non-military workers,
using either TLDs or film dosimeters.

78. The dose limits for external irradiation varied with time
and with the category of personnel. According to national
regulations established before the accident [M1], for civilian
workers, during 1986, the dose limit, 0.05 Sv, could be
exceeded bya factor of up to 2 for a single intervention and by
a factor of 5 for multiple interventions on condition of
agreement by the personnel. The maximum dose allowed
during the year 1986 was, therefore, 0.25 Sv. In 1987, the
annual dose limits for civilian personnel were lowered to 0.05
or to 0.1 Sv, according to the type of work performed on the
site. However, a dose of up to 0.25 Sv could be allowed by the
Ministry of Health for a limited number of workers for the
implementation ofextremelyimportant interventions. In 1988,
the annual dose limit was set at 0.05 Sv for all civilian
workers, except those involved in the decontamination of the
engine hall inside the sarcophagus; for them, the annual dose
limit was set at 0.1 Sv. From 1989 onwards, the annual dose
limit was set at 0.05 Sv for all civilian workers, without
exception [M1, M12]. For military workers, a dose limit of
0.5 Sv, corresponding to radiation exposures during wartime,
was applied until 21 May1986, when the Ministryof Defence
lowered the dose limit to 0.25 Sv [C7]. From 1987 onwards,
the dose limits were the same for military and civilian
personnel.

79. Estimates of effective doses from external gamma
irradiation were generally obtained in one of three ways: (a)
individual dosimetry for all civilian workers and a small part
of the military personnel after June 1986; (in 1987, they were
identified as those working in locations where the exposure
rate was greater than 1 mR h�1); (b) group dosimetry (an

individual dosimeter was assigned to one member of a group
of recoveryoperation workers assigned to perform a particular
task, and all members of the group were assumed to receive
the same dose; in some cases, no member of the group wore
an individual dosimeter and the dose was assigned on the
basis of previous experience); or (c) time-and-motion studies
(measurements of gamma-radiation levels were made at
various points of the reactor site, and an individual’s dose was
estimated as a function of the points where he or she worked
and the time spent in these places). Methods (b) and (c) were
used for the civilian workers before June 1986, when the
number of individual dosimeters was insufficient, and for the
majority of the military personnel at any time. For example,
effective doses from external irradiation have been re-
constructed by physical means for the staff of the reactor, as
well as for the workers who had been detailed to assist them,
exposed from 26 April to 5 May 1986 [K19]. Personnel
location record cards filled in by workers were analysed by
experts who had reliable information on the radiation
conditions and who had personally participated in ensuring
the radiation safety of all operations following the accident.
Using this method, two values were determined: the maxi-
mum possible dose and the expected dose. The maximum
possible effective doses ranged from less than 0.1 Sv to a few
sievert and were estimated to be about twice the expected
doses. It seems that in most cases the maximum possible
effective doses are those that were officially recorded.

80. The main sources of uncertainty associated with the
different methods of dose estimation were as follows: (a)
individual dosimetry: incorrect use of the dosimeters (inad-
vertent or deliberate actions leading to either overexposure or
underexposure of the dosimeters); (b) group dosimetry: very
high gradient of exposure rate at the working places at the
reactor site; and (c) time-and-motion studies: deficiencies in
data on itineraries and time spent at the various working
places, combined with uncertainties in the exposure rates.
Uncertainties associated with the different methods of dose
estimation are assessed to be up to 50% for method (a) (if the
dosimeter was correctly used), up to a factor of 3 for method
(b), and up to a factor of 5 for method (c) [P15].

81. The registry data show that the annual averages of
the officially recorded doses decreased from year to year,
being about 170 mSv in 1986, 130 mSv in 1987, 30 mSv
in 1988, and 15 mSv in 1989 [I34, S14, T9]. It is, however,
difficult to assess the validity of the results that have been
reported for a variety of reasons, including (a) the fact that
different dosimeters were used by different organizations
without any intercalibration; (b) the high number of
recorded doses very close to the dose limit; and (c) the high
number of rounded values such as 0.1, 0.2, or 0.5 Sv
[K19]. However, the doses do not seem to have been
systematicallyoverestimated, because biological dosimetry
performed on limited numbers of workers produced results
that are also very uncertain but compatible nonetheless
with the physical dose estimates [L18]. It seems reasonable
to assume that the average effective dose from external
gamma irradiation to recovery operation workers in the
years 1986

�1987 was about 100 mSv, with individual
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effective doses ranging from less than 10 mSv to more than
500 mSv. Using the numbers presented in Table 18, the
collective effective dose is estimated to be about 40,000
man Sv.

82. A particular group of workers who may have been
exposed to substantial doses from external irradiation is
made up of the 1,125 helicopter pilots who were involved
in mitigation activities at the power plant in the first three
months after the accident [U15]. The doses to pilots were
estimated using either personal dosimeters or, less reliably,
calculations in which the damaged reactor was treated as
a collimated point source of radiation [U15]. The doses
obtained by calculation were checked against the results
derived from the personal dosimeters for about 200 pilots.
That comparison showed a discrepancy of (a) less 0.05 Sv
for about 10% of pilots, (b) from 0.05 to 0.1 Sv for about
33%, and (c) more than 0.1 Sv for about 57% [U15]. The
simplification used to describe the origin of the radiation
emitted from the damaged reactor is the main source of
uncertainty in the assessment of the doses received by the
helicopter pilots. The average dose estimates are 0.26 Sv
for the pilots who took part in the mitigation activities
from the end of April to the beginning of May, and 0.14 Sv
for the pilots who were exposed after the beginning of
May.

83. Another group of workers that may have been
exposed tosubstantial doses from external irradiation is the
672 workers from the Kurchatov Institute, a group that
includes those who were assigned special tasks inside the
damaged unit 4 before and after the construction of the
sarcophagus [S36]. Recorded and calculated doses
available for 501 workers show that more than 20% of
them received doses between 0.05 and 0.25 Sv, and that
about 5% of them received doses between 0.25 and 1.5 Sv
[S36]. A number of nuclear research specialists worked in
high-radiation areas of the sarcophagus, without formal
recording of doses, on their own personal initiative, and
were exposed to annual levels greater than the dose limit
of 0.05 Sv applicable since 1988. Doses for this group of
29 persons have been estimated using electron spin
resonance analysis of tooth enamel as well as stable and
unstable chromosome aberration techniques [S42, S47]. It
was found that 14 of those 29 persons received doses lower
than 0.25 Sv, 5 had doses between 0.25 and 0.5 Sv, 6
between 0.5 and 1 Sv, and 4 greater than 1 Sv [S42].
Additional analyses by means of the FISH technique for
three of those nuclear research specialists resulted in doses
of 0.9, 2.0 and 2.7 Sv [S48].

84. Biological dosimetry. Chromosome aberration levels
among Chernobyl recovery operation workers were
analysed in a number of additional studies. In a pilot study
of a random sample of 60 workers from the Russian
Federation, stratified on the level of recorded dose (31 with
doses <100 mGy, 18 with 100

�200 mGy, and 13 with
>200 mGy), no association was found between the
percentage of the genome with stable translocations
measured by fluorescent in situ hybridization (FISH) and

individual recorded physical dose estimates [C1, L18]. A
good correlation was found, however, for group (rather
than individual) doses. Blood samples of 52 Chernobyl
recovery operation workers were analysed by FISH [S32]
and simultaneously byconventional chromosome analysis.
Based on FISH measurements, individual biodosimetry
estimates between 0.32 and 1.0 Gy were estimated for 18
cases. Pooled data for the total group of 52 workers
provided an average estimate of 0.23 Gy. For a group of 34
workers with documented doses, the mean dose estimate of
0.25 Gy compared well with the mean documented dose of
0.26 Gy, although there was no correlation between
individual translocation frequencies and documented doses.
Comparison between the conventional scoring and FISH
analyses showed no significant difference. In a study of
Estonian workers, Littlefield et al. [L41] did not detect an
increase of stable translocation frequencies with reported
doses and questioned whether the reported doses could
have been overestimated. In conclusion, FISH does not
currently appear to be a sufficiently sensitive and specific
technique to allow the estimation of individual doses in the
low dose range received by the majority of recovery
operation workers.

85. Lazutka and Dedonyte [L30], using standard
cytogenetic methods, reported no significant overall
increase in chromosome aberrations over controls in 183
recovery operation workers from Lithuania with a mean
dose estimate of 140 mGy, although ~20% had elevated
frequencies of dicentric and ring chromosomes, possibly
related to radiation exposure. Lazutka et al. [L31] also
evaluated the impact of a number of possible confounders
such as age, alcohol use, smoking, recent febrile illness,
and diagnostic x-ray exposures on the frequency of
chromosome aberrations. When transformed data were
analysed by analysis of variance, alcohol abuse made a
significant contribution to total aberrations, chromatid
breaks, and chromatid exchanges. Smoking was associated
with frequency of chromatid exchanges, and age was
significantly associated with rates of chromatid exchanges
and chromosome exchanges [L31]. In another study [S37],
the frequencyofchromosomal aberrations was evaluated in
more than 500 recovery operation workers. Blood samples
were taken from several days to three months after
exposure to radiation. The mean frequencies of aberrations
for different groups of workers were associated with doses
varying from 0.14 to 0.41 Gy, with a good correlation
between the doses determined by biological and physical
methods [S37].

86. Glycophorin A assay (GPA) was used as a possible
biological dosimeter on 782 subjects from Estonia, Latvia
and Lithuania with recorded physical dose estimates [B17].
Although a slight increase in the frequency of erythrocytes
with loss of the GPA allele was seen among these subjects
compared to control subjects from the same countries, this
difference was not significant. The pooled results indicate
that the average exposures of these workers were unlikely
to greatly exceed 100

�200 mGy, the approximate
minimum radiation dose detectable by this assay.
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(b) External skin doses from beta radiation

87. In addition to effective doses from external gamma
irradiation, recoveryoperation workers received skin doses
from external beta irradiation as well as thyroid and
effective doses from internal irradiation. The dose to
unprotected skin from beta exposures is estimated to have
been several times greater than the gamma dose. Ratios of
dose rates of total exposures (beta + gamma) to gamma
exposures, measured at the level of the face, ranged from
2.5 to 11 (average, around 5) for general decontamination
work and from 7 to 50 (average, 28) for decontamination
of the central hall of the Unit 3 reactor [O3].

(c) Internal doses

88. Because of the abundance of 131I and of shorter-
lived radioiodines in the environment of the reactor
during the accident, the recoveryoperation workers who
were on the site during the first few weeks after the
accident may have received substantial thyroid doses
from internal irradiation. Information on the thyroid
doses is very limited and imprecise. From 30 April
through 7 May 1986, in vivo thyroid measurements were
carried out on more than 600 recovery operation
workers. These in vivo measurements, which are
measurements of the radiation emitted by the thyroid
using detectors held or placed against the neck, were
used to derive the 131I thyroidal contents at the time of
measurement. The thyroid doses were derived from the
measured 131I thyroidal contents, using assumptions on
the dynamics of intake of 131I and short-lived radio-
iodines and on the possible influence of stable iodine
prophylaxis. Preliminarythyroid dose estimates (assum-
ing a single intake at the date of the accident and no
stable iodine prophylaxis) showed the following
distribution [K30]: 64% of workers were exposed to less
than 0.15 Gy, 32.9% to 0.15�0.75 Gy, 2.6% to
0.75�1.5 Gy, and the remaining 0.5% to 1.5�3.0 Gy.
The average thyroid dose estimate for those workers is
about 0.21 Gy. The thyroid doses from internal
irradiation are estimated to range from several percent
to several hundred percent of the effective doses from
external irradiation. The median value of the ratio of the
internal thyroid dose to the external effective dose was
estimated to be 0.3 Gy per Sv [K19].

89. It is important to note that information on the influence
of stable iodine prophylaxis is limited, as iodine prophylaxis
among the recoveryoperation workers was not mandatorynor
was it proposed to everybody. The decision to take stable
iodine for prophylactic reasons was made by the individual
worker or by the supervisor. The results of interviews of 176
workers (includingemergencyworkersandrecoveryoperation
workers who arrived at the plant at the ealy stage of the
accident) concerning the time when theytook stable iodine for
prophylaxis is presented in Table 19. According to this sample
of workers, only about 20% took stable iodine before being
exposed to radioiodine, while another 10% refused to take
stable iodine.

90. The internal doses resulting from intakes of
radionuclides such as 90Sr, 134Cs, 137Cs, 239,240Pu, and others
have been assessed for about 300 recovery operation
workers who were monitored from April 1986 to April
1987 [K2, K8, P13, S11]. The majority of them were staff
of the power plant who took part in the recovery work
starting on days 3 and 4 after the accident. The dose
assessment was based on the analysis of whole-body
measurements and of radionuclide concentrations in
excreta. The average value of the effective dose committed
by the radionuclide intakes was estimated on the basis of
ICRP Publication 30 [I17] to be 85 mSv. The part of the
effective dose received between June and September 1986
was estimated to have been about 30 mSv. Internal doses
from intakes in later years are expected to be much lower:
routine monitoring of the 134Cs + 137Cs body burdens
indicated average annual doses from 134Cs + 137Cs of about
0.1�0.2 mSv in 1987 and 1988 [V6].

B. EVACUATED PERSONS

91. The evacuation of the nearby residents was carried
out at different times after the accident on the basis of the
radiation situation and of the distance of the populated
areas from the damaged reactor. The initial evacuations
were from the town of Pripyat, located just 3 km from the
damaged reactor, then from the 10-km zone and from the
30-km zone around the reactor (located mostly in Ukraine
but also in Belarus). In addition, a number of villages in
Belarus, the Russian Federation and Ukraine beyond the
30-km-radius circle centred on the reactor were also
evacuated in 1986. The term “exclusion zone” is used in
this Annex to refer to the whole area evacuated in 1986,
which includes the 30-km zone.

92. In Ukraine, the residents of Pripyat (49,360 persons)
and of the nearest railway station, Yanov (254 persons),
3 km from the reactor, were the first to be evacuated. On
the evening of 26 April 1986, the radiation exposures in
Pripyat were not considered too alarming. Exposure-rate
readings were in the range 1�10 mR h�1 [I1], but with the
seriousness of the accident becoming evident, the decision
to evacuate the residents of the town was taken at 22:00.
During the night, arrangements were made for nearly
1,200 buses that would be needed to transport the residents.
Around noon on 27 April the evacuation order was
broadcast to the people, and the evacuation began at 14:00
and finished at 17:00. The over 40,000 evacuees were
taken in by families who lived in settlements in the
surrounding districts, especially Polesskoe district of
Ukraine. Most people stayed with these families until
August 1986. After that they were resettled to apartments
in Kiev [I1].

93. Also in Ukraine, the evacuation of the residents from
the southern part of the 10-km zone (10,090 persons) was
carried out from 30 April through 3 May. The other
Ukrainian residents (28,133) inside the 30-km zone,
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including Chernobyl town, were evacuated from 3 May
through 7 May. On the basis of exposure-rate criteria
(5�20 mR h�1 on 10 May 1986), 2,858 persons who resided
outside the 30-km zone in the Kiev and in Zhitomir
regions were evacuated from 14 May to 16 August. The
last Ukrainian settlement that was evacuated was Bober,
with 711 inhabitants, in September 1986. Thus, 91,406
residents from 75 settlements were evacuated in Ukraine in
1986 [S20, U14].

94. The evacuation in Belarus was conducted in three
phases. During the first phase (2�7 May), 11,358 residents
of 51 villages were evacuated from the 30-km zone. In a
second phase (3�10 June), 6,017 residents of 28 villages
beyond the 30-km zone were evacuated. In the third phase
(August and September 1986), 7,350 residents of 29
villages, also beyond the 30-km zone, were evacuated. In
villages evacuated during the second and third phases, the
exposure rate was from 5 to 20 mR h�1, corresponding to a
projected annual effective dose (26 April 1986 to 25 April
1987) of more than 100 mSv. The total number of
Belarusian residents who were evacuated in 1986 was
24,725 from 108 rural settlements. In the Russian Federa-
tion, only 186 residents from four settlements in the
Krasnaya Gora district of Bryansk region were evacuated,
mainly to other settlements of that district. In summary, by
the autumn of 1986, about 116,000 residents from 187
settlements had been evacuated (Table 20). By the same
time, about 60,000 cattle and other agricultural animals
had been relocated from the evacuated zone.

95. The figure of 116,000, adopted in this Annex as the
number of evacuees in 1986, is somewhat lower than the
figure of 135,000 that was cited by the Committee in the
UNSCEAR 1988 Report [U4] and by IAEA in 1996 [I15].
It is believed that the figure of 135,000 was a rough
preliminary estimate that was not substantiated.

96. The extent of the exclusion zone was based on two
principles: geographical and radiological (dose criteria). A
detailed study of the radiation situation carried out in the
exclusion zone led to the resettlement of 279 residents of
two Ukrainian villages (Cheremoshnya and Nivetskoe) in
June 1986. In addition, it was recommended that the
residents of 27 other villages might move back after the
sarcophagus was constructed (15 settlements in Ukraine
and 12 settlements in Belarus). In accordance with these
recommendations, 1,612 residents of 12 villages in Belarus
had been resettled by December 1986. However, the
Ukrainian authorities considered that resettling the
residents inside the exclusion zone was economically and
socially undesirable. Nevertheless, some people, mainly
elderly, resettled by themselves to 15 settlements inside the
exclusion zone. The population of those 15 settlements was
estimated to be about 900 by spring 1987; about 1,200 by
September 1988; and about 1,000 in 1990. In 1996�1997,
the number is estimated to be 600�800. The decrease with
time is due to migration rather than death.

1. Doses from external exposure

97. The effective doses from external exposure for the
persons evacuated from the Ukrainian part of the 30-km
zone were estimated from (a) measurements of exposure
rates performed every hour at about 30 sites in Pripyat and
daily at about 80 sites in the 30-km zone and (b) responses
to questionnaires from about 35,000 evacuees from Pripyat
and about 100 settlements; the questionnaires asked for
information on their locations, types of houses, and
activities at the time of the accident and during a few days
thereafter [L9, M2, R10]. Individual effective doses were
reconstructed in this way for about 30,000 evacuees from
the city of Pripyat and settlements in the 30-km zone. The
average effective dose from external irradiation for this
cohort was estimated to be 17 mSv, with individual values
varying from 0.1 to 380 mSv [L9]. This value is con-
cordant with the absorbed dose of 20 mGyestimated for the
evacuees of Pripyat using Electron Spin Resonance (ESR)
measurements of sugar and exposure rate calculations
[N1]. The collective effective dose for the approximately
90,000 evacuees from the Ukrainian part of the 30-km
zone was assessed to be 1,500 man Sv [R12].

98. The effective doses and skin doses from external
irradiation received by the evacuees from Belarusian territory
were estimated on the basis of (a) 3,300 measurements of
exposure rates performed in the settlements that were
evacuated; (b) 220 spectrometric measurements, carried out
mainly in May and June 1986, of the gamma radiation
emitted by radionuclides deposited on the ground; (c)
measurements of the 137Cs ground deposition density for each
settlement from the Belarusian data bank [D4]; and (d)
responses of about 17,000 evacuees from the territory inside
the 30-km zone and from adjoining areas. It was assessed that
the doses to evacuees from external irradiation were mainly
due to radionuclides deposited on the ground, because
external irradiation during the passage of the radioactive
cloud played a minor role. The method developed toassess the
doses included the reconstruction of the radionuclide
composition of the deposition in each of the 108 evacuated
settlements in Belarusian territory and the estimation of the
contribution to the dose from each radionuclide [S29]. It was
assumed that 60%�80% of the effective doses was contributed
by the short-lived radionuclides 131I, 132Te+132I and
140Ba+140La, while the contribution from the long-lived
radionuclide 137Cs was estimated to be only 3%�5%. The
distribution of individual doses received by the residents of a
given settlement was found to be appropriately described by a
log-normal function with a geometric standard deviation of
about 1.5. Overall, it is estimated that about 30% of the people
were exposed to effective doses lower than 10 mSv, about
86% were exposed to doses lower than 50 mSv, and only
about 4% were exposed to doses greater than 100 mSv, with
the average dose estimated to be 31 mSv. The highest average
effective doses, about 300 mSv, were estimated to be received
by the population of two villages located inside the 30-km
zone in Khoyniki district: Chamkov and Masany. The
uncertainty in the average dose for a settlement is estimated to
be characterized with a geometric standard deviation of about
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1.3. The main source of uncertainty in the estimation of the
average effective doses from external irradiation for the
Belarusian evacuees is the assessment of the activity ratios of
132Te and 131I to 137Cs in the deposition. The collective
effective dose from external irradiation for the 24,725
evacuees from Belarus is assessed to be 770 man Sv.

99. The average skin doses from beta and gamma
radiation are estimated to be 3�4 times greater than the
effective doses and to range up to 1,560 mGy. The
uncertainty of the average skin doses in a given settlement
is estimated to be characterized by a geometric standard
deviation of about 1.6.

2. Doses from internal exposure

100. The thyroid doses received from intake of 131I by the
evacuees from Pripyat were derived from (a) 4,969
measurements of radioiodine content of their thyroid
glands made, on average, 23 days after the accident and (b)
responses to questionnaires by 10,073 evacuees on their
locations and consumption of stable iodine [G8]. Average
individual and collective thyroid doses to the evacuees
from Pripyat are shown in Table 21. The thyroid doses
from 131I, which were for the most part due to inhalation,
were highest for 0�3-year-old children (about 1.4 Gy) and
averaged about 0.2 Gy. The main factor influencing the
individual dose was found to be the distance of the
residence from the reactor [G8].

101. Thyroid doses from intake of 131I to other evacuees
from the 30-km zone were also estimated on the basis of
measurements of thyroid contents in 10,676 persons [L12,
R10]. When dose estimates obtained for the evacuees from
Pripyat are compared with those for the evacuees from
other settlements of the 30-km zone (Table 21), the doses
to the latter are seen to be somewhat higher than those to
the evacuees from Pripyat, especially for adults. This may
be because Pripyat was evacuated before the rest of the
30-km zone, giving the population of the 30-km zone more
time to consume foodstuffs contaminated with 131I. Using
for the settlements of the 30-km zone the same age
structure as that for Pripyat in Table 21, the collective
thyroid dose from 131I intake for the entire population of
evacuees from Ukraine is tentatively estimated to be about
30,000 man Gy. Evaluation of thyroid doses to the
evacuated population of Belarus is presented in Table 22.
The collective thyroid dose estimate for this population is
25,000 man Gy.

102. Inhalation of short-lived radioiodines and of 132Te
contributed somewhat to the thyroid dose received by
evacuees. According to Goulko et al. [G5], the most
important of these short-lived radionuclides is 133I,
amounting to about 30% of the contribution of 131I to the
thyroid doses. This maximal value was obtained by taking
into account an inhalation for one hour occurring one hour
after the accident. Khrouch et al. [K16] estimated that the
contribution of all the short-lived radioiodines and of 132Te
could have represented about 50% of the dose from 131I if

the intake occurred by inhalation during the first day after
the accident and about 10% if the intake occurred by both
inhalation and the ingestion of contaminated foodstuffs.

103. Internal effective doses from 137Cs were estimated for
the Belarusian evacuees on the basis of 770 measurements
of gamma-emitting radionuclides in foodstuffs and of 600
whole-body measurements of 137Cs content, in addition to
the environmental measurements already mentioned in
Section II.B.1 [S29]. The main contribution to dose was
from inhalation (about 75% of total internal dose) and
radiocaesium intake in milk. The average internal exposure
from radiocaesium in milk for the evacuated population is
estimated to be 1.4 mSv. The main sources of uncertainty
in the assessment of the internal doses from 137Cs are
considered to be the dates when the cows were first put on
pasture in each settlement and the actual countermeasures
that were applied in the settlement. The collective effective
dose for the 24,725 Belarusian evacuees from internal
exposure was assessed to be 150 man Sv [S29].

3. Residual and averted collective doses

104. Estimates of collective doses for the populations that
were evacuated in 1986 from the contaminated areas of
Belarus, the Russian Federation and Ukraine are sum-
marized in Table 23. The collective effective and thyroid
doses are estimated to be about 3,800 man Sv and 55,000
man Gy, respectively. Most of the collective doses were
received by the populations of Belarus and Ukraine.

105. The evacuation of the residents of Pripyat (28 April)
and of the rural settlements inside the 30-km zone
(beginning of May) prevented the potential occurrence of
deterministic effects and resulted in collective doses
substantially lower than would have been experienced if
there had been no evacuation. A comparison of the external
effective doses for the Belarusians, calculated with and
without evacuation from the 30-km zone, is presented in
Table 24 [S24]. Because of the evacuation, the number of
inhabitants with doses greater than 0.4 Sv was reduced
from about 1,200 to 28 persons. The collective effective
dose from external exposure averted in 1986 for the
approximately 25,000 evacuated Belarusian inhabitants
was estimated to be 2,260 man Sv (or approximately 75%
of the dose that would have been received without
evacuation). A similar assessment of averted collective
dose for the evacuated Ukrainian inhabitants led to a value
of about 6,000 man Sv. Therefore, the averted collective
dose from external exposure for the 116,000 persons
evacuated in 1986 is estimated to be 8,260 man Sv.

106. The thyroid collective dose was also reduced to some
extent. Iodine prophylaxis was mostly effective in Pripyat,
where about 73% of the population received iodine tablets
on April 26 and 27, i.e. during the very first days after the
accident. It is estimated that a single intake reduced the
expected thyroid dose by a factor of 1.6

�1.7 and that
intakes during two consecutive days reduced it by a factor
of 2.3 [R10]. In the rural areas close to the nuclear power
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plant, about two thirds of the children used iodine tablets
for prophylactic reasons. However, theydid not start taking
the tablets before 30 April, and about 75% of the children
who took iodine tablets began to take them on 2�4 May.
Thus, because there was a one-week delay in the use of
iodine tablets and because only part of the population was
covered, the averted collective thyroid dose from ingestion
of contaminated milk was about 30% of the expected
collective thyroid dose from that pathway, while the
thyroid doses from inhalation remained unchanged. An
upper estimate of the averted collective thyroid dose for the
116,000 evacuees is about 15,000 man Gy [A10].

C INHABITANTS OF CONTAMINATED
AREAS OF THE FORMER SOVIET UNION

107. Areas contaminated by the Chernobyl accident have
been defined with reference to the background level of
137Cs deposition caused by atmospheric weapons tests,
which when corrected for radioactive decay to 1986, is
about 2�4 kBq m�2 (0.05�0.1 Ci km�2). Considering
variations about this level, it is usual to specify the level of
37 kBq m�2 (1 Ci km�2) as the area affected by the
Chernobyl accident. Approximately 3% of the European
part of the former USSR was contaminated with 137Cs
deposition densities greater than 37 kBq m�2 [I3].

108. Many people continued to live in the contaminated
territories surrounding the Chernobyl reactor, although
efforts were made to limit their doses. Areas of 137Cs
deposition density greater than 555 kBq m�2 (15 Ci km�2)
were designated as areas of strict control. Within these
areas, radiation monitoring and preventive measures were
taken that have been generally successful in maintaining
annual effective doses within 5 mSv. Initially, the areas of
strict control included 786 settlements and a population of
273,000 in an area of 10,300 km2 [I3, I4]. The sizes and
populations of the areas of strict control within Belarus, the
Russian Federation and Ukraine are given in Table 25.
Those population numbers applied to the first few years
following the accident. Because of extensive migration out
of the most contaminated areas and into less contaminated
areas, the current population in the areas of strict control
is much lower in Belarus and Ukraine and somewhat lower
in the Russian Federation. In 1995, the number of people
living in the areas of strict control was about 150,000
[K23, R11]. The distribution of the population residing in
contaminated areas in 1995 according to 137Cs deposition
density interval is provided in Table 26. The total
population is about 5 million and is distributed almost
equally among the three countries.

109. In the UNSCEAR 1988 Report [U4], the Committee
evaluated separately the doses received during the first year
after the accident and the doses received later on. The most
important pathways of exposure of humans were found to
be the ingestion of milk and other foodstuffs contaminated
with 131I, 134Cs and 137Cs and external exposure from

radioactive deposits of short-lived radionuclides (132Te, 131I,
140Ba, 103Ru, 144Ce, etc.) and long-lived radionuclides
(essentially, 134Cs and 137Cs).

110. In the first few months, because of the significant
release of the short-lived 131I, the thyroid was the most
exposed organ. The main route of exposure for thyroid
dose was the pasture-cow-milk pathway, with a secondary
component from inhalation. Hundreds of thousands of
measurements of radioiodine contents in the thyroids of
people were conducted in Belarus, the Russian Federation
and Ukraine to assess the importance of the thyroid doses.

111. During the first year after the accident, doses from
external irradiation in areas close to the reactor arose
primarily from the ground deposition of radionuclides with
half-lives of one year or less. In more distant areas, the
radiocaesiums became the greatest contributors to the dose
from external irradiation only one month after the accident.

112. Over the following years, the doses received by the
populations from the contaminated areas have come
essentially from external exposure due to 134Cs and 137Cs
deposited on the ground and internal exposure due to
contamination of foodstuffs by 134Cs and 137Cs. Other,
usually minor, contributions to the long-term radiation
exposures include the consumption of foodstuffs
contaminated with 90Sr and the inhalation of aerosols
containing 239Pu, 240Pu and 241Am. The internal exposures
to 134Cs and 137Cs result in relatively uniform doses over all
organs and tissues of the body. A very large number of
measurements of exposure rates, as well as of radiocaesium
in soil and in foodstuffs, have been made in Belarus, the
Russian Federation and Ukraine to assess the effective
doses and have been used to prepare compilations of
annual effective doses received by the most exposed
residents in the contaminated settlements. These compila-
tions, which were prepared for regulatory purposes, tend to
overestimate the average doses that were received during
the years 1986�1990.

113. Since 1991, methods for average dose estimation
have been introduced to account for observed changes in
radiation levels, as evidenced by experimental dose
determinations with TLD measurements and 134Cs/137Cs
whole-body counting. These methods were introduced in
order to make reasonable decisions regarding the radiation
protection of the population, and also to obtain dose
estimates for use in epidemiological studies, where
accurate individual dose estimates are needed, or in risk
assessment studies, where collective doses over limited
areas are necessary, and they were an improvement in the
general state of knowledge in the field of dose
reconstruction. These methods are based on as many
measurements as possible, either in the area under
consideration or for the individual of interest.

114. The experience thus far acquired and the data
accumulated are allowing more realistic dose assessment
procedures to be formulated. For example, the external
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Ek � Da Fk Σ
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dose estimates may be related to the contributions from
each radionuclide present at the time of deposition, the
reduction with time due to radioactive decay and
penetration of radionuclides into soil, and shielding and
occupancy for various types of buildings and population
groups (urban, rural, agricultural workers, schoolchildren,
etc.) [G1]. Data from whole-body counting of 134,137Cs have
allowed a better estimation of 137Cs retention times in
relation to sex for adults and in relation to age, body mass
and height for children [L1]. A careful analysis of the
thyroid activity measurements, along with the
consideration of 137Cs deposition densities and of relevant
environmental parameters, has improved the reliability of
estimated thyroid doses, although much work remains to be
done [G7].

115. When the above methods of dose estimation are used,
they may yield several estimates of dose, not necessarily
comparable, for example maximal projected doses, average
projected doses and actual doses. In local areas there could
also be wide deviations from the average settlement dose
owing to particular control measures or individual
behaviour. Estimates of effective doses per unit deposition
density from external and internal exposure have been
derived for various districts and times following the
accident. These effective dose estimates, as well as the
thyroid doses from intake of radioiodines, are discussed
below.

1. Doses from external exposure

116. Effective doses have been estimated in Belarus, the
Russian Federation and Ukraine on the basis of (a) the
large number of measurements of exposure rates and of
radionuclide concentrations in soil carried out in the
contaminated areas and (b) population surveys on indoor
and outdoor occupancy as a function of age, season,
occupation and type of dwelling. The methodology that
was applied [B14] has some similarities to that used by the
Committee in the UNSCEAR 1988 Report [U4]. The
effective dose for a representative person of age k is
calculated as

where Da is the absorbed dose in air over the time period of
interest at a reference location at a height of 1 m above flat,
undisturbed ground; Fk is the conversion factor from
absorbed dose in air to effective dose for a person of age k;
Li,k is the location factor, which is the ratio of the absorbed
doses in air at location i and at the reference location for a
person of age k; and Bi,k is the occupancy factor, that is, the
fraction of time spent at location i. The location i can be
indoors (place of work, place of residence, etc.) or outdoors
(street, forest, backyard, etc.).

117. The absorbed dose in air at the reference location, Da,
was usually inferred from the measured or assumed
radionuclide distribution in deposition. The conversion

factor from absorbed dose in air to effective dose, Fk, was
determined using anthropomorphic phantoms simulating
individuals from one year of age to adult, containing TLDs
in many organs, exposed to radiocaesium outdoors and
indoors [E7, G1, G19]. The values of Fk were found to be
0.7�0.8 Sv Gy�1 for adults, 0.8�0.9 Sv Gy�1 for 7�17-year-
old schoolchildren, and about 0.9�1.0 Sv Gy�1 for 0�7-
year-old pre-schoolchildren [G1].

118. The term ΣLi,k Bi,k, called the occupancy/ shielding or
reduction factor, was derived from population surveys.
Values obtained for the reduction factor for rural and urban
populations in the Russian Federation [B14] are presented
in Table 27, along with the values used by the Committee
in the UNSCEAR 1988 Report [U4]. There is good
agreement between the two sets of values used for
representative groups. Detailed information on the location
and occupancy factors derived from surveys among the
populations of Belarus, the Russian Federation and
Ukraine is available [E7]; for example, values ofoccupancy
factors in the summertime for rural populations of the three
countries are presented in Table 28.

119. It is clear from Tables 27 and 28 that there are
substantial differences in the reduction factor depending on
the type of dwelling and occupation. The values used for
the representative group are meant to reflect the age and
socioprofessional composition of the population living in
a typical dwelling. Estimates of external effective doses for
specific groups can be obtained by multiplying the dose for
the representative group by a modifying factor, as given in
Table 29 [B14]. The values of the modifying factor were
validated with data from individual dosimetry (TLD
measurements) [E8].

120. Values of the overall coefficient used to calculate the
average external effective doses, Db, on the basis of the
absorbed dose in air, Da, are shown in Table 30. These
overall coefficients have different values for urban and
rural populations, but for both populations, the values are
averaged over age, occupation, and type of dwelling.

(a) Doses from external irradiation received
during the first year after the accident

121. For times of less than one year after the accident, the
reference absorbed dose rate in air was calculated assuming
that the radioactive deposit was a plane source below a soil
slab with a mass per unit area of 0.5 g cm�2 [E7]. During
the first few months after the accident, the dose rate in air
varied according to the radionuclide composition of the
activity deposited, which, as shown in Table 6, varied
according to direction and distance from the reactor. As an
example, Figure XIII illustrates the variations in the
contributions to the absorbed dose rate in air of various
radionuclides from a contaminated area of the Russian
Federation [G1]. In that case, the radiocaesiums became
the greatest contributors to the dose rate in air only one
month after the accident, because the short-lived radio-
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Figure XIII. Contributions of radionuclides to the
absorbed dose rate in air in a contaminated area of the
Russian Federation during the first several months
after the Chernobyl accident [G1].

nuclides and the refractory elements were less important
than in areas closer to the reactor. As shown in Figure
XIV, the short-lived radioisotopes of refractory elements,
such as 95Zr, 106Ru, and 141Ce, played an important role in
the doses from external irradiation received during the first
year after the accident in areas close to the reactor site
[M3]. Following decay of the short-lived emitters, the
annual doses per unit 137Cs deposition were similar in all
areas, although a slight decrease was observed with
increasing distance from the reactor [J1]. Table 31 presents
published estimates of normalized effective doses from
external irradiation for various periods after the accident
and for rural and urban areas in the three countries that
were most affected by the accident. The effective doses
from external irradiation are estimated to be higher in rural
areas than in urban areas by a factor of about 1.5. During
the first year after the accident, average values of the
normalized effective dose are estimated to have ranged

Figure XIV. Contributions of radionuclides to the
absorbed dose rate in air in areas close to the
Chernobyl reactor site [M3].

from 11 µSv per kBq m�2 of 137Cs for urban areas of the
Russian Federation to 24 µSv per kBq m�2 of 137Cs for rural
areas of Ukraine.

122. In summary, during the first year after the accident,
the average values of the normalized effective dose are
estimated to have been 15�24 µSv per kBq m�2 of 137Cs for
rural areas and 11�17 µSv per kBq m�2 of 137Cs for urban
areas, the values for Belarus and Ukraine being higher
than those for the Russian Federation because of their
closer proximity to the reactor. These values are in
agreement with the value of 10 µSv per kBq m�2 of 137Cs
used by the Committee in the UNSCEAR1988 Report [U4]
for the normalized effective dose equivalent, because most
of the data used to derive the 1988 value came from
countries further away from the reactor than Belarus, the
Russian Federation and Ukraine.

(b) Doses from external irradiation received
after the first year following the accident

123. At times greater than one year after the accident, the
absorbed dose rate in air came essentially from the gamma
radiation from 134Cs and 137Cs. The models used in the three
countries (Belarus, the Russian Federation and Ukraine) to
derive the variation with time of the normalized absorbed dose
rate in air at a height of 1 m above undisturbed ground in the
settlements of the contaminated areas are somewhat different.
In Belarus, a Monte Carlo method was used; the vertical
profile of 134Cs and 137Cs in soil was simulated by a set of
infinite isotropic thin sources placed at different depths of soil
and an exponential decrease with depth, with an initial
relaxation length of 0.5 g cm�2 and a linear increase of that
value with time after the accident [K38]. In the Russian
Federation, the vertical migration of 137Cs to deeper layers of
soil was taken into account using a time-varying function r(t),
which represents the ratio of the absorbed dose rates in air at
a height of 1 m above ground at times t after deposition and
at the time of deposition (t = 0), the latter being calculated
over flat, undisturbed ground. The variation with time of r(t)
may be described as

with T1 = 1.5 a, T2 = 20 a, and a1 and a2 equal to 0.4 and
0.42, respectively [B26, M17].

124. In Ukraine, the variation of the normalized absorbed
dose rate in air was determined both on the basis of routine
measurements of exposure rate at eight reference sites and
modelling of the vertical migration of 137Cs. The second
approach used the time-varying function given in the above
equation but with different parameter values: T1 = 0.5 a, T2

= 10 a and a1 and a2 equal to 0.18 and 0.65, respectively
[M16]. The difference in the estimates obtained for r(t) in
the Russian Federation [M17] and in Ukraine [M16] is
difficult to explain; it may be partly due to the fact that the
measurements were made in different conditions according
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to the type of fallout (wet or dry), the distance from the
reactor and the type of soil. The values obtained in the
three countries for the normalized absorbed dose rate in air
are given in Table 32 for each year between 1987 and
1995. The variation with time is fairly similar in the three
countries.

125. Average external normalized effective doses for the
populations living in contaminated areas are derived from
the reference values of normalized absorbed dose rates in
air presented in Table 32 and the overall coefficients from
dose in air to effective dose presented in Table 30. Results
for several time periods are shown in Table 31. Values for
rural areas of Belarus for the 1996�2056 time period are
estimated in this Annex to be the same as those for the
Russian Federation and Ukraine in rural areas; on the basis
of data in Table 30, values for urban areas of Belarus are
taken to be the same as in rural areas of that country. The
selected values of the average normalized external effective
doses for urban and rural populations are shown in
Table 33. On average, the external doses received during
the first 10 years after the accident represent 60% of the
lifetime doses (Table 33). The normalized lifetime doses
are estimated to range from 42 to 88 µSv per kBq m�2 of
137Cs. These values are somewhat lower than the value of
86 µSv per kBq m�2 of 137Cs used by the Committee in the
UNSCEAR 1988 Report for the normalized effective dose
equivalent. This may be due to the fact that in the
UNSCEAR 1988 Report, the Committee used the conser-
vative assumption that the vertical profile of 137Cs in soil
would be permanently fixed one year after the time of
deposition.

126. Average effective doses from external irradiation
received during the first 10 years after the accident are
estimated to range from 5 mSv in the urban areas of the
Russian Federation to 11 mSv in the rural areas of Ukraine.
Thedistributionsofthecollective effective doses from external
irradiation according to region of the country, dose interval,
and 137Cs deposition densityare presented in Tables 34�36 for
Belarus, the Russian Federation and Ukraine. These
distributions have been estimated from the databases of
radionuclide depositions that are available for each settlement
of the contaminated areas of Belarus, the Russian Federation
and of Ukraine [B37, L44, M17, S46].

127. The variability of individual external doses can be
estimated from the analysis of TLD measurements.
Figure XV illustrates the relative distribution of external
doses in 1991 and 1992 for 906 inhabitants of 20
Belarusian villages in which the 137Cs deposition density
ranged from 175 to 945 kBq m�2 [G9, G10]. The individual
doses were normalized to the median dose in each
settlement. It was found that a log-normal distribution with
a geometric standard deviation of 1.54 provides a good
approximation of the normalized individual doses from
external irradiation. The calculated doses that are recorded
in the dose catalogues at that time were in good agreement
with the measured median doses, the maximum
discrepancy being ±30%.

Figure XV. Distribution of ratios of measured external
individual doses to median settlement dose for 906
inhabitants of 20 rural settlements of Gomel region in
1991-1992 (geometric standard deviation: 1.54).

128. Figure XVI illustrates the distribution of external
doses obtained in 1987 in a smaller survey involving the
inhabitants of the village of Stary Vyshkov in the Russian
Federation [S25]. In that particular case, it was found that
a normal distribution with a coefficient of variation of
about 1.4 could be used. Individuals who received doses in
the upper or lower tenths of the distribution were examined
further. The two characteristics found to be important were
occupation and the construction of the building in which
the individuals spent a large proportion of time. None of
the individuals living or working in stone or brick buildings
received external doses in the upper tenth percentile of the
dose distribution [S25]. In addition, the external dose
received as a function of age was also studied for the
inhabitants of that Russian village. The results, shown in
Figure XVII, indicate a great variability in external dose,

Figure XVI. Distribution of external whole-body doses
among 124 residents of Stary Vyshkov, Russian
Federation, in 1987 [S25]. The fitted normal curve is
superimposed.
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with an overall trend that suggests an increase in external
dose with increasing age [S25]. This may reflect
differences in occupational activity, since young people
would be expected to spend a large proportion of time
indoors at school and, consequently, to receive lowexternal
doses, while old people generally spend much time
outdoors or inside lightly shielded buildings [S25].

Figure XVII. Variation with age of external whole-body
doses among residents of Stary Vyshkov, Russian
Federation, in 1987 [S25].

129. The effect of decontamination procedures on external
dose was also studied by the analysis of daily external doses
calculated from TLD measurements made before and after
decontamination of the Belarusian village of Kirov [S25].
Decontamination procedures includedreplacingroadsurfaces,
replacing roofs on buildings, and soil removal. The results,
presented in Table 37, suggest that the decontamination
measures were most effective for schoolchildren and field
workers (with dose reductions of 35% and 25%, respectively)
but had a limited effect on other members of the population
[S25]. Similar estimates have been obtained with regard to the
decontamination of Russian settlements in 1989 [B38]. The
average external dose ratio measured after and before
decontamination was found to range from 0.70 to 0.85 for
different settlements [B38].

130. The averted collective dose attributable to decontamina-
tion procedures was estimated to be about 1,500 man Sv for
the first four years after the accident, taking into account the
fact that decontamination was only conducted in areas with a
137Cs deposition density greater than 555 kBq m�2 and
assuming that the doses were reduced by about 20% as a
result of the decontamination procedures [A10, I30].

2. Doses from internal exposure

131. The doses from internal exposure came essentially
from the intake of 131I and other short-lived radioiodines
during the first days or weeks following the accident, and
subsequently, from the intake of 134Cs and 137Cs. Other
long-lived radionuclides, notably 90Sr and 239,240Pu, have so
far contributed relatively little to the internal doses, but

they may play a more important role in the future. Follow-
ing the Chernobyl accident, about 350,000 measurements
of 131I in the thyroids of people [G7, L10, S17] and about 1
million measurements of 134,137Cs whole-body contents
[B14, D3, L21] were conducted in the three republics by
means of gamma radiation detectors placed outside the
body. In addition, thousands of analyses of 90Sr and
hundreds of analyses of 239Pu were performed on autopsy
samples of tissues.

132. The assessment of the internal doses from radioiodines
and radiocaesiums is based on the results of the measurements
of external gamma radiation performed on the residents of the
contaminated areas. Usually, individuals were measured only
once, so that only the dose rate at the time of measurement
can be readilyderived from the measurement. Tocalculate the
dose, the variation with time of the dose rate needs to be
assessed. This is done by calculation, taking into account the
relative rate of intake of the radionuclides considered, both
before and after the measurement, and the metabolism of these
radionuclides in the body, which in the case of thyroid doses
from radioiodines may have been modified by the intake of
stable iodine for prophylactic purposes. The age-dependent
values recommended by the ICRP [I36] for the thyroid mass
and the biological half-life of 131I in the thyroid were generally
used in thyroid dose assessments based on measurements,
although there is evidence of mild to moderate iodine
deficiency in some of the contaminated areas [A16].

(a) Thyroid doses from radioiodines and
tellurium-132

133. The same methodology as described in the preceding
paragraph was used in the three countries to reconstruct
the thyroid doses of the persons with thyroid measurements
[W7]. There were, however, practical differences related to
the quantity and quality of the thyroid measurements and
the assumptions used to derive the temporal variation of
the radioiodine intake. For the individuals who were not
measured but who lived in areas where many persons had
been measured, the thyroid doses usually are reconstructed
on the basis of the statistical distribution of the thyroid
doses estimated for the people with measurements, together
with the knowledge of the dietary habits of the individuals
for whom the doses are reconstructed. Finally, the thyroid
doses for people who lived in areas with very few or no
direct thyroid measurements within a few weeks after the
accident are being reconstructed by means of relationships
using available data on 131I or 137Cs deposition, exposure
rates, 137Cs whole-body burdens, or concentrations of 131I in
milk. The largest contribution to the thyroid dose was from
the consumption of fresh cows' milk contaminated with
131I. Short-lived radioiodines (132I and 133I) in general played
a minor role for the populations that were not evacuated
within a few days after the accident; the contribution of the
short-lived radioiodines and of 132Te is estimated to have
been up to 20% of the 131I thyroid dose if the radionuclide
intake occurred only through inhalation and of the order of
1% if the consumed foodstuffs (milk in particular) were
contaminated [K16]. Although many initial estimates of
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thyroid doses are available, they need to be refined using
all the relevant and scientificallyreviewed information that
is available [L42, L43]. In order to obtain better
information on the pattern of deposition density of 131I,
measurements of the 129I concentrations in soil are
envisaged [P25, S45].

134. The influence of having taken stable iodine for
prophylactic purposes has usually not been taken into account
in the determination of thyroid doses. Based on a survey
conducted in 1990 of 1,107 persons living in contaminated
areas, the number of persons who indicated that they actually
took potassium iodide (KI) for prophylactic purposes is about
one quarter of the population [M5]. Forty-five percent of those
who took KI indicated that they took it only once, 35% more
than once, and 19% could not remember details of their KI
prophylaxis [M5]. The exact day that administration of KI
was begun was poorly recalled by the subjects, making it
difficult to use these data for dose reconstruction purposes. In
another survey, conducted in the three most contaminated
districts of the Gomel region of Belarus, it was found that
68% of the children who consumed fresh cow’s milk took KI

pills between 2 and 4 May 1986 [S43]. However, in a survey
performed in 1992 on about 10,000 individuals from 17
Ukrainian districts of the Chernigov region, only about 1% of
the respondents reported that they took stable iodine between
1 May and 20 May 1986 [L25].

135. For several reasons, thyroid dose estimates were made
independently of 137Cs measurements and not only in areas
where the 137Cs deposition density exceeded 37 kBq m�2: (a)
the thyroid measurements were carried out within a few weeks
after the accident, that is, in large part before an accurate and
detailed pattern of 137Cs deposition density was available; (b)
the 131I to 137Cs activity ratio in fallout was markedly variable,
especially in Belarus (Figure XVIII); (c) the milk that was
consumed within a few weeks after the accident was not
necessarily of local origin, at least in urban areas; and (d)
there is a large variability of the individual thyroid doses
according to age and dietary habits. The thyroid dose esti-
mates reported in the scientific literature are for populations
with thyroid measurements, for populations that resided at the
time of the accident in ill-defined “contaminated areas”, and
for the entire populations of the three republics.

Figure XVIII. Estimated pattern of iodine-131/caesium-137 activity ratio over the European territory of the
former USSR resulting from the Chernobyl accident [S30]. (Values decay corrected to 1 May 1986).

136. The ratio of 131I to 137Cs deposited by dry processes
(i.e. in the absence of precipitation) in Poland was assessed
from measurements of air concentrations [K39]. From 28
April to 1 May, the measured time-integrated concentra-
tions of 131I and 137Cs were 187 and 18.2 Bq d m�3,
respectively. This ratio of about 10 for the time-integrated
concentrations of 131I and 137Cs is consistent with that found
in a previous estimation [Z5]. The measured physico-
chemical forms of 131I were 62% aerosol-bound, 34%

elemental, and 4% organic. Assuming that (a) all of the
137Cs is aerosol-bound, (b) the deposition velocity of
elemental iodine is five times greater than that of the
aerosol-bound fraction, and (c) the deposition velocity of
organic iodine is negligible, the ratio of 131I to 137Cs
deposition can be estimated to be 23 [K39]. The
measurements of 131I and 137Cs in soil sampled in a few
locations in central and southern Poland yield a ratio of 20
(95% CI: 20�40). These values are in agreement with both
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the ratio derived from air concentrations and the values
shown in Figure XVIII. Measurements of deposition are
lacking for the northeastern part of Poland, but the measured
concentrations in milk indicate that the ratio of 131I to 137Cs
deposition was greater there than in central and southern
Poland, again in agreement with Figure XVIII. There are also
other reports on the composition of 131I species in the air in
different countries. Some of them were presented in the
UNSCEAR 1988 Report [U4]. The results indicate that the
distribution of the physico-chemical forms changed with time,
distance, and weather conditions. Because the transfer of
radioiodine from the air to vegetation is highly influenced by
its chemical forms, it is important to consider the distribution
of iodine species in the assessment.

137. Belarus. The main contaminated areas of Belarus are
located in the Gomel and Mogilev regions. Within a few
weeks after the accident, direct thyroid measurements (i.e.
measurements of gamma radiation emitted by the thyroid
using detectors placed outside the body) were made on
approximately 130,000 persons, including 39,500 children,
living in the most contaminated areas of Gomel and Mogilev
regions, as well as in the city of Minsk [G6]. The content, at
the time of measurement, of 131I in the thyroid of these
130,000 persons was derived from the direct thyroid measure-
ments. The thyroid dose estimation was then performed for
the measured individuals, supplementing the results of the
direct thyroid measurements with standard radio-ecological
and metabolic models, for 131I intake with inhalation and with
ingestion of fresh milk following a single deposition of fallout
on pasture grass [G6, S44]. Unfortunately, most of the thyroid
measurements are of poor quality, as they were made by
inexperienced people with uncollimated detectors. The uncer-
tainties in the thyroid dose estimates obtained in this manner
in Belarus are reported to be characterized by a geometric
standard deviation of up to 1.7 [G7]. A detailed breakdown of
the thyroid dose distribution for approximately 32,000 child-
ren with thyroid measurements is presented in Table 38. In
each age category, the thyroid dose estimates are found to lie
in a very wide range (from <0.02 Gy to >2 Gy). As shown in
Figure XIX, doses to adults also show a large variability, even
if the samples are taken from a single village or town [G6].

138. Limited information is available on in utero thyroid
doses. In a study of 250 children born during the period from
May 1986 to February 1987 from mothers who lived at the
time of the accident in areas with 137Cs deposition densities
greater than 600 kBq m�2 in Gomel region (222 mothers), in
Mogilev region (14 mothers) and in Pripyat town (14 mothers
who were evacuated to Belarus), thyroid doses were estimated
to range up to 4.3 Gy, with 135 children exposed to less than
0.3 Gy, 95 children between 0.3 and 1.0 Gy, and 20 children
with doses greater than 1.0 Gy [I37]. Uncertainties in the
estimated doses were characterized by a geometric standard
deviation of 1.7 to 1.8.

139. Average and collective thyroid doses for the rural and
urban populations of the contaminated areas of the Gomel
and Mogilev regions were derived from an analysis of dose
estimates obtained from direct thyroid measurements [I28].

The results, presented in Table 39 for children 0�7 years
old and for the total population, show that the thyroid
doses are about two times greater in rural areas than in
urban areas and also two times greater in Gomel region
than in Mogilev region.

Figure XIX. Cumulative distribution of individual
thyroid doses for adults of selected towns and villages
of Belarus [G6].

140. Because very few or no thyroid measurements were
available for many villages and towns, whereas 137Cs
deposition densities were measured in practicallyall inhabited
areas of Belarus, a model was developed to establish a
relationship between the 137Cs deposition densities, F(137Cs),
and the mean thyroid doses to adults, Dad, in areas where
abundant thyroid measurements had been performed. This
model enabled the estimation of thyroid dose to be made for
the populations of any area in Belarus. In Figure XX, the
values of Dad are plotted against those of F(137Cs) for 53
villages of the Khoyniki district. A proportional relationship
between the 137Cs deposition density and the mean thyroid
dose to adults seems to be inadequate; however, there is a
weak tendencyshown bythesolid line, although characterized
by large uncertainties. Similar relationships were observed for
all areas of Belarus where abundant thyroid measurements
had been performed. That there is no proportional
relationship between Dad and F(137Cs) in Belarus is likely to be
partly due to the fact that the fraction of 131I intercepted by
pasture grass differs according to whether deposition occurs
with or without rainfall and varies also as a function of
rainfall intensity. The fraction of 131I intercepted by pasture
grass is greater when the deposition occurs in the absence of
rainfall (usuallyassociated with low levels of deposition) than
when deposition occurs with rainfall (generally associated
with high levels of deposition). Because of this, the thyroid
dose per unit 137Cs deposition density is found to decrease as
the 137Cs deposition density increases. A confounding factor is
that the ratio of 131I to 137Cs in deposition also varied
according to whether deposition occurred in the presence or
absence of rainfall. However, similar relationships are
observed when the thyroid dose is plotted against either 131I or
137Cs deposition density, suggesting that the variation in the
interception coefficient is the dominant factor.
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Figure XX. Thyroid dose to adults in relation to
caesium-137 deposition density in the district of
Khoyniki (Gomel region, Belarus) [G17].

141. Using these relationships for areas with no or few
direct thyroid measurements, estimates ofcollective thyroid
dose have been calculated for the entire population of each
region of Belarus and for the entire population of the
country [G7]. The collective thyroid dose to the entire
population of Belarus is roughly estimated to be about
500,000 man Gy (Table 40).

142. Russian Federation. The main areas of contamina-
tion in the Russian Federation are located 150�250 km to
the northeast of Chernobyl in the Bryansk region and at a
500 km distance in the Kaluga-Tula-Orel regions. The
ratio of 131I to 137Cs varied little in this area, which
indicated that the contamination originated from a single
plume. The plume arrived 1�2 days after release from the

reactor. During this time period, most of the short-lived
iodine isotopes had decayed. Rainfall in the area decreased
the concentrations in air and reduced the inhalation intake.
Therefore, the dose to thyroid was due primarily to 131I
intake with milk and leafy vegetables, and the pattern of
doses was similar throughout the region.

143. About 45,000 direct thyroid measurements were made
in May-July 1986 in the Bryansk, Kaluga, Tula and Orel
regions [B39, Z1]. These measurements showed a maximum
on 16 and 17 May of up to 300 kBq in the thyroid of some
individuals in the villages of Barsuki and Nikolayevka in the
Krasnogorsk district of the Bryansk region. The 137Cs
deposition at these locations was 2.6�3 MBq m�2 [Z1]. In
other areas, the content of 131I in the thyroid was considerably
less, owing to lower contamination and also to earlier imple-
mentation of protective measures, including the ban on
consumption of local milk and leafy vegetables and the
administration of stable iodine. Activities of 131I in the thyroid
were calculated from the results of direct thyroid measure-
ments and were corrected for the contribution of the gamma
radiation due to radiocaesium incorporated in the entire body.

144. In the absence of protective measures, the temporal
variation of the 131I intake, taking into account inhalation and
the ingestion of contaminated milk, is calculated from
standard radio-ecological models shown in Figure XXI (left
panel). However, for the purposes of dose reconstruction, a
simplified representation has been adopted (Figure XXI, right
panel) [B14]. The thyroid mass was determined from
autopsies in the Novozybkov district hospital in the Bryansk
region. The average value for adults was 26.7 g, suggesting a
mildlyendemic goiter area. The Tula and Orel regions are not
in endemic areas, and as direct measurements were
unavailable, the standard thyroid mass for adults of 20 g was
used in dose calculations [Z1].

Figure XXI. Models of iodine-131 intake to inhabitants of contaminated areas in Russia [B14].

145. Thyroid doses were estimated in this manner for six age
groups: <1, 1�2, 3�5, 7�11, 12�17 and >18 years. Within
each age group the distribution of dose was asymmetrical,
approximately log-normal. The maximum individual doses
often exceeded the mean dose by a factor of 3�5. The
variations between age groups were different for towns and
villages, reflecting not only the age-related iodine metabolism
but also differences in social and nutritional habits. As

presented in Table 41, the average thyroid doses for children
less than one year old were greater than those for adults by
factors of 13 in towns and 5 in villages [B14, Z1].

146. Where measurements were insufficient or lacking,
correlations were used to estimate the thyroid doses. The
uniformityofcontamination allowedcorrelation analyses tobe
used to relate the thyroid doses to the deposition of 137Cs, the
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air kerma rate on 10�12 May 1986, the concentrations of 131I
in milk, and the body content of 137Cs in adults measured
within a few months after the accident. The analysis of the
results of the direct thyroid measurements for inhabitants of
the Kaluga region showed that the thyroid doses of people
who did not consume local milk was about 15% of the thyroid
doses received by the people who consumed local milk. The
type and number of data available in the Russian Federation
are presented in Table 42.

147. The analysis of the direct thyroid measurements and of
data from personal interviews for 600 inhabitants of the
Bryansk region showed a significant correlation with milk
consumption. From 80% to 90% of 131I intake appeared to be
derived from this source and only 10% to 20% from
vegetables and inhalation. Thus, estimates of doses to
individuals could be derived by normalizing 80% of the
average dose for the settlement by the actual volumes of milk
consumed (litres per day times days) relative to the average
consumed volume.

148. Estimates of thyroid doses in contaminated areas of the
Russian Federation are presented in Table 43. In areas where
there were no limitations on 131I intake (e.g. Plavsk district of
Tula region), the thyroid dose for children less than 3 years
old reached 0.35 to 0.7 Gy, on average, with individual doses
up to 4 Gy. In the most contaminated areas of the Orel region,
the thyroid doses were approximately 0.3 Gy, on average, for
young children. The highest doses were received by
inhabitants of the most contaminated areas of the Bryansk
region even though local milk consumption was banned in
those areas in early May 1986. In some villages average doses
in children exceeded 1 Gy and individual doses exceeded
10 Gy. Average thyroid doses of rural inhabitants were higher
than those received byurban populations in areas with similar
radioactive contamination. The age distribution of the
collective dose for the population of the Bryansk region is
presented in Table 44. About 40% of the collective thyroid
dose in rural areas and 60% of the collective thyroid dose in
urban areas were received by children under 15 years of age.

149. Ukraine. Over 150,000 direct thyroid measurements of
the radioiodine content of the thyroid gland were made in
May-June 1986 in the areas of Ukraine closest to Chernobyl.
Most of the thyroid measurements were made in eight districts
surrounding Chernobyl and the town of Pripyat: Polesskoe,
Ivanov, Chernobyl and Pripyat in the Kiev region; Kozeletsk,
Repkine and Chernigov in the Chernigov region; and
Narodichi and Ovruch in the Zhitomir region [L12]. Between
30% and 90% of the children and 1% and 10% of the adults
from these areas were measured [L2, L11, L12, R4]. When
the quality of these measurements was reviewed, over 80%
were found to be of acceptably high quality [L13, L14].

150. Preliminary estimates of the thyroid doses received by
the persons with direct thyroid measurements were made
using standard methods [A3, I13]. Except for the city of Kiev,
where the 131I concentrations in air, water and milk were
monitored extensively [L15], very few measurements of 131I in
the environment are available from Ukraine. Two models
have been used todescribe the variation of the temporal intake

of 131I. According to the most conservative model, a single
intake of 131I was assumed to have occurred on the first day of
the accident, and a single exponential is used to describe the
iodine retention in the thyroid gland. The more realistic model
for calculating thyroid doses assumes that 131I intake occurred
during the entire period of stay in the contaminated areas
[L12]. The intake function was determined assuming a single
initial contamination event by 131I in an area. A two-exponen-
tial function is used to represent the dynamics of intake by
milk consumption. The effective decay constants from grass
and milk are 0.15 and 0.63 d�1, respectively [A3]. The period
of intake was taken to be the period until relocation or, if there
was no relocation or the information is lacking, the whole
period until 131I decay.

151. Results of the thyroid dose evaluations for children
and adults of the Ukraine indicate that the highest absorbed
doses (1.5�2.7 Gy) were received by children of the
Narodichi and Ovruch districts of Zhitomir region and of
Pripyat and the Polesskoe districts of Kiev region. Doses to
children 7�15 years old were, in general, 2.5 times lower
than doses to the 0�7-year-old group. The adult doses were
lower by a factor of 2�8 [L2, L12, R4]. According to the
conservative, single-exponential model, there were 38,000
children (>40%) with doses lower than 0.3 Gy and 79,500
(nearly 90% of children) with doses lower than 2 Gy. Use
of the more realistic model generally shifts the distribution
to lower doses. In this case, 63% of children had doses
below 0.3 Gy [L12]. The distribution of thyroid doses in a
settlement usually was found to be log-normal.

152. The estimation of doses to individuals living in the city
of Kiev was performed using direct thyroid measurements for
approximately 5,000 residents and measured 131I concentra-
tions in air, water and milk during May-June 1986 [L16,
L17]. The individual thyroid doses were found to vary by an
enormously wide range of up to four orders of magnitude
[L15]. The average thyroid doses to individuals of five age
groups were as follows: 0.10 Gy (birth years 1983�1986),
0.06 Gy (1979�1982), 0.2 Gy (1975�1978 and 1971�1974),
and 0.04 Gy (those born before 1974) [L15].

153. To estimate the thyroid doses received by the persons
without direct thyroidmeasurements living in areas other than
the city of Kiev, two procedures were used, depending on the
abundance of the thyroid measurements in the area
considered. In the three regions where most of the thyroid
measurements were performed (Chernigov, Kiev and
Zhitomir), the following empirical relationship between the
measured thyroid doses, D, and the 137Cs deposition density,
as well as the location relative to the Chernobyl reactor, was
determined to be D(n) = K at [L10, L25], where t = e�bn, D is
the thyroid dose (Gy), n is the age of the individual (years),
and K is a scaling parameter (Gy). The parameters a
(dimensionless) and b(a�1) describe the age dependence of the
thyroid dose in the locality considered.

154. The parameter values for K, a, and b were established
for the towns and villages of each district of the three regions.
As examples, Table 45 presents the values obtained for three
districts of the Chernigov region as well as the mean thyroid
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doses for infants and adults [L25], while the measured
individual doses are compared in Figure XXII with the
calculated mean thyroid doses for various age groups in
Rudka village of the Chernigov district [L25]. As is the case
in Belarus and the Russian Federation, the mean thyroid doses
in villages are about twice those in urban areas (Table 45).
However, the variability of the individual doses, within a
given village and a given age group, is very great
(Figure XXII).

Figure XXII. Comparison of individual doses estimated
from thyroid measurements and of calculated mean
doses (histogram) for the Ukrainian village of Rudka
[L25].

155. Another method of thyroid dose assessment was used
for the regions of Cherkasy and Vinnytsia, where very few
thyroid measurements were carried out. Those regions
were subdivided into sectors and segments with relatively
uniform 131I intake functions [L10]. The relationships
established for areas with thyroid measurements were then
extrapolated to other areas.

156. The age-dependent thyroid dose distribution obtained
for the population of the five regions (Cherkasy, Cherni-
gov, Kiev, Vinnytsia and Zhitomir) is given in Table 46.
Most of the thyroid doses are estimated to be less than
0.3 Gy. Doses exceeding 2 Gy are found only among
children less than 4 years old [L10]. An estimate of the
collective thyroid dose to residents of Ukraine is presented
in Table 47.

(b) Effective doses from caesium-134
and caesium-137

157. Internal effective doses from 134Cs and 137Cs have been
estimated by two methods: (a) estimation of dietary intake
from measured concentrations in foods and standard
consumption assumptions and (b) whole-body counting. The
foodstuffs that contribute the most to the effective dose are
milk, meat, potatoes and mushrooms [F4]. From 1986 to
1990, the internal doses were calculated from the measured
137Cs concentrations in milk and potatoes, assuming that the

intake of radiocaesium by ingestion is adequately represented
by consumption rates of 0.8 l d�1 of milk and 0.9 kg d�1 of
potatoes. The concentrations used to calculate the doses were
those corresponding to the 90th percentiles of the distributions
[A12]. The relationship between the 90th percentiles to the
average 137Cs concentrations in milk and potatoes was 1.7±0.1
[B9]. Beginning in 1991, the average 137Cs concentrations in
milk and potatoes, rather than the 90th percentiles, were used
to estimate the effective doses from internal irradiation.

158. Calculated internal dosesassumingconsumption onlyof
locally produced foods (no imported, uncontaminated foods)
have been recognized to overestimate actual doses. The dose
estimates calculated in this manner are used only for decision-
making purposes. The ratios of calculated doses using the
90th percentiles of the distributions to the doses determined by
whole-body counting range from 2.5 to 25 for most
settlements in the zone of strict control (where the 137Cs
deposition density is greater than 555 kBq m�2), with a
median value of 7 [B9]. In areas with lower 137Cs deposition
density, where most of the consumed foodstuffs are of local
origin, this ratio is estimated to be in the range 1.5�15, with
a median of 4. For this reason, the internal effective dose
estimates provided currently in the official dose catalogues in
Belarus and the Russian Federation are based on whole-body
measurements. However, the dose estimates presented in the
Ukrainian dose catalogues are still based on the assessment of
the dietary intakes.

159. The transfer of radiocaesium from soil to milk depends
substantially on the type of soil. For example, in Ukrainian
territory, as a result of radio-ecological monitoring carried out
in 1991, four zones with typical values of soil-milk transfer
coefficient for radiocaesium ranging from less than 1 to
greater than 10 Bq l�1 per kBq m�2 were delineated [K23].
The corresponding normalized effective doses from internal
irradiation are shown in Table 48 for the first 10 years after
the accident; the estimated normalized effective doses for the
zone with highest values of the transfer coefficient are about
20 times greater than those obtained in the zone with the
lowest values of the transfer coefficient. The territories with
peat-swampy soil that are characterized with the highest
values of soil-milk transfer coefficient are mainly located in
the northern part of the Rovno and Zhitomir regions
(Ukraine) and in the eastern part of the Brest region and the
southwestern part of the Gomel region (Belarus).

160. In the Russian Federation, normalized doses were
estimated for the sodic-podzol sand soil found in some areas
of the Bryansk and Kaluga regions and for the chernozem soil
found in the Tula and Orel regions [B25, R9]. Here again, the
values of the transfer coefficients and of the normalized
effective doses vary by factors of 10�20 (Table 49).

161. Estimated internal effective doses, normalized tounit
deposition density of 137Cs (1 kBq m�2), are given in
Table 50 for various periods after the accident and for
areas with different degrees of contamination in the
Russian Federation. More detailed information for the
population of Belarus is presented in Table 51. It is
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recognized that the internal effective doses normalized per
unit deposition density of 137Cs have to be treated with
caution, because of the large differences in the transfer of
137Cs from soil to milk and because of the influence of
protective measures. Estimates of projected doses from
internal exposures are highly uncertain, as they depend on
local soil conditions for the transfer to foodstuffs, on the
composition of the diet, and on the extent to which local
foods are supplemented by imported foods [Z4]. In
particular, it is to be noted that the importance of forest
products (mushrooms, berries, wild game) increases with
time, since the 137Cs concentration in these products
generally have longer ecological half-times than food
products from agricultural systems (milk, vegetables, meat
from domestic animals) [K7, S16]. Average internal
effective doses received during the first 10 years after the
accident are estimated to range from 4 mSv in the rural
areas of Tula region in the Russian Federation to 13 mSv
in the rural areas of Bryansk region in the Russian
Federation. On average, the internal doses received during
the first 10 years after the accident represent 90% of the
lifetime doses (Table 50). The distributions of the
collective effective doses from internal irradiation
according to the region of the country, dose interval, and
137Cs deposition density are presented in Tables 34�36 for
Belarus, the Russian Federation and Ukraine.

162. Several measures were taken to reduce the internal
exposure to the residents of the contaminated areas. During
the first year after the accident, the most important measures
were taken in the territories of strict control (territories with a
137Cs deposition density exceeding 555 kBq m�2). In Belarus,
the resulting factor of decrease in the internal dose was
estimated to be 3.2�3.4 [S24], while in the Bryansk region it
was about 3.6. In the following years, the corresponding
factorsofdecrease were maintainedat approximatelythesame
levels: 4.1 [I30] and 3.7 [I22], respectively. Therefore, the
averted collective dose for the strict control zone (inhabited by
273,000 residents) can be assessed to be 6,000 man Sv. For
the territories with a 137Cs deposition density from 185 to 555
kBq m�2 (inhabited by about 1,300,000 people), the factor of
decrease in the internal dose was estimated to be approx-
imately2 [S24], resulting in an averted dose of 7,000 man Sv.
Thus, the averted collective dose for about 1,500,000
residents of the areas contaminated with a 137Cs level
exceeding 185 kBq m�2 was assessed at nearly 13,000
man Sv. It should be noted that self-imposed measures also
led to a decrease in the internal doses [L21].

163. Within the framework of the Chernobyl Sasakawa
Health and Medical Cooperation Project, about 120,000
children, aged 0�10 years at the time of the accident, were
examined in two Belarusian centres, two Ukrainian centres
and one Russian centre [N2, S2, S7]. The examinations
were essentially of a medical nature but included a
measurement of the whole-body concentration of 137Cs.
Average values were similar from centre to centre and
from year to year, with an overall average of about
50 Bq kg�1 of 137Cs; the corresponding internal effective
dose rate from 137Cs is about 0.1 mSv a�1.

164. The Ministry of the Environment, Protection of
Nature, and Reactor Safety of Germany also organized a
campaign of whole-body counting in Belarus, the Russian
Federation and Ukraine. About 300,000 persons were
monitored from 1991 to 1993 for their 137Cs whole-body
content [H1, H4, H5]. For 90% of the persons monitored,
the internal effective dose rates from 137Cs were found to be
less than 0.3 mSv a�1. The analysis of the results for Kirov,
in Belarus, shows that the population monitored could be
classified in one of five groups, according to the nature of
their diet and the origin of the consumed milk, with
increasing 137Cs content from one group to the next; the
dietary characteristics of those groups are defined as (a) no
milk, no forest products; (b) local milk, no forest products;
(c) non-local milk, forest products; (d) local milk, forest
products but no wild game; and (e) local milk and forest
products including wild game [S25].

(c) Internal doses from strontium-90

165. Because of the relatively small release of 90Sr and
because a large fraction of the 90Sr activity released was
deposited within the 30-km zone, internal doses from 90Sr
are relatively small. It is estimated that the 90Sr
contribution to the effective dose from internal exposure
does not exceed 5%�10%, according to intake calculations
based on measurements of 90Sr concentrations in foodstuffs,
as well as measurements of 90Sr in human bones [B15].

(d) Lung doses from transuranics

166. The fuel particles that deposited on the ground
contained alpha-emitting transuranics, such as 238Pu, 239Pu,
240Pu and 241Am, as well as beta-emitting transuranics, such
as 241Pu. Lung doses from transuranics may be caused by
inhalation of radioactive particles during the passage of the
cloud and following resuspension ofdeposited materials. A
pathway of concern is the potential hazard from the
resuspension from soil to air of radioactive aerosols
containing 239Pu. In an assessment of the equivalent doses
to lungs for agricultural workers, it was concluded that
even at sites inside the 30-km zone, lifetime committed
equivalent doses to the lungs per year of work will not
exceed 0.2 mSv for most individuals [J1]. In the future, the
relative importance of 241Am among the alpha-emitting
transuranics is going to increase as a result of the decay of
its shorter-lived parent, 241Pu.

D. INHABITANTS OF DISTANT COUNTRIES

167. Information on doses received bypopulations other than
those of Belarus, the Russian Federation and Ukraine is not as
complete. In the UNSCEAR 1988 Report [U4], the
Committee estimated first-year thyroid and effective doses for
most of the countries of the northern hemisphere and lifetime
effective doses for three latitude bands (northern, temperate
and southern) of the northern hemisphere. These data have
been used in this Annex toestimate crude average thyroid and
bone-marrow doses received by the populations considered in
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epidemiological studies of thyroid cancer and of leukaemia.
These populations usually resided in areas where the
deposition densities of 137Cs resulting from the Chernobyl
accident were the highest (except for contaminated areas of
Belarus, the Russian Federation and Ukraine).

1. Thyroid doses

168. Populations of Croatia, Greece, Hungary, Poland and
Turkey have been considered in epidemiological studies of
thyroid cancer [S12]. The average thyroid doses received by
those populations have been estimated, using the approx-
imation that the population-weighted average thyroid dose is
three times that to adults. Results are presented in Table 52.
The estimates of average thyroid dose range from 1.5 to
15 mGy.

2. Bone-marrow doses

169. Populations of Bulgaria, Finland, Germany, Greece,
Hungary, Romania, Sweden and Turkey have been
considered in epidemiological studies of leukaemia [S12].
The average bone-marrow doses received by those
populations have been estimated from data in the
UNSCEAR 1988 Report [U4], using the approximation
that the bone-marrow dose is numerically equivalent to the
effective dose equivalent from all radionuclides for external
irradiation and from radiocaesium for internal irradiation.
The values of effective dose equivalents per unit 137Cs
deposition density that are calculated in the UNSCEAR
1988 Report for the populations of three latitude bands
have been assigned in this Annex to the populations of the
countries considered, as appropriate. In each country, the
137Cs deposition density corresponding to the region of
highest fallout has been selected, when that information is
provided in the UNSCEAR 1988 Report. The resulting
estimates of average bone-marrow dose for the populations
considered range from about 1 to 4 mGy (Table 52).

E. COLLECTIVE DOSES

170. In this Section, the collective doses received by the
populations of the contaminated areas of Belarus, the
Russian Federation and Ukraine are summarized.

1. Collective doses from external exposure

171. The collective effective doses from external exposure
received by the inhabitants of the contaminated areas
during the first 10 years after the accident have been
estimated using the average 137Cs deposition densities in
each district and estimated average annual effective doses
from external exposure in each district. Detailed estimates
of the collective effective doses and of their distributions
are presented in Tables 34�36 for Belarus, the Russian
Federation and Ukraine. The totals for each country are
presented in Table 53, while the distribution of the
collective effective doses for the three republics is
summarized in Table 54. The total collective effective dose

received during the first 10 years after the accident by the
approximately 5.2 million people living in the
contaminated areas of Belarus, the Russian Federation and
Ukraine is estimated to be 24,200 man Sv. Assuming that
this collective dose represents 60% of the lifetime
collective dose, on the basis of the data presented in
Table 33, the lifetime collective dose from external
irradiation received by the inhabitants of the contaminated
areas of the three republics would be 40,300 man Sv.

2. Collective doses from internal exposure

172. Collective effective doses. The collective effective
doses from internal exposure received bythe inhabitants of the
contaminated areas during the first 10 years after the accident
have also been estimated using the average 137Cs deposition
densities in each district and estimated average annual
effective doses from internal exposure in each district. They
are found to be about 5,500 man Sv for Belarus [D3], 5,000
man Sv for the Russian Federation and 7,900 man Sv for
Ukraine [L7]. Detailed estimates of the collective effective
doses and of their distributions are presented in Tables 34�36
for Belarus, the Russian Federation and Ukraine. Whether
thoseestimateswereobtainedusingsimilar methodologieshas
not been thoroughly clarified. From the data presented in
Table 50, the doses from internal exposure received during the
first 10 years after the accident represent about 90% of the
lifetime doses. The collective effective doses from internal
exposure received by the population of the contaminated areas
can thus be estimated to be about 18,400 man Sv for the first
10 years after the accident and about 20,400 man Sv over
lifetime; this corresponds to an average lifetime effective dose
of 3.9 mSv.

173. Collective thyroiddoses. Estimated collective thyroid
doses, as reported for populations of Belarus, the Russian
Federation and Ukraine, are presented in Table 40.
Collective thyroid doses are estimated to be about 550,000,
250,000 and 740,000 man Gy for the entire populations of
Belarus, the Russian Federation and Ukraine, respectively.

3. Total collective doses

174. Estimated collective effective doses received during
the 1986�1995 time period by the inhabitants of the
contaminated areas of Belarus, the Russian Federation and
Ukraine are presented in Table 53. The collective effective
doses that were delivered during the first 10 years after the
accident are estimated to be about 24,200 man Sv from
external exposure and 18,400 man Sv from internal
exposure, for a total of 42,600 man Sv and an average
effective dose of 8.2 mSv. Assuming that the doses
delivered during the first 10 years represent 60% of the
lifetime dose for external exposure and 90% of the lifetime
dose for internal exposure, the estimated lifetime effective
doses for the populations of the three countries living in
contaminated areas are about 40,300 man Sv from external
exposure and 20,400 man Sv from internal exposure, for a
total of about 60,700 man Sv. This total corresponds to an
average lifetime effective dose of 12 mSv.
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175. These figures do not include the collective thyroid
doses, which were delivered in their totality during 1986,
and which are estimated to be 1,500,000 man Gy in total
for the three countries. Taking the population size of the
three republics to be 215 million, the average thyroid dose
is found to be 7 mGy. Much larger thyroid doses, however,
were received by a small fraction of the population. For
example, the distribution of the thyroid doses received in
Ukraine is such that very low thyroid doses were received
in a large part of the country, while average thyroid doses
greater than 500 mGy were received in twelve districts.

F. SUMMARY

176. Doses have been estimated for: (a) the workers
involved in the mitigation of the accident, either during the
accident itself (emergency workers) or after the accident
(recovery operation workers) and (b) members of the
general public whoeither were evacuated to avert excessive
radiation exposures or who still reside in contaminated
areas, which are found mainly in Belarus, in the Russian
Federation and in Ukraine. A large number of radiation
measurements (film badges, TLDs, whole-body counts,
thyroid counts, etc.) were made to evaluate the radiation
exposures of the population groups that are considered.

177. The highest doses were received by the approximately
600 emergency workers who were on the site of the
Chernobyl power plant during the night of the accident. The
most important exposures were due to external irradiation, as
the intake of radionuclides through inhalation was relatively
small in most cases. Acute radiation sickness was confirmed
for 134 of those emergency workers. Forty-one of these
patients received whole-body doses from external irradiation
of less than 2.1 Gy. Ninety-three patients received higher
doses and had more severe acute radiation sickness: 50
persons with doses between 2.2 and 4.1 Gy, 22 between 4.2
and 6.4 Gy, and 21 between 6.5 and 16 Gy. The skin doses
from beta exposures evaluated for eight patients with acute
radiation sickness ranged from 10 to 30 times the whole-body
doses from external irradiation.

178. About 600,000 persons (civilian and military) have
received special certificates confirming their status as
liquidators (recovery operation workers), according to laws
promulgated in Belarus, the Russian Federation and Ukraine.
Of those, about 240,000 were military servicemen. The
principal tasks carried out by the recovery operation workers
included decontamination of the reactor block, reactor site,
and roads, as well as construction of the sarcophagus, of a
town for reactor personnel, and of waste repositories. These
tasks were completed by 1990.

179. A registry of recovery operation workers was
established in 1986. This registry includes estimates of doses
from external irradiation, which was the predominant
pathway of exposure for the recovery operation workers. The
registry data show that the average recorded doses decreased
from year to year, being about 0.17 Sv in 1986, 0.13 Sv in

1987, 0.03 Sv in 1988, and 0.015 Sv in 1989. It is, however,
difficult to assess the validity of the results that have been
reported for a variety of reasons, including (a) the fact that
different dosimeters were used by different organizations
without any intercalibration; (b) the high number of recorded
doses very close to the dose limit; and (c) the high number of
rounded values such as 0.1, 0.2, or 0.5 Sv. Nevertheless, it
seems reasonable to assume that the average effective dose
from external gamma irradiation to recovery operation
workers in the years 1986

�1987 was about 0.1 Sv.

180. The doses received by the members of the general
public resulted from the radionuclide releases from the
damaged reactor, which led to the ground contamination
of large areas. The radionuclide releases occurred mainly
over a 10-day period, with varying release rates. From the
radiological point of view, the releases of 131I and 137Cs,
estimated to have been 1,760 and 85 PBq, respectively, are
the most important to consider. Iodine-131 was the main
contributor to the thyroid doses, received mainly via
internal irradiation within a few weeks after the accident,
while 137Cs was, and is, the main contributor to the doses
to organs and tissues other than the thyroid, from either
internal or external irradiation, which will continue to be
received, at low dose rates, during several decades.

181. The three main areas of contamination, defined as those
with 137Cs deposition density greater than 37 kBq m�2

(1 Ci km�2), are in Belarus, the Russian Federation and
Ukraine; they have been designated the Central, Gomel-
Mogilev-Bryansk and Kaluga-Tula-Orel areas. The Central
area is within about 100 km of the reactor, predominantly to
the west and northwest. The Gomel-Mogilev-Bryansk
contamination area is centred 200 km to the north-northeast
of the reactor at the boundary of the Gomel and Mogilev
regions of Belarus and of the Bryansk region of the Russian
Federation. The Kaluga-Tula-Orel area is located in the
Russian Federation, about 500 km to the northeast of the
reactor. All together, territories from the former Soviet Union
with an area of about 150,000 km2 were contaminated. About
five million people reside in those territories.

182. Within a few weeks after the accident, approximately
116,000 persons were evacuated from the most con-
taminated areas of Ukraine and of Belarus. The thyroid
doses received by the evacuees varied according to their
age, place of residence and date of evacuation. For
example, for the residents of Pripyat, who were evacuated
essentially within 48 hours after the accident, the
population-weighted average thyroid dose is estimated to
be 0.17 Gy, and to range from 0.07 Gy for adults to 2 Gy
for infants. For the entire population of evacuees, the
population-weighted average thyroid dose is estimated to
be 0.47 Gy. Doses to organs and tissues other than the
thyroid were, on average, much smaller.

183. Thyroid doses have also been estimated for residents
of the contaminated areas who were not evacuated. In each
of the three republics, thyroid doses exceeding 1 Gy were
estimated for the most exposed infants. For residents of a
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given locality, thyroid doses to adults were smaller than
those to infants by a factor of about 10. The average
thyroid dose received by the population of the three
republics is estimated to be 7 mGy.

184. Following the first few weeks after the accident when
131I was the main contributor to the radiation exposures, doses
were delivered at much lower dose rates byradionuclides with
much longer half-lives. Since 1987, the doses received by the
populationsofthecontaminatedareashaveresultedessentially
from external exposure from 134Cs and 137Cs deposited on the
ground and internal exposure due to contamination of
foodstuffs by 134Cs and 137Cs. Other, usually minor, contribu-

tions to the long-term radiation exposures include the
consumption of foodstuffs contaminated with 90Sr and the
inhalation of aerosols containing isotopes of plutonium. Both
external irradiation and internal irradiation due to 134Cs and
137Cs result in relatively uniform doses in all organs and
tissues of the body. The average effective doses from 134Cs and
137Cs that were received during the first 10 years after the
accident by the residents of contaminated areas are estimated
to be about 10 mSv. The median effective dose was about
4 mSv and only about 10,000 people are estimated to have
received effective doses greater than 100 mSv. The lifetime
effective doses are expected to be about 40% greater than the
doses received during the first 10 years following the accident.

III. EARLY HEALTH EFFECTS IN REACTOR AND EMERGENCY WORKERS

185. The first information on the early manifestations and
outcomes of acute radiation sickness in persons who were
exposed to ionizing radiation in the earlyphase of the Cherno-
byl accident was provided to the international community in
Vienna in August 1986 [I2]. A detailed and comprehensive
review of these effects was included in the UNSCEAR 1988
Report (Appendix to Annex G, “Early effects in man of high
doses of radiation”) [U4]. This Chapter describes the health
effects observed in this group in the years since the accident.
Dose estimations for those working at the Chernobyl nuclear
power plant on 26 April, 1986, are given in Section II.A.1.

186. Among the staff members of the reactor and emergency
workers at the site at the time of the accident, a total of 237
were initially examined for signs and symptoms of acute
radiation sickness, defined here as having at least minimal
bone-marrow suppression as indicated by depletion of blood
lymphocytes. This diagnosis was later confirmed in 134
patients, the others being designated as unconfirmed. A
computerized questionnaire for patients with acute radiation
sickness was developed in 1990 [F11] and later extended,
incorporating other nuclear accidents [F3]. The fate of the
whole group of 237 patients has been monitored up to the
present, although not alwayssystematically, with accuratedata
available for most patients for the acute phase and incomplete
information available for the follow-up period of 1986�1996.

187. The definition of acute radiation sickness is well
established and based on clinical observations and the
degree of pancytopenia [B22, K26]. A reliable assessment
of the severityof acute radiation sickness from mild (Grade
I) to severe (Grade IV) is possible at three days following
exposure. To predict the likelihood of bone marrow
recovery, damage to the stem cell pool must be determined
[F12]. Seven to ten days after exposure, patients in whom
prolonged myelosuppression was diagnosed were selected
for bone marrow transplantation.

188. Among 37 patients considered for transplantation
treatment, all had severe radiation damage to the skin and,

in 15 cases, gastrointestinal tract symptoms. Cutaneous
lesions and/or oropharyngeal mucositis were the primary
causes of death in the majority of these patients who later
died as an immediate consequence of the accident. As
might be expected, there was a clear relationship between
the extent of local skin radiation injury, the grade of acute
radiation sickness and mortality. Patients not selected for
bone marrow transplantation received supportive therapy
such as transfusions and antibiotics.

189. A total of 13 patients with estimated whole-body
doses of 5.6 to 13 Gy received bone marrow transplants at
the Institute of Biophysics of the Ministry of Health and
Clinical Hospital, Moscow [B40]. Two transplant
recipients, who received estimated radiation doses of 5.6
and 8.7 Gy, were alive more than three years after the
accident. The others died of various causes, including
burns (n = 5), interstitial pneumonitis (n = 3), graft-vs-host
disease (n = 2), and acute renal failure and respiratory
distress syndrome (n = 1).

190. Stable chromosome aberrations in circulating stem
cells, indicating residual damage in the stem and
progenitor cells, were used for retrospective dosimetry
[K45]. Unstable chromosome aberrations seemed to be a
less reliable proxy for average whole-body dose unless
evaluated shortly after exposure [T15].

191. The distribution of patients with acute radiation
sickness by severity of disease and range of absorbed dose
from whole-body gamma radiation is given in Table 11.
Among the 134 cases, 28 died within the first four months
of the accident. The causes of death are listed in the
UNSCEAR 1988 Report, Appendix to Annex G, “Early
effects in man of high doses of radiation” [U4]. In the early
period (14

�23 days after exposure), 15 patients died of skin
or intestinal complications and 2 patients died of
pneumonitis. In the period 24�48 days after exposure, six
deaths from skin or lung injury and two from secondary
infections following bone-marrow transplantation
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occurred. Between 86 and 96 days following the accident,
twopatients died from secondaryinfections and one patient
from renal failure [U4]. Underlying bone marrow failure
was the main contributor to all of these deaths.

192. There have been eleven deaths between 1987 and
1998 among confirmed acute radiation sickness survivors
who received doses of 1.3�5.2 Gy. The causes of death are
presented in Table 55. There were three cases of coronary
heart disease, two cases of myelodysplastic syndrome, two
cases of liver cirrhosis, and one death each of lung
gangrene, lung tuberculosis and fat embolism. One patient
who had been classified with Grade II acute radiation
sickness died in 1998 from acute myeloid leukaemia.

193. At exposures below 6 Gy, the bone-marrow depletion
was not the direct cause of death when prompt and
adequate treatment of the complications could be provided.
The therapy decreased the incidence and severity of
infectious complications and haemorrhagic manifestations
[G21, S33, W2].

194. Inflammation of the oropharynx (mucositis) was
apparent even at relatively low doses (1�2 Gy) of gamma
radiation 4�6 days following exposure. An unknown
influence of beta radiation could explain these findings. The
incidence of mucositis increased and reached 100% in
patients receiving gamma doses of 6�13 Gy. The patho-
genesis of the oropharyngeal syndrome is complex, as it is
determined by the initial radiation damage to the skin and
mucosa and further complicated by infections of viral,
bacterial and fungal species. Recovery of the mucosal epi-
thelium was observed even in severe acute radiation sickness
survivors, which is typical ofbeta radiation effects [G22, P10].
Acute gastrointestinal symptoms were observed in 15Cherno-
byl accident victims and were the most severe symptoms in 11
patients who received doses higher than 10 Gy.

195. Radiation skin burns were observed in 56 patients,
including 2 patients with combined radiation-thermal
burns. Alopecia, onycholysis, mucositis, conjunctivitis and
acute radiation ulcers were seen. There was a clear
correlation between extent of skin injury and severity of
acute radiation sickness. Skin damage varied from patient
to patient in terms of occurrence, severity, course and
extent. The clinical course of skin damage was shown to be
dependent on the skin exposure conditions, the beta/
gamma ratio, and the radionuclide contamination on skin
and clothing and in the environment [B29]. Absorbed
doses in skin exceeded bone marrow doses by a factor of
10�30 in some victims, corresponding to doses up to
400�500 Gy. From detailed analysis of clinical morphology

data, it can be stated that severe skin injury by beta
radiation of moderate energy (1�3 MeV) could be a major
cause of death if the damaged area exceeds 50% of the
bodysurface. Relativelysmaller areas of injury (10%�15%
of body surface) from high-energy beta exposure (134Cs,
137Cs, 106Ru, 90Y, 90Sr) with early development of necrosis-
ulceration require surgery and can cause long-term
disability [B29, G21, N3]. Surgical treatment was provided
to fifteen acute radiation sickness survivors with extensive
cutaneous radiation injuries, including ulcerations and
fibrosis, at University of Ulm between 1990 and 1996.
Follow-up of these survivors has not shown a single case of
skin cancer.

196. Cataracts, scarring and ulceration are the most
important causes of persistent disability in acute radiation
sickness survivors. The consequence of severe skin ulceration
is cutaneous fibrosis, which has been successfully treated with
low-dose interferon [P26]. The recovery of physical ability is
related to the severity of the initial symptoms of acute
radiation sickness. To limit occupational radiation exposures
of the acute radiation sickness survivors, legal measures
adopted in the Russian Federation and other countries of the
former Soviet Union have restricted their activities or caused
them to change their occupations.

197. Sexual function and fertility among acute radiation
sickness survivors was investigated up to 1996 [G2]. In the
majority of cases, functional sexual disturbances predomin-
ated, while fourteen normal children were born to acute
radiation sickness survivor families within the first five years
after the accident (in one family, the first newborn died from
sepsis, but a second, healthy child was born subsequently).

198. Patients with acute radiation sickness Grades III and IV
were severely immunosuppressed. Whereas haemopoietic
recovery occurs within a matter of weeks or, at most, months,
full reconstitution of functional immunity may take at least
half a year, and normalization may not occur for years after
exposure. This does not necessarily mean that after the acute
phase, i.e. the first three months, recovering patients display
major immunodeficiency, and it is not surprising that studies
of immune status did reveal pattern of changes in the blood
cell concentrations without clinical manifestations of
immunodeficiency [N3]. Nineteen parameters of the immune
system were investigated five and six years after the accident
in acute radiation sickness survivors (1

�9 Gy) and in persons
without acute radiation sickness (0.1�0.5 Gy) as well. For
higher doses of radiation, T-cell immunity may show
protractedabnormalities; however, theseabnormalities arenot
necessarily associated with clinically manifest immuno-
deficiency.
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IV. REGISTRATION AND HEALTH MONITORING PROGRAMMES

199. In order to mitigate the consequences of the Chernobyl
accident, registration followed by continuous monitoring of
the exposed populations was one of the priorities set by the
Ministryof Health of the former Soviet Union. In the summer
of 1986, Chernobyl registries were established for continuous
monitoring of the health status of the exposed populations
[M7,T12, W1]. Specializedpopulation-baseddiseaseregisters
were created to monitor haematological tumours [I10, W1].
These activities have continued in Belarus, the Russian
Federation and Ukraine since the dissolution of the USSR in
1991, with financial and technical support from many
countries of the world.

200. Following the first reports of an increased incidence
of thyroid cancer in children exposed to the radioactive
fallout during the early 1990s [B18, K11, P8], thyroid
cancer registries were developed in Belarus, the Russian
Federation and Ukraine [D2, R2, T4]. More recently,
specialized childhood cancer registries began to be
developed in these countries [V7].

201. Considering the potential long-term health conse-
quences of the Chernobyl accident, the existing general
population cancer surveillance systems in Belarus, the
Russian Federation and Ukraine have attracted particular
attention. International researchers started to assess the
functioning of these systems as well as their quality and
completeness in comparison with the cancer registries in
many Western countries and to evaluate their potential for
research purposes [S6, W10]. To provide a basis for
interpreting the health effects reported from epidemio-
logical studies, this Chapter reviews the available
information on registers and their follow-up.

A. REGISTRATION AND MONITORING
OF EXPOSED POPULATIONS

1. The Chernobyl registries

202. In May 1986, the Ministry of Health of the USSR
convened a conference of Soviet experts on the treatment
and follow-up of radiation-exposed individuals [M7]. This
conference recommended the establishment of a special
registry to assist in the delivery of primary health care,
treatment, and follow-up and to provide a basis for the
long-term monitoring of the Chernobyl-exposed popula-
tions. Governmental orders issued by the Ministry of
Health in 1987 provided the basis for creating the All-
Union Distributed Clinico-Dosimetric Registry and for
appointing the Medical Radiological Research Centre at
Obninsk as the institution responsible for the development
and maintenance of this registry [T12]. Compulsory
registration and continuous monitoring of the health status
was introduced for four population groups (primary
registration groups): group 1, persons engaged in the

recovery operations following the accident (liquidators);
group 2, persons evacuated from the most contaminated
areas (137Cs deposition >1,480 kBq m�2); group 3, residents
of highly contaminated areas (137Cs deposition >555 kBq
m�2); and group 4, children born after the accident to those
registered in groups 1�3.

203. For the purpose of data collection, registries were
established at the national, regional and district levels, as well
as in certain ministries that provide health care for their
employees independent of the general health care network.
Four special data collection forms were introduced [M7, W1]:
registration, clinical examination, dosimetry and correction
form.

204. Persons were registered in the All-Union Registry
upon presentation of their official documents of work or
residence in the Chernobyl zone, mainly during the com-
pulsory annual medical examination in the outpatient
department of the district hospital responsible for their
place of residence (see Section IV.A.2). In return, each
person obtained a special registration document enabling
him/her toobtain special Chernobyl-related social benefits.
At the time of the dissolution of the USSR, the All-Union
Registryhad accumulated data on 659,292 persons, 43% of
whom were recovery operation workers (group 1), 11% of
whom were persons evacuated from the most contaminated
areas (group 2), and 45% of whom were persons living in
contaminated areas (group 3); the remaining 1% were
children of groups 1�3 (group 4) [W7].

205. Since 1992, the national Chernobyl registries have
continued to operate, but independently, with only basic data
items in common. Although the registries continue to employ
the general registration techniques and categories developed
during the Soviet era, theyhave evolved separately in terms of
the population groups and/or data items that are covered, data
quality, dose-reconstruction methodology and follow-up
mechanisms [W12]. This must be kept in mind when
interpreting and comparing results from the three countries
most heavily exposed as a consequence of the accident.

206. Successive publications usingChernobyl registrydata
sources show ever-increasing numbers of persons
registered. Whereas at the beginning, the Chernobyl
registry of Belarus contained information on 193,000
persons, 21,100 of whom were reported to have worked as
recovery operation workers [W7], at the beginning of 1995
this number had risen to 63,000 [O2]. Similarly, the
number of persons registered in the Russian National
Medical and Dosimetric Registry as belonging to one of the
four primaryregistration groups has increased steadilyover
the years (Figure XXIII). The legal statute regulating
medical criteria for disability and invalidity has changed
over the years, and as a result the number of individuals
included in the registries has increased [O4, W7].
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Figure XXIII. Number of persons registered in the
Russian National Medical and Dosimetric Registry as
exposed to ionizing radiation as a consequence of the
Chernobyl accident [I14].

207. All persons included in the Chernobyl registries
continue to receive active follow-up. This follow-up was
centralized for a number of years in the former Soviet
Union. Subsequently it has been performed in the three
successor countries. Originally, the Chernobyl registration
process was grafted onto an existing infrastructure, but the
follow-up of the exposed populations is more specific and
concerns all age ranges, including retired persons, who
would not normallyhave received medical follow-up, since
this is confined to the working population.

208. Compulsory annual medical examinations are con-
ducted by a general practitioner in the outpatient depart-
ment of the district hospital at the official place of residence.
The information ascertained during these examinations is
systematically reported to the Chernobyl registry by means
of the specially devised clinical examination form [T12,
W1]. In case a more severe health condition is suspected,
the patient is referred tospecialized health-care institutions
for diagnosis and treatment.

2. Specialized registries

209. In addition to the Chernobyl registries, the Russian
Federation keeps specialized registries of Chernobyl-
exposed populations. Whereas the primary information on
persons included in these registries is systematically
reported to the Russian National Medical and Dosimetric
Registry, the specialized registries generally contain more
detailed information on exposure and follow-up.

210. The follow-up mechanisms for the specialized registries
follow the same principles as those for the Chernobyl
registries. However, medical services and annual medical
examinations are provided at special medical facilities of the
respective Ministry. The provision and quality of services at
these special facilities are generally considered to be better
than those offered by the general health-care network [W10].
Follow-up in the special medical facilities ceases with

termination of employment (other than retirement), after
which the person returns to the general health-care regime.

211. The Registry of Professional Radiation Workers is
maintained by the Institute of Biophysics in Moscow. It
contains information on 22,150 professional radiation
workers who participated in recovery work. Approximately
18,600 of them currently live in the Russian Federation, and
13,340 worked in the Chernobyl area in 1986

�1987. The
radiation doses for these workers were monitored with
personal dosimeters. The Registrycurrentlycontains doses for
approximately 50% of the workers; doses for the remainder
are being collected and entered into the database.

212. Medical examinations of persons included in the
Registry of Professional Radiation Workers are carried out in
about 70 medical facilities of the Ministry of Health. The
oncology service of the Institute of Biophysics verifies the
diagnosis of all cases of cancer and extracts information from
case histories. Before 1993, no information was collected on
the date of diagnosis or cause of death. Of the 22,150 workers
registered at the beginning, only 18,430 are currently being
followed [T13].

213. The Registry of Military Liquidators, operated by the
Military Academy at St. Petersburg, contains information on
persons from all over the former USSR who were drafted by
the Ministry of Defence to help in the recovery work after the
accident. Their doses were mainly determined through time
and motion studies. Information on places and dates of work
in the Chernobyl area has been recorded in the registers. The
medical follow-up of the approximately 15,000 servicemen
included in the registry is carried out at local polyclinics and
specialized dispensaries of the Ministry of Defence. Another
group ofapproximately40,000 persons who were sent towork
in the Chernobyl area by the Ministry of Defence are followed
in the general civilian network of health care.

214. Among the recovery operation workers, there are
about 1,250 helicopter pilots and crew. All individuals with
doses of more than 250 mGy were hospitalized for careful
medical examination as soon as their work was finished.
No sign of radiation sickness was found. A list of persons
is maintained by the Russian Aviation Medicine Institute
[U15]. The Aviation Medicine Institute carries out periodic
examinations of helicopter pilots; results have been
published on groups of 80 to 200 of them, including
military pilots and crew members who flew over Unit 4 of
the Chernobyl reactor in April and May 1986 [U15].

B. REGISTRATION OF MORTALITY AND
DISEASE IN THE GENERAL POPULATION

1. Mortality

215. Mortality statistics are one of the main measures of
health outcome used in epidemiological studies. In the
countries of the former USSR, and throughout the world,
registration of death is the responsibility of vital statistics
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departments. For each death, a medical death certificate
(medical document) is completed by the attending physician
or by a medically trained person. The death is then registered
at the district vital registration department by completing a
death registration act (legal document), which provides
authorization for burial. The medical death certificate in use
in the countries of the former USSRhas followed international
recommendations since the 1980s [W10]. The quality of the
death certificates depends on the competency of the person
completing them, and the validity of the death certificates has
probably changed over time.

216. A copy of the death registration act is forwarded to the
regional vital registration department, which is in charge of
the coding and the preparation of annual regional mortality
statistics. The cause of death is coded using a slightly
modified version of the Ninth Revision of the International
Classification of Diseases B-List [S6]. Regional mortality
statistics are submitted to the national statistical authority for
the compilation of annual national mortality statistics.

217. As part of a general policy of censorship of demo-
graphic and health statistics, the use of mortality statistics
for research purposes was severely restricted during the
Soviet era [R1]. The main use of the mortality statistics
was health planning. Since the dissolution of the Soviet
Union into independent countries, however, such data have
been readily available.

2. Cancer incidence

218. Cancer diagnosis and treatment were the responsibility
of oncological dispensaries throughout the Soviet Union.
Cancer patients were followed by the district hospital at the
official place of residence. Certain malignant neoplasms, such
as haematological neoplasms, childhood cancers, and certain
rare tumours, e.g. brain and eye, are diagnosed and treated
outside the network of oncological dispensaries [W10].

219. Based on the existing oncological infrastructure, cancer
registration was made compulsory in 1953 throughout the
USSR [N6]. The cancer registration process, which still
applies today in the successor countries, involves the passive
reporting of newlydiagnosed cancer cases and information on
their follow-up to regional cancer registries at the regional
oncological dispensaries in the patient’s place of residence
[W10].

220. The patient cards maintained at the regional cancer
registries are continuously updated with the information
received from the cancer registration documents. After a
cancer patient dies, the card is removed from the active
cancer registry for storage in archives. Information on
cancer deaths is gathered at regular intervals from the vital
registration departments, and trace-back procedures are
initiated for persons not registered during their lifetimes.

221. Annual cancer statistics are compiled at both the
regional and national levels. Two basic reports are compiled
manually each year. The cancer incidence report provides the

number of cases according to sex, age group and cancer site,
and the cancer patient report provides basic information on
prevalence as well as on the diagnosis, treatment and survival
of the patient. Death certificates and autopsy reports as
information sources have been used since 1961, but the
registration of leukaemia became compulsory only in 1965
[R1]. Thus, cancer statistics that meet the Western definition
of cancer registries have existed only since 1966 in the
countries of the former Soviet Union [W10].

3. Specialized cancer registries

222. Haematological cancer registries were set up in Belarus,
the Russian Federation and Ukraine shortlyafter the accident,
but thyroid cancer registries only started to appear during the
early 1990s, after first reports of an increase in thyroid cancer
following the Chernobyl accident. Specialized childhood
cancer registries were set up only recently because the quality
of the general registration was questionable [V7].

223. These specialized cancer registries are for cancers that
are mainly diagnosed outside the network of regional
oncological dispensaries. The registration of these cancers in
the national cancer registries is likely to be less complete than
for cancers directly diagnosed and registered in the
oncological dispensaries. An important difference between the
national cancer registries and the specialized cancer registries
is that case ascertainment is passive in the former and active
in the latter. Active reporting systems generally achieve a
higher degree of completeness, as cancer registry personnel
directly and systematically abstract the information from the
source. Furthermore, specialized cancer registries generally
record more detailed information on the clinical featuresof the
tumour than do general cancer registries.

(a) Haematological cancer registries

224. In Belarus, the National Register of Blood Diseases is
operated by the Institute of Haematology and Blood
Transfusion in Minsk. Although activities only started in
1987, data since 1979 have been collected retrospectively. The
registry covers the entire population of Belarus and receives
details of cases of leukaemia, lymphoma and related blood
diseases from haematological departments and oncological
dispensaries and from autopsies. Information in this registry
has, however, only recently been computerized.

225. The Registry of Leukaemia and Lymphomas in the
Bryansk region (Russian Federation) records all relevant
cases in all ages in this region, including a retrospective
assessment since 1979. Before 1986, however, the registry
is reported to be incomplete [W1].

226. Little is known about the Ukrainian Registry of
Haemoblastosis (term used in the Russian language) that
covers leukaemia, lymphomas and related non-malignant
diseases, such as polycythaemia vera, aplastic anaemia and
sideroblastic anaemia. The registry is operated by the
Ukrainian Centre for Radiation Medicine and is designed
to record all cases of haemoblastosis in the Ukrainian
resident population [W1].



ANNEX J: EXPOSURES AND EFFECTS OF THE CHERNOBYL ACCIDENT 493

(b) Thyroid cancer registries

227. In Belarus, the Thyroid Surgery Registry is operated by
the Scientific and Practical Centre for Thyroid Tumors at the
Institute of Medical Radiology and Endocrinology, Minsk
[D2, P2]. This registry includes only patients with thyroid
disorders treated at the Centre. A comparison between the
registry data and data obtained from pathologists indicated
that it is incomplete for thyroid cancers diagnosed during
adolescence and adulthood, as these are mostlydiagnosed and
treated at the regional level [C6]. The number of thyroid
cancer cases reported from Belarus in different scientific
publications varies according to the age range considered and
depends on whether case series were abstracted from the
Thyroid Surgery Registry only [P2], whether they were
complemented by incidence data [B11], or whether onlycases
known to the national cancer registry were used [K40].

228. In the Russian Federation, the Thyroid Cancer Registry
has been created for the Bryansk and Tula regions; it includes
data on all cases of thyroid cancer since 1981 [R2]. In
Ukraine, a clinical morphological register of thyroid cancers
has been created at the Institute of Endocrinology and
Metabolism in Kiev [T4]. This registry includes data on all
thyroid cancer cases in which the patients were under the age
of 18 years at the time of the Chernobyl accident, as well as
retrospective data since 1986. Information is gathered from
two sources: (a) data on all cases treated at the surgery
department of the Institute of Endocrinology and (b) data on
thyroid cancer cases from the national cancer registry,
diagnosed throughout Ukraine. In 1986

�1994, onethirdofthe
total of 531 cases recorded was identified from surgical
records. Data qualityand the amount of detail available in this
registry is likely to vary, depending on the data sources. Also,
thyroidcancer cases occurring in theChernobyl-contaminated
areas are more likely to undergo surgery in Kiev than cases
occurring in other areas.

(c) Childhood cancer registries

229. Publications on childhood thyroid cancer or haemato-
logical malignancies generally are based on data from the
corresponding specialized cancer registries [D2, I10, I31,
T4] or, in the case of childhood thyroid cancers, from
population screening programmes [I26, T5]. A new
specialized registry, the Belarusian Childhood Cancer
Registry, was created at the Institute of Oncology and
Medical Radiology in 1996. Data are reported from centres
diagnosing and treating children. Similarly, childhood
cancer registries are also being created for the Bryansk and
Tula regions of the Russian Federation [R2].

(d) Registers of hereditary disorders and
congenital malformation

230. A national monitoring system for hereditary diseases
exists in Belarus at the Institute for Hereditary and Con-
genital Diseases [L8]. Reporting is compulsory since 1979
for anencephaly, spina bifida, cleft lip and palate, poly-
dactyly, limb reduction defects, oesophageal and anorectal

atresia and Down’s syndrome. In addition, reporting of
multiple congenital malformations became compulsory in
1983. Morphogenesis defects in embryos and early fetuses
have been recorded since 1980.

231. The comparabilityof registries of congenital malforma-
tions with similar registries from countries outside the former
Soviet Union is generally considered to be poor owing to the
great variation in definitions of the included parameters.
Differences are found in defining the geographical location
(e.g. place of residence of the mother or place of birth of
the child), in the definition and coding of the diagnosis,
and in coverage (live births, stillbirths, induced abortions,
fetal deaths, spontaneous abortions) [L8, L20]. There has
been no independent assessment of the quality and
completeness of this registry, in particular for the period
before the Chernobyl accident.

C. QUALITY AND COMPLETENESS OF
REGISTRATION

1. Registers of exposed populations

232. The ever-increasing number of persons registered in
the Chernobyl registries raises the crucial question of
whether and when the registration of the exposed popula-
tion groups can ever be reasonably complete. The legal
statute regulating medical criteria for disability and invalidity
in citizens of the Russian Federation was promulgated in
1991. According to this law, the causal association between
the Chernobyl accident and disease, death, or invalidity can
be established independently of the absorbed dose received
or the health status of the person before the accident. As a
result of this law, the number of individuals included in the
register has increased over the past years [O4, W7]. Some
registration increases occur as the people exposed as a
result of the accident grow older, become ill, and seek
registration to obtain social benefits. Any difference between
the health status of exposed persons registered in recent
years in the Chernobyl registries and that of exposed
persons registered in earlier years could introduce bias into
epidemiological studies using these data. However,
preliminaryanalysis in Belarus and the Russian Federation
appears to indicate that the health status distribution of the
newly registered workers is similar to that of the workers
registered previously [P18].

233. To obtain a more reliable and complete enumeration
of a cohort of Chernobyl recovery workers for epidemio-
logical purposes, Estonian researchers used four indepen-
dent data sources:

(a) records of military personnel, both regular personnel
and reservists, who were sent to the Chernobyl area;

(b) The Estonian Chernobyl Radiation Registry;
(c) members of the Estonian Chernobyl Committee, a

non-governmental organization that aims to obtain
compensation and health-care benefits for the recovery
workers;
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(d) files from the Ministry of Social Welfare of Estonia,
which had conducted an independent registration of
recovery operation workers for social benefits.

By using multiple data sources, the information on 83% of
the 4,833 Estonian men who worked in the Chernobyl area
could be ascertained from two or more sources [T6].

234. It remains unclear to what extent a verified diagnosis
in the more specialized institutions is actually reported to
the Chernobyl registries. One study indicated that almost
half of the leukaemia diagnoses in the Russian Federation
Chernobyl registry were not confirmed [O1]. By contrast,
in Belarus, where a national registry of haematological
malignancies was created following the Chernobyl
accident, this information has been periodically reported to
the Chernobyl registry in recent years.

235. Caution should be observed when comparing the
mortality experience in the Chernobyl registry populations
with national background mortality rates. The Chernobyl
registries obtain mortality information from next-of-kin
whenever the person under observation does not present
himself/herself for the annual medical examination and/or
from official death certificates, which are screened for
information. The Chernobyl registry does not use the coding
rules implemented by the official demographic authorities but
often uses the existing medical information to code the
appropriate cause of death in the Chernobyl registry. As a
result, the mortality information available in the Chernobyl
registries is often more specific and has a higher degree of
completeness than official demographic sources.

236. Understanding the registration processes, coding and
quality changes over time is essential for researchers to
appropriatelyconduct and interpret epidemiological studies
using Chernobyl related data. More research is needed to
document the methods of data collection and the quality of
data collected in the framework of the Chernobyl registries.

2. Registers of the general population

237. Mortality. Very little information exists on the quality
of mortality statistics from countries of the former Soviet
Union. During the late 1970s, a study was conducted to
compare the quality of cause-of-death coding in seven
countries, including the USSR [P22]. The results showed that
for a standard set of 1,246 causes of death related to cancer
there were no differences in the qualityof coding in the USSR
and in the other participating countries. However, for this
particular study, an expert pathologist performed the coding
in the USSR, whereas in the rest of the countries a vital
statistics official did the coding. A study is currently under
way comparing the coding for the same 1,246 cause-of-death
series as performed by the actual coders of a number of
regional vital registration departments in Belarus, the Russian
Federation and Ukraine.

238. Mortality rates in the three countries declined in
1984

�1987, increased in 1987�1994 [L38], and were more

stable in recent years [L37]. International comparisons of
mortality statistics show higher rates for deaths from
cardiovascular disease and violence in theRussian Federation.
[M8]. Although differences in data qualitycannot be excluded
entirely, recent evidence suggests that increased alcohol
consumption may account for a substantial portion of the
difference in mortality patterns between the countries of the
former Soviet Union and Western countries [L37, L38, W11].

239. Mortality data are used in epidemiological studies as
endpoints for individual follow-up of exposed populations
or in aggregated form as mortality rates in geographically
defined populations. Although changes in mortality
patterns in the countries of the former Soviet Union are not
related to radiation exposure, they must be taken into
account when interpreting epidemiological studies using
these data. In these countries, individual mortality data are
available only on paper at the district level. The absence of
centralized, computerized mortality registries poses
considerable difficulty, particularly in tracing subjects who
have moved from one area to another [O1].

240. Cancer incidence. A survey of cancer registration
techniques in the countries of the former Soviet Union [W10]
showed a number of important differences compared to
Western countries. First, cancer registries in Western
countries were created for research purposes, whereas in the
Soviet Union they were created for health-planning purposes.
The system in operation in the countries of the former Soviet
Union functions as a public health surveillance system with
fast reporting of statistics (three months after the end of a
reporting year). The impact of the fast reporting on the quality
of the information is unknown. Second, many data items are
coded independently of the internationally recommended and
accepted classification schemes. This is particularly relevant
for one of the most important data items in cancer
registration: tumour pathology. This may have important
implications for the quality of the data recorded. Third,
standard concepts for verifying the quality and completeness
of registries, widely used for Western cancer registries, are
virtuallyunknown in the countries of the former Soviet Union.
Finally, personal identification is based on names. Differences
in spelling, the increasing use of national languages rather
than the Russian language, and the increasing mobility of the
population raise questions about the correctnessof the identifi-
cations. Whereas probabilistic record-linkage procedures are
used for this purpose in Western cancer registries, these
procedures remain unknown in the countries of the former
Soviet Union.

241. Of the countries most contaminated by the Chernobyl
accident, only Belarus had a centralized cancer registry in
operation before the accident. In the 1990s, the Russian
Federation and Ukraine began developing computerized
cancer registration software and regional registration
networks, and Belarus worked to modernize the system in
operation there. This work of gradually adjusting the cancer
registration techniques in these countries to satisfy
international standards isbeingconductedwithin a framework
ofinternational collaboration toensure adequate training[S6].
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242. A computerized central cancer registry was established
in Belarus as early as 1973, and computerized cancer
incidence data have been available since 1978 [O4]. However,
owing to the lack of resources, the data were computerized
anonymously during the early years of operation. In 1985
personal-computer-based cancer registration was developed,
including appropriate information on the individuals. Since
1991 a computerized network has provided the basis for
cancer registration in Belarus.

243. Efforts to computerize cancer registration in Ukraine
started at the beginning of the 1990s [W10]. By the end of
1997, computerized cancer registration had been
implemented in many regions. Approximately 82% of the
population of Ukraine was covered at that time, and
nationwide coverage is expected by the year 2000. In recent
years, the Russian Federation has also started to develop a
computerized cancer registration system [W10]. Full
coverage of the population of the Russian Federation with
computerized cancer registration technology has to be seen
as a long-term goal. In any case, priority will be given to
computerizing the Chernobyl-contaminated regions and a
number of control regions.

244. Probably the main source of international cancer
incidence statistics is the series Cancer Incidence in Five
Continents, published by the International Agency for
Research on Cancer (IARC) at five-year intervals since the
late 1960s. Although cancer registries all over the world
are invited to contribute data, only data sets satisfying the
defined quality standards are accepted for publication. No
data from the USSR were included in any of the early
volumes, although a supplement to Volume III, “Cancer
incidence in the USSR”, was published jointly by IARC
and the USSR Ministry of Health in 1983 [N6]. The two
most recent volumes, presenting data for 1983

�1987 and
1988�1992, include data from Belarus, Estonia and Latvia,
and data from St. Petersburg and Kyrgyzstan were
published in the earlier of the two volumes. However, the
editors warned that all data from the countries of the
former Soviet Union (except data from Estonia) may
under-ascertain the number of cases, may lack validity, or
may be inaccurate with respect to the denominators of the
rates [P17, P23].

D. INTERNATIONAL COLLABORATIVE
SCREENING PROJECTS

245. For more than three years after the Chernobyl accident,
efforts to mitigate its consequences were considered by the
Soviet Union to be exclusively an internal matter.
International collaborations started to develop in 1990 and
have since played a substantial role in the assessment of the
health consequences of the Chernobyl accident.

246. Soviet health authorities initiated screening activities
in June 1986 throughout the areas most affected by the
accident. Initially, these activities were locally organized;

large-scale screening was not started until the early 1990s.
A description of the organization, completeness, and results of
these efforts has not yet been published.

1. The International Chernobyl Project

247. In 1990�1991, IAEA organized the International
Chernobyl Project [I1] at the request of the Government of
the USSR. International experts were asked to assess the
concept the USSR had developed that would enable the
population to live safely in areas affected by radioactive
contamination following the Chernobyl accident; theywere
also asked to evaluate the effectiveness of the steps taken
in these areas to safeguard the health of the population.
The International Chernobyl Project investigated the
general health of the population of seven rural settlements
in Belarus, the Russian Federation and Ukraine and of six
control settlements using an age-matched study design
[M10]. Psychological health, cardiovascular, thyroid and
haematological disorders, cancer, radiation-induced
cataracts and fetal anomalies were also investigated, and
cytogenetic studies were carried out.

2. The IPHECA project

248. In 1992�1995, WHO conducted an International
Programme on the Health Effects of the Chernobyl
Accident (IPHECA). A number of pilot projects surveying
registration activities, radiation- dose reconstruction,
haematological disorders, thyroid disorders, brain damage,
and oral health were carried out. The IPHECA Dosimetry
Project reconstructed radiation doses from measurement
surveys of the populations of contaminated and evacuated
areas [W1, W13].

3. The Chernobyl Sasakawa Health and
Medical Cooperation Project

249. Between 1991 and 1996, the Sasakawa Memorial
Health Foundation sponsored the largest international
programme of screening of children following the Chernobyl
accident. The project aimed at assessing the anxiety and
health effects in the people affected by the Chernobyl accident
through large-scale population screening. Children were
selected as the target population for the screening. Regional
diagnostic centres were set up in Gomel and Mogilev in
Belarus, in Klincy(Bryanskregion) in the Russian Federation,
and in Kiev and Korosten (Zhitomir region) in Ukraine to
screen children by means of mobile examination units [S38].

250. Standard examination protocols and questionnaires
focussing on thyroid disorders, haematological disturbances
and radiation dose were used. The examination included
collection of disease history and anthropometric data,
dosimetric measurements using whole-body counters,
ultrasonography of the thyroid, general blood count,
determination of thyroid hormones in the serum,
determination of iodine and creatinine in the urine, and
examination by a paediatrician. When abnormalities were
found, the child was referred to the regional diagnostic
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centre for comprehensive examination and appropriate
treatment. During the course of the project (May 1991-
April 1996), approximately 120,000 children were
examined. The results are given in Chapter V [H2, I16,
I21, I26, S7, Y1].

251. International collaborative efforts are continuing, and
several studies of the effects of the accident are underway.
An example is a project to establish a tissue bank of thyroid
carcinomas from all of the three most affected countries,
which has as participating organizations the European
Union, National Cancer Institute of the United States, the
Sasakawa Memorial Health Foundation, the World Health
Organization, and the health ministries of Belarus, the
Russian Federation and Ukraine..

E. SUMMARY

252. Following the Chernobyl accident, compulsory
registration and continuous health monitoring of recovery
operation workers and residents of the most contaminated
areas, including their offspring, were initiated throughout the
Soviet Union. Until the end of 1991, the All-Union
DistributedClinico-DosimetricRegistryrecorded information
on 659,292 persons. After the dissolution of the Soviet Union
into independent states, national Chernobyl registries have
continued to operate, but independently. Changes in national
registration criteria, compensation laws, dose-reconstruction
methods, and follow-up mechanisms increasingly limit the
comparability of data from the different national sources.
More detailed registries of exposed populations exist in the
Russian Federation (Registry of Professional Radiation
Workers, Registry of Military Workers and the cohort of
Helicopter Pilots and Crew). The quality and completeness of
these registries remain largely unknown, however.

253. The number of people registered in the national
Chernobyl registries continues to increase, even in recent
years, which raises questions about the completeness and
accuracy of registration. Information on mortality and
cancer incidence is collected from many different sources
and is coded independently of international guidelines.
Evidence from recent cohort studies suggests that the
Chernobyl health outcome data cannot be successfully
compared with health data obtained from official statistical
sources.

254. Systematic linkage of the Chernobyl registry
population data with existing mortality and/or cancer
incidence registries and the subsequent comparison of the
health outcome experience in the cohort with the
corresponding national reference statistics could be a
valuable tool for epidemiological research. Internal
comparisons, e.g. using a low-dose comparison group, are
likely to provide information on risks associated with
ionizing radiation in the future. However, complete
information on, e.g. previous exposure to ionizing
radiation in an occupational setting, will most probably
only be available for small sub-cohorts.

255. Health outcome registries are an important source of
information for assessing the consequences of the
Chernobyl accident. Their primary advantage is that the
information was collected in a systematic way before and
after the accident and that the criteria for data collection
are the same in all countries of the former Soviet Union.
However, most of these registries, whether related to
mortality, cancer incidence, or special diseases, continue to
be largely operated manually, which seriously limits their
use for epidemiological research purposes. The Chernobyl
accident led to major international efforts to computerize
cancer incidence and special disease registries and to
improve their registration methods so as to comply with
international standards. However, mortality registration
systems have received little attention so far. Information on
the quality and completeness of these systems remains
scarce.

256. Compulsory cancer registration was introduced
throughout the former Soviet Union in 1953. The system
relies on passive reporting of information on all newly
diagnosed cancer cases to the regional cancer registry for
the patient’s place of residence. Since the early 1990s,
there have been efforts to computerize the existing systems
and to gradually improve their quality to satisfy
international standards. Belarus has been covered with a
network of computerized cancer registries since 1991.
Computerization is well advanced in Ukraine, and full
population coverage is expected soon. In the Russian
Federation, efforts to develop computerized cancer
registration started only recently and will be concentrated
in contaminated areas and control areas.

257. Specialized population-based registries for haemato-
logical malignancies and thyroid cancer were set up in the
wake of the Chernobyl accident and in response to the
unknown quality and lack of detail for these sites in the
general registries. Childhood cancer registries were
recently developed for the same reasons. Quality assess-
ments of these registries are underway. Other registries for
hereditary disorders and malformations exist, but their
quality and completeness have not so far been indepen-
dently assessed.

258. Shortly after the Chernobyl accident, efforts were
devoted mainlytodeveloping adequate registration systems
for future follow-up of those population groups most
affected by the radionuclide deposition. More recently,
international collaborations have helped to modernize the
existing disease registration infrastructure. However,
information on the quality and completeness of all these
registries is still very scarce. The usefulness of the vast
amount of data collected will become clearer in the coming
decades as the long-term consequences of the accident are
studied. In particular, matching the health outcomes with
the dosimetric data described in Chapter II, will be of great
importance.
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V. LATE HEALTH EFFECTS OF THE CHERNOBYL ACCIDENT

259. The studies of late health consequences of the
Chernobyl accident have focussed on, but not been restricted
to, thyroid cancer in children and leukaemia and other cancer
in recovery operation workers and residents of contaminated
areas. Many studies have been descriptive in nature, but until
individual dosimetryiscompleted, proper controlsestablished,
and methodological requirements satisfied, the results will be
difficult to interpret. Quantitative estimates and projections
will certainly be very unreliable without individual and
reliable dose estimates.

260. The late health effects of the Chernobyl accident are
described in this Chapter. These effects include malignancies,
especially thyroid cancer and leukemia, non-malignant
somatic disorders, pregnancy outcome and psychological
effects. The focus will be on health effects in the most
contaminated areas, but possible effects in other parts of the
world will also be considered.

A. CANCER

1. Thyroid cancer

(a) Epidemiological aspects

261. Thyroid carcinomas are heterogeneous in terms of
histology, clinical presentation, treatment response and
prognosis. Although rare, they are nevertheless one of the
most common cancers in children and adolescents. Thyroid
cancer is known to be more aggressive in children than in
adults, but paradoxically, the prognosis is supposed to be
better in children [V8]. Several risk factors have been
suggested for thyroid cancer, but only ionizing radiation
has been found to have a causative effect, although a
history of benign nodules, miscarriages, iodine deficiency
or excess, and an elevated level of thyroid-stimulating
hormones have been discussed as causative factors [F9,
R18]. Risk factors for thyroid cancer are discussed in
Annex I, “Epidemiological evaluation of radiation-
induced cancer”.

262. The childhood thyroid gland is, besides red bone
marrow, premenopausal female breast, and lung, one of the
most radiosensitive organs in the body [U2]. Age at
exposure is the strongest modifier of risk; a decreasing risk
with increasing age has been found in several studies [R7,
T20]. Among survivors of the atomic bombings, the most
pronounced risk of thyroid cancer was found among those
exposed before the age of 10 years, and the highest risk
was seen 15�29 years after exposure and was still
increased 40 years after exposure [T20]. The carcinogenic
effect of 131I is less understood, and the effects of
radioiodine in children have never been studied to any
extent, since medical examinations or treatments rarely
include children [H6]. Similar to the studies of atomic

bomb survivors, there is little evidence of an increasing
risk for exposures occurring after age 20 years [H6, T20].

263. As seen in Tables 56�58 an increasing number of
thyroid cancers among children and adolescents living in
areas most contaminated by the accident have been
diagnosed in the last 12 years. Among those less than 18
years of age at exposure, 1,791 thyroid cancers were
diagnosed during 1990�1998 (complete information is not
available for the Russian Federation). The increase in all
three countries for 1990�1998 was approximatelyfourfold,
with the highest increase seen in the Russian Federation.
The increase in absolute numbers seems to have leveled
off, particularly for the older age-at-exposure cohorts. It
should be emphasized that the source population in Belarus
is approximately 1.3 million, in the Russian Federation
300,000 (only one region) and in Ukraine 9 million
children.

264. As previously discussed in this Annex, there are
considerable uncertainties in the estimates of individual
thyroid doses to the population in the contaminated areas.
More than 80% of the dose from internal exposure was
estimated to be from 131I [Z1]; external exposure contributed
only a small proportion of the thyroid dose [M4] (see
Section II.C.2.a).

265. Two recent studies [F13, R17] found an elevated risk
of thyroid cancer mortality following adult 131I treatment
for hyperthyroidism, which is in contrast to previous
studies ofhyperthyroid patients [H14] or patients examined
with 131I [H6]. The reason for referral, i.e. the underlying
thyroid disorder, could have influenced the risk, since the
highest risk was seen less than five years after exposure.
The thyroid dose (60�100 Gy) received by most
hyperthyroid patients had previously been considered as
having a cell-killing rather than a carcinogenic effect.

266. In a recent paper by Gilbert et al. [G23], thyroid
cancer rates in the United States were related to 131I doses
from the Nevada atmospheric nuclear weapons tests. The
analysis involved 4,602 thyroid cancer deaths and 12,657
incident cases of thyroid cancer. An elevated risk was
found for those exposed before the age of one year and born
during the 1950s, but no association with radiation
exposure was seen in older children in the age range 1�15
years. It could be that migration complicated the dose
assessment and case identification. The authors concluded
that the increase was most likely due to the 131I exposure,
but the geographical correlation approach, i.e. lack of
individual doses and information on residency, precluded
them from making quantitative estimates of risk related to
exposure. Further, 131I exposures from nuclear weapon tests
in other countries were not taken into account, nor were
other releases such as those that occurred from the Hanford
site [R22].
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267. Between 1944 and 1957, the Hanford site in the United
States released large quantities of 131I into the atmosphere
during fuel processing. In the Hanford Thyroid Disease Study,
thyroid doses were estimated for 3,193 individuals, and the
mean thyroid dose was 186 mGy [R22]. Initial results of the
study indicated that a diagnosis of thyroid cancer could be
made for 19 participants, but no dose-response relationship
was apparent. The final report is yet to be published.

268. Prisyazhiuk [P8] described in 1991 three cases of
childhood thyroid cancer in Ukraine that were diagnosed in
1990, in contrast to no diagnosed cases during the preceding
eight years. A screening effect was discussed, and it was
postulated that “these thyroid cancers might represent the
beginning of an epidemic”. In the following year, Kazakov et
al. [K11] reported 131 cases of childhood thyroid cancer in
Belarus. The geographical distribution suggested a
relationship with the ionizing radiation caused by
radionuclides released from the Chernobyl accident, but
unexplained differences existed. Most cases had been
confirmed by a panel of international pathologists [B18].
Increased risks of childhood thyroid cancer were later
reported in Ukraine [L6, T2] and, more recently, in the part
of the Russian Federation most contaminated by the
Chernobyl accident [S19, T1].

269. The large number of cases appearing within five years
of the accident was surprising, since it had been believed that
thyroid cancer needed an induction and latency period of at
least 10 years after exposure to ionizing radiation [U2]. The
findings were challenged, the major concerns being the
influence of an increased awareness and of thyroid cancer
screening [B23, R8, S5].

270. The numbers of thyroid cancers in children born before
26 April 1986 and who were less than 15 years of age at that
time by country/region and year of diagnosis are given in
Table 56 and illustrated in Figure XXIV. The corresponding
incidence rates are given in Table 57 and Figure XXV
Childhood thyroid cancers in heavily contaminated areas
show 5

�10-fold increases in incidence in 1991�1994
compared to the preceding five-year period. The number of
childhood thyroid cancers occurring from 1990 to 1998 in a
wider age range of children (0�17 years old at time of the
accident) is presented in Table 58. It should be noted that
many of the cases were diagnosed in adolescents and young
adults and that only few of them have undergone
histopathological review. The numbers given in Tables 56�58
are not entirely consistent, since various sources of
information have been used (see Section IV.B.3.b).

271. Kofler et al. [K41] recently described thyroid cancer
in children 0�14 years old at the time of the accident in
Belarus. Through the Belarus cancer registry, 805 thyroid
cancers were found by the end of 1997. The distribution
with time and by age at exposure is presented in Figure
XXVI. It can be seen that children 0�4 years old at the
time of the accident still have an increase in absolute
numbers of thyroid cancers, while the number of thyroid
cancers diagnosed among those who were 5�9 years old

Figure XXIV. Number of thyroid cancers in children
exposed before the age of 14 years as a result of the
Chernobyl accident [I23, K41, T2, T16].

Figure XXV. Thyroid cancer incidence rate in children
exposed before the age of 14 years as a result of the
Chernobyl accident [I23, K41, T2, T16].

seems to decrease after 1995. In those 10�14 years of age
at exposure, the number of thyroid cancers seems to be
stable for the period 1991�1997.

272. In a recent report on the childhood thyroid cancer
cases in the Russian Federation, Ivanov et al. [I27]
described findings similar to those revealed above. In total,
3,082 thyroid cancer cases in persons less than 60 years of
age at diagnosis were recorded between 1982 and 1996 in
the four most heavily contaminated regions of the Russian
Federation (Bryansk, Kaluga, Orel and Tula). Among
those 0�17 years of age at the time of the accident, 178
cases were found. A significantly lower incidence of
thyroid cancer in women in these four areas compared to
women in the Russian Federation as a whole was found for
the period 1982�1986 (Figure XXVII). In the next five
years, described as an induction period, the risk was, on
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Figure XXVI. Number of diagnosed thyroid cancer
cases in Belarus as a result of the Chernobyl accident
[K41].

average, 1.6 times the Russian Federation baseline risk,
probably reflecting increased surveillance and screening.
Separate figures for those less than 14 years of age were
not given, but the elevated risk seen for the period
1992�1996 was said to reflect the high rates found in those
less than 14 years old at the time of the Chernobyl
accident. A nearly 14-fold increased risk was found among
girls 0�4 years of age at exposure compared to adult rates.

273. Jacob et al. [J2] reported a correlation between
collective dose and incidence of thyroid cancer in 5,821
settlements in Belarus, the Russian Federation and Ukraine in
1991�1995. Using the southern half of Ukraine as a
reference, the excess thyroid cancer risk was found to be
linear in the dose interval 0.07�1.2 Gy. The study was
extended in an attempt to take thyroid surveillance, back-
ground incidence, age, gender and appropriate methods into
consideration [J5]. Thyroid doses in two cities and 2,122
settlements in Belarus and one city and 607 settlements in the
Russian Federation were reconstructed. Thyroid cancers
diagnosed during 1991�1995 in individuals between the age
of 0�18 years at the time of the accident were included in the
study. Information on residency at the time of the accident
was collected for all cases, and 243 thyroid cancers were
found, giving an excess absolute risk of 2.1 (95% CI: 1.0�4.5)
per 104 person-year Gy (Table 59).

274. In a pooled analysis of children exposed to external
photon radiation [R7], the excess absolute risk of thyroid
cancer was 4.4 cases per 104 person-year Gy (95% CI:
1.9�10.1). The excess relative risk found by Jacob et al.
[J5] was 23 Gy�1 (95% CI: 8.6�82), which is non-
significantlyhigher than the excess relative risk of 7.7 Gy�1

(95% CI: 2.1�28.7) found by Ron et al. [R7]. It could be
that indolent thyroid cancers detected only at screening
were included. The possible shortening of the latency
period by screening, which served to “harvest” thyroid
cancers, could partly explain the differences. Another
explanation for the differences could be the dosimetry,

since collective thyroid doses were used, and individual dose
measurements in Belarus were available for onlya minorityof
the study population. Dose calculations were based on
environmental measurements and radio-ecological models.

275. A recent case-control study by Astakhova et al. [A6]
included the initial 131 Belarus thyroid cancers presented
by Kazakov et al. in 1992 [K11] but excluded 24 cases for
different reasons. Eleven cases did not have pathological
confirmation, 8 cases were not in Belarus at time of the
accident, 2 cases had no information on pathology, 2 cases
were diagnosed before 1987 and 1 patient was deceased.
For the remaining 107 thyroid cancers included in the
study, the male:female ratio was 1:1.1, and 105 cancers
(98%) were of papillary origin. Two sets of controls were
chosen, both matched on age, sex, rural/urban residency,
taking reason for diagnosis and area of residency into
consideration. A strong relationship between estimated
thyroid dose and thyroid cancer was found, even when
reason for diagnosis, gender, age, year of diagnosis, and
131I level in soil were taken into consideration [A6]. The
mean doses were different for the cases and for the controls
selected to represent the general population of children
exposed to fallout from the accident (Table 60), and the
odds ratio was 3.1 (95% CI: 1.7�5.8) when comparing the
lowest and the two highest dose groups. The highest odds
ratio, based on 19 cases and controls, was seen for those
diagnosed incidentally (Table 60) when using the other set
of controls, i.e. those having the same opportunity for
diagnosis as the cases. The odds ratio for those thyroid
cancers found at routine screening (OR = 2.1, 95% CI:
1.0�4.3) indicated that screening was conducted in high
fallout areas, since no large difference in dose was noted.

Figure XXVII. Standardized incidence ratios (SIR) of
thyroid cancers among women less than 60 years of
age at diagnosis in the four most contaminated areas
(Bryansk, Kaluga, Orel, Tula) of Russia to Russia as a
whole [I27].

276. The Astakhova case-control study [A6] is one of the
more reliable published to date. Individual thyroid doses
received by the children were inferred from established
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relationships between adult thyroid doses and 137Cs
deposition on a village basis and then modified according
to age-adjusted intake rates and dose coefficients. Location
of the children before and after the accident was
established on the basis of interviews. Although the
questionnaire was designed to acquire individual informa-
tion on milk-consumption rates and the administration of
thyroid-blocking agents, such information was incomplete
in many cases and could not be used. Age-dependent
default values of milk-consumption rates were therefore
used for all children in order not to introduce bias into the
study; the use of blocking agents was assumed either not to
have occurred at all or to have occurred too late to have
been effective. Uncertainty in the individual estimates of
thyroid dose is difficult to quantify, but is estimated to be
at least a factor of three.

277. In a study of Ukrainian thyroid cancer patients less
than 15 years old at diagnosis, registered at the Institute of
Endocrinology and Metabolism, Kiev, the thyroid cancer
rate for 1986�1997 exceeded the pre-accident level by a
factor of ten [T18]. A total of 343 thyroid cancers occurred
in patients born between 1971 and 1986, and the thyroid
cancer rate for this age cohort was 0.45 per 100,000
compared with 0.04�0.06 per 100,000 before the accident.
For the slightly older group of patients 15�18 years old at
diagnosis in 1986�1997, 219 cases of thyroid cancers were
found, and the average incidence was three times higher
than that in the group diagnosed before the accident.

278. Descriptions of the dosimetric methods or dose-
response models are unavailable, but it was stated that 22%
of the patients aged 0�14 years at the time of the accident
received a thyroid dose of >0.3 Gy [T18]. Thyroid cancer
rates were analysed for different areas, and a rate of 27 per
100,000 was found in children evacuated from the villages
closest to the accident (including Pripyat and Chernobyl).
The authors concluded that the highest risk was found in
those less than 5 years of age at the time of the accident,
but it is questionable whether the methods used allow such
a statement. Only cases below the age of 19 years at
diagnosis are registered, thus excluding those older than 7
years of age in 1986 to be registered in 1997.

279. In a recent paper, Shirahige et al. [S34] compared 26
children diagnosed with thyroid cancer in Belarus within
the framework of the Sasakawa project with 37 children
diagnosed with thyroid cancer in Japan between 1962 and
1993. A peculiar finding was the peak incidence at 10
years of age at time of diagnosis and a drop thereafter
among the Belarus cancer cases compared with a steady
increase between the ages of 8 and 14 among the Japanese
cases. This could reflect a difference in age distribution,
since those exposed very early in life seemed to have an
increased risk many years after exposure [G23, K41]. The
differences could also indicate a different growth pattern
caused by an alternative process of carcinogenesis,
differences in screening routines, or the manner in which
the children were selected for screening, since some
registries only follow children until the age of 15.

280. In a study of male recovery operation workers from
Belarus, the Russian Federation and Ukraine who worked
within the 30-km zone, an increased incidence of thyroid
cancer was noted, based on a total number of 28 cases [C2].
Significant thyroid doses may have been received from short-
lived iodines during the first days after the accident, but
information on the period workers spent within the 30-km
zone was not taken into consideration. Histopathology and
mode of confirmation were not available for the 28 thyroid
cancers. These results must therefore be interpreted with
caution, especially since the follow-up of recovery operation
workers is much more active than that of the general
population in the three countries (see Section IV.A.1 and
IV.C.2). In a studyof approximately34,000 patients receiving
131I for diagnostic purposes, 94% being older than 20 years at
exposure, no increased risk of thyroid cancer related to
radioiodine exposure could be found [H6]. As previously
discussed, the intensityof screening may greatly influence the
observed incidence of thyroid cancer in adults [S4].

281. Ivanov et al. [I8, I14, I33] extensively studied the late
effects in Russian recovery operation workers. The Russian
National Medical and Dosimetric Registry (the former
Chernobyl registry) was used, and a significantly increased
risk of thyroid cancer was found when the number of
observed cases was compared to the number expected from
national incidence figures. With the exception of the recent
papers by Ron [R17] and Franklyn [F13], this is the first time
an increased risk of thyroid cancer has been reported in adults
after exposure to ionizing radiation. The study has been
criticized for not using individual doses and internal com-
parisons [B30, B31]. The increased medical surveillance and
active follow-up of the emergency workers most likely
influenced theresults, particularlywhen observednumbersare
contrasted to national background rates.

282. In a descriptive study of cancer incidence in the six
most contaminated regions of the Russian Federation [R2],
the thyroid cancer incidence increased over time in adults,
and the increase was larger than that observed in the whole
of the Russian Federation. The highest values were found
in the Bryansk region in 1994; the thyroid cancer incidence
for women there was 11 per 100,000 compared with 4.0
per 100,000 for the Russian Federation as a whole. The
corresponding figures for males were 1.7 and 1.1 per
100,000, respectively. It was concluded that no correlation
was found between adult thyroid cancer and the levels of
radioactive contamination [R2]. A pronounced difference
was observed in children based on 14 cases; the incidence
was 2.5 in the Bryansk region compared with 0.2 per
100,000 for the whole of the Russian Federation. Before
the accident, the incidence of thyroid cancer in children in
Bryansk and in the Russian Federation was the same. The
registration and follow-up of the Russian population as a
whole are probably not comparable to that in the highly
contaminated regions surrounding Chernobyl (see Section
IV.A.1 and IV.C.2), and this influences the results.

283. Thyroid examinations, including ultrasound and fine
needle aspiration, were conducted in 1,984 Estonian recovery
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operation workers nine years after the accident [I19]. The
average age on arrival at Chernobyl was 32 years and at
thyroid examination, 40 years. The mean documented dose
from external irradiation of the thyroid was 108 mGy, but a
poor correlation was found with biological indicators of
exposures such as loss of expression of the glycophorin A
gene in erythrocytes. Doses from incorporated iodine were not
taken into consideration. Two cases of papillary carcinoma
were identified and referred for treatment. Both men with
thyroid cancer had worked at Chernobyl in May 1986, when
the potential of exposure to radioactive iodine was highest.

284. In a study of 3,208 Lithuanian recovery operation
workers in 1991�1995, three thyroid cancers (twopapillary
carcinomas and one mixed papillary-follicular carcinoma)
were detected [K9]. There was no significant difference
compared with the Lithuanian male population and no
association with level of radiation dose or duration of stay
in the area of Chernobyl.

285. Three years after the Chernobyl accident, Jewish
residents of the former USSR began to emigrate in large
numbers to Israel. Between 1989 and 1996, about 140,000
persons from contaminated regions of Belarus, the Russian
Federation and Ukraine moved to Israel. The thyroid status of
300 immigrant children brought to the clinic voluntarily by
parents was evaluated [Q1], and enlarged thyroid glands were
found in about 40% of subjects. One 12�year-old girl from
Gomel was found to have a malignant papillary carcinoma of
the thyroid.

286. Several studies on the late health effects of the
Chernobyl accident were carried out in Europe and have been
critically reviewed and summarized [S12]. No increase in
thyroid cancer among children was observed, although no
study focussed specifically on childhood thyroid cancer, since
the disease is so rare and a small increase could have gone
undetected in these studies.

287. Screening programmes have increased the ascertain-
ment of occult thyroid tumours through the use of ultrasound
examination [B23, S5], a possibility discussed in one of the
original reports [B18]. Thyroid screening was locally
organized in the most contaminated areas after the accident,
but large-scale screening with ultrasound examination,
supportedbythe Sasakawa and IPHECA programmes, didnot
start until 1991 and 1992. Soviet health authorities initiated a
national screening programme shortly after the accident, and
each country later continued the thyroid screening [S19]. It is
anticipated that 40%�70% of the diagnosed childhood thyroid
cancer cases have been found through these programmes. In
the case-control study of 107 childhood thyroid cancers [A6],
63 cases were found through endocrinological screening
(Table 60). In a survey of 50 thyroid childhood cancers in
Belarus [A5, C1], 12 cases were detected by targeted
screening and another 23 cases were found incidentally in
other examinations (Table 61). A study by Ron et al. [R8]
supports these findings of a screening effect. Increased
screening of a cohort given external photon radiation for
benign head and neck diseases in the United States resulted in
a roughly sevenfold increase in thyroid cancers.

288. Although rarely fatal, the aggressiveness of the thyroid
cancers found in the Chernobyl area, which is frequently
present with periglandular growth and distant metastases [E1,
K11, W8], argues against the findings being entirely a result
of screening. Although thyroid tumours in adults are usually
tumours of relatively low malignancy, they tend to be more
aggressive in children [S3], so it could be argued that the
growth pattern would have led to the diagnosis of a thyroid
cancer sooner or later.

289. Although ultrasound screening is not sufficiently
widespread to explain the majority of the thyroid cancer
cases observed until now, it is clear that increased
awareness and medical attention to thyroid disorders
during routine medical examinations in the contaminated
territories influence the findings. Enhanced examinations
in schools may have advanced the time at which some
tumours were recognized [A5]. However, the continuing
increase in the number of cases [C4, I27, K41] and the
observation that the increase appears to be confined to
children who were born before the accident support the
conclusion that ascertainment bias could not fully explain
the increased rates. Rates among those conceived after the
accident appear to be similar to pre-accident rates in the
affected countries.

290. Factors other than screening and lack of individual
dosimetrymaymodifythe risk of radiation-induced thyroid
cancer, one of them being iodine saturation. The iodine
deficiency in some of the affected areas will affect not only
the level of dose received by the thyroid gland at the
moment of exposure but also, if continued, thyroid function
in the years after exposure [Y1]. The risk of thyroid cancer
may be enhanced when the excretion of radioactive iodine
is limited owing to reduced thyroid hormone synthesis and
blocked thyroid hormone secretion [R6]. Iodide dietary
supplementation had been terminated in the former USSR
approximately 10 years before the accident. The relation-
ship between iodine deficiency and goiter is discussed in
paragraph 345.

291. Another risk-modifying influence might be a genetic
predisposition to radiation-induced thyroid cancer, perhaps
related to ethnicity. A recent survey indicated that cases
occurred in siblings in at least three families in Belarus
[A5, C1], a finding unlikely to be explained by chance
alone. In a study of children exposed in the Michael Reese
hospital in the United States, the risk of radiation-induced
thyroid cancer appeared to vary by ethnic origin of the
children [S4]. The genetic susceptibility to thyroid cancer
and its familial aggregation were studied in relatives of 177
patients with thyroid cancer [V8]. No significantly
increased rate of thyroid cancer was seen compared with
controls. In a recent study, 7 of 119 patients with papillary
thyroid microcarcinoma had a family history of thyroid
carcinoma, and they experienced less favourable tumour
behaviour than patients without a family history of thyroid
carcinoma [L39]. The possible existence of a genetic
predisposition to radiation-induced thyroid cancer might be
important.
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(b) Clinical and biological aspects

292. A large proportion of the childhood thyroid cancers in
Belarus and Ukraine were reported to be locally aggressive;
extrathyroidal growth was seen in 48%�61% of the cases,
lymph node metastases in 59%�74% and distant metastases
(mainly lung) in 7%�24% [F5, P2, P6, T4, T18].
Comparisons with characteristics of tumours from other
countries (France, Italy, Japan, the United Kingdom and the
United States) indicate a higher percentage of extrathyroidal
extension for tumours from Belarus and the Russian
Federation but similar percentages of cases with metastases
[N5, P2, P6, V8, Z3].

293. In a recent pooled analysis of 540 thyroid cancers
diagnosed before the age of 20 years (mean age at diagnosis,
14 years) that included nine Western centres, the average
male:female ratio was 1:3.2 and the mean follow-up was 20
years [F7]. Eighty-six percent were papillary thyroid
carcinomas, 79% showed evidence of lymph node metastases,
20%�60% had extracapsular invasion and 23% were
diagnosed with distant metastases. In nearly all cases the
presenting sign was a neck mass. Thirteen of the patients died
as a consequence of the disease.

294. Two of the above-mentioned centres participated in
a study in which 369 Italian and French thyroid cancers
were compared to 472 Belarusian cancers [P2]. The
Belarusian cases were diagnosed between May 1986 and
end of 1995 and included approximately 98% of the cases
in the country diagnosed in that period. The Belarusian
patients were younger at diagnosis, and 95% of the cancers
were of papillary origin compared to 85% in Italy/France.
Extrathyroidal extension and lymph node metastases were
more frequent in Belarus, 49% and 65%, compared to
Italy/France, where the corresponding figures were 25%
and 54%, respectively. Thyroid lymphocytic infiltration
and circulating antithyroidperoxidase were more frequent
in the Belarusian patients, possibly indicating a higher rate
of autoimmune thyroid disorders. The male:female ratio
was 1:2.5 in Italy/France, in contrast to 1:1.6 in Belarus.
The low male:female ratio could be a screening effect,
since no difference in sex ratio of occult thyroid cancer was
found at autopsy in young individuals [F10]. The age
distribution could probably also explain some of the
difference in stage, the histopathological distribution and
gender ratio.

295. A number of thyroid cancer cases in Belarus were
treated with radioiodine at the university clinics of Essen
and Würzburg [R23]. All 145 patients had undergone
operations at the Centre for Thyroid Tumors in Minsk;
lymph node metastases were found in 140 patients and
distant metastases in 74 of them. The mean age at
diagnosis was 12 years. Among 125 children subsequently
followed, 90 were classified as in complete remission and
the others had partial remissions.

296. In a study of 577 Ukrainian thyroid cancer cases
diagnosed in patients less than 19 years of age [T18],

histopathology was evaluated in 296 cases (123 were
analysed by non-Ukrainian pathologists, who confirmed
the initial diagnosis in all cases). Ninety-three percent were
papillary carcinomas, and 65% were found to be of the
more aggressive solid/follicular type. In 55% of cases,
lymph node metastases were found, and in 17% lung
metastases were found either at initial diagnosis or in later
follow-up. Difference in TNM classification [H17] over
time did not show a significant trend towards more
advanced stages (Table 62), as could have been anticipated
if radiation-associated cancers are indeed more aggressive.
Cancers diagnosed in 1996 and 1997 were more likely to
be locally aggressive, stage T4, but they revealed the same
pattern of lymph node metastases and distant spread. The
male:female ratio was found to be influenced by age at the
time of diagnosis (Table 63): the ratio was 1.1:1 for those
less than 5 years of age at time of diagnosis and 1:2.7 for
those 15

�18 years. However, age at time of the accident
did not seem to influence the male:female ratio (Table 63).
A possible sex difference in the susceptibilityof the thyroid
tissue to ionizing radiation did not seem to influence the
gender ratio, since age at diagnosis and not age at exposure
influenced the distribution.

297. In a study in the United States of 4,296 patients
previously irradiated for benign disorders, 41 childhood
(mean age at diagnosis, 16 years) and 77 adult (mean age
at diagnosis, 27 years) thyroid cancers were found [S4].
The childhood cancers more often presented themselves
with lymph node metastases and vessel invasion but were
significantlysmaller in adults and found incidentallywhen
benign nodules were operated. Of the childhood cancers,
95% were papillary carcinomas compared with 84% of the
adult cancers. Thirty-nine percent of the childhood cancers
relapsed compared with 16% of the adult cancers. After a
mean follow-up of 19 years, there was only one death due
to thyroid cancer, and this was in the adult group.

298. The histopathology of over 400 post-Chernobyl thyroid
cancers diagnosed in children under the age of 15 years was
reviewed by pathologists from the United Kingdom and from
the countries where the children were diagnosed [E2].
Virtually all cases were papillary carcinomas, in contrast to
thyroid cancers in British children of similar age who were
not exposed to ionizing radiation, where 68% of the
carcinomas were of papillaryorigin [H3]. The solid variant of
papillary carcinoma, indicating a low level of differentiation,
was particularly prevalent in those cases believed to have
resulted from radiation exposure following the Chernobyl
accident [E2]. This finding is not in agreement with a study
of 19 cases in the Gomel area carried out by the Chernobyl
Sasakawa Health and Medical Cooperation Project, where no
specific morphological evidence of radiation-induced thyroid
cancer was observed [I26].

299. Shirahige et al. [S34] examined 26 Belarusian and 37
Japanese children diagnosed with thyroid cancer and found
the mean tumour diameter to be smaller in Belarus
(1.4 cm) than in Japan (4.1 cm). The solid growth pattern
was seen in 62% of the Belarusian papillary carcinomas
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compared to 18% of the Japanese carcinomas. All cancers
from Belarus showed a papillarygrowth pattern, compared
to 92% of the cancers found in Japan.

300. Recent advances in the field of molecular biology
have improved the understanding of the mechanisms
underlying the thyroid carcinomas. Cellular signalling has
become a major research area, and signalling via protein
tyrosine kinases has been identified as one of the most
important events in cellular regulation. Protein tyrosine
kinases are thus important in the development of cancer,
and the RET proto-oncogene is one of the genes coding for
a receptor tyrosine kinase. Rearrangements of the tyrosine
kinase domain of the RET proto-oncogene have been found
in some thyroid cancers and at a higher rate among those
supposed to be associated with ionizing radiation [F2, I21,
K14]. Other mutations are those seen in the RAS gene,
which probably represent an early event in the carcino-
genic process; the mutations of the RAS gene therefore
possess an early gate-keeper function, as reflected by the
fact that they are found in similar frequencies in both
thyroid carcinomas and adenomas. Point mutations in the
TP53 gene are rare in differentiated thyroid carcinomas but
are found in anaplastic thyroid cancer [F8].

301. A number of studies have been carried out to determine
whether any specific molecular biological alterations
characterize the childhood papillary cancers in the Chernobyl
area. A high frequency of RET/PTC3-type rearrangement in
post-Chernobyl papillary carcinoma was suggested in two
early studies [F2, K14]. However, a study including more
cases showed that a RET/PTC1 rearrangement was more
frequent than PTC3 [E2] and that there was no significant
increase in the proportion of papillary carcinomas showing
RET rearrangement, when compared with a non-irradiated
population of a similar age [W3]. In a French study, a higher
frequency of RET/PTC rearrangements (84%) was found
among 19 thyroid cancer patients who had received previous
external radiotherapy for a benign or malignant condition
than among 20 “sporadic” thyroid cancers (15%) [B12]. The
most frequently observed chimeric gene was RET/PTC1, and
for the first time RET/PTC rearrangements were found in
follicular adenomas.

302. Recent findings indicate a strong dependence of age
at exposure and latency period in the distribution of
RET/PTC rearrangements [S35]. When comparing 51
Belarusian childhood papillary thyroid carcinomas (mean
age at exposure: three years) with 16 Belarusian and 16
German adult thyroid cancers patients, only RET/PTC1
mutations were found in adults (Table 64), while similar
frequencies of RET/PTC1 and RET/PTC3 were found in
children. The authors suggested that thyroid cancers
expressing RET/PTC3 may be a feature of cancers detected
soon after exposure, while RET/PTC1 may be a marker of
later-occurring, radiation-associated papillary thyroid
carcinoma in both children and adults. It also seems like
RET/PTC3 rearrangements are more common in younger
individuals. These findings are supported by a study
comparing RET/PTC rearrangements in Belarusian

radiation-associated thyroid cancers diagnosed in
1991

�1992 and in 1996 [P27]. A switch occurred from
RET/PTC3 rearrangements in patients diagnosed in the
early 1990s to RET/PTC1 alterations in patients diagnosed
later on.

303. The morphological subtype may also influence the
pattern of RET rearrangements in papillary thyroid
carcinomas, as shown by Thomas et al. [T19]. Among 116
Chernobyl-related childhood papillary thyroid cancers,
RET/PTC1 and RET/PTC3 mutations were found in 9% and
19%, respectively, of the solid follicular subtype. The
corresponding figures for the non-solid follicular subtype
(classic papillary carcinoma and diffuse sclerosing
carcinoma) were 46% and 0%, respectively. It could be that
the solid, less differentiated, follicular subtype associated with
RET/PTC3 rearrangements have a shorter induction period.

304. Despite the large amount of information accumulated
on RET activations in radiation-associated thyroid cancers,
little is known about the clinical significance of the
deletions. No significant differences were found, e.g. in
tumour size, multicentricity, extrathyroidal growth,
vascular invasion, lymphocytic invasion, or lymph node
invasion, when eight RET positive thyroid cancers were
compared with 25 carcinomas not displaying the activation
[S39]. A lower proliferation rate was, however, seen in the
RET-activated tumours.

305. Karyotype abnormalities were studied in 56
childhood thyroid tumours from Belarus, and clonal
structural aberrations were seen in 13 cases [Z2]. In
particular, aberrations in 1q, 7q, 9q and 10q were found. It
is interesting to note that the 10q chromosomal band
harbours the RET proto-oncogene.

306. Two new rearrangements have been described in three
post-Chernobyl thyroid carcinomas. One is the RET/PTC4,
which involves a different breakpoint in the RET gene [F6]
and PTC5, which involves fusion of RET with another
ubiquitously expressed gene, rgf5 [K31]. However, PTC4 and
PTC5 appear to be present in only a small number of post-
Chernobyl papillary cancers. Just recently, two novel types
RET rearrangements have been described, RET/PTC6 and
PTC7 in childhood papillary thyroid carcinomas [K27].

307. No association has previously been shown between
mutations of other types of genes, e.g. RAS, bcl-2, and
TP53, and thyroid carcinogenesis [E2, S9]. However, in a
study of 22 papillary thyroid cancers associated with
ionizing radiation, four mutations of TP53 were found
compared to none in the 18 thyroid cancers not known to
have been exposed to ionizing radiation [F8]. In three of
the four mutation carriers, invasion beyond the thyroid
capsule was found compared with 2 out of 17 in the rest of
the radiation-associated thyroid cancer patients. In a study
of thyroid adenomas and of well and poorly differentiated
thyroid cancers, the rates of TP53 mutations were 0%, 11%
and 63%, respectively [P1]. However, no correlation with
age, sex, stage, or survival was seen.
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(c) Summary

308. There can be no doubt about the relationship between
the radioactive materials released from the Chernobyl
accident and the unusually high number of thyroid cancers
observed in the contaminated areas during the past 14 years.
While several uncertainties must be taken into consideration,
the main ones being the baseline rates used in the calculations,
the influence of screening, and the short follow-up, the
number of cases is still higher than anticipated based on
previous data. This is probably partly a result of age at
exposure, iodine deficiency, genetic predisposition, and
uncertainty that surrounds the role of 131I compared with that
of short-lived radioiodines. The exposure to short-lived
radioiodines is entirely dependent on the distance from the
release and the mode of exposure, i.e. inhalation or ingestion.
It was only in the Gomel region, the area closest to the
Chernobyl reactor, that Astakhova et al. [A6] found a
significantly increased risk of thyroid cancer. It has been
suggested that the geographical distribution of thyroid cancer
cases correlates better to the distribution of shorter-lived
radioisotopes (e.g. 132I, 133I and 135I) than to that of 131I [A7].

309. The identification of a genomic fingerprint that
shows the interaction of a specific target cell with a defined
carcinogen is a highly desirable tool in molecular
epidemiology. However, a specific molecular lesion is
almost always missing, probably because of the large
number of factors acting on tumour induction and pro-
gression. Signalling via protein tyrosine kinases has been
identified as one of the most important events in cellular
regulation, and rearrangements of the tyrosine kinase
domain of the RET proto-oncogene have been found in
thyroid cancers thought to be associated with ionizing
radiation [F2, I21, K14]. However, the biological and
clinical significance of RET activation remains contro-
versial, and further studies of the molecular biology of
radiation-induced thyroid cancers are needed before the
carcinogenic pathway can be fully understood.

2. Leukaemia

310. As discussed in Annex I, “Epidemiological evaluation
of radiation-induced cancer”, the risk of leukaemia has been
found tobe elevated after irradiation for benign and malignant
conditions, after occupational exposure (radiologists), as well
as among the survivors of the atomic bombings. Leukaemia,
although a rare disease, is the most frequently reported
malignancy following radiation exposure. However, not all
subtypes of leukaemia are known to be associated with
ionizing radiation, e.g. chronic lymphatic leukaemia and adult
T-cell leukaemia. The naturally occurring subtypes of
leukaemia have an age dependency, with acute lymphatic
leukaemia most common in childhood and acute myeloid
leukaemia predominating in adulthood.

311. The incidence of leukaemia was increasing in
countries of the former USSR even before the accident.
Prisyazhiuk et al. [P7] found an increase starting already
in 1981, which was most pronounced in the elderly. The

increase may simply be the result of improved registration
and diagnosis, but this cannot yet be exactly quantified.
The underlying trend must, however, be taken into account
when interpreting the results of studies focussing on the
period after the accident. Most existing studies have not
addressed this problem and suffer from a number of other
limitations and methodological weaknesses, making it
premature to attempt a quantitative risk assessment based
on the results.

312. A number of publications have presented details of
the medical and dosimetric follow-up of the large number
of workers who took part in recovery operations following
the Chernobyl accident [K6, O2, T3, T7, T8, T9, T10].
Cardis et al. [C2] analysed cancer incidence in 1993 and
1994 among male recovery operation workers who worked
within the 30-km zone of the reactor during 1986 and
1987. The observed numbers of cancers were obtained from
the national cancer registry in Belarus and from the
Chernobyl registries in the Russian Federation and
Ukraine. In total, 46 leukaemia cases were reported in the
three countries in the two-year period (Table 65), and non-
significant increases were observed in Belarus and in the
Russian Federation. In Ukraine, a significant increase was
reported (28 cases observed, 8 cases expected) [C2]. It is
most likely that the increase reflects the effect of increased
surveillance of the recovery operation workers and under-
registration of cases in the general population, since no
systematic centralized cancer registration existed in the
three countries at the time of the accident (see Section
IV.A.1 and IV.C.2). It could also be that different registries
define haematological malignancies differently, including,
for example, myelodysplastic syndrome, which could result
in a leukaemia.

313. Ivanov et al. [I8, I9, I14] studied the late effects in
142,000 Russian recovery operation workers. The Russian
National Medical and Dosimetric Registry (formerly the
Chernobyl registry) was used, and a significantly increased
risk of leukaemia was found when the observed cases were
compared with those expected from national incidence
rates. The studies have been criticized for not using indivi-
dual doses and internal comparisons and for including
chronic lymphatic leukaemia, a malignancy not linked to
radiation exposure [B30, B31]. The increased medical
surveillance and active follow-up of the emergency
workers, coupled with under-reporting in the general
population, most likely influenced the results.

314. In contrast to their findings for the above-mentioned
cohort of recovery operation workers, the same
investigators [I29] did not find an increased risk of
leukaemia related to ionizing radiation in a case-control
setting. From 1986 to 1993, 48 cases of leukaemia were
identified through the Russian National Registry and 34 of
these patients (10 cases were diagnosed as chronic
lymphatic leukaemia) were selected for the case-control
study. The same registry was used when four controls were
chosen for each case, matched on age and region of
residence at diagnosis. For cases occurring among those
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who were working in 1986 and 1987, controls had to have
worked during the same period, which is a questionable
approach, since dose is highly dependent on the period of
work in the Chernobyl area. The mean dose for the cases
was 115 mGy compared with 142 mGy for controls. No
association was found between leukaemia risk and
radiation.

315. These studies [I8, I9, I14, I29] suggest that, at least
in the case of the Russian Federation, cancer incidence
ascertainment in the exposed populations differs from that
in the general population. Future epidemiological
investigations might be more informative if they are based
on appropriate Chernobyl registry-internal comparison
populations, although care must be taken if recent
additions to the register have been made because of disease
diagnosis and compensation (see Section IV.C.1).

316. In discussing the discrepancy between the findings of
the case-control and cohort studies, Boice and Holm [B31]
claimed that the increased incidence in the cohort analyses
reflected a difference in case ascertainment between
recovery operation workers and the general population and
not an effect of radiation exposure. Boice [B30] further
argued that the results of the case-control study and of a
study of Estonian recovery operation workers [R13]
indicate that leukaemia risk among recovery operation
workers is not consistent with predictions from atomic
bomb survivors. He postulated that this may be due to an
overestimation of official doses received by recovery
operation workers and/or to the effect of protracted
exposure. In response, Ivanov [I18] questioned the
interpretation of the case-control analyses because of the
considerable uncertainty surrounding the accuracy and
quality of the official estimates of radiation doses available
in the Chernobyl registry of the Russian Federation. Cardis
et al. [C2] estimated that 150 cases of leukaemia should
occur within 10 years of the accident among 100,000
recovery operation workers exposed to an average dose of
100 mSv. Such numbers have not been apparent in any
studies or reports.

317. Shantyr et al. [S31] examined 8,745 Russian recovery
operation workers involved in operations from 1986 to
1990. Dosimetry records were available for 75% of the
workers, and the doses generally fell in the range
0
�250 mSv. Although cancer incidence increased,

particularly 4�10 years after the accident, no evidence of
a systematic dose-response relationship was found, and it
was suggested that the aging of the cohort influenced the
findings. Tukov and Dzagoeva [T11] observed no
increased risk of haematological diseases, including acute
forms of leukaemia, in a careful study of Russian recovery
operation workers and workers from the nuclear industry.

318. Osechinsky et al. [O6] studied the standardized
incidence rates of leukaemia and lymphoma in the general
population of the Bryansk region of the Russian Federation
for the period 1979�1993 on the basis of an ad hoc registryof
haematological diseases established after the Chernobyl

accident. The results were not adjusted for age, and the rates
in the six most contaminated districts (more than 37 kBq m�2

of 137Cs deposition density) did not exceed the rates in the rest
of the region or in Bryansk city, where the highest rates were
observed. Comparisons of crude incidence rates before and
after the accident (1979�1985 and 1986�1993) showed a
significant increase in the incidence of all leukaemia and non-
Hodgkin’s lymphoma, but this was mainly due to increases in
the older age groups in rural areas. The incidence of
childhood leukaemia and non-Hodgkin’s lymphoma was not
significantlydifferent in the six most contaminated areas from
the incidence in the rest of the region.

319. The health status of 174,812 Ukrainian recovery
operation workers (96% males) was examined by Buzunov
et al. [B21]. Information on diagnosis was obtained from
the State register of Ukraine and on leukaemia from an ad
hoc registry for haematological disorders. The majority
(77%) of the recovery operation workers were exposed in
1986�1987, and information on radiation exposure was
available for approximately 50% of the workers. A total of
86 cases of leukaemia were reported in the period
1987�1992, and the highest number of cases was found
among those employed in April-June 1986. The average
rate of leukaemia among male recovery operation workers
was 13.4 per 100,000 among those employed in 1986 and
7.0 per 100,000 among those employed in 1987. No
apparent trend over time was seen among those employed
in 1986. Eighteen cases of acute leukaemia among
recovery operation workers exposed to 120�680 mGywere
recorded as occurring 2.5�3 years after exposure in
1986�1987. No difference in histopathology or response to
treatment was found compared with cases that occurred
before the accident [B20].

320. Leukaemia and lymphoma incidence among adults
and children in the regions of Kiev and Zhitomir, Ukraine,
during 1980�1996 was examined byBebeshko et al. [B32].
Total incidence in adults increased from 5.1 per 100,000
during 1980�1985 to 11 per 100,000 during 1992�1996,
but there were no excess cases in contaminated areas of the
regions. Likewise, no excess cases among children who
resided in contaminated districts were found.

321. The incidence of leukaemia and lymphoma in the three
most contaminated regions of Ukraine increased from 1980 to
1994 [P12]. This result should be viewed cautiously, since the
findings were based on onlya few cases, and lymphomas have
not previously been known to be induced by radiation.
Increased awareness and better health-care facilities and
diagnosis most likely influenced the findings.

322. Childhood leukaemia in Belarus during 1982�1994
was investigated with regard to area of residency [I20].
Approximately 75% of the leukaemia cases were of the
acute lymphatic subtype. No evidence of an increasing
number of childhood leukaemia cases over time was noted.
When the twomost heavilycontaminated areas, Gomel and
Mogilev, were compared with the rest of the country, no
difference was seen.
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323. The incidence of leukaemia and lymphoma in the
general population of Belarus was studied for 1979�1985
and 1986�1992 [I11]. Among children, no difference was
observed either over time or in relation to 137Cs ground
contamination. In adults, significant increases were noted
in the post-accident period for most subtypes of leukaemia
and for lymphoma, but no relationship with the level of
radioactive contamination was found.

324. An analysis of the mortality and cancer incidence
experience of Estonian Chernobyl recovery operation
workers took a different approach. First, a cohort con-
sisting of 4,833 recovery operation workers was
constructed using multiple data sources not based solely on
Chernobyl registry data [R13, T6]. Second, mortality data
were ascertained from vital registration sources, and death
certificates in the cohort were coded following the same
coding rules used by the Statistical Office of Estonia and
compared to the official national mortality statistics [T6].
Furthermore, cancer incidence data in the cohort, along
with the corresponding national cancer incidence rates,
were obtained from the Estonian cancer registry. During
1986�1993, 144 deaths were identified compared with 148
expected [R13, T6]. A non-significant excess of non-
Hodgkin’s lymphoma was observed, based on three cases,
while no case of leukaemia was found.

325. Fujimura et al. [F1] reported the results of haemato-
logical screening organized in the framework of the
Sasakawa project. By the end of 1994, 86,798 children who
were less than 10 years of age at the time of the accident
were examined, and four cases of haematological
malignancies were found. No correlation was observed
between the prevalence of anyhaematological disorder and
either the level of environmental contamination or 137Cs
measured by whole-body counting.

326. The European Childhood Leukaemia–Lymphoma
Incidence Study(ECLIS), coordinated byIARC, was set up
to monitor trends in childhood leukaemia and lymphoma
[P5, P11]. Incidence rates from European cancer registries
were related to the calculated radiation dose in the large
geographical regions for which environmental dose
estimates were provided in the UNSCEAR 1988 Report
[U4]. Thirty-six cancer registries in 23 countries are
collaborating in ECLIS by supplying an annual listing of
cases in children less than 15 years of age. Data for
1980�1991 indicated a slight increase in the incidence of
childhood leukaemia in Europe. This increase was,
however, not related to the estimated radiation dose from
the accident [P11, P21]. No indication of an increased
incidence among those exposed in utero was noticed.

327. A studyof infant leukaemia incidence in Greece after
in utero exposure to radiation from the Chernobyl accident
was based on ad hoc registration of childhood leukaemia
cases diagnosed throughout Greece since 1980 by a
national network of pediatric oncologists [P3]. Based on 12
cases, a statistically significant 2.6-fold increase in the
incidence of infant leukaemia (from 0 to 11 months after

birth) was observed among the 163,337 live births exposed in
utero (i.e. born between 1 January 1986 and 31 December
1987) compared with 31 cases among non-exposed children.
Those born to mothers residing in areas of high radioactive
fallout were at significantly higher risk of developing
leukaemia. The reported association, which is not consistent
with risk estimates from other studies of prenatal exposures,
is based on the selective grouping of data. It is unclear how
the authors chose the group <1 year to represent “infant
leukaemia”, as there is little a priori aetiologic reason for
limiting to this age group. No significant difference in the
incidence of leukaemia among children aged 12�47 months
born to presumably exposed mothers was found.

328. Michaelis et al. [M6] conducted a study of childhood
leukaemia using the population-based cancer registry in
Germany. Cohorts were defined as exposed and non-
exposed, based on dates of birth using the same criteria as
Petridou et al. [P3] in the Greek study. The cohorts were
subdivided into three categories based on level of 137Cs
ground deposition (<6, 6�10 and >10 kBq m�2). These
categories corresponded to the estimated in utero doses of
0.55 mSv for the lowest exposure category and 0.75 mSv
for the highest exposure category. Overall, a significantly
elevated risk was seen (1.48, 95% CI: 1.02�2.15) for the
“exposed cohort” compared with the “non-exposed”, based
on 35 cases observed in a cohort of 900,000 births.
However, the incidence was higher for those born in April
to December 1987 than for those born between July 1986
and March 1987, although in utero exposure levels in the
latter group would have been much higher than in the
former group. The authors concluded that the observed
increase was not related to radiation exposure from the
Chernobyl accident.

329. A cluster effect described several decades ago could
explain the Greek findings. A total of 13,351 cases of
childhood leukaemia diagnosed between 1980�1989 in 17
countries was included in a study aimed at relating
childhood leukaemia to epidemic patterns of common
infectious agents [A2]. A general elevation of the incidence
was found in densely (but not the most densely) populated
areas, and weak, but significant, evidence of clustering was
found. When seasonal variation in the onset of childhood
leukaemia was studied in the Manchester tumour registry
catchment area, the onset of acute lymphatic leukaemia (n
= 1,070) demonstrated a significant seasonal variation,
with the highest peak found in November and December
[W6]. Both studies provide supportive evidence for an
infectious aetiology for childhood leukaemia.

330. In a Swedish study of cancer incidence among
children [T21] in areas supposed to have been con-
taminated as a consequence of the Chernobyl accident, 151
cases of acute lymphatic leukaemia were found during
1978�1992 in those 0�19 years at diagnosis. The areas
were divided into three exposure categories, and the lowest
risk was found in the supposedly highest exposure group.
A non-significant decreasing trend with calendar year was
also noted. A Finnish study covering nearly the same
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period analysed leukaemia risks among those 0�14 years
of age for the whole country [A13]. The estimated
population-weighted mean effective dose was 0.4 mSv. No
increased incidence of childhood leukaemia could be seen
for 1976�1992, and no risk could be related to exposure to
ionizing radiation. These results are consistent with the
magnitude of effects expected.

331. Summary. Although leukaemia has been found to be
one of the early carcinogenic effects of ionizing radiation
with a latency period of not more than 2�3 years [U4], no
increased risk of leukaemia related to ionizing radiation
has been found among recovery operation workers or in
residents of contaminated areas. Numerous reports have
compared incidence and mortality data from the registers
described in Chapter IV with national rates not taking the
differences in reporting into consideration. A case-control
study would diminish this bias, and a recent paper by
Ivanov et al. [I29] failed to show an increased risk of
leukaemia related to ionizing radiation in 48 cases of
leukaemia in recoveryoperation workers identified through
the Russian National Registry.

3. Other solid tumours

332. Given the doses received by the recovery workers,
described in Chapter II, and the previous data on radiation-
associated cancer in exposed populations, reviewed in
Annex I, “Epidemiological evaluation of radiation-
induced cancer”, an increased number of solid tumours
could be anticipated in the years to come. The induction
and latency period of 10 years [U4] and the protracted
nature of the exposure probably explain why no radiation-
associated cancers have been noticed so far.

333. The numbers of observed and expected cases of
cancer in 1993�1994 among residents of the territories
with 137Cs contamination in excess of 185 kBq m�2

included in the Chernobyl registries of Belarus, the
Russian Federation and Ukraine are presented in Table 65
[C2]. The observed numbers of cancer cases were obtained
from the national cancer registry in Belarus and from the
Chernobyl registries in the Russian Federation and
Ukraine. Age- and sex-standardized expected numbers
were based on rates for the general national population.
Fewer solid tumours than anticipated were seen in workers
in Belarus, while the workers in the Russian Federation
and Ukraine revealed higher risks. The different registries
used in the three countries could probably explain these
differences. No increased risk was seen among those
residing in contaminated areas [C2].

334. The crude incidence of malignant diseases per 100,000
personsamongRussian recoveryoperation workers, excluding
leukaemia, was estimated by Tukov and Shafransky [T13]. It
rose from 152 in 1989, 193 in 1991 and 177 in 1993, to 390
in 1995. This increase was interpreted as an effect of age, but
no attempt was made to adjust for age. The cause of death has
changed over time. Accidents and trauma were the main
cause of death in 1989�1990, while cardiovascular diseases

were responsible for 43% of all deaths in 1996, followed by
cancers (20%) and accident and trauma (15%) [T14]. The
increase found in the report is similar to and consistent with
that reported for the population of the Russian Federation as
a whole [L26].

335. In a recent paper covering 114,504 of the approxi-
mately 250,000 Russian recovery operation workers, 983
cases of solid tumours were found during the years
1986�1996 [I32]. The observed number of cases was com-
pared with the Russian national rates, and the overall
standardized incidence ratio was 1.23 (95% CI:
1.15�1.31), with a significant excess relative risk per gray
of 1.13. The only individually elevated site was the
digestive tract (n = 301), and the corresponding figures
were 1.11 (95% CI: 1.01�1.24) and 2.41, respectively. No
increased risk of respiratory tract tumours was noticed.
Increased ascertainment could influence the data but
probably not explain the dose-response relationship. The
excess relative risk is higher than what has been reported
for survivors of the atomic bombings [T20], which might
indicate uncertainty in the individual dose estimates.

336. When the same investigators presented data on
individuals living in contaminated areas, somewhat
contradictory results were seen [I12]. Cancer risks in three
of the most contaminated districts of the Kaluga region
were compared with the region as a whole. The population
of the three regions contained approximately 40,000
individuals, and incidence rates before and after the
accident were compared. The increase over time was
similar for almost all sites regardless of exposure status. No
increased risk of gastrointestinal cancer was seen for men,
but an increased risk for respiratory tract cancers was
suggested for women, based on 31 cases. However, the
overall cancer risk among women in the contaminated
areas was only one third of the incidence for the region in
1981�1985, a sign of previous under-reporting.

337. A descriptive studyofcancer incidence in 1981�1994
was performed for the six most contaminated regions of the
Russian Federation (Bryansk, Kaluga, Orel, Tula, Ryazan
and Kursk) [R2]. Information on cancer incidence was
gathered from the local oncological dispensaries and
compared with Russian national statistics. It is unclear
whether the analyses were adjusted for age, and the
absolute number of cases was not reported. An increased
incidence ofall cancers was observed over the studyperiod,
both in the contaminated regions and for the Russian
Federation as a whole. However, from 1987 onwards, the
increase was more pronounced in the six study regions
than in the rest of the country. The incidence rate of solid
cancer among men in 1994 in Bryansk and Ryazan was
305 per 100,000 compared with 272 per 100,000 for the
Russian Federation as a whole. The corresponding figures
for women were 180 per 100,000 and 169 per 100,000,
respectively.

338. An increase in dysplasia and urinary bladder cancer
was seen in 45 Ukrainian males living in contaminated
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areas and compared to 10 males living in uncontaminated
areas of the country [R16]. Forty-two of the exposed
individuals had signs of irradiation cystitis. It was reported
that the incidence of bladder cancer in the Ukrainian
population gradually increased, from 26 to 36 per 100,000,
between 1986 and 1996. Among other histopathological
features, increased levels of p53 were noted in the nucleus
of the urothelium in the exposed individuals, indicating
either an early transformation event or an enhancement of
repair activities. Further analyses of the exposed patients,
including urine sediments collected 4�27 months after the
first biopsy, indicated a novel type of p53 mutation not
seen in the first analyses and showed that the mutation
carriers could be identified [Y2]. The authors concluded
that screening would be required.

339. The health status of the 45,674 recovery operation
workers from Belarus registered in the Chernobyl registrywas
studied by Okeanov et al. [O2]. Eighty-five percent of them
were men, and 31,201 (90%) had worked in the 30-km zone.
For 1993 and 1994, the overall cancer incidence was lower
than anticipated for both male (standardized incidence ratio
(SIR) = 77; 95% CI: 65�90) and female (SIR = 90; 95% CI:
59�131) workers compared with the general population.
Among men, a significant excess of urinary bladder cancer
was seen (SIR = 219; 95% CI: 123�361), and non-significant
increases were seen for cancers of the stomach, colon, and
thyroid and for leukaemia. The numbers of cases on which
these comparisons are based were small, particularly for
thyroid cancer (n = 4). Recovery operation workers who
worked in the 30-km zone more than 30 days had a slightly
higher incidence of all cancers than other recovery operation
workers.

340. Breast cancer incidence data in different time periods
for the Mogilev region of Belarus were recently presented
[O5]. A steadily increasing incidence was noted for the whole
follow-up period, 1978�1996, and when the period
1989�1992 was compared with 1993�1996, a difference was
found, but only for those 45�49 years at diagnosis, i.e. 35�42
years at the time of the accident. The findings could be due to
increased awareness, documentation, or accessibility to
screening, since the rates are lower in all age categories
compared with the ages found in Western data. It is peculiar
that younger age groups were not affected, and continued
follow-up is warranted. However, as in all studies of radiation-
associated cancer, individual dosimetry is essential, and
individual doses were not used in this study.

341. Several studies of the effects of the Chernobyl
accident outside the former Soviet Union have been carried
out [E5, P5, P11]. The evaluations have mainly been done
on a local or national level. Most studies have focussed on
various possible health consequences of the accident,
ranging from changes in birth rates to adult cancer. Studies
related to cancer have been critically reviewed and
summarized [S12]. Overall, no increase in cancer
incidence or mortality that could be attributed to the
accident has been observed in countries of Europe outside
the former USSR.

342. Summary. The occurrence of solid tumours other
than thyroid cancers in workers or in residents of
contaminated areas have not so far been observed. The
weaknesses in the scientific studies, the uncertainties in the
dose estimates, the latency period of around 10 years and
the protracted nature of the exposures probably explain
why no radiation-associated cancers have been noticed so
far. Some increase in incidence of solid tumours might
have been anticipated in the more highly exposed recovery
operation workers.

B. OTHER SOMATIC DISORDERS

1. Thyroid abnormalities

343. The first report of non-malignant thyroid disorders in
the Chernobyl area was published in 1992 [M10]. The
prevalence of thyroid nodules among individuals in seven
contaminated villages in Belarus, the Russian Federation
and Ukraine was compared with the prevalence in six
uncontaminated villages, and 1,060 individuals, in total,
were examined. Ultrasound examinations revealed an
overall rate of discrete nodules of 15% in adults and 0.5%
in children, with a higher prevalence in women. No
difference related to exposure status was found, but it was
suggested that it might be helpful to screen selected groups
such as recovery operation workers and individuals living
in contaminated areas.

344. The Chernobyl Sasakawa Health and Medical
Cooperation Project started in May 1991 as a five-year
programme, and through April 1996, approximately
160,000 children had been examined [S2, S7, Y1]. The
examined children were all born in Belarus, the Russian
Federation and Ukraine between 26 April 1976 and 26
April 1986. The thyroid examinations included ultrasound,
serum free thyroxine, thyroid-stimulating hormone (TSH),
antithyroperoxidase, antithyroglobulin and urine iodine
concentration. A total of45,905 thyroid abnormalities were
found in 119,178 examined children (Table 66) [Y1].
Ninety-one percent of the abnormalities were diagnosed as
goiter, and 62 thyroid cancers were found. The incidence
rates in Gomel, the area of Belarus with the highest
contamination, had the lowest incidence of goiter but the
highest incidence of abnormal echogenity, cystic lesions,
nodular lesions, and cancer, the latter two known to be
related to radiation (Table 67). No association between
thyroid antibodies, hypo- or hyperthyroidism, and 137Cs
activity in the body or soil contamination was seen in
114,870 children examined [Y1].

345. The contaminated areas around Chernobyl have been
recognized as iodine-deficient areas, but the influence on
the goiter prevalence has not been clear. In an extended
study of the 119,178 children included in the Chernobyl
Sasakawa Health and Medical Cooperation Project [A8],
urinary iodine excretion levels were measured in 5,710
selected cases. The study did not reveal any correlation
between goiter and whole-body 137Cs content or 137Cs
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contamination level at the place of residence either at the
time of examination or the time of the accident. However,
a significant negative correlation was indicated between
prevalence of goiter and urinary iodine excretion levels.
The highest prevalence of goiter (54%) was found in Kiev,
where the incidence of childhood cancer was relatively
low. However, the Kiev area was also identified as an
endemic iodine-deficient zone. The opposite was found in
Gomel, i.e. no profound iodine deficiency and a lower rate
of thyroid nodules (18%) in an area with a higher rate of
childhood thyroid cancer.

346. For inhabitants of the Bryansk region in the Russian
Federation who were born before the accident and examined
with ultrasound, the overall prevalence of thyroid abnorm-
alities did not differ when contaminated and uncontaminated
areas were compared [K10]. A difference was revealed when
age was taken into consideration. For those 0�9 years of age
at the time of the accident, the prevalence of thyroid
abnormalities was 8.1% in the exposed cohort compared with
1.6% in the non-exposed. The corresponding figures for
individuals 10�27 years in 1986 were 18.8% and 17.7%,
respectively. Approximately half of the pathological findings
identified through ultrasound were also noticed at palpation.

347. The prevalence of thyroid antibodies (antithyroglobulin
and antithyroperoxidase) in children and adolescents in
Belarus was measured in 287 individuals residing in con-
taminated areas (average 137Cs contamination, 200 kBq m�2)
and compared to the findings in 208 individuals living in
uncontaminated areas (average 137Cs contamination, <3.7
kBq m�2) [P20]. All individuals were younger than 12 years
at time of the accident. Significantly elevated concentrations
of thyroid antibodies were found among the exposed
individuals with most pronounced concentrations in girls of
puberty age. No indication of thyroid dysfunction was found,
but the future development of clinically relevant thyroid
disorders was thought to be a possibility.

348. Blood samples from 12,803 children living in the
Kaluga region were studied for antibodies to thyroid antigen
with a modifying reaction of passive haemoagglutination
[S15]. In the sixth year after the accident, the reaction showed
positive results in only a small percentage of samples
(1.2%�4.8%). However, in children from contaminated areas,
the percentage of positive results was consistently higher than
in children from uncontaminated areas.

349. Similar results were found in a Russian study in
which 89 exposed and 116 non-exposed children were
examined [K28]. There was no apparent alteration in
thyroid function, but a higher rate of thyroid antibodies
was found in the exposed group. This group also had a
lower percentage of individuals with iodine deficiency, as
defined by urinary iodine excretion (76%), than groups
living in uncontaminated areas (92%), but at the same time
a fivefold greater rate of thyroid enlargement was
identified by ultrasound. No sex difference was seen for
goiters in the exposed group compared with a 1:2 male to
female ratio in the non-exposed group.

350. Fifty-three Ukrainian children (0�7 years of age at
the time of the accident) living in contaminated areas were
compared with 45 children living in supposedly
uncontaminated regions [V1]. The level of antithyro-
globulin, thyroid-stimulating hormone and abnormal
findings at ultrasound were higher in the exposed
individuals, and it was concluded that there was a dose-
response relationship. In contrast, no difference in thyroid
function was noticed when 888 Belarusian schoolchildren
living in contaminated areas were compared with 521 age-
matched, non-exposed controls [S10]. Both groups lived in
iodine- deficient areas, and the prevalence of diffuse goiter
was significantly higher in the exposed group. Thyroid
antibodies were not measured.

351. When 143 children 5 to 15 years old at examination
living in a contaminated area were compared with 40 age-
and sex-matched controls living in clean areas of the Tula
region of the Russian Federation, a higher prevalence of
thyroid autoimmunity was found in the exposed group
[V10]. The difference was only noticed in those less than
5 years of age at the time of the accident, and no difference
in thyroid function was noticed.

352. A total of 700,000 persons from the former Soviet
Union have immigrated to Israel, approximately 140,000
of whom come from territories affected by the Chernobyl
accident [Q1, Q2]. The thyroid status of 300 immigrant
children voluntarily brought for thyroid examination by
their parents was evaluated. Enlarged thyroid glands were
found in about 40% of subjects, irrespective of whether
theycame from the contaminated or uncontaminated areas,
i.e. 137Cs greater or less than 37 kBq m�2 [Q1, Q2].
Thyroid-stimulating hormone levels, although within
normal limits, were significantly higher (p < 0.02) for girls
from the more contaminated regions.

353. Thyroid screening was performed in 1,984 Estonian
recovery operation workers through palpation of the neck
bya thyroid specialist and high-resolution ultrasonography
by a radiologist [I19]. Fine- needle biopsy was carried out
for palpable nodules and for nodules larger than 1 cm
found by ultrasound; enlarged nodules were observed in
201 individuals. The prevalence of nodules increased with
age at examination but was not related to recorded dose,
date of first duty at Chernobyl, duration of service at
Chernobyl, or the activities carried out by the recovery
operation workers. Two cases of papillary carcinoma and
three benign follicular neoplasms were identified and
referred for treatment [I19].

354. Thyroid examinations by ultrasound were performed
on 3,208 Lithuanian recovery operation workers in
1991�1995, and thyroid nodularity (nodules > 5 mm) was
detected in 117 individuals [K9]. There was, however, no
significant difference in the prevalence of thyroid
nodularity compared with the Lithuanian male population
as a whole and no association with level of radiation dose
or duration of stay in the Chernobyl area.
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355. The development of hypothyroidism following high-
level external or internal exposures to ionizing radiation is
well known. A change in hypothyroid rates in newborns
has been shown in some areas of the United States and was
supposed to be related to fallout from the Chernobyl
accident [M9]. These findings were challenged [W4] on
the grounds that the received doses were far too low to
induce hypothyroidism. Doses received in the northwestern
part of the United States were approximately 1/10,000 of
that received in the Chernobyl area, and extensive
examinations of children in Belarus, the Russian
Federation and Ukraine have not shown a relationship
between dose and either hyper- or hypothyroidism [Y1].

356. Summary. Other than the occurrence of thyroid
nodules in workers and in children, which is unrelated to
radiation exposure, there has been no evidence of thyroid
abnormalities in affected populations following the
Chernobyl accident. Even the large screening programme
conducted by the Chernobyl Sasakawa Health and Medical
Cooperation Project in 1991�1996, involving 160,000
children, less than 10 years of age at time of the accident,
there was no increased risk of hypothyroidism, hyper-
thyroidism or goiter that could be related to ionizing
radiation. Neither was an increase in thyroid antibodies
noticed, which is in contradiction with some other minor
studies.

2. Somatic disorders other than thyroid

357. The first study of health effects other than cancer and
thyroid disorders on a representative sample of the popula-
tions from contaminated and control districts was carried
out in the framework of the International Chernobyl
Project [I1]. The conclusion of this project was that,
although there were significant health disorders in the
populations of both contaminated and control settlements,
no health disorder could be attributed to radiation
exposure.

358. As discussed previously, between 1991 and 1996, the
Sasakawa Memorial Health Foundation of Japan funded the
largest international screening programme of children in five
medical centres in Belarus, the Russian Federation and
Ukraine [Y1]. In all, haematological investigations were
carried out for 118,773 children. White blood cells, red blood
cells, haemoglobin concentration, haematocrit, mean corpus-
cular volume and concentration, and platelets were measured.
The prevalence of anaemia was higher in girls than in boys
and ranged from 0.2% to 0.5 %. An extended examination of
322 children suggested that iron deficiency was the cause of
one third of these cases. The prevalence of leukopenia was
somewhat lower in girls than boys (overall range, 0.2%

�

1.1%), while no sex difference was seen for leukocytosis
(range, 2.8%�4.9%). No differences between sexes or centres
were seen for trombocytopenia (range, 0.06%�0.12%),
trombocytosis (range, 1.0%�1.3%), or eosinophilia (range,
12.2%�18.9%). The prevalence of eosinophilia changed
dramatically during the five years of follow-up, from 25% in

1991 to 11% in 1996. There are probably several reasons for
this decline, among them better socioeconomic conditions, a
greater awarenessofhealth, and improvedmedical conditions.
The frequency of haematological disorders showed no
difference by level of 137Cs contamination at the place of
residency at the time of the accident, current residency, or
137Cs concentration in the body [Y1].

359. A number of studies have addressed the general
morbidity of populations living in contaminated areas [I8,
O2, W1]. When individuals in the contaminated areas were
compared with the general population in these countries,
increased morbidity due to diseases of the endocrine,
haematopoietic, circulatory and digestive systems was
found. A higher rate of mental disorders and disability has
also been noted. It is difficult to interpret these results,
since the observations may be at least partly explained by
the active follow-up of the exposed populations and by the
fact that age and sex are not taken into account in these
studies. On the other hand, they may reflect a real increase
in morbidity following the Chernobyl accident, which
would mainly be an effect of psycho-social trauma, since
existing epidemiological studies of radiation-exposed
populations are not consistent with these findings. Stress
and economic difficulties following the accident are most
likely influencing the results.

360. The demographic situation in Belarus has changed
since the accident. People have moved to the cities to a
larger extent, and the population is, on average, older as a
result of the low birth rate. Mortality due to accidents and
cardiovascular diseases has increased, particularly among
evacuated populations and people living in zones
recommended for relocation [W1]. Mortality rates in the
Russian Federation regions of Kaluga and Bryansk are
close to those in the rest of the country and are relatively
stable over time; however, infant mortality is steadily
decreasing. Except for an increase in accidental deaths in
the contaminated areas, no significant difference in cause
of death was found [W1]. Population growth in Ukraine, as
in other parts of the former Soviet Union, has become
negative. General mortalityin contaminated areas is higher
(14

�18 per 1,000) than in the whole of Ukraine (11�12 per
1,000). The pattern in causes of death in Ukraine is stable,
with some decrease in cardiovascular mortality [W1].

361. Since 1990, 4,506 children (3,121 from Ukraine,
1,018 from the Russian Federation and 367 from Belarus)
from the Chernobyl area have received medical care at the
Centre of Hygiene and Radiation Protection, in Cuba
[G18]. Measured body burdens of 137Cs were in the range
1.5�565 Bq kg�1 (90% of children had levels below 20
Bq kg�1). Doses from external irradiation were estimated to
range from 0.04 to 30 mSv (90% < 2 mSv), 2 to 5.4 mSv
from internal irradiation and thyroid doses from 0 to 2 Gy
(44% < 40 mGy). Assessment of overall health condition,
including haematological and endocrinological indicators,
did not differ when the children were divided into five
groups on the basis of 137Cs contamination (<37, 37�185,
>185 kBq m�2, evacuated, unknown).
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362. The incidence ofnon-malignant disorders in children
was evaluated using the Belarus Chernobyl registry [L19].
The children were divided into three groups: evacuated
from the 30-km zone, residing (or previously residing) in
areas with contamination >555 kBq m�2, and born to
exposed parents. Increased rates of gastritis, anaemia and
chronic tonsillitis were found among all exposure
categories compared to Belarus as a whole, and the highest
rates were for children in the Gomel region. The authors
concluded that the increases were most probably due to
psycho-social factors, lifestyle, diet and increased medical
surveillance and suggested that further analyses would be
needed to establish aetiological factors.

363. When hormonal levels, biologically active
metabolites and immunoglobulins in 132 Russian recovery
operation workers were stratified by absorbed doses, no
differences related to ionizing radiation were seen except
for so-called biomarkers of oxidative stress, e.g. conjugated
dienes [S8]. These biomarkers are, however, not specific
for radiation damage and can be seen in several
pathological conditions.

364. In an Estonian cohort of 4,833 recovery operation
workers, 144 deaths were identified in the period
1986�1993, compared with 148 expected [R13, T6]. A
relatively high number of deaths were due to accidents,
violence and poisoning. In nearly 20%, the cause of death
was suicide, and the relative risk of 1.52 (n = 28) was
statistically significant [R13, T6].

365. A Lithuanian cohort of 5,446 recovery operation
workers was followed regularly at the Chernobyl Medical
Centre during the years 1987�1995, and 251 deaths were
observed [K3]. The major causes of death were injuries and
accidents, and the overall mortality rate of the recovery
operation workers was not higher than that of the total
population.

3. Immunological effects

366. Acute as well as fractionated exposures to low doses
of ionizing radiation have been reported to alter several
immunological parameters in experimental animals. It is,
however, not clear what effects are found in humans. Many
papers have been published in the last decade on the
immunological effects of exposure to radiation from the
Chernobyl accident. Since it is unclear, however, if
possible confounding factors have been taken into account,
including, in particular, infections and diet, it is difficult to
interpret the results.

367. The immunological status of 1,593 recovery
operation workers was studied by Kosianov and Morozov
[K24]. A moderate decrease in the number of leukocytes
was observed, as well as a decrease in T-lymphocytes and
periodic decreases in the number of B-lymphocytes and in
immunoglobulin level. These disturbances lasted for 4�6
months in individuals with a dose <2.5 mGy and about a
year in those with doses from 2.5 to 7 mGy.

368. The immune status of 85 recovery operation workers
who were professional radiation workers from the Mayak
plant was studied carefully between 9 and 156 days after
they finished work in the Chernobyl area [T17]. The
radiation doses were between 1 and 330 mGy. Only some
decreases in T-lymphocytes and increases in null-
lymphocytes showed causal relations to the radiation dose.

369. A three-year study of 90 recovery operation workers
living in the town of Chelyabinsk [A1] showed that the
average numbers of leukocytes, neutrophyls and lymphocytes
in the whole period were the same as in the control group,
consisting of the general population of Chelyabinsk with the
same age and sex distribution. During the first and second
years, a moderate increase of IgM level in blood was found,
while a slight decrease was seen in the first month; complete
recovery was seen in the third year [A1].

370. A five-year study of the immunological status of 62
helicopter pilots exposed to radiation doses from 180 to
260 mGy did not reveal significant quantitative changes in
functional characteristics of T- and B-lymphocytes [U15].
Among persons with the highest doses and with some
chronic diseases, however, an increase in the functional
activity of B-lymphocytes and other non-specific changes
in immune status were observed.

371. A careful immunological study of 500 healthy
children evacuated from Pripyat with doses from 0.05 to
0.12 Gydid not show significant differences in comparison
with Kiev-resident children of the same age [B8]. This
study considered the T-lymphocyte subpopulation, natural
killer activity, levels of immune complexes, and of
interleukin-1 and -2. Some changes in immunoglobulin-A
with hypoglobulineaemia and other functional changes
were found in children who suffered from respiratory
allergy and chronic infections.

372. No differences in absolute and relative levels of
T-lymphocytes were found in more than 1,000 examined
children living in contaminated areas of the Gomel and
Mogilev regions [G20]. A slight increase in serum Ig-G
level and B-lymphocytes was observed in children 3

�7
years old at the time of examination. The study was
conducted in the second year after the accident.

373. Immune status was studied in 84 children 7�14 years
old (at the time of the accident) and living in contaminated
areas of Belarus and in a control group of 60 children (with
the same age and sex distribution) living in uncontaminated
areas [K25]. The study was conducted four and half years
after the accident. A direct association was observed between
the T-lymphocyte levels in children from contaminated areas
and the average reconstructed dose from radioiodine to the
thyroid in the settlements where the children resided.

374. While evaluating the significance of these various
findings, it must be borne in mind that the doses received by
the subjects were unlikely to directly affect constituents of the
immune system. The long period over which disturbances of
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immune function were observed are not consistent with the
understanding of recovery of immune functions following
acute exposure of experimental animals. It is quite likely,
therefore, that psychological stress mediated by neuro-
endocrine factors, cytokines, respiratory allergies, chronic
infections, and autoimmunity related imbalances could have
caused the fluctuations in some immunological parameters in
different groups of subjects.

375. Summary. With the exception of the increased risk
of thyroid cancer in those exposed at young ages, no
somatic disorder or immunological defect could be
associated with ionizing radiation caused by the Chernobyl
accident.

C. PREGNANCY OUTCOME

376. In a group of Belarusian children born to exposed
mothers with in utero doses ranging from 8 to 21 mSv, no
relationship between birth defects and residency in
contaminated areas was seen [L5]. The observations that
the defects were largely of multifactorial origin and varied
according to the residencyof the mother appeared to reflect
the influence of complex and multiple non-radiation
factors. No consistent relationship was seen between the
detected rate of chromosome and chromatid aberrations in
children and the level of radioactive ground contamination.

377. Later studies of birth defects and malformations in
Belarus yielded conflicting results [L8]. The studies con-
ducted on all legal medical abortions from 1982 to 1994
revealed increased rates of polydactyly, limb reduction, and
multiple malformations in highly contaminated areas (>555
kBq m�2) when pre- and post-accidental rates were compared
[L8]. In the less contaminated areas (<37 kBq m�2), increased
rates of anenchephaly, spina bifida, cleft lip/palate, poly-
dactyly, limb reduction and multiple malformations were
noted. The city of Minsk was used as a control, and spina
bifida, polydactyly, multiple malformations, and Down’s
syndrome were found to have increased. No changes in birth
defects over time could be related to exposure to ionizing
radiation.

378. One explanation to the findings of Lazjuk [L8] could
be that classification of birth disorders has not been
consistent over time, probably reflecting the lack of clarity
of diagnostic criteria and the significant improvement in
diagnostic procedures. Only a few reliable clinical studies
have been undertaken in representative groups and regions
[K5], and these studies suggest that the observed shifts in
the health status of children are unlikely to have been
caused by radiation exposure only.

379. Somewhat conflicting results have also been reported
when reproductive outcomes in contaminated areas of the
Russian Federation were examined [B19, L27, L28, L29].

The outcomes before and after the accident were compared
in regions of different contamination levels. The results are
summarized in Table 68. Birth rates decreased in all three
regions and were related to severity of contamination,
while spontaneous abortions increased in two of the three
regions. Congenital malformations, stillbirths, premature
births and perinatal mortality were studied, but no
consistency or apparent relationship to ionizing radiation
was noticed.

380. The frequency of unfavourable pregnancy outcomes
for 1986

�1992 was studied through interviews of 2,233
randomly selected women from 226 contaminated
settlements of Belarus and the Russian Federation [G11].
In the contaminated areas of Gomel and Mogilev (Belarus)
and of Bryansk (the Russian Federation), a decrease in the
birth rate in both urban and rural populations was reported.
This corresponds to an increase in the number of medical
abortions in both populations.

381. Studies of chromosomal aberrations in distant
populations have been critically reviewed [L32, V5].
Increased numbers of cases of Down’s syndrome were
reported in West Berlin in January 1987 [S23], in the
region of Lothian, in Scotland [R14] and in the most
contaminated areas of Sweden [E4]. All studies were based
on a small number of cases and were later challenged
[B13]. The doses in Berlin and Scotland reached 10% of
the natural background irradiation, and it is not likely that
this contribution was enough to cause the non-disjunction
in oocytes during meiosis that is needed for the specific
aneuploidy of Down’s syndrome. The findings have not
been confirmed in larger and more representative series in
Europe [D9, L32]. In particular, no peak in Down’s
syndrome among children exposed at time of conception
was observed in equally contaminated zones of Europe
(e.g. Finland) or even in Belarus [B34, V5]. In a careful
study of birth defects in Belarus, no increased rate of
Down’s syndrome was found when pre- and post-accident
figures were compared in contaminated areas [L8].

382. According to a recent paper [K4], perinatal mortality
in Germany showed a statistically significant increase in
1987, and it was concluded that this was an effect of the
Chernobyl accident fallout. The findings were later
questioned, since whole-body doses from incorporated
caesium were found to be 0.05 mSv [R19]. No effect of the
Chernobyl accident could be found when temporal patterns
of perinatal mortality in Bavaria were correlated to
different fallout levels and subsequent exposures [G24].

383. Summary. Several studies on adverse pregnancy
outcomes related to the Chernobyl accident have been
performed in the areas closest to the accident and in more
distant regions. So far, no increase in birth defects, congenital
malformations, stillbirths, or premature births could be linked
to radiation exposures caused by the accident.
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D. PSYCHOLOGICAL AND OTHER
ACCIDENT-RELATED EFFECTS

384. Many aspects of the Chernobyl accident have been
suggested to cause psychological disorders, stress and
anxiety in the population. The accident caused long-term
changes in the lives of people living in the contaminated
districts, since measures intended to limit radiation doses
included resettlement, changes in food supplies and
restrictions on the activities of individuals and families.
These changes were accompanied by important economic,
social and political changes in the affected countries,
brought about by the disintegration of the former Soviet
Union. These psychological reactions are not caused by
ionizing radiation but are probably wholly related to the
social factors surrounding the accident.

385. The decisions of individuals and families to relocate
were often highly complex and difficult. The people felt
insecure, and their lack of trust in the scientific, medical
and political authorities made them think they had lost
control [H9]. Experts who tried to explain the risks and
mollify people were perceived as denying the risk, thus
reinforcing mistrust and anxiety.

386. The environmental contamination created widespread
anxiety that should be referred to not as radiophobia, as it
initially was, but as a real, invisible threat, difficult to
measure and localize. The key to how people perceive risk
is the degree of control they exert over it. Once measures
are taken to improve the quality of life for those still living
in contaminated areas, the climate of social trust improves,
probably because of the better cooperation between
inhabitants and local authorities [H9].

387. Psychological effects related to the Chernobyl
accident have been studied extensively [I1, L3, L4].
Symptoms such as headache, depression, sleep disturbance,
inability to concentrate, and emotional imbalance have
been reported and seem to be related to the difficult
conditions and stressful events that followed the accident.

388. The psychological development of 138 Belarusian
children who were exposed to radiation from the Chernobyl
accident in utero was compared with that of 122 age-matched
children from uncontaminated areas[K46]. Thechildren were
followed for 6

�12 years and the study included neurological,
psychiatric and intellectual assessments of children and
parents. The exposed group was found to have a slightlylower
intellectual capability and more emotional disorders. A
correlation was found between anxiety among parents and
emotional stress in children. It was concluded that
unfavourable psychosocial factors, such as broken social
contacts, adaptation difficulties, and relocation, explained the
differences between the exposed and non-exposed groups. No
differences could be related to ionizing radiation.

389. Many individuals affected by the Chernobyl accident
are convinced that radiation is the most likely cause of their
poor health [H7]. This belief may cause or amplify psycho-

somatic distress in these individuals. When studying the
impact of the accident in exposed areas of Belarus, Havenaar
et al. [H11, H12] found that depression, general anxiety and
adjustment disorders were more prevalent among those
evacuated and in mothers with children under 18 years of age.
It was concluded that the Chernobyl accident had had a
significant long-term impact on psychological well-being,
health-related quality of life, and illness in the exposed
populations [H10]. However, none of the findings could be
directly attributed to ionizing radiation.

390. Post-traumatic stress is an established psychiatric
diagnostic category involving severe nightmares and
obsessive reliving of the traumatic event. Although it is
widely perceived by victims of disasters, such stress is
supposed to occur only in those persons who were directly
and immediately involved. The uncertainty, threat and
social disruption felt by the wider public has been termed
chronic environmental stress disorder by Lee [L3], who
compared the consequences of the Chernobyl accident with
the consequences of other destructive events and accidents.

391. Among recovery operation workers, those without
occupational radiation experience suffered a higher rate of
neurotic disturbances than the general population [R5,
S13]. Clinically expressed disturbances with significant
psychosomatic symptoms were predominant in this group,
but the increased medical attention, which leads to the
diagnosis of chronic somatic diseases and subclinical
changes that persistentlyattract the attention of the patient,
complicates the situation. The possibility of rehabilitation
decreased correspondingly, while unsatisfactory and
unclear legislation exacerbated the conflicts and tended to
prolong the psychoneurotic reactions of the patients [G4,
S13]. The health status of recovery operation workers who
were nuclear industry professionals did not seem to be
different from that of the rest of the cohort [N3].

392. Social and economic suffering among individuals
living in contaminated areas has exacerbated the reactions
to stressful factors. Although the incidence of psycho-
somatic symptoms in the population of highly con-
taminated areas is higher than that in populations of less
contaminated areas, no direct correlation with radiation
dose levels has been observed. The self-appraisal of this
group is low, as is their general physical health, as
observed in systematic screening programmes, including
the International Chernobyl Project [I1]. This makes the
individuals functionally unable to solve complicated social
and economic problems and aggravates their psychological
maladaptation. The tendency to attribute all problems to
the accident leads to escapism, “learned helplessness”,
unwillingness to cooperate, overdependence, and a belief
that the welfare system and government authorities should
solve all problems. It also contributes to alcohol and drug
abuse. There is evidence of an increased incidence of
accidents (trauma, traffic incidents, suicides, alcohol
intoxication and sudden death with unidentified cause) in
this population, as well as in recovery operation workers,
compared with the populations of unaffected regions.
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393. A follow-up study of the psychological status of 708
emigrants to Israel from the former Soviet Union was
carried out over a two-year period [C3]. A total of 374
adults who had lived in contaminated areas and for whom
body-burden measurements had been carried out and 334
non-exposed emigrants matched by age, sex and year of
emigration were compared. The subjects from exposed
areas were categorized into two exposure groups: high and
low (137Cs greater or less than 37 kBq m�2) on the basis of
the map of ground caesium contamination [I1]. The
prevalence of post-traumatic stress disorders, depression,
anxiety and psychosomatic effects, such as high blood
pressure and chronic illness, were measured. Interviews
were carried out during the initial contact and
approximately one year later with 520 of the original
respondents. The results obtained in the first interview
showed that psychological symptoms were much more
prevalent in the exposed groups than in the non-exposed
group; in the second interview, a decline in the prevalence
of disorders was noted. The proportion of those who
reported three or more chronic health problems was 48%
among the high-exposure group, 49% in the low-exposure
group, and 31% in the non-exposed group (p < 0.0003).
Based on these results, the authors concluded that the
Chernobyl accident had had a strong impact on both the
mental and physical health of the immigrants from
contaminated areas of the former Soviet Union.

394. Summary. The Chernobyl accident caused long-term
changes in the lives of people living in the contaminated
areas, since measures intended to limit radiation dose
included resettlement, changes in food supplies, and
restrictions on the activities of individuals and families.
These changes were accompanied by important economic,
social, and political changes in the affected countries,
brought about by the disintegration of the former Soviet
Union. The anxiety and emotional stress among parents
most likely influenced the children, and unfavourable
psychosocial factors probably explain the differences
between the exposed and non-exposed groups.

E. SUMMARY

395. A majority of the studies completed to date on the
health effects of the Chernobyl accident are of the
geographic correlation type that compare average popula-
tion exposure with the average rate of health effects or
cancer incidence in time periods before and after the
accident. As long as individual dosimetry is not performed
no reliable quantitative estimates can be made. The
reconstruction of valid individual doses will have to be a
key element in future research on health effects related to
the Chernobyl accident.

396. The number of thyroid cancers in individuals exposed
in childhood, particularly in the severely contaminated
areas of the three affected countries, is considerablygreater
than expected based on previous knowledge. The high
incidence and the short induction period have not been

experienced in other exposed populations, and factors other
than ionizing radiation are almost certainlyinfluencing the
risk. Some such factors include age at exposure, iodine
intake and metabolic status, endemic goitre, screening,
short-lived isotopes other than 131I, higher doses than
estimated, and, possibly, genetic predisposition. Approxi-
mately 1,800 thyroid cancer cases have been reported in
Belarus, the Russian Federation and Ukraine in children
and adolescents for the period 1990�1998. Age seems to be
an important modifier of risk. The influence of screening
is difficult to estimate. Approximately 40%�70% of the
cases were found through screening programmes, and it is
unclear how many of these cancers would otherwise have
gone undetected. Taking the advanced stage of the tumours
at time of diagnosis into consideration, it is likely that most
of the tumours would have been detected sooner or later.

397. The present results from several studies indicate that
the majority of the post-Chernobyl childhood thyroid
carcinomas show the intrachromosomal rearrangements
characterized as RET/PTC1 and 3. There are, however,
several questions left unanswered, e.g. the influence of age
at exposure and time since exposure on the rate of
chromosome rearrangements.

398. The risk of leukaemia has been shown in epidemio-
logical studies to be clearly increased by radiation ex-
posure. However, no increased risk of leukaemia linked to
ionizing radiation has so far been confirmed in children, in
recovery operation workers, or in the general population of
the former Soviet Union or other areas with measurable
amounts of contamination from the Chernobyl accident.

399. Increases in a number of non-specific detrimental
health effects other than cancer in recovery operation
workers and in residents of contaminated areas have been
reported. It is difficult to interpret these findings without
referring to a known baseline or background incidence.
Because health data obtained from official statistical
sources, such as mortalityor cancer incidence statistics, are
often passively recorded and are not always complete, it is
not appropriate to compare them with data for the exposed
populations, who undergo much more intensive and active
health follow-up than the general population.

400. Some investigators have interpreted a temporary loss
of ability to work among individuals living in cotaminated
areas as an increase in general morbidity. High levels of
chronic diseases of the digestive, neurological, skeletal,
muscular and circulatory systems have been reported.
However, most investigators relate these observations to
changes in the age structure, the worsening quality of life,
and post-accident countermeasures such as relocation.

401. Many papers have been published in the last decade
on the immunological effects of exposure to radiation from
the Chernobyl accident. Since it is unclear, however, if
possible confounding factors have been taken into account,
including, in particular, infections and diet, it is difficult to
interpret these results.
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CONCLUSIONS

402. The accident of 26 April 1986 at the Chernobyl
nuclear power plant, located in Ukraine about 20 km south
of the border with Belarus, was the most serious ever to
have occurred in the nuclear industry. It caused the deaths,
within a few days or weeks, of 30 power plant employees
and firemen (including 28 with acute radiation syndrome)
and brought about the evacuation, in 1986, of about
116,000 people from areas surrounding the reactor and the
relocation, after 1986, of about 220,000 people from
Belarus, the Russian Federation and Ukraine. Vast
territories of those three countries (at that time republics of
the Soviet Union) were contaminated, and trace deposition
of released radionuclides was measurable in all countries
of the northern hemisphere. In this Annex, the radiation
exposures of the population groups most closely involved
in the accident have been reviewed in detail and the health
consequences that are or could be associated with these
radiation exposures have been considered.

403. The populations considered in this Annex are (a) the
workers involved in the mitigation of the accident, either
during the accident itself (emergency workers) or after the
accident (recovery operation workers) and (b) members of the
general public who either were evacuated to avert excessive
radiation exposures or who still reside in contaminated areas.
The contaminated areas, which are defined in this Annex as
being those where the average 137Cs ground deposition density
exceeded 37 kBq m�2 (1 Ci km�2), are found mainly in
Belarus, in the Russian Federation and in Ukraine. A large
number of radiation measurements (film badges, TLDs,
whole-bodycounts, thyroid counts, etc.)weremadetoevaluate
the exposures of the population groups that are considered.

404. The approximately600 emergencyworkers whowere
on the site of the Chernobyl power plant during the night
of the accident received the highest doses. The most
important exposures were due to external irradiation
(relativelyuniform whole-bodygamma irradiation and beta
irradiation of extensive body surfaces), as the intake of
radionuclides through inhalation was relatively small
(except in two cases). Acute radiation sickness was
confirmed in 134 of those emergencyworkers. Forty-one of
these patients received whole-body doses from external
irradiation of less than 2.1 Gy. Ninety-three patients
received higher doses and had more severe acute radiation
sickness: 50 persons with doses between 2.2 and 4.1 Gy, 22
between 4.2 and 6.4 Gy, and 21 between 6.5 and 16 Gy.
The skin doses from beta exposures, evaluated for eight
patients with acute radiation sickness, were in the range of
400�500 Gy.

405. About 600,000 persons (civilian and military) have
received special certificates confirming their status as
liquidators (recoveryoperation workers), according to laws
promulgated in Belarus, the Russian Federation and

Ukraine. Of those, about 240,000 were military
servicemen. The principal tasks carried out by the recovery
operation workers included decontamination of the reactor
block, reactor site and roads, as well as construction of the
sarcophagus and of a town for reactor personnel. These
tasks were completed by 1990.

406. A registry of recovery operation workers was
established in 1986. This registry includes estimates of
effective doses from external irradiation, which was the
predominant pathway of exposure for the recovery
operation workers. The registry data show that the average
recorded doses decreased from year to year, being about
170 mSv in 1986, 130 mSv in 1987, 30 mSv in 1988, and
15 mSv in 1989. It is, however, difficult to assess the
validity of the results that have been reported because (a)
different dosimeters were used by different organizations
without any intercalibration; (b) a large number of
recorded doses were very close to the dose limit; and (c)
there were a large number of rounded values such as 0.1,
0.2, or 0.5 Sv. Nevertheless, it seems reasonable to assume
that the average effective dose from external gamma
irradiation to recovery operation workers in the years
1986�1987 was about 100 mSv.

407. Doses received by the general public came from the
radionuclide releases from the damaged reactor, which led
to the ground contamination of large areas. The radio-
nuclide releases occurred mainly over a 10-day period,
with varying release rates. From the radiological point of
view, the releases of 131I and 137Cs, estimated to have been
1,760 and 85 PBq, respectively, are the most important.
Iodine-131 was the main contributor to the thyroid doses,
received mainlyvia internal irradiation within a few weeks
after the accident, while 137Cs was, and is, the main
contributor to the doses to organs and tissues other than the
thyroid, from either internal or external irradiation, which
will continue to be received, at low dose rates, during
several decades.

408. The three main contaminated areas, defined as those
with 137Cs deposition density greater than 37 kBq m�2

(1 Ci km�2), are in Belarus, the Russian Federation and
Ukraine; they have been designated the Central, Gomel-
Mogilev-BryanskandKaluga-Tula-Orel areas. The Central
area is within about 100 km of the reactor, predominantly
to the west and northwest. The Gomel-Mogilev-Bryansk
contaminated area is centred 200 km north-northeast of the
reactor at the boundary of the Gomel and Mogilev regions
of Belarus and of the Bryansk region of the Russian
Federation. The Kaluga-Tula-Orel area is in the Russian
Federation, about 500 km to the northeast of the reactor.
All together, territories from the former Soviet Union with
an area of about 150,000 km2 were contaminated with 137Cs
deposition density greater than 37 kBq m�2. About five
million people reside in those territories.
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409. Within a few weeks after the accident, more than
100,000 persons were evacuated from the most contaminated
areas ofUkraine and ofBelarus. The thyroid doses received by
the evacuees varied according to their age, place of residence,
dietary habits and date of evacuation. For example, for the
residents of Pripyat, who were evacuated essentiallywithin 48
hours after the accident, the population-weighted average
thyroid dose is estimated to be 0.17 Gy and to range from
0.07 Gy for adults to 2 Gy for infants. For the entire
population of evacuees, the population-weighted average
thyroid dose is estimated to be 0.47 Gy. Doses to organs and
tissues other than the thyroid were, on average, much smaller.

410. Thyroid doses alsohave been estimated for the residents
of the contaminated areas who were not evacuated. In each of
the three republics, thyroid doses are estimated to have
exceeded 1 Gy for the most exposed infants. For residents of
a given locality, thyroid doses to adults were smaller than
those to infants by a factor of about 10. The average thyroid
dose was approximately 0.2 Gy; the variability of the thyroid
dose was two orders of magnitude, both above and below the
average.

411. Following the first few weeks after the accident, when
131I was the main contributor to the radiation exposures, doses
were delivered at much lower dose rates byradionuclides with
much longer half-lives. Since 1987, the doses received by the
populations of the contaminated areas came essentially from
external exposure from 134Cs and 137Cs deposited on the
ground and internal exposure due to the contamination of
foodstuffs by 134Cs and 137Cs. Other, usually minor, contribu-
tions to the long-term radiation exposures include the
consumption of foodstuffs contaminated with 90Sr and the
inhalation of aerosols containing plutonium isotopes. Both
external irradiation and internal irradiation due to 134Cs and
137Cs result in relatively uniform doses in all organs and
tissues of the body. The average effective doses from 134Cs and
137Cs that were received during the first 10 years after the
accident by the residents of contaminated areas are estimated
to be about 10 mSv.

412. The papers available for review by the Committee to
date regarding the evaluation of health effects of the
Chernobyl accident have in many instances suffered from
methodological weaknesses that make them difficult to
interpret. The weaknesses include inadequate diagnoses and
classification of diseases, selection of inadequate control or
reference groups (in particular, control groups with a different
level of disease ascertainment than the exposed groups),
inadequate estimation of radiation doses or lack of individual
data and failure to take screening and increased medical
surveillance into consideration. The interpretation of the
studies is complicated, and particular attention must be paid
to the design and performance of epidemiological studies.
These issues are discussed in more detail in Annex I,
“Epidemiological evaluation of radiation-induced cancer”.

413. Apart from the substantial increase in thyroid cancer
after childhood exposure observed in Belarus, in the Russian
Federation and in Ukraine, there is no evidence of a major

public health impact related to ionizing radiation 14 years
after the Chernobyl accident. No increases in overall cancer
incidence or mortality that could be associated with radiation
exposure have been observed. For some cancers no increase
would have been anticipated as yet, given the latency period
of around 10 years for solid tumours. The risk of leukaemia,
one of the most sensitive indicators of radiation exposure, has
not been found to be elevated even in the accident recovery
operation workers or in children. There is no scientific proof
of an increase in other non-malignant disorders related to
ionizing radiation.

414. The large number of thyroid cancers in individuals
exposed in childhood, particularly in the severely
contaminated areas of the three affected countries, and the
short induction period are considerably different from
previous experience in other accidents or exposure situations.
Other factors, e.g. iodine deficiency and screening, are almost
certainly influencing the risk. Few studies have addressed
these problems, but those that have still find a significant
influence of radiation after taking confounding influences into
consideration. The most recent findings indicate that the
thyroid cancer risk for those older than 10 years at the time of
the accident is leveling off, the risk seems to decrease since
1995 for those 5

�9 years old at the time of the accident, while
the increase continues for those younger than 5 years in 1986.

415. There is a tendency to attribute increases in cancer
rates (other than thyroid) over time to the Chernobyl
accident, but it should be noted that increases were also
observed before the accident in the affected areas. More-
over, a general increase in mortality has been reported in
recent years in most areas of the former USSR, and this
must also be taken into account in interpreting the results
of the Chernobyl-related studies. Because of these and
other uncertainties, there is a need for well designed, sound
analytical studies, especially of recoveryoperation workers
from Belarus, the Russian Federation, Ukraine and the
Baltic countries, in which particular attention is given to
individual dose reconstruction and the effect of screening
and other possible confounding factors.

416. Increases ofa number ofnon-specific detrimental health
effects other than cancer in accident recovery workers have
been reported, e.g. increased suicide rates and deaths due to
violent causes. It is difficult to interpret these findings without
reference to a known baseline or background incidence. The
exposed populations undergo much more intensive and active
health follow-up than the general population. As a result,
using the general population as a comparison group, as has
been done so far in most studies, is inadequate.

417. Adding iodine to the diet of populations living in
iodine-deficient areas and screening the high-risk groups
could limit the radiological consequences. Most data
suggest that the youngest age group, i.e. those who were
less than five years old at the time of the accident,
continues to have an increased risk of developing thyroid
cancer and should be closely monitored. In spite of the fact
that many thyroid cancers in childhood are presented at a
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more advanced stage in terms of local aggressiveness and
distant metastases than in adulthood, they have a good
prognosis. Continued follow-up is necessary to allow
planning of public health actions, to gain a better
understanding of influencing factors, to predict the
outcomes of any future accidents, and to ensure adequate
radiation protection measures.

418. Present knowledge of the late effects of protracted
exposure to ionizing radiation is limited, since the dose-
response assessments rely heavily on high-dose exposure
studies and animal experiments. The Chernobyl accident
could, however, shed light on the late effects of protracted
exposure, but given the low doses received by the majority
of exposed individuals, albeit with uncertainties in the dose
estimates, any increase in cancer incidence or mortality
will most certainly be difficult to detect in epidemiological
studies. The main goal is to differentiate the effects of the
ionizing radiation and effects that arise from many other
causes in exposed populations.

419. Apart from the radiation-associated thyroid cancers
among those exposed in childhood, the only group that
received doses high enough to possibly incur statistically
detectable increased risks is the recovery operation workers.
Studies of these populations have the potential to contribute to
the scientific knowledge of the late effects of ionizing
radiation. Many of these individuals receive annual medical
examinations, providing a sound basis for future studies of the
cohort. It is, however, notable that no increased risk of
leukaemia, an entity known to appear within 2

�3 years after

exposure, has been identified more than 10 years after the
accident.

420. The future challenge is to provide reliable individual
dose estimates for the subjects enrolled in epidemiological
studies and to evaluate the effects of doses accumulated over
protracted time (days to weeks for thyroid exposures of
children, minutes to months for bone-marrow exposures of
emergency and recovery operation workers, and months to
years for whole-body exposures of those living in
contaminated areas). In doing this, many difficulties must be
taken into consideration, such as (a) the role played by
different radionuclides, especiallytheshort-lived radioiodines;
(b) the accuracy of direct thyroid measurements; (c) the
relationshipbetween groundcontamination and thyroiddoses;
and (d) the reliability of the recorded or reconstructed doses
for the emergency and recovery operation workers.

421. Finally, it should be emphasized that although those
exposed as children and the emergency and recovery
operation workers are at increased risk of radiation-
induced effects, the vast majority of the population need
not live in fear of serious health consequences from the
Chernobyl accident. For the most part, they were exposed
to radiation levels comparable to or a few times higher
than the natural background levels, and future exposures
are diminishing as the deposited radionuclides decay. Lives
have been disrupted by the Chernobyl accident, but from
the radiological point of view and based on the assessments
of this Annex, generally positive prospects for the future
health of most individuals should prevail.
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a Decay-corrected to 6 May 1986.
b Values used in this Annex.
c Corrected to account for burnup of individual fuel assemblies.
d Reference [K1].
e Corrected value.
f Reference [K16].

Table 1
Radionuclide inventory in Unit 4 reactor core at time of the accident on 26 April 1986

Radionuclide Half-life
Activity (PBq)

1986 estimates a

[I2]
Estimates by

[B1, I2]
Estimates by

[S1]
Estimates by

[B2, B3, B4] b

3H
14C

85Kr
89Sr
90Sr
95Zr

95Nb
99Mo
103Ru
106Ru

110mAg
125Sb

129mTe
132Te

129I
131I
132I
133I
134I
135 I

133Xe
134Cs
136Cs
137Cs
138Cs
140Ba
140La
141Ce
144Ce
147Nd
154Eu
235U
236U
238U

237Np
239Np
236Pu
238Pu
239Pu
240Pu
241Pu
242Pu

241Am
243Am
242Cm
244Cm

12.3 a
5 730 a
10.72 a
50.5 d
29.12 a
64.0 d
35 d

2.75 d
39.3 d
368 d
250 d
2.77 a
33.6 d
3.26 d

15 700 000 a
8.04 d
2.3 h
20.8 h

52.6 min
6.61 h
5.25 d
2.06 a
13.1 d
30.0 a

32.2 min
12.7 d
40.3 h
32.5 d
284 d
11.0 d
8.6 a

704 000 000 a
23 400 000 a

4 470 000 000 a
2 140 000 a

2.36 d
2.86 a
87.74 a
24065 a
6537 a
14.4 a

376 000 a
432 a

7 380 a
163 d
18.1 a

33
2 000
200

4 400

4 800
4 100
2 100

320

1 300

1 700
190

290

2 900

4 400
3 200

140

1
0.8
1

170

26

33
2 330
200

4 810

5 550
4 810
2 070

2 700

3 180

6 290
190

280

4 810

5 550
3 260

49 600 c

1.0
0.85
1.2
170

0.0025

15 c

1.4 d

0.1 d

28
3 960
230

5 850
5 660
6 110
3 770
860
1.3
15

1 040
4 480

0.000081 d

3 080
4 480
6 700

6 510
170

110 e

260
6 550
6 070
6 070
5 550
3 920
2 160

14
0.000096 d

0.0085 d

0.0023 d

0.00026
58,100
0.0001

1.3
0.95
1.5
180

0.0029
0.17

0.0097
43

0.43

220

850

4 200 f

3 200 f

4 200 f

4 800 f

2 050 f

2 900 f

150

260

3 920

58 100

0.93
0.96
1.5
190

0.0021
0.14

0.0056
31

0.18
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a Decay-corrected to 6 May 1986.
b Estimate of release, decay-corrected to 26 April 1986.
c Estimate of total release during the course of the accident.
d Values used in this Annex.
e Decay correction to beginning of accident allows more short-lived radionuclides to be included, giving a higher estimate of total release, which,

however, is a probable overestimate since many of these radionuclides would have decayed inside the damaged core before any release to the
atmosphere could occur.

Table 2
Estimates of the principal radionuclides released in the accident

Radionuclide
Activities released (PBq)

1986 estimates a

[I2]
1996 estimates b

[B4, B27, D8]
1996 estimates

[K37]
1996 estimates c d

[D5, D8, N4]

Noble gases

85Kr
133Xe

33
1 700

33
6 500

33
6 500 6 500

Volatile elements

129mTe
132Te
131I
133I
134Cs
136Cs
137Cs

48
260

19

38

240
1 000

1 200�1 700
2 500

4 4�48
36

74�85

1 800

50

86

~1 150
~1 760

~54

~85

Intermediate

89Sr
90Sr
103Ru
106Ru
140Ba

80
8

120
63
170

81
8

170
30
170

80
8

120
25
160

~115
~10

>168
>73
240

Refractory (including fuel particles)

95Zr
99Mo
141Ce
144Ce
239Np
238Pu
239Pu
240Pu
241Pu
242Pu
242Cm

130
96
88
96
4.2
0.03

0.024
0.03
5.1

0.00007
0.78

170
210
200
140

1 700
0.03
0.03

0.044
5.9

0.00009
0.93

140

120
90

0.033
0.0334
0.053

6.3

1.1

196
>168
196

~116
945

0.035
0.03

0.042
~6

~0.9

Total
(excluding noble gases)

1 000�2 000 8 000 e- � 5 300
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a The activity of iodine-131 in the reactor core at the time of the accident is taken to be 3,200 PBq. The release of iodine-131 is assumed to be 1,760 PBq.
b With decay correction.
c Iodine-132 is assumed to be in radioactive equilibrium with tellurium-132.

a The 137Cs levels include a small contribution (2-4 kBq m-2) from fallout from the atmospheric weapons tests carried out mainly in 1961 and 1962.

Table 3
Estimated daily releases of iodine-131 during the accident

Day of release
Percentage

(based on [A4, I6])
Daily releases (PBq)

26 April
27 April
28 April
29 April
30 April
1 May
2 May
3 May
4 May
5 May

40.0
11.6
8.5
5.8
3.9
3.5
5.8
6.1
7.4
7.4

704
204
150
102
69
62
102
107
130
130

Total 100 1 760

Table 4
Estimated amounts of radioiodines a and tellurium-132
[K16]

Radionuclide Half-life
Amount in the reactor core at the

time of the accident (PBq)
Activity released b (PBq)

132Te
132I c

133I
134I
135I

78.2 h
2.3 h
20.8 h

52.6 min
6.61 h

4 200
4 200
4 800
2 050
2 900

1 040
1 040
910
25
250

Table 5
Contaminated areas in European countries following the accident
[I24]

Country
Area in deposition density ranges (km2) a

37�185 kBq m-2 185�555 kBq m-2 555�1 480 kBq m-2 >1 480 kBq m-2

Russian Federation
Belarus
Ukraine

49 800
29 900
37 200

5 700
10 200
3 200

2 100
4 200
900

300
2 200
600

Sweden
Finland
Austria
Norway
Bulgaria
Switzerland
Greece
Slovenia
Italy
Republic of Moldova

12 000
11 500
8 600
5 200
4 800
1 300
1 200
300
300
60

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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a Decay-corrected to 26 April 1986; values from indirect data in parentheses.
b Areas of higher 137Cs deposition in Belarus and Russian Federation.
c District south of Kiev.
d Northern Caucasus.

Table 6
Composition of radionuclide deposition in the near and far zones around the reactor
[B5, I6]

Radionuclide
Ratio to

137Cs
release

[B4]

Ratio to 137Cs deposition a

Near zone (<100 km) Far zone

North South West Northeast b South c Southeast d

89Sr
90Sr
91Y
95Zr

99Mo
103Ru
106Ru

110mAg
125Sb

131I
132Te
134Cs
137Cs
140Ba
141Ce
144Ce
239Np

1.0
0.1

2.0

2.0
0.4

20
5

0.5
1.0
2.0
2.3
1.6
20

0.7
0.13
2.7
3
3

2.7
1.0
0.01
0.02
17
17
0.5
1.0
3
4

2.3
7

12
1.5
8

10
25
12
5

0.01
0.1
30
13
0.5
1.0
20
10
6

140

4
0.5
5
5
8
4

1.5
0.005
0.05
15
18
0.5
1.0
7
5
3

25

0.14
0.014
0.06
0.06

(0.11)
1.9
0.7

0.008
0.05
10

(13)
0.5
1.0
0.7
0.11
0.07
(0.6)

0.3
0.03
0.17
0.3

(0.5)
2.7
1.0

(0.01)
0.1
(1)
(1)
0.5
1.0

(0.5)
0.5
0.3
(3)

1.0
0.1
0.6
1.0

(1.5)
6

2.3
(0.01)

0.1
(3)
(3)
0.5
1.0

(1.5)
1.8
1.2
(10)

Table 7
Areal extent of 137Cs contamination from the accident in the European part of the former USSR
[G16, I3]

Country / Region
Area in deposition density ranges (km2)

37�185 kBq m�2 185�555 kBq m�2 555�1 480 kBq m�2 >1 480 kBq m�2 Total

Belarus
Gomel
Mogilev
Brest
Grodno
Minsk
Vitebsk

Total

16 900
5 500
3 800
1 700
2 000

35

29 900

6 700
2 900
500
12
48

10 200

2 800
1 400

4 200

1 625
525

2 200 46 500

Russian Federation
Bryansk
Kaluga
Tula
Orel
Other

Total

6 750
3 500
10 320
8 840
20 350

49 760

2 630
1 420
1 270
130

5 450

2 130

2 130

310

310 57 650

Ukraine 37 200 3 200 900 600 41 900

Other republics 60 60

Total area 116 920 18 850 7 230 3 110 146 110
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a Assumed to be geometric mean of range.
b The estimated residual range in 1986 of 137Cs deposition density from atmospheric nuclear weapons fallout is 2�4 kBq m�2.

a Bq kg-1 of dry grass per kBq m�2 deposited on the ground.

a Arrived on the site of the accident at 1.27 a.m.
b Arrived on the site of the accident at 1.35 a.m.
c Excluding the accident victims, the numbers of whom are given in Table 11.

Table 8
Estimated 137Cs deposit from the accident

137Cs deposition density (kBq m�2) Area
[I3]
(km2)

137Cs deposit (PBq)

Range Mean a Total From fallout b From Chernobyl
accident

7.4�19
19�37
37�185

185�555
555�1 480

>1 480

12
26
83
320
910

2 200

654 200
211 850
116 920
18 850
7 230
3 110

7.8
5.6
9.7
6.0
6.6
6.8

1.3�2.6
0.4�0.8
0.2�0.4
0.05�0.1

0.02�0.04
0.008�0.02

5.2�6.5
4.8�5.2
9.3�9.5

5.9
6.6
6.8

Total 42.5 2.0�4.0 38.5�40.5

Table 9
Measured transfer coefficients for 137Cs in natural meadows of the Polissya region in Ukraine, 1988�1989
[S40]

Type of soil Type of meadow Transfer coefficient a

Black soil loam
Loamy sand

Soddic-podzolic loam

Soddic-podzolic sand

Peaty-gley

Floodplain humid
Dry valley normal
Floodplain humid
Dry valley normal
Dry valley normal

Dry valley, water-saturated
Floodplain humid

Peaty drained
Peaty flooded
Peaty callows

0.6
2�3
8�11
1�4
5�9

13�22
25�39
30�45
58�82

135�190

Table 10
Staff on site and emergency workers in initial hours of the accident
[K23]

Professional group
Accident witnesses

Emergency workers
(at 8 a.m. on 26 April 1986)

Staff of the power plant (Units 1, 2, 3 and 4)
Construction workers at Units 5 and 6
Firemen
Guards
Staff of the local medical facility

176
268

14 a, 10 b

23
�

374 c

�

69
113
10
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a Acute radiation sickness was not confirmed in a further 103 treated workers.
b Percentage of treated patients in parentheses.

Table 11
Emergency workers with acute radiation sickness following the accident
[I5]

Degree of
acute radiation

sickness

Range
of dose

(Gy)

Number of patients treated a Number
of

deaths b

Number
of

survivorsMoscow Kiev

Mild (I)
Moderate (II)
Severe (III)
Very severe (IV)

0.8–2.1
2.2–4.1
4.2–6.4
6.5–16

23
44
21
20

18
6
1
1

0 (0%)
1 (2%)

7 (32%)
20 (95%)

41
49
15
1

Total 0.8–16 108 26 28 106

Table 12
Error range of estimated external doses evaluated by cytogenetic analysis to patients admitted to Hospital 6
in Moscow
[P14]

Dose range (Gy) Number of persons sampled Number of counted cells per sample Statistical error range (%)

10.1�13.7
6.1�9.5
4.0�5.8
2.1�3.8
1.0�1.9
0.5�0.9
0.1�0.4

7
12
16
33
19
17
25

19�100
19�101
65�630
30�300
30�300
65�900
50�350

11�18
11�16
8.6�36
22�56
33�100

�100; +100
�100; +300
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a The relative errors in the organ doses are estimated to be less than 30%.
b Evaluated by chromosome analysis of peripheral blood lymphocytes.

a Doses estimated from measurements with whole-body counters; the relative error does not exceed 45%.
b The doses were averaged over 375 individuals.

Table 13
Estimated internal and external doses to victims of the accident

Personal code
Internal absorbed dose until time of death a (Gy) [K17, K18]

External dose b (Gy)
[G25]Thyroid Lungs

25
18
22
5
9

21
8
2

19
23
1

15
16
3

17
4
7

10
11
14
20
24
13

0.021
0.024
0.054
0.062
0.071
0.077
0.13
0.13
0.21
0.31
0.34
0.32
0.47
0.54
0.60
0.64
0.78
0.89
0.74
0.95
1.9
2.2
4.1

0.00026
0.0028

0.00047
0.00057
0.00077
0.00068
0.0015
0.0022
0.0035
0.0023
0.0087
0.0027
0.0041
0.0068

0.12
0.034
0.0047
0.0094
0.029
0.02

0.019
0.021
0.04

8.2
6.4
4.3
6.2
5.6
6.4
3.8
2.9
4.5
7.5
11.1
6.4
4.2
7.2
5.5
6.5
10.2
8.6
9.1
7.2
5.6
3.5
4.2

Table 14
Estimates of internal doses received by surviving emergency workers a

[K17, K18]

Tissue
Absorbed dose (Gy)

Average b Maximum

Bone surface
Lungs
Wall of lower large intestine
Thyroid gland
Wall of upper large intestine
Liver
Red bone marrow

0.28
0.25
0.22

0.096
0.090
0.056
0.036

3.6
2.4
2.9
1.8
1.2
0.73
0.46
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a Doses assessed by repeated in vivo thyroid counting, except for the two workers with estimated doses greater than 23 Gy; for those two workers, the
doses were assessed by repeated gamma spectrometry of bioassay samples (blood and urine). The relative error in the estimated individual thyroid
doses does not exceed 30%.

a Number of persons included in the registry of the Institute of Biophysics in Moscow.

Table 15
Distribution of thyroid doses in workers treated at Hospital 6 in Moscow during April and May 1986
[G12]

Thyroid dose range a

(Gy)
Number of workers

0�1.2
1.2�3.7
3.7�6.1
6.1�8.6
8.6�11
11�13
13�16
16�18
18�21
21�23

>23

173
18
4
4
2
2
0
2
0
1
2

Table 16
Estimated effective doses from external irradiation received by recovery operation workers in the
30-km zone during 1986�1987
[I25]

Group
Number of workers Average dose (mSv) Collective dose (man Sv)

1986 1987 1986 1987 1986 1987

Staff of nuclear power plant
Construction workers
Transport, security workers
Military servicemen
Workers from other power plants

2 358
21 500
31 021
61 762

4 498
5 376
32 518
63 751
3 458

87
82
6.5
110

15
25
27
63
9.3

210
1 760
200

6 800

70
130
870

4 000
30

Annual total or average 116 641 109 601 77 47 8 970 5 100

Total or average 226 242 62 14 070

Table 17
Distribution of the external doses received by emergency and recovery operation workers
[K44]

Group
Number

of
persons

Percentage in the dose interval (mSv)

0�10 10�50 50�100 100�200 200�250 250�500 >500

Emergency workers and accident witnesses
Staff of nuclear power plant 1986
Staff of nuclear power plant 1987
Construction workers 1986
Construction workers 1987
Military servicemen 1986
Military servicemen 1987
Workers from other power plants 1987

820 a

2 358
4 498
21 500
5 376
61 762
63 751
3 458

�

13
66
23
47
13
15
78

�

45
42
24
23
22
15
21

2
24
1

11
24
16
49
1

4
14
1

18
4

23
15
�

�

2
�

11
1

19
6
�

7
2
�

13
1

19
6
�

87
�

�

�

�

�

�

�
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a Including those who worked outside the 30-km zone, but excluding those for whom the year of service is not recorded.

a Counted from the time of arrival of the worker at the plant.

Table 18
Distribution of doses to recovery operation workers a as recorded in national registries
[C2, M13]

Area
and period

Number of
recovery
operation
workers

Percentage
for whom

dose
is known

Effective dose (mSv)

Mean Median
75th

percentile
95th

percentile

Belarus
1986�1987
1986�1989

31 000
63 000

28
14

39
43

20
24

67
67

111
119

Russian Federation
1986
1987
1988
1989
1986�1989

69 000
53 000
20 500
6 000

148 000

51
71
83
73
63

169
92
34
32
107

194
92
26
30
92

220
100
45
48
180

250
208
94
52
240

Ukraine
1986
1987
1988
1989
1986�1989

98 000
43 000
18 000
11 000

170 000

41
72
79
86
56

185
112
47
35
126

190
105
33
28
112

237
142
50
42
192

326
236
134
107
293

Total
1986
1987
1988
1989
1986�1989

187 000
107 000
45 500
42 500

381 000

45
65
80
80
52

170
130
30
15
113

Table 19
Stable iodine prophylaxis among a sample of workers involved in early phases of the accident
[K44]

Time of iodine prophylaxis a (h) Number of workers Percentage of sample

Before arrival at the plant
Upon arrival at the plant
0�1
1�3
3�10
10�30
30�100
100�300

19
22
22
16
27
22
23
3

11
12.5
12.5

9
15

12.5
13
2

Did not accept prophylaxis 22 12.5

Total 176 100
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a Assumes same age distribution of population as Pripyat.

Table 20
Population groups evacuated in 1986 from contaminated areas

Country Area Date Number of evacuees

Belarus [M4, S24] 51 villages within the 30-km zone
28 villages outside the 30-km zone
29 villages outside the 30-km zone

Total of 108 villages

2�7 May
3�10 June

August/September

11 358
6 017
7 350

24 725

Russian Federation [S20] 4 villages of Krasnaya Gora district, Bryansk region August 186

Ukraine [U14] Pripyat town
Railway station Yanov
Burakovka village
15 villages within the 10-km zone
Chernobyl town
43 villages within the 30-km zone
8 villages outside the 30-km zone
4 villages outside the 30-km zone
Bober village

Total of 75 settlements

27 April
27 April
30 April
3 May
5 May

3�7 May
14�31 May

10 June�16 August
September

49 360
254
226

9 864
13 591
14 542
2 424
434
711

91 406

Former USSR Total of 187 settlements 116 317

Table 21
Estimates of thyroid doses from intake of 131I received by the Ukrainian evacuees of towns and villages within the
30-km zone
[G8, R12]

Age at
time of

accident
(years)

Pripyat town [G8] Chernobyl town a Evacuated villages a Total
collective

dose

(man Gy)
Number

of
persons

Arithmetic
mean dose

(Gy)

Collective
dose

(man Gy)

Number
of

persons

Arithmetic
mean dose

(Gy)

Collective
dose

(man Gy)

Number
of

persons

Arithmetic
mean dose

(Gy)

Collective
dose

(man Gy)

<1
1�3
4�7
8�11

12�15
16�18

>18

340
2 030
2 710
2 710
2 710
2 120
36 740

2.18
1.28
0.54
0.23
0.12

0.066
0.066

741
2 698
1 463
623
325
140

2 425

219
653
894
841
846
650

9 488

1.5
1

0.48
0.15
0.11
0.09
0.16

329
653
429
126
93
59

1 518

369
1 115
1 428
1 360
1 448
941

21 794

3.9
3.6
1.7
0.62
0.46
0.39
0.40

1 439
4 014
2 428
843
666
367

8 718

2 509
7 265
4 320
1 592
1 084
566

12 661

Total 49 360 8 315 13 591 3 206 28 455 18 475 29 996
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a Derived from information on year of birth; e.g. age <1 includes children born in 1986 and 1985.
b Based on the age distribution available for 17,513 evacuees.

a Units: man Gy.

Table 22
Estimates of thyroid doses from intake of 131I received by the evacuees of Belarusian villages
[G15]

Age at time
of accident a

(years)

Number of
measured
persons

Arithmetic mean
thyroid dose

(Gy)

Median
thyroid dose

(Gy)

Estimated
number of
residents b

Collective
thyroid dose

(man Gy)

<1
1-3
4-7
8-11

12-15
16-17
>17

145
290
432
460
595
221

7 332

4.3
3.7
2.1
1.4
1.1
1.0
0.68

2.3
1.7
1.2
0.86
0.61
0.59
0.38

586
966

1 199
1 105
1 392
704

18 773

2 519
3 573
2 517
1 548
1 531
704

12 766

Total 9 475 24 725 25 158

Table 23
Summary of estimated collective effective and thyroid doses to populations of areas evacuated in 1986

Country
Number of persons

evacuated

Collective dose (man Sv)

Thyroid a External effective dose Internal effective dose

Belarus
Russian Federation
Ukraine

24 725
186

91 406

25 000
<1 000
30 000

770
< 10
1 500

150
< 10
1 300

Total 116 317 55 000 2 300 1 500

Table 24
Distribution of the estimated first-year doses from external irradiation to inhabitants of Belarus evacuated
from the exclusion zone
[S24]

Dose interval
(mSv)

Number of persons in the dose interval

In the absence of evacuation (calculated) In the evacuated population (actual)

0�10
10�20
20�30
30�40
40�50
50�60
60�70
70�80
80�90
90�100

100�150
150�200
200�250
250�300
300�350
350�400

>400

1 956
4 710
3 726
2 552
1 795
1 226
961
726
565
453

1 513
1 015
814
646
494
371

1 204

7 357
7 652
3 480
1 764
1 094
761
556
416
314
239
605
195
109
67
42
26
28
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a For social and economic reasons, some of the populations living in areas contaminated below 37 kBq m-2 are also included.

a Estimated for time period from one month to one year after the accident.

Table 25
Inhabitants in 1986 and 1987 of the areas of strict control
[I3, I4]

Country Region Population Total population

Belarus Gomel
Mogilev

85 700
23 300

109 000

Russian Federation Bryansk 111 800 111 800

Ukraine Kiev
Zhitomir

20 800
31 200 52 000

Total 272 800

Table 26
Distribution of the inhabitants in 1995 of areas contaminated by the Chernobyl accident
[K23, R11, V3]

137Cs deposition
density

(kBq m-2)

Population a

Belarus Russian Federation Ukraine Total

37–185
185–555

555–1 480

1 543 514
239 505
97 593

1 654 175
233 626
95 474

1 188 800
106 700

300

4 386 389
579 831
193 367

Total 1 880 612 1 983 275 1 295 600 5 159 487

Table 27
Values of occupancy/shielding factors used in evaluation of external exposure 0�1 year and >1 year after
the accident
[B14]

Population
group

Occupancy/shielding factor

Rural areas Urban areas

0�1 year after accident >1 year after accident 0�1 year after accident >1 year after accident

Wooden houses

Indoor workers
Outdoor workers
Schoolchildren

0.32
0.41
0.39

0.26
0.36
0.34

0.23
0.29

0.29
0.25

Brick houses

Indoor workers
Outdoor workers
Schoolchildren

0.24
0.34
0.31

0.22
0.31
0.29

0.15
0.23

0.13
0.20

Both types of houses

Representative value
UNSCEAR assessment [U4]

0.36
0.36 a

0.31
0.36

0.22
0.18 a

0.20
0.18
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a Covers the time span from 26 April 1986 to 25 April 1987.

Table 28
Values of occupancy factor in the summer for rural populations of Belarus, Russian Federation, and
Ukraine
[E7]

Location
Occupancy factor

Indoors Outdoors in same village Outdoors elsewhere

Belarus Russia Ukraine Belarus Russia Ukraine Belarus Russia Ukraine

Indoor workers
Outdoor workers
Retired people
Schoolchildren
Preschool children

0.77
0.40
0.44
0.44

0.65
0.50
0.56
0.57
0.64

0.56
0.46
0.54
0.75
0.81

0.19
0.25
0.42
0.45

0.32
0.27
0.40
0.39
0.36

0.40
0.29
0.41
0.21
0.19

0.04
0.35
0.14
0.11

0.03
0.23
0.04
0.04

0

0.04
0.25
0.05
0.04

0

Table 29
Ratio of external effective dose of specific population groups to that of the representative group
[B14]

Population living in
Dose ratio to representative group

Indoor workers Outdoor workers Herders, foresters Schoolchildren

Wooden dwellings
One- or two-storey brick houses
Multi-storey buildings

0.8
0.7
0.6

1.2
1.0
0.8

1.7
1.5
1.3

0.8
0.9
0.7

Table 30
Estimated values of the overall coefficient used to calculate external effective dose on the basis of the
absorbed dose in air

Country Type of settlement
Dose coefficient (mSv mGy�1)

1986 a 1987�1995

Former USSR [M11] Rural
Small town
Large town

0.28
0.19
�

0.28
0.19
0.14

Belarus [K38] Rural
Urban

0.19
0.12

0.12
0.12

Russian Federation [R9] Rural
Small town
Large town

0.24
0.15
0.13

0.19
0.12
0.10

Ukraine [M16] Rural
Small town
Large town

0.23
0.16
0.10

0.23
0.16
0.10



ANNEX J: EXPOSURES AND EFFECTS OF THE CHERNOBYL ACCIDENT 531

a Covers the time span from 26 April 1986 to 25 April 1987.
b The estimates were obtained mainly in the empirical manner by relating the results derived from monitoring the residents of settlements in Belarus,

Russian Federation, and Ukraine by means of TLD devices to the 137Cs deposition density in those settlements ( 37�2,200 kBq m-2 ).

a Estimated for May of the corresponding year.
b In publications [A12, G3, K38], the normalized absorbed dose rate in air is expressed in µR h-1 per Ci km-2. The conversion from exposure to absorbed

dose in air was made using the relationship 8.7 nGy per µR.

Table 31
Estimates of external effective doses per unit deposition density of 137Cs for the residents of contaminated
areas

Country Type of settlement
Normalized effective dose (µSv per kBq m-2)

1986 a 1987�1995 1986�1995 1996�2056 1986�2056

Former USSR b

[A12, G3, M11]
Rural
Urban

13�28
7�15

34
23

47�62
30�38

48
33

95�108
63�71

Belarus
[K38]

Rural
Urban

19
12

36
36

55
48

Russian Federation
[M17]

Rural
Urban

15
11

22
14

37
25

28
17

65
42

Ukraine [M16] Rural
Urban

24
17

36
25

60
42

28
19

88
61

Table 32
Reference values of absorbed dose rate in air per unit deposition density of 137Cs

Country
Normalized absorbed dose rate in air a (nGy h-1 per kBq m-2)

1987 1988 1989 1990 1991 1992 1993 1994 1995

Belarus [K38] b

Russian Federation [B26, M17]
Ukraine [L36]

[M16]
Former USSR [A12, G3] b

4.5
3.4
2.1
4.5
3.0

3.1
2.4
1.8
3.0
2.4

2.3
1.9
1.8
2.3
1.9

1.9
1.5
1.7
1.9
1.6

1.6
1.3
1.7
1.6
1.3

1.4
1.1
1.6
1.4
1.1

1.3
1.0
1.6
1.3
1.0

1.2
0.93
1.5
1.2
0.89

1.0
0.85
1.5
1.1
0.79

Table 33
Selected values of external effective dose normalized to the deposition density of 137Cs for the residents of
contaminated areas

Country Type of settlement
Normalized effective dose (µSv per kBq m-2)

1986 1987�1995 1986�1995 1996�2056 1986�2056

Belarus Rural
Urban

19
12

22
14

41
26

28
17

69
43

Russian Federation Rural
Urban

15
11

22
14

37
25

28
17

65
42

Ukraine Rural
Urban

24
17

36
25

60
42

28
19

88
61
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Table 34
Estimated collective effective doses to the populations of contaminated areas 1986�1995, (excluding thyroid
dose)

Region

137Cs deposition
density

(kBq m�2)
Population

Collective effective dose (man Sv)

External Internal Total

Belarus [S46]

Brest

Gomel

Grodno

Minsk

Mogilev

Vitebsk

37�185
185�555

Total

37�185
185�555
� 555
Total

37�185
185�555

Total

37�185
185�555

Total

37�185
185�555
� 555
Total

37�185

151 312
16 183

167 495

1 246 613
140 732
77 571

1 464 916

28 060
282

28 342

23 809
880

24 689

93 658
81 428
20 022

195 108

62

404
159
563

2 792
1 556
2 315
6 663

71
2.6
74

68
7

75

347
796

1 118
2 261

0.12

311
118
429

1 676
1 237
822

3 735

57
2.2
59

61
6

67

302
584
328

1 214

0.11

715
277
992

4 468
2 793
3 137
10 398

128
4.8
133

129
13
142

649
1 380
1 446
3 475

0.23

Total � 37 1 880 612 9 636 5 504 15 140

Russian Federation [B37, M17]

Belgorod

Bryansk

Kaluga

Kursk
Leningrad
Lipetsk
Mordovia

Orel

Penza
Pyazan
Tambov

Tula

Ulyanovsk
Voronezh

37�185

37�185
185�555
� 555
Total

37�185
185�555

Total

37�185
37�185
37�185
37�185

37�185
185�555

Total

37�185
37�185
37�185

37�185
185�555
� 555
Total

37�185
37�185

73 350

205 625
150 002
95 462

451 089

91 801
12 654

104 455

133 720
8 434
50 732
10 909

151 008
14 435

165 443

9 910
199 687
16 832

667 168
56 535

12
723 715

2 805
32 194

114

472
1 440
2 611
4 523

201
108
309

278
18
58
20

328
64
392

16
275
23

1 916
453
0.25

2 369

4
55

48

1 414
1 023
799

3 236

74
45
119

118
43
47
20

183
34
217

16
313
23

649
115
0.03
764

4
23

162

1 886
2 463
3 410
7 759

275
153
428

396
61
105
40

511
98
609

32
588
46

2 565
568
0.28

3 133

8
78

Total � 37 1 983 275 8 454 4 991 13 445
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Region

137Cs deposition
density

(kBq m�2)

Number of population
Collective effective dose (man Sv)

External Internal Total

Rural Urban Rural Urban Rural Urban Rural Urban

Ukraine

Vinnyts’ka
Volyns’ka

Zhytomyrs’ka

Ivano-Frankivs’ka

Kyivs’ka

Rivnens’ka

Sums’ka
Ternopils’ka

Khmel’nyts’ka

Cherkas’ka

Chernivets’ka

Chernihivs’ka

37�185
37�185

37�185
185�555
�555

37�185

37�185
185�555

37�185
185�555

37�185
37�185

37�185
185�555

37�185
185�555

37�185
185�555

37�185
185�555

66 000
15 400

207 200
21 300

300

8 500

243 500
11 500

221 700
1 400

4 500
7 400

2 000
100

61 700
2 900

18 500
3 000

25 400
300

17 100

18 300
66 300

142 400

49 600

69 600

9 900

261
49.7

1 012
332
10.8

45.1

941
176

903
18.1

22.7
29.6

10.0
0.6

252
43.2

87.2
35.5

101
4.7

34.5

81.2
769

483

121

255

24.9

73.6
214.3

1 785
264
13.7

15.4

570
56.4

3 710
30.8

21.2
11.7

3.0
0.2

70.7
10.7

31.3
10.2

105
3.3

36.0

38.7
140

288

188

147

20.8

335
264

2 797
596
24.6

60.5

1 510
233

4 613
48.9

44.0
41.2

13.0
0.8

323
53.9

119
45.6

206
7.9

70.5

120
909

771

309

401

45.7

Total 922 600 373 200 4 336 1 768 7 000 858 11 340 2 626
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Table 35
Distribution of estimated total effective doses received by the populations of contaminated areas,
1986�1995 (excluding thyroid dose)

Dose interval
(mSv)

Number of persons
in dose interval

Percentage of persons
in dose interval

Cumulative percentage
of persons in dose interval

Belarus [S46]

<1
1�2
2�3
3�4
4�5
5�10

10�20
20�30
30�40
40�50
50�100

100�200
>200

133 053
444 709
362 510
221 068
135 203
276 605
163 015
63 997
32 271
17 521
25 065
5 105
790

7.07
23.65
19.28
11.75
7.19

14.71
8.67
3.40
1.71
0.93
1.33
0.27
0.04

7.07
30.72

50
61.75
68.94
83.65
92.32
95.72
97.43
98.36
99.69
99.96
100

Total 1 880 912 100

Russian Federation [B37, M17, S46]

<1
1�2
2�3
3�4
4�5
5�10

10�20
20�30
30�40
40�50
50�100

100�200
>200

155 301
445 326
383 334
258 933
165 537
317 251
156 925
50 010
21 818
11 048
14 580
2 979

333

7.83
22.45
19.32
13.06
8.35
16

7.91
2.52
1.10
0.55
0.74
0.15
0.02

7.83
30.28
49.60
62.66
71.01
87.01
94.92
97.44
98.54
99.09
99.83
99.98
100

Total 1 983 375 100

Ukraine [L44]

Dose interval
(mSv)

Number of persons
in dose interval

Percentage of persons
in dose interval Cumulative percentage

of persons in dose interval
Rural Urban Rural Urban

1�2
2�3
3�4
4�5
5�10

10�20
20�30
30�40
40�50
50�100

100�200

26 100
57 100
97 200

294 700
290 500
99 100
31 400
18 200
7 700

400

38 800
111 700
145 700

77 000

2.0
4.4
7.5
22.7
22.4
7.7
2.4
1.4
0.59
0.03

3.0
8.6
11.2
6.0

0
2.0
9.4
25.6
59.5
87.9
95.6
98.0
99.4

99.97
100

Total 922 400 373 200 71.2 28.8 100
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Table 36
Summary of estimated collective effective doses to the populations of contaminated areas, 1986�1995
(excluding thyroid dose)

137Cs deposition
density

(kBq m�2)
Population

Collective effective dose (man Sv)

External Internal Total

Belarus [S46]

37�185
185�555
�555

1 543 514
239 505
97 593

3 682
2 521
3 433

2 409
1 945
1 150

6 091
4 466
4 583

Total 1 880 612 9 636 5 504 15 140

Russian Federation [B37, M17, S46]

37�185
185�555
�555

1 654 175
233 626
95 474

3 778
2 065
2 611

3 009
1 183
799

6 787
3 248
3 410

Total 1 983 275 8 454 4 991 13 445

Ukraine [L44]

137Cs deposition
density

(kBq m�2)

Population
Collective effective dose (man Sv)

External Internal Total

Rural Urban Rural Urban Rural Urban Rural Urban

37�185
185�555

>555

881 800
40 400

300

306 800
66 300

3 715
610
11.0

999
769

6 610
375
13.8

717
140

10 330
986
24.8

1 717
909

Total 922 500 373 100 4 336 1 768 7 000 857 11 340 2 626

Table 37
Distribution of external dose rates before and after decontamination measures in Kirov, Belarus, in 1989
[S25]

Population group
Measured mean dose rate (µGy d-1) External

dose ratio
after/beforeBefore decontamination After decontamination

Cattle breeders
Field workers
Office workers
Housewives and retired persons
Schoolchildren
Tractor drivers

12.3
17.5
12.1
12.9
15.0
12.8

11.9
13.2
11.8
12.8
9.7
12.7

0.97
0.75
0.98
0.99
0.65
0.99

Average 13.7 12.1 0.89
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a Percent of total in parentheses.

Table 38
Distribution of estimated individual doses in the thyroid of children in contaminated districts of Belarus
[G13]

Absorbed dose
in thyroid

(Gy)

Number of children in age range a

<1 year 1�3 years 4�7 years 8�11 years 12�15 years 16�18 years All children

Gomel district

<0.05
0.05�0.1
0.1�0.3
0.3�1
1�2
>2

134 (6.7)
58 (2.9)
224 (11)
587 (30)
318 (16)

3 667 (34)

198 (6.1)
107 (3.3)
449 (14)
963 (29)
590 (18)
965 (29)

452 (7.4)
362 (5.9)

1 089 (18)
2 023 (33)
1 075 (18)
1 095 (18)

518 (8.4)
399 (6.5)

1 385 (22)
2 365 (38)
868 (14)
643 (10)

540 (8.8)
485 (7.9)

1 613 (26)
2 364 (38)
695 (11)
464 (7.5)

596 (16)
354 (9.4)

1 086 (29)
1 119 (30)
383 (10)
230 (6.1)

2 438 (8.9)
1 765 (6.4)
5 846 (21)
9 421 (34)
3 929 (14)
4 064 (15)

Total 1 988 (100) 3 272 (100) 6 096 (100) 6 178 (100) 6 161 (100) 3 768 (100) 27 463 (100)

Mogilev district

<0.05
0.05�0.1
0.1�0.3
0.3�1
1�2
>2

33 (13)
31 (12)
65 (26)
74 (29)
36 (14)
14 (5.5)

43 (9.1)
93 (20)
170 (36)
127 (27)
28 (5.9)
14 (3.0)

210 (19)
215 (19)
351 (31)
275 (25)
55 (4.9)
16 (1.4)

273 (28)
157 (16)
324 (33)
190 (20)
24 (2.5)
1 (0.1)

326 (29)
207 (19)
372 (33)
195 (17)
15 (1.3)
1 (0.09)

227 (37)
103 (17)
169 (28)
99 (16)
14 (2.3)
1 (0.2)

1 112 (24)
806 (18)

1 451 (32)
960 (21)
172 (3.8)
47 (1.0)

Total 253 (100) 475 (100) 1 122 (100) 969 (100) 1 116 (100) 613 (100) 4 548 (100)

Table 39
Thyroid doses to 0�7-year-old children and to the total population in contaminated areas of Belarus
[I28]

Region
Number of persons Average absorbed dose (Gy) Collective dose (man Gy)

Children Total Children Total Children Total

Gomel
Rural
Urban

23 900
8 600

238 600
85 600

1.1
0.4

0.4
0.2

25 000
3 800

98 000
15 000

Mogilev
Rural
Urban

9 300
4 900

93 700
48 700

0.4
0.2

0.2
0.08

4 100
1 100

17 000
4 000

Total 46 700 466 600 0.7 0.3 34 000 134 000
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a Only the territories with 137Cs deposition densities greater than 37 kBq m-2 were considered.
b Situated around the Chernobyl nuclear power plant.
c Derived from an estimated collective thyroid dose of 400,000 man Gy for children aged 0–18 years in the entire Ukraine.

Table 40
Estimates of collective thyroid doses to populations of Belarus, the Russian Federation, and Ukraine

Country/region Population Collective thyroid dose (man Gy)

Belarus [D1, G7]
Brest
Gomel
Grodno
Minsk
Mogilev
Vitebsk
Entire country

1 400 000
1 700 000
1 200 000
3 200 000
1 300 000
1 400 000

10 000 000

101 000
301 000
49 000
68 000
32 000
2 000

553 000

Russian Federation [Z1]
Bryansk
Orel
Tula
Bryansk, Kaluga, Kursk, Leningrad,

Orel, Ryaza, and Tula a [S21]
Entire country [B14]

1 500 000
900 000

1 900 000

3 700 000
150 000 000

55 000
15 000
50 000

234 000
200 000–300 000

Ukraine
Kiev [L15]
Eight districts b plus Pripyat [L12]
Entire country [L6]

3
0.5
55

110 000
190 000
740 000 c

Table 41
Ratios of the average thyroid doses in children and teenagers to those in adults for the populations of
contaminated areas in the Russian Federation
[Z6, Z7]

Age group (years) Urban population Rural population

<1
1�2
3�7
8�12

13�17
>17

15±5
10±3
5±2

2.0±0.5
1.5±0.5

1

7±2
6±2
3±1

1.0±0.5
2.0±0.5

1

Table 42
Input data for internal thyroid dose reconstruction in the Russian Federation
[B39]

Region
Number of measurements

Personal
interviews

131I in thyroid 131I in milk 137Cs in soil
137Cs in food

products

137Cs in human
body

Bryansk
Tula
Orel
Kaluga

12 700
644

3 600
28 000

2 100
2 157
872
256

2 081
2 308
1 577
578

217 000
2 000
17 000
18 000

300 000
17 000
10 000
28 000

17 000
1 800
�

6 000

Total 45 000 5 385 6 544 250 000 360 000 25 000
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a Other eleven contaminated regions: Belgorod, Voronezh, Kursk, Leningrad (without city of St. Petersburg), Lipetsk, Mordovia, Penza, Ryazanj,
Smolensk, Tambov, Uljanov.

Table 43
Collective and average thyroid doses in population of the Russian Federation
[R3, Z1]

Region
Population (millions) Collective thyroid dose (man Gy) Average thyroid dose (mGy)

Urban Rural Total Urban Rural Total Urban Rural Total

Bryansk
Kaluga
Orel
Tula
Other regions a

1.0
0.8
0.6
1.5
�

0.5
0.3
0.3
0.4
�

1.5
1.1
0.9
1.9
16

33 000
4 000
8 000
14 000
�

27 000
3 000
5 000
6 000
�

60 000
7 000
13 000
20 000

110 000
±30 000

33
5

13
9
�

54
10
17
15
�

40
6

15
11
7

Total � � 21 � � 110 000
±30 000

� � 10

Table 44
Age distribution of the collective thyroid doses to inhabitants of the Bryansk region in the Russian Federation
[Z6]

Age (years)
Population Collective thyroid dose (man Gy)

Urban Rural Urban Rural

0�2
3�5
6�9

10�15
16�19

20

47 000
47 000
59 000
85 000
59 000

694 000

21 000
19 000
23 000
36 000
17 000

368 000

9 000
5 000
3 000
2 000
1 000
13 000

4 000
3 000
2 000
2 000
1 000
15 000

Total 992 000 483 000 33 000 27 000

Table 45
Calculated mean thyroid doses for infants and adults in three districts of the Chernigov region, Ukraine
[L25]

District
Type of

settlement

Parameter values Mean thyroid doses (Gy)

K (Gy) a b (a-1) Infants (1 a) Adults (20 a)

Repkine Towns
Villages

0.031
0.082

7.4
5.0

0.049
0.094

0.21
0.35

0.065
0.11

Chernigov City
Villages

0.030
0.17

10
3.0

0.064
0.079

0.26
0.47

0.057
0.22

Kozelets Towns
Villages

0.012
0.047

18
7.4

0.15
0.062

0.14
0.30

0.014
0.085
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a Excludes the 30-km zone and city of Kiev.

a Estimate is less by a factor of 2 for more realistic intake model.

Table 46
Estimated age-dependent thyroid dose distribution in the population of the Ukrainian regions of Cherkassy,
Chernigov, Kiev, Vinnitsa, and Zhitomir a

[L10]

Age at the
time of the

accident (years)

Percentage of age groups within dose intervals

0�0.049 Gy 0.05�0.099 Gy 0.1�0.29 Gy 0.3�0.99 Gy 1�1.99 Gy >2 Gy

<1
1�3
4�7
8�11

12�15
16�18

>18

2.8
3.2
10.8
19.3
35.3
45.7
54.6

10.4
10.3
27.2
39.6
35.2
26.8
21.0

55.5
58.6
47.7
34.0
24.4
23.5
21.6

23.3
24.9
13.4
6.1
4.3
4.1
2.8

7.4
2.1
0.9
0.9
0.7
0.0
0.0

0.5
0.9
0.0
0.0
0.0
0.0
0.0

Table 47
Distribution of absorbed dose in the thyroid of the population of Ukraine from the Chernobyl accident
[L12]

Absorbed dose (Gy) Number of persons Collective thyroid dose (man Gy)

<0.01
0.01�0.05
0.05�0.1
0.1�0.3
0.3�0.5
0.5�1.0
1.0�1.5

7 325 000
3 400 000
1 312 000

228 000
131 000

26 000
28 000

36 625
102 000

98 400
45 600
52 400
19 500
35 000

Total 12 450 000 390 000 a

Table 48
Normalized effective doses from radiocaesium via internal exposure to rural inhabitants of Ukraine in
different soil zones
[K23]

Soil zone
Transfer coefficient

from soil to milk in 1991
(Bq l�1 per kBq m-2)

Normalized doses (µSv per kBq m-2)

1986 1987�1995 1986�1995

I
II
III
IV

<1
1�5
5�10
>10

9
42
95
176

26
144
320
591

35
186
415
767
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a The values within parentheses correspond to areas with a 137Cs deposition density greater than 555 kBq m-2.

Table 49
Values of the transfer coefficient and of the normalized effective dose from internal exposure for sodic-
podzol sand and chernozem soils in the Russian Federation
[B25, R9]

Type of soil

Transfer coefficient (Bq kg�1 per kBq m-2)
Normalized effective dose

(µSv per kBq m-2)Milk Potatoes

1987 1993 1987 1993 1986 1987�1994 1995�2056

Sodic-podzol sand
Chernozem

5
0.07

0.2
0.01

0.16
0.03

0.04
0.004

90
28

78
2

16
1

Table 50
Rounded estimates of internal effective doses per unit of 137Cs deposition density for inhabitants of
contaminated areas of the Russian Federation

Region

Normalized effective dose (µSv per kBq m-2)

1986 1987�1995 1996�2056 1986�2056

Bryansk a

Tula
Orel

36 (10)
15
15

48 (13)
6
8

9 (9)
1.8
2.4

93 (32)
23
25

Table 51
Average effective doses from internal exposure per unit deposition density of 137Cs for population
subgroups in Belarus
[D3, K22]

Location Age group
Normalized effective dose (µSv per kBq m-2)

1986 1987�1990 1991�1995 1986�1995

Rural areas 0�6 years
7�17 years
>18 years

3�17
5�19
5�24

6�32
8�45

12�62

3�7
2�6
3�10

12�56
15�70
20�96

Towns 0�6 years
7�17 years
>18 years

2
2
3

5
4
7

2
2
4

9
8

14
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a To thyroid in thyroid studies and to bone marrow in leukaemia studies; assumes bone marrow dose is numerically equal to effective dose and dose in
children is the same as in adults.

b Assumes population-weighted thyroid dose is three times that to adults.
c Age at death.

Table 52
Populations in Europe examined in epidemiological studies
[S12]

Country Study region Age group Average absorbed dose (mGy) a

Thyroid studies

Croatia
Greece
Hungary
Poland
Turkey

Whole country
Whole country
Whole country

Krakow, Nowy Sacz
Five most affected areas on Black Sea coast

and Edirne province

All ages
20-60 years

All ages
All ages
All ages

15 b

5
3 b

4 b

1.5 b

Leukaemia studies

Bulgaria

Finland
Germany
Greece
Hungary
Romania
Sweden
Turkey

Whole country

Whole country
Bavaria

Whole country
Six counties

Whole country
Whole country

Five most affected areas on Black Sea coast
and Edirne province

Adults
Children 0-14 years
Children 0-14 years
Children 0-14 years
Children 0-14 years

All ages
Children 0-14 years c

Children 0-14 years
All ages

2
2
2
4
1

0.7
3
4

0.7

Table 53
Summary of estimated collective effective doses to populations of areas contaminated by the Chernobyl
accident (1986-1995)

Country Population

Collective effective dose (man Sv) Average effective dose (mSv)

External
exposure

Internal
exposure

Total
External
exposure

Internal
exposure

Total

Belarus
Russian Federation
Ukraine

1 880 000
1 980 000
1 300 000

9 600
8 500
6 100

5 500
5 000
7 900

15 100
13 500
14 000

5.1
4.3
4.7

2.9
2.5
6.1

8.0
6.8

10.8

Total 5 160 000 24 200 18 400 42 600 4.7 3.5 8.2
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Table 54
Distribution of the estimated total individual effective doses received by the populations of contaminated
areas, 1986�1995 (excluding thyroid dose)

Dose interval
(mSv)

Number of persons in dose interval in

Belarus Russian Federation Ukraine Total

<1
1�2
2�3
3�4
4�5
5�10

10�20
20�30
30�40
40�50
50�100

100�200
>200

133 053
444 709
362 510
221 068
135 203
276 605
163 015

63 997
32 271
17 521
25 065
5 105

790

155 301
445 326
383 334
258 933
165 537
317 251
156 925

50 010
21 818
11 048
14 580
2 979

333

0
0

26 100
95 900

208 900
440 400
367 500

99 100
31 400
18 200
7 700

400
0

288 804
890 035
771 944
575 901
509 640

1 034 056
687 440
213 107

85 489
46 769
47 345
8 484
1 123

Total 1 880 912 1 983 375 1 295 600 5 159 887

Table 55
Deaths of survivors of acute radiation sickness during 1986�1998
[W5]

Year of death Grade of acute radiation sickness Disease recorded and/or cause of death

1987
1990
1992
1993

1995

1998

II
II
III
I

III
I
II
I

III
II
II

Lung gangrene
Coronary heart disease
Coronary heart disease
Coronary heart disease
Myelodysplastic syndrome
Lung tuberculosis
Liver cirrhosis
Fat embolism
Myelodysplastic syndrome
Liver cirrhosis
Acute myeloid leukaemia
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Table 56
Thyroid cancer cases in children under 15 years old at diagnosis

Region
Number of cases

1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Belarus [P9]

Brest
Vitebsk
Gomel
Grodno
Minsk city
Minsk
Mogilev

Total

�

�

1
2
�

�

�

3

�

�

2
1
�

1
�

4

1
�

2
1
1
1
�

6

�

�

2
2
�

1
�

5

8
1

15
1
4
�

2
31

7
3

38
4
5
4
1

62

9
3

28
6
7
8
1

62

28
�

34
5
9
5
6

87

19
2

38
4
3
7
4

77

20
�

41
5
9
2
5

82

16
�

37
4
1
6
3

67

17
2

33
5
4
8
4

73

16
�

14
5
7
3
3

48

Russian Federation [I23]

Bryansk region
Novozybkovsky
Klintsovsky
Klimovsky
Sturodubsky
Unechsky
Komarichsky
Dyatkovsky
Surazhsky
Vygonechsky
Suzemsky

Total

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

1
�

�

�

1

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

1
1

�

1
�

�

�

�

�

�

�

�

1

�

1
1
1
�

�

�

�

�

�

3

�

1
�

�

�

�

�

�

�

�

1

4
�

�

�

�

�

1
�

1
�

6

�

5
1
�

�

�

�

�

�

1
7

�

2
�

�

�

�

�

�

�

�

2

�

3
�

�

�

�

2
�

�

�

5

Ukraine [T2, T16]

Zhitomir
Kiev
Kiev city
Rovno
Cherkassy
Chernigov
Other regions

Total

�

2
1
�

�

�

5
8

�

�

�

�

�

�

7
7

�

�

1
�

1
�

6
8

�

2
1
�

�

1
7

11

2
4
2
�

�

3
15
26

1
4
3
1
2
2
9

22

3
10
9
5
4
3

15
49

3
10
5
2
4
4

16
44

5
3
5
�

2
11
18
44

7
9
9
�

2
4

16
47

6
18
4
3
2
4

19
56

5
8
4
2
2
6
9

36

7
7
6
2
1
3

18
44
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Table 57
Thyroid cancer incidence rates in children under 15 years old at diagnosis

Region
Number of cases per 100 000 children

1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Belarus [P9]

Brest
Vitebsk
Gomel
Grodno
Minsk city
Minsk
Mogilev

Total

�

�

0.4
1.1
�

�

�

0.2

�

�

0.7
0.6
�

0.4
�

0.3

0.4
�

0.7
0.5
0.4
0.4
�

0.4

�

�

0.7
1.1
�

0.4
�

0.3

3.3
0.5
5.6
0.6
1.5
�

1.0
1.9

2.9
1.4
15.0
2.2
1.9
1.7
0.5
3.9

3.7
1.4
11.2
3.2
2.7
3.2
0.5
3.9

11.6
�

13.9
2.7
3.5
2.0
3.2
5.5

8.1
1.0
15.9
2.2
1.2
3.0
2.2
5.1

8.8
�

17.9
2.8
3.9
0.9
2.9
5.6

7.3
�

16.9
2.4
0.5
2.8
1.8
4.8

8.2
1.2
16.0
3.1
2.0
3.9
2.6
5.6

8.0
�

7.1
3.3
3.7
1.6
2.0
3.9

Russian Federation [I23]

Bryansk region
Novozybkovsky
Klintsovsky
Klimovsky
Sturodubsky
Unechsky
Komarichsky
Dyatkovsky
Surazhsky
Vygonechsky
Suzemsky
Krasnogorsky
Navlinsky
Karachevsky
Bryansk city

Total

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

9.1
�

�

�

�

�

�

�

0.3

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

23.2
�

�

�

�

0.3

�

4.3
�

�

�

�

�

�

�

�

�

�

�

�

0.3

�

4.3
12.1
9.9
�

�

�

�

�

�

�

�

�

�

0.9

�

4.3
�

�

�

�

�

�

�

�

�

�

�

�

0.3

26.6
�

�

�

�

�

9.1
�

20.2
�

�

�

10.5
10.0
2.8

�

21.7
12.1
�

�

�

�

�

�

23.2
18.8
�

�

�

2.5

�

8.6
�

�

�

�

�

�

�

�

�

�

�

�

0.6

�

12.9
�

�

�

�

18.2
�

�

�

�

14.3
10.5
�

2.2

Ukraine [T2, T16]

Zhitomir
Kiev
Kiev City
Rovno
Cherkassy
Chernigov
Other regions

Total

�

0.5
0.2
�

�

�

0.1
0.2

�

�

�

�

�

�

0.1
0.1

�

�

0.2
�

0.3
�

0.1
0.1

�

0.5
0.2
�

�

0.4
0.1
0.1

0.6
1.0
0.4
�

�

1.1
0.2
0.2

0.3
1.0
0.6
0.3
0.7
0.8
0.1
0.2

0.9
2.5
1.7
1.7
1.3
1.2
0.2
0.5

1.0
2.5
1.0
0.7
1.3
1.6
0.2
0.4

1.6
0.8
1.0
�

0.7
4.4
0.2
0.4

2.3
2.4
1.8
�

0.7
1.7
0.2
0.5

2.0
4.9
0.8
1.1
0.7
1.7
0.2
0.6

1.7
2.2
0.9
0.7
0.7
2.6
0.1
0.4

2.5
2.0
1.4
0.7
0.4
1.4
0.2
0.5
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Table 58
Thyroid cancer cases diagnosed among children 0�17 years old at the time of the Chernobyl accident

Region Sex
Number of cases in year of diagnosis

1990 1991 1992 1993 1994 1995 1996 1997 1998 Total

Belarus [P9]

Brest

Gomel

Grodno

Minsk city

Minsk

Mogilev

Vitebsk

M
F
M
F
M
F
M
F
M
F
M
F
M
F

3
4
9
7
1
�

1
4
1
�

3
�

�

2

6
5

13
35
3
4
5
5
2
3
1
�

2
2

5
5

19
15
6
6
5
5
4
8
2
�

5
5

11
26
15
31
�

8
3

14
2

11
2
5
�

2

11
18
16
41
5
5
2

14
5
5
1
8
1
5

9
27
25
37
4
4
4

15
3
5
3
7
�

4

10
23
16
41
3
7
5

10
5
6
1
4
1
4

8
18
24
42
3
5
5

11
9
5
1
8
2
5

14
20
19
34
1
8
9

22
2
8
3

12
2
6

77
146
156
283
26
47
39
100
33
51
17
44
13
35

Total 35 86 90 130 137 147 136 146 160 1 067

Russian Federation [I23]

Bryansk

Kaluga

Orel

Tula

M
F
M
F
M
F
M
F

�

�

�

1
�

2
�

2

1
2
�

1
1
�

3
2

2
4
1
�

�

3
2
�

4
5
�

�

�

6
1
3

5
17
2
2
3

10
�

8

6
11
1
�

1
9
5
8

3
7
2
1
1

14
1
7

6
15
1
2
�

2
�

9

27
61
7
7
6

46
12
39

Total 5 10 12 19 47 41 36 35 205

Ukraine [T16]

Zhitomir

Kiev

Kiev city

Rovno

Cherkassy

Chernigov

M
F
M
F
M
F
M
F
M
F
M
F

1
1
2
7
3
4
�

�

�

1
2
1

2
1
3
6
1
5
1
1
�

3
1
3

�

4
5

11
5

12
3
2
2
3
2
4

1
2
6
7
3

13
2
1
1
6
2
5

4
7
2
9
4

10
3
1
1
5
7
6

4
9

10
14
3

25
3
1
1
1
1
7

3
5

13
26
3

14
4
2
1
4
1
6

4
5
5

17
5

16
4
2
�

5
3
7

5
9
2

10
7

15
1
5
2
2
3

12

24
43
48
107
34
114
22
16
8

30
22
51

Total 22 27 55 49 59 79 82 73 73 519
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a Calculated by multiplying the age-specific incidence observed in Belarus in 1983�1987 by three.
b 95% confidence intervals in parentheses.

a Comparing lowest and two highest groups. 95% confidence interval in parentheses.

Table 59
Thyroid cancers and risk for children 0�18 years old at the time of the Chernobyl accident for the years
1991�1995 in three cities and 2,729 settlements in Belarus and the Russian Federation
[J5]

Thyroid dose Person years at risk Observed
number of cases

Expected
number of cases a

Excess absolute risk b

(104 PY Gy)�1

0�0.1 (0.05)
0.1�0.5 (0.21)
0.5�1.0 (0.68)
1.0�2.0 (1.4)

>2.0 (3.0)

1 756 000
1 398 000
386 000
158 000
56 000

38
65
52
50
38

16
13
3.6
1.5
0.5

2.6 (0.5�6.7)
1.9 (0.8�4.1)
2.0 (0.9�4.2)
2.3 (1.1�4.9)
2.4 (1.1�5.1)

Table 60
Odds ratio for thyroid cancer cases in Belarusian children compared with age-, location-, and exposure-
matched controls
[A6]

Pathway to diagnosis
Number of cases or controls at estimated thyroid dose from 131I

<0.30 Gy 0.30�0.99 Gy >0.99 Gy Total Odds ratio a

Routine endocrinological screening
Cases
Control

32
43

16
16

15
4

63
63

2.1
(1.0�4.3)

Incidental findings
Cases
Control

13
18

4
1

2
0

19
19

8.3
(1.1�58)

Enlarged or nodular thyroid
Cases
Control

19
23

6
2

0
0

25
25

3.6
(0.7�18)

Cases
Controls

Total

64
84
152

26
19
41

17
4

21

107
107
214

3.1
(1.7�5.8)

Table 61
Circumstances of diagnosis of thyroid problems
[A5]

Probable circumstance
of diagnosis

Ultrasound diagnosis

Unknown No Yes Total

Formal screening programme
Incidental to other examination
Consulted since unwell
Consulted even though well

2 (29%)
2 (29%)
1 (14%)
2 (29%)

7 (20%)
18 (51%)
8 (23%)
2 (6%)

3 (38%)
3 (38%)
1 (13%)
1 (13%)

12
23
10
5

Total 7 35 8 50
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a Staging system of the World Health Organization [H17].
b Percentage of total in parentheses.

a Negligible radiation exposure from Chernobyl accident.

Table 62
Pathological types of thyroid cancers in Ukrainian children less than 15 years old at diagnosis
[T18]

Pathological
classification a

Number of cancers in relation to year of diagnosis b

1986�1990 1991�1995 1996�1997 Total

T1
T2
T3
T4
N1
N2
M1

�

9 (18)
6 (12)

14 (29)
9 (18)
9 (18)
2 (4)

4 (2)
49 (20)
27 (11)
69 (28)
45 (18)
45 (18)

6 (2)

1 (1)
18 (16)

6 (5)
38 (35)
22 (20)
22 (20)

3 (3)

5 (1)
76 (19)
39 (10)
121 (30)
76 (19)
76 (19)
11 (3)

Total 49 (100) 245 (100) 110 (100) 404 (100)

Table 63
Age and sex distribution of Ukrainian children and adolescents who underwent surgery for thyroid
carcinoma during 1986�1997
[T18]

Age at time of surgery
(years)

Number
Ratio

female : maleFemales Males

0�4
5�9

10�14
15�18
0�14

5
46
176
159
227

5
42
84
61
131

1.0 : 1
1.1 : 1
2.1 : 1
2.7 : 1
1.7 : 1

Age at time of exposure
(years)

Number
Ratio

female : maleFemales Males

0�4
5�9

10�14
15�18
0�14

146
149
69
15
364

88
58
30
7

176

1.7 : 1
2.6 : 1
2.3 : 1
2.1 : 1
2.1 : 1

Table 64
Frequency of RET rearrangements in thyroid papillary carcinomas in relation to age and radiation history
[S35]

Patient group Number of cases
Mean age

at exposure
(years)

Mean age
at surgery

(years)

Number of cases

with RET/PTC1
mutations

with RET/PTC3
mutations

Children (Belarus)
Adults (Belarus)
Adults (Germany) a

51
16
16

2
22
�

12
31
48

12 (23.5%)
11 (69%)
3 (19%)

13 (25.5%)
�

�
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a ICD9 codes: 204-208 (leukaemia) and 140-208 (all cancer); expected cases are for age- and sex-matched members of the general population.
b Males who worked in the 30-km zone during 1986 and 1987.
c Areas with 137Cs deposition density > 185 kBq m-2.

Table 65
Incidence of leukaemia and all cancer during 1993�1994 among recovery operation workers and residents
of contaminated areas
[C2]

Country
Leukaemia cases a All cancer cases a Standardized incidence ratio (SIR)

Observed Expected Observed Expected Leukaemia All cancer

Recovery operation workers b

Belarus
Russian Federation
Ukraine

9
9

28

4.5
8.4
8

102
449
399

136
405
329

200
108
339

75
111
121

Residents of contaminated areas c

Belarus
Russian Federation
Ukraine

281
340
592

302
328
562

9 682
17 260
22 063

9 387
16 800
22 245

93
104
105

103
103
99

Table 66
Thyroid abnormalities diagnosed by ultrasonography in children 0�10 years old at the time of the accident
screened by the Chernobyl Sasakawa project during 1991�1996
[Y1]

Region
Number of
children
screened

Number of children with diagnosis

Goitre
Abnormal
echogenity

Cystic
lesion

Nodular
lesion

Cancer Anomaly

Mogilev
Boys
Girls

23 531
2 231
2 391

91
188

19
25

5
19

1
1

16
19

Gomel
Boys
Girls

19 273
1 355
2 053

332
604

59
63

130
212

12
25

67
73

Bryansk
Boys
Girls

19 918
3 666
4 480

172
251

56
51

46
53

3
5

7
8

Kiev
Boys
Girls

27 498
6 634
8 194

246
588

18
40

13
33

2
4

4
7

Zhitomir
Boys
Girls

28 958
4 473
6 453

38
87

34
137

23
43

4
5

17
19

Total 119 178 41 930 2 597 502 577 62 237
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a Number of women examined before and after accident: Byransk region: 3,500�4,100 in each area; Tula region, 2,400 (<37 kBq m-2), 2,100 (37-185
kBq m-2) and 810�860 (185�555 kBq m-2); Ryazan region, 1,600�1 ,00 (<37 kBq m-2) and 1,200�1,400 (37�185 kBq m-2).

Table 67
Incidence of thyroid abnormalities diagnosed by ultrasonography in children screened by the Sasakawa
project during 1991�1996
[Y1]

Region
Incidence rate per 1000 children examined

Goitre
Abnormal
echogenity

Cystic
lesion

Nodular
lesion

Cancer Anomaly

Mogilev
Gomel
Bryansk
Kiev
Zhitomir

219
177
409
539
377

11.9
48.6
21.2
30.3
4.3

1.9
6.3
5.4
2.1
5.9

1.0
17.7
5.0
1.7
2.3

0.08
1.9
0.4
0.2
0.3

1.5
7.3
0.8
0.4
1.2

Total 352 21.8 4.2 4.8 0.5 2.0

Table 68
Comparison of reproductive effects in population groups in the Russian Federation during 1980�1993
[B19, L27, L28, L29]

Parameter / effect

Ratio of effect before and after accident a

Bryansk region Tula region Ryazan region

<37
kBq m-2

37�185
kBq m-2

185�555
kBq m-2

<37
kBq m-2

37�185
kBq m-2

185�555
kBq m-2

<37
kBq m-2

37�185
kBq m-2

Birth rate
Spontaneous abortions
Congenital anomalies
Stillbirths
Perinatal mortality
Premature births
Overall diseases in newborns
Overall unfavourable pregnancy

outcome

0.81
1.27
0.66
0.66
1.18
1.07
1.02

1.07

0.83
1.34
1.41
1.39
1.13
0.95
1.03

1.16

0.75
1.34
1.67
1.29
0.91
1.39
1.42

1.35

0.87
0.90
1.32
1.50
0.77
0.88
1.06

0.95

0.73
1.03
1.28
0.93
1.57
0.86
1.32

0.97

0.69
1.18
0.91
1.41
1.21
0.71
1.29

0.92

1.0
1.22
1.43
0.90
1.13
0.83
1.00

1.07

0.90
0.91
0.91
0.97
1.00
1.23
1.38

1.00
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