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1 Introduction 

The International Commission on Radiological Protection (ICRP) has reiterated, in its latest 
Recommendations, that in radiological protection, it is useful to determine a single value of 
effective dose and that there is no reason to distinguish between the sexes, despite the possible 
existence of sex-specific differences in radiation-related risks [ICRP 07]. Whereas the ICRP 
states that it is appropriate to use sex- and even age-specific data for the purposes of 
retrospective individual evaluation of radiation-related risks following internal or external 
exposure to ionising radiation, for the purposes of radiological protection it remains the 
policy of the Commission to determine a single value of effective dose. Accordingly, the 
tissue weighting factors (wT) introduced by the ICRP are age- and sex-averaged. This also 
applies to the male and female breast and the gonads. The ICRP justifies its approach inter 
alia on the grounds that there are great uncertainties surrounding the values of tissue 
weighting factors and that there could be possibly discriminatory effects if sex-specific 
differences are made in the calculation of risks.  

Other national and international institutions emphasise possible sex-specific differences, 
however. For example, the latest report by the National Research Council (NRC) in the USA 
calculates different excess cases of both solid cancer and leukaemia for males and females 
after exposure to ionising radiation, assuming an age distribution similar to that of the entire 
US population [NRC 06]. The United Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) also assumes that for all solid cancers, the excess absolute risk and 
the excess relative risk are higher in women than in men by a factor of around 2 [UNSC 08]. 

Epidemiological studies provide evidence of a significantly lower spontaneous cancer 
incidence for women than for men. The figures provided by SEER*) (1975-2005) for all types 
of cancer, age-corrected, are 403 cases (females) and 519 cases (males) per 100,000 persons 
[Rie 08]. Looking at individual cancers, some tumour entities are more common among men 
than women (e.g. liver cancer, squamous cell carcinoma and lymphoma), whereas meningeal 
sarcomas and thyroid cancer are more common in women. It is unclear whether the causes of 
sex-specific differences in spontaneous cancer incidence are due to genetic and/or hormonal 
factors, and what influence occupational factors and lifestyle have.  

There are allusions to differences in the radiation sensitivity of male and female tissue in 
clinical studies in which the early or late side-effects of radiotherapy and combined radio-
/chemotherapy are broken down by sex [Bor 09]. However, very few studies to date have 
systematically analysed possible sex-specific differences in sensitivity to ionising radiation. 
By contrast, a number of epidemiological studies have analysed sex-specific differences in 
radiation-induced cancer incidence and mortality. The Life Span Study (LSS) carried out 
among atomic bomb survivors, studies among survivors of Chernobyl and studies among 
cohorts exposed to therapeutic radiation are highly significant in this context (see Chapter 2 
and Annexes 1 and 2). However, in relation to sex-specific differences, the findings of these 
studies are often close to the limits of significance, with the method of calculation having an 
important influence, and in some cases the findings of the various studies conflict. Significant 
differences are observed, however, in the solar radiation-induced incidence of non-melanoma 
skin cancers and in the age-standardised mortality from malignant skin melanomas, which are 
significantly higher for men than women [SSK 08]. 

                                                 

*) Surveillance, Epidemiology and End Results 
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In order to provide sound evidence of sex-specific differences in radiation sensitivity, studies 
on suitable cell models and animal models are very important. Models which are proven to be 
suitable can then be used in order to investigate the biological and molecular bases of the 
postulated sex-specific radioreactions (see overview in [Bor 09]). There are hardly any 
systematic studies on the potential molecular and cellular bases for sex-specific 
radioreactions. The long-term objective should be to demonstrate whether there are 
statistically significant sex-specific differences in radiation sensitivity, not only at cellular 
level but also at the level of organisms, i.e. in humans and in suitable animal models. Based 
on clearly proven sex-specific differences in the animal model, analyses of the possible 
cellular and molecular bases of the postulated sex-specific differences in radiation sensitivity 
in humans should then be carried out. 

2 Epidemiological Studies  

In the UNSCEAR 2000 Report [UNSC 00], UNSCEAR concludes, after a review of the 
literature, that the excess absolute risk (EAR) of solid cancer occurring after exposure to 
ionising radiation is higher for women than men. In the new UNSCEAR 2006 Report, this 
issue is only touched upon peripherally [UNSC 08]. However, here too, the authors of the 
report conclude that for all solid cancers as a group, the excess relative risk and excess 
absolute risk are higher in women than in men by a factor of around 2.  

These estimates are largely based on analyses of data relating to the Hiroshima and Nagasaki 
atomic bomb survivors. In a recently published report on solid cancer incidence in atomic 
bomb survivors [Pre 07], which includes a follow-up from 1958 to 1998, the authors find that 
for all solid cancers as a group excluding gender-specific cancers, women had somewhat 
higher rates of excess relative risk (ERR1) than men. There is no significant sex difference in 
the values for excess absolute risk (EAR). However, sex-specific differences can be observed 
in some cases in the ERR and EAR values if cancer frequency is analysed separately for 
specific organs: for example, for women, the ERR values for cancer of the stomach 
(significant), lung (significant), bladder and thyroid are higher than for men, whereas the 
values for cancer of the colon and liver are lower. Similarly, in women, the EAR values for 
lung and thyroid are (significantly) higher than in men, whereas the values for colon 
(significant), liver (significant) and bladder are lower. For other types of cancer, no ERR or 
EAR values could be obtained due to the small number of cases in the atomic bomb survivor 
cohort.  

The most recent report on mortality among atomic bomb survivors, which includes a follow-
up from 1950 to 1997 [Pre 03], shows that the excess relative risk (ERR) of cancer is far 
higher for females than males. However, there are no significant differences in excess 
absolute risk (EAR). Preston et al. explain this in terms of the different spontaneous rates of 
cancer in males and females. 

In a study on the occurrence of thyroid cancer, Ron et al. [Ron 95], based on a pooled analysis 
of seven studies, conclude that the ERR is greater for females than males by a factor of 
around 2, but that this difference is not significant: due to the spontaneous rate of the 
occurrence of thyroid cancer in females, the EAR is higher for women as well. This finding is 
consistent with that of Preston et al. [Pre 07]. However, Ron et al. also emphasise that in some 

                                                 

1 For an explanation of ERR and EAR, see Annex 1. 



Sex-specific differences in radiation sensitivity  7 

studies, the opposite effect has been noted, with the ERR being higher for males than for 
females. In a study of children and adolescents in areas of Ukraine and Belarus affected by the 
Chernobyl accident, undertaken by Jacob et al. [Jac 06], the ERR was found to be smaller for 
females than for males by a factor of 3.8, which also appears to conflict with the LSS data on 
atomic bomb survivors. However, if the ERR values for the occurrence of thyroid cancer in 
the LSS for those survivors who were under 15 years of age at the time of the atomic bomb 
explosion are included, a male:female (M/F) ratio of 2.9 is obtained (see Table A17, Annex 
1), which is consistent with the findings of Jacob et al. Ivanov et al. also found lower values 
for excess relative risk for girls who were exposed as children before 9 years of age after the 
Chernobyl accident than for boys, but this difference was not significant [Iva 06]. 

In another study, Gilbert et al. evaluated aspects of radiation-induced lung cancer in patients 
with Hodgkin’s disease. They found that the ERR for males was about four times that for 
females, although the difference was not statistically significant [Gil 03]. This finding 
conflicts with that of the LSS (which found higher ERR values for women than for men, see 
above). Gilbert et al. attribute this to the different spontaneous rates of lung cancer (e.g. the 
low spontaneous rates in Japan), different dosages, fractionation, dose rates, and the possible 
failure to take adequate account of the effects of smoking and chemotherapy.  

In a study of lung cancer mortality in Mayak workers, for internal dose, the ERR for females 
was significantly, i.e. about four times, higher than for males [Gil 04], which is consistent 
with the findings of the LSS. However, the EAR for females was less than that for males by a 
factor of 0.43. 

Travis et al. investigated the carcinogenic effects of long-term internal exposure to alpha-
particle-emitting radionuclides among cohorts from Sweden, Denmark and the USA [Tra 03]. 
No significant differences between men and women were found in relation to relative risk in 
any of the cohorts studied if all solid cancers were analysed as a group. However, they found 
a not significantly increased risk of non-Hodgkin’s lymphoma and cancer of the rectum 
among men, and an increased risk of basal cell and squamous cell carcinoma, multiple 
myeloma, and cancer of the colon, lung and thyroid among women. None of these sex-
specific differences was statistically significant. However, a clear difference emerged when, 
in the Danish/Swedish data, female (cervix, uterus, ovaries) and male (prostate, testicles) sex 
organs were analysed separately. This produced an RR for women of 1.1, compared with a 
value of 4.7 for men [Tra. 03].  

In relation to leukaemia, the most reliable information on possible sex-specific differences is 
based on the data relating to atomic bomb survivors. Based on the excess absolute risk, it has 
been found that women have a significantly lower risk than men (female/male (F/M) ratio: 0.6 
(90% CI: 0.4; 0.8)). The latest UNSCEAR Report [UNSC 08] confirms this finding. In the 
BEIR VII report, lower relative and absolute risks are assumed for women than for men. 
However, the confidence intervals of these estimates are large. In a study among workers at 
four US nuclear weapons facilities and a nuclear naval shipyard, the authors find a similar 
significantly lower excess relative risk for women (F/M ratio: 0.42 (95% CI: 0.23; 0.71)) [Sch 
07]. This conflicts with the latest analysis by UNSCEAR which, based on data from the 
atomic bomb survivors, does not find any sex-specific differences in ERR [UNSC 08]. By 
contrast, studies carried out among people living on the Techa River in the Southern Urals 

[Kre 05] and among Mayak workers [Shi 03] point to higher excess relative risks for women 
(Techa River: ERR for women is around 70% higher than for men; Mayak workers: F/M ratio 
1.7 (90% CI: 0.23; 11.2)). However, these findings are not statistically significant. In all other 
studies on leukaemia risk after exposure to ionising radiation (see Annex 1) considered within 
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the framework of this recommendation, no information could be found about possible sex-
specific differences. 

3  Clinical Findings after Radiation Therapy 

Men’s and women’s different radiation sensitivity could have an effect on tumour response 
and local control (i.e. prevention of recurrence at the site of the primary cancer) during 
radiation therapy, but also on adverse early and late side-effects, including the induction of 
secondary malignancies. Despite the importance of this issue, also with regard to therapeutic 
decisions, there are very few systematic studies on the specific influence of sex on these 
endpoints. With regard to local control and survival, some types of cancer consistently show 
increased response rates in women compared to men (for overview, see [Bor 09]), which can 
be attributed at least in part to the greater effectiveness of chemotherapy in women [Sin 05]. 
However, systematic comparisons which take account of the modalities of radiation therapy 
are not available. What’s more, very little data are available on the adverse side-effects of 
radiation therapy among males and females. The few available findings do not allow any 
conclusions to be drawn about sex-specific differences in radiation sensitivity. As regards the 
occurrence of secondary malignancies in cancer survivors, there is increasing availability of 
findings of major studies based on clinical and epidemiological cancer registers with tens of 
thousands of patients. Although these studies routinely calculate secondary malignancy risks 
separately for men and women and, in normal cases – as far as possible – compare the risks 
between patients who have undergone radiation treatment for the first cancer, and those who 
have not, very few of the studies investigate possible sex-specific differences in radiation 
effect. An increased risk of breast cancer in female children and adolescents following 
irradiation of the thorax, e.g. during therapy for Hodgkin’s disease [Bha 02] or non-Hodgkin’s 
lymphoma [Blu 08] has consistently been observed. In these studies, the risk of secondary 
malignancies remained higher for females even if breast cancer was excluded. 

4 Radiobiological Studies 

Epidemiological studies have produced many indications of possible sex-specific radiation 
sensitivity in humans. However, further biological studies are required to produce reliable 
evidence of this. In these biological studies, suitable experimental models must be used 
which, assuming sufficient scope of the experiment, can provide clear evidence of the 
postulated sex-specific radiation sensitivity. Apart from regulation through genetic and 
epigenetic mechanisms, other factors, especially hormones and lifestyle differences, may be 
influential. Animal models in which cancer incidence and, if appropriate, other endpoints can 
be analysed and quantified under physiological conditions as indicators of radiation sensitivity 
therefore appear to be more suitable than cell models as a method of providing evidence of 
sex-specific radiation sensitivity.  

Experiments carried out on animal models to date confirm and expand the evidence obtained 
from epidemiological studies for the existence of sex-specific differences in radiation 
sensitivity. For example, female mice show a much higher incidence of thymic lymphoma and 
a higher incidence of osteosarcoma after treatment with 227Th than male mice [Mül 78]. By 
contrast, after chronic exposure to doses of UVB or to chemical carcinogens, male mice had 
more tumours than female mice [Tho 07, Huf 91]. In order to obtain information about the 
mechanisms underlying the postulated sex-specific radiation sensitivity, cell models were 
used alongside the animal models. They included human peripheral blood cells from healthy 
subjects, and cell lines or primary cells from selected organs of the mouse models, which 
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were used to demonstrate sex-specific radiation sensitivity. Besides functional assays to study 
cellular responses to radiation, e.g. DNA damage and repair, mutations and cell death 
(apoptosis) (for an overview, see [Bor 09]), whole genome screening processes have been 
used, such as microarrays to analyse gene expression (quantification of transcript levels) [Mea 
08, Whi 03], and various techniques to analyse epigenetic regulatory mechanisms (DNA 
methylation changes, histone modification patterns, expression of microRNAs) [Kov 04, Pog 
04, Sil 04].  

In the microarray analyses of radiation-induced gene expression, a number of sex-specific 
expressed genes were found, but no correlations could be established with corresponding 
cellular phenotypes which are valid indicators of radiation sensitivity, such as apoptosis or 
DNA damage and repair. There was also little evidence of correlations with the sex-specific 
radiation-induced cancers postulated in the epidemiological studies, which is probably also 
due to the fact that a wide variety of testing systems were used in the experiments. For that 
reason, all these approaches are of only limited informative value.  

In recent years, new experimental approaches have been developed, primarily through the 
extensive work carried out by the research group headed by O. Kovalchuk. This group has 
provided a substantial body of evidence that the bystander effect (a phenomenon previously 
described by other authors as the “abscopal effect”), which could be demonstrated in vivo in 
the unirradiated spleen of mice and rats after local irradiation of the head, shows sex-specific 
differences. These sex-specific differences manifested in parameters such as DNA breaks and 
apoptosis, but above all in epigenetic parameters such as DNA methylation, histone 
modifications and levels and patterns of expression of microRNAs [Iln 09, Kot 06, Kot 07, 
Kot 08]. Using mice whose gonads had been removed after birth, it was possible to produce 
compelling evidence that hormones have a clear influence on sex-specific radiation sensitivity 
[Kot 08].  

Using the established animal models, major interdisciplinary studies can thus be carried out in 
future. These should allow sex-specific differences – from molecular and cellular processes to 
cancer incidence and mortality – to be analysed in comprehensive experiments using male and 
female animals, controlling for/regulating important hormonal differences. 

5 Summary 

The epidemiological studies in which risk coefficients are given separately for females and 
males provide conflicting results about sex-specific radiation sensitivity. The studies carried 
out among atomic bomb survivors show – both for mortality and for incidence – significantly 
higher ERR values for women than for men for all solid cancers. However, as women have 
lower spontaneous rates than men, the corresponding EAR values for women and men are 
similar, but this only applies as long as sex-specific organs are not considered. If all organs, 
including sex-specific organs, are analysed as a group, a significantly higher EAR value 
remains for women in the incidence data, whereas the EAR values are comparable in relation 
to mortality. It must be emphasised, however, that the few epidemiological studies which deal 
with radiation-induced occurrence of the same cancer type in different cohorts sometimes 
yield conflicting results. For example, the data collected among atomic bomb survivors yield 
a higher excess absolute risk for women than for men for thyroid cancer, whereas other 
studies produce the opposite result. 

In calculating risk coefficients and tissue weighting factors, it is necessary to transfer the risk 
estimates obtained from studies of atomic bomb survivors to other populations. This is 
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possible both on the basis of an ERR model (multiplicative) and an EAR model (additive). As 
it is often not clear which model is better, the ICRP uses the mean value of the risks from 
ERR and EAR for most types of cancer. For bone-marrow and the female breast, however, 
only the EAR values are used; for thyroid and skin, only the ERR values are used; and for the 
lung, the EAR value is weighted by a factor of 0.3 and the ERR value by a factor of 0.7. Due 
to the uncertainties associated with the derived detriment values, the ICRP does not consider 
it necessary to take account of possible sex-specific differences.  

With regard to radiobiological experiments, the situation can be summed up as follows: for 
various endpoints (e.g. cancer development in experimental models, changes in gene 
expression and epigenetic patterns after irradiation), sex-specific differences have been 
described but very few of the observations could be reproduced so far. Moreover, for the 
majority of observations, it is quite unclear whether differences in these endpoints have an 
impact on cancer risk. Using modern screening processes, a large number of genes have been 
identified which show sex-specific differences in their expression in response to radiation, but 
their influence on radiation sensitivity is largely unknown. Furthermore, a great many results 
obtained in experiments on mice indicate that besides direct radiation-induced effects, 
persistent bystander effects also play a role, which are influenced by sex hormones and caused 
by epigenetic processes. Here too, the molecular mechanisms underlying these effects are 
largely unknown. Based on the data currently available, targeted experimental approaches 
could be developed in future in order to gain an understanding of sex-specific molecular and 
cellular reactions to radiation exposure in terms of their molecular mechanisms. In the long 
term, establishing a correlation with cancer incidences determined in the same animal model 
should be the aim. 

Opinion of the Commission on Radiological Protection (SSK): 

1. Epidemiological, clinical and biological studies have produced indications but no clear 
evidence of possible sex-specific differences in radiation sensitivity (endpoints: 
mortality and cancer). There is therefore a need for further research to provide 
conclusive evidence and an understanding of possible sex-specific differences in the 
radiation-induced incidence of cancer in individual organs and in the radiation 
sensitivity of entire organisms based on molecular, cellular and tissue reactions to 
irradiation. Future studies should, from the conceptual stage onwards, be optimised 
with a view to subsequent evaluation of sex-specific differences in radiation risk. 

2. Due to the limited data availability described above, both with regard to clinical 
studies and biological experiments, and the sometimes conflicting findings of 
epidemiological studies, the Commission on Radiological Protection takes the view 
that it is not possible, at present, to make unequivocal statements about sex-specific 
differences in radiation sensitivity. Having analysed the individual studies, the 
Commission cannot identify any basis for the certainty expressed in some of the 
statements made by other national and international institutions regarding generally 
higher radiation sensitivity in females.  

3. After careful analysis, the Commission therefore concludes that it is not necessary, at 
present, to consider possible sex-specific differences in radiation sensitivity in the 
context of radiological protection.  
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Assessments of Other National and International Institutions  

In recent years, a number of pre-eminent scientific institutions have produced reports on the 
risks from exposure to ionising radiation. They include the BEIR VII report by the National 
Research Council (NRC) in the USA [NRC 06], the UNSCEAR 2000 and UNSCEAR 2006 
reports [UNSC 00, 08] and the new ICRP Recommendations [ICRP 07]. One of the topics 
discussed in these reports is possible sex-specific differences in the radiation sensitivity of 
human tissue. 

5.1 BEIR VII 

The latest report, entitled Biological Effects of Ionizing Radiation (BEIR VII), published by 
the National Research Council (NRC) in the USA calculates different excess cases of both 
solid cancer and leukaemia for males and females after exposure to ionising radiation, 
assuming an age distribution similar to that of the entire US population (Table A1) [NRC 06]. 

Table A1: Estimated excess cases (incidence / mortality) expected to result in 100 000 
persons in the US population exposed to 0.1 Gy (“Life-time attributable risk”); 
95% confidence intervals are shown in parentheses [NRC 06]. 

 All Solid Cancer Leukaemia 

Males Females Males Females 

Excess cases 
(incidence) 

800 (400, 1 600) 1 300 (690, 2 500) 100 (30, 300) 70 (20, 250) 

Excess deaths 
(mortality) 

410 (200, 830) 610 (300, 1 200) 70 (20, 220) 50 (10, 190) 

Table A1 shows that according to the NCR, out of 100 000 American women exposed to 0.1 
Gy, around 1 300 will develop a solid cancer, compared with only 800 for every 100 000 
American men. While these differences are not statistically significant (the corresponding 
95% confidence intervals overlap), they can be seen as an expression of possible sex-specific 
differences in radiation sensitivity in humans. In contrast to solid cancer, however, the 
leukaemia risk appears to be somewhat higher for males than for females. 

These figures are based on an analysis and evaluation of various cohorts whose members 
were exposed to ionising radiation, with the LSS cohort (LSS: Life Span Study), comprising 
the atomic bomb survivors from Hiroshima and Nagasaki, making the most important 
contribution. The health data from these cohorts are calculated using two different models: 
Excess Relative Risk: ERR, equation 1, and Excess Absolute Risk: EAR, equation 2. 

(c,s,a,b,d) = (c,s,a,b)[1 + s ERR(e,a) x d]     (1) 

(c,s,a,b,d) = (c,s,a,b) + s EAR(e,a) x d    (2) 
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(c,s,a,b) is the spontaneous rate which occurs without an additional dose of ionising 
radiation; c = city (Hiroshima or Nagasaki), which is required to evaluate the LSS data, s = 
sex (male, female), a = age at onset of disease/death, b = year of birth, e = age at exposure, 
and d = dose. The function s in each model signifies the increase in a linear dose-response 
model, while ERR(e,a) and EAR(e,a) are weighting factors for the influence of age at 
exposure, e, and age at onset of disease, a.  

ERR(s,d) and EAR(s,d) are dose-dependent functions. If a linear dose-response relationship is 
assumed without a threshold (LNT hypothesis), the (sex-dependent) risk coefficient S yields 
the increase in absolute risk per dose: 

d

dsEAR
s

),(
  or ),,,(

),(
basc

d

dsERR
s    with   11  SvPYs  

PY: person-years 

In order to quantify radiation sensitivity in relation to an investigated endpoint, the following 
functions are often used in epidemiological studies: 

EAR

d
   or 

ERR

d
  

(i.e. the slope in the dose-risk ratio). In many of these studies (including the LSS studies), the 
expressions EAR/Sv (or EAR/Gy) or ERR/Sv (or ERR/Gy), respectively, are used here; these 
are somewhat misleading and, strictly speaking, are not correct. However, in order to facilitate 
direct comparison with the studies cited, this notation will be retained below. 

The BEIR VII report, based on data collected among atomic bomb survivors, gives the values 
listed in Table A2 for all solid cancers (excluding thyroid cancer and non-melanoma skin 
cancer), adjusted for age at exposure = 30 years and attained age = 60 years. Table A2 shows 
that according to the NRC, based on the data from the atomic bomb survivors, clear 
differences in male and female radiation sensitivity can be inferred. The BEIR VII report also 
mentions these differences in relation to the various organs with the exception of breast and 
thyroid, also based on analysis of data from the LSS cohort (Table A3). 
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Table A2: Values derived from the atomic bomb survivors for ERR/Sv and EAR/Sv 
(incidence/mortality) for all solid cancers, age at exposure = 30 years and 
attained age = 60; CI: confidence interval [NRC 06]. 

 ERR/Sv (95% CI) EAR per Sv and 104  

Person-Years (95% CI) 

Males Females Males Females 

Incidence 0.33 (0.24; 0.47) 0.57 (0.44; 0.74) 22 (15; 30) 28 (22; 36) 

Mortality 0.23 (0.15; 0.36) 0.47 (0.34; 0.65) 11 (7.5; 17) 13 (9.8; 18) 

 

Table A3: Site-specific values derived from the LSS cohort for ERR and EAR (incidence 
and mortality), age at exposure = 30 years, attained age = 60 years; CI: 
confidence interval [NRC 06]; breast: based on [Pre 02]; thyroid: based on 
[Ron 95] and [NIH 2003]. 

Site of solid cancers ERR/Sv (95% CI) EAR per Sv and 104  

Person-Years (95% CI) 

Males Females Males Females 

Stomach 0.21 (0.11; 0.40) 0.48 (0.31; 0.73) 4.9 (2.7; 8.9) 4.9 (3.2; 7.3) 

Colon 0.63 (0.37; 1.1) 0.43 (0.19; 0.96) 3.2 (1.8; 5.6) 1.6 (0.8; 3.2) 

Liver 0.32 (0.16; 0.64) 0.32 (0.10; 1.0) 2.2 (1.9; 5.3) 1.0 (0.4; 2.5) 

Lung 0.32 (0.15; 0.70) 1.40 (0.94; 2.1) 2.3 (1.1; 5.0) 3.4 (2.3; 4.9) 

Breast - 0.51 (0.28; 0.83)  9.4 (6.7; 13.3) 

Prostate 0.12 (< 0; 0.69) - 0.11 (<0; 1.0) - 

Uterus - 0.055 (< 0; 0.22) - 1.2 (<0; 2.6) 

Ovary - 0.38 (0.10; 1.4) - 0.7 (0.2; 2.1) 

Bladder 0.50 (0.18; 1.4) 1.65 (0.69; 4.0) 1.2 (0.4; 3.7) 0.75 (0.3; 1.7) 

Other solid 0.27 (0.15; 0.50) 0.45 (0.27; 0.75) 6.2 (3.8; 7.3) 4.8 (3.2; 7.3) 

Thyroid 0.53 (0.14; 2.0) 1.05 (0.28; 3.9)   
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With the exception of colon and liver, the ERR values for the organs of females are generally 
higher than for the same organs of males. However, the BEIR VII report emphasises that the 
statistical uncertainties surrounding the values are often high. Interestingly, the trend towards 
higher values for females than males appears to be less pronounced for the EAR values (see 
discussion below).  

5.2 UNSCEAR 

Based on a literature review, UNSCEAR concludes that the excess absolute risk of solid 
tumour induction after exposure to ionising radiation is higher in women than in men: 
“Although differences in the absolute risk of tumour induction with sex are not large and vary 
with site, for most solid cancers the absolute risk is higher in women than in men” (paragraph 
74, p. 11 [UNSC 00]). UNSCEAR suggests that with an acute dose of 1 Sv, lifetime risk 
estimates for solid cancer mortality might be taken as 9% for men and 13% for women. The 
uncertainties in the estimates may be a factor of about 2, higher or lower. For leukaemia, by 
contrast, no sex-specific difference is observed, and the lifetime risk of death from leukaemia 
may be taken as 1%, for either gender, following an acute dose of 1 Sv (paragraphs 84 and 85, 
page 13 [UNSC 00]).  

Based on the analysis of the atomic bomb survivors, sex-specific differences are also found 
for various organs (Table A4), which indicate that the corresponding excess relative risk is 
higher by a factor of about 2 for women than for men.  

It should be noted, however, that the female/male (F/M) sex ratio for the colon (2.1) does not 
accord with the value of 0.5 given by Preston et al. [Pre 07] for atomic bomb survivors (see 
Section 2.2.3). The same applies to the value for the bladder (0.8 in Table A4, as compared 
with 3.1 in Section 2.2.6). 

Table A4: Values for ERR/Sv derived from the atomic bomb survivor data for age at 
exposure = 30 years (age-at-exposure model; incidence data) (Table 31 in 
[UNSC 00]). 

Cancer type Males Females female/male 

All solid cancer 0.38 0.79 2.1 

Oesophagus 0.41 0.84 2.1 

Stomach 0.29 0.60 2.1 

Colon 0.46 0.95 2.1 

Liver 0.58 0.58 1.0 

Lung 0.50 2.18 4.3 

Breast 0 1.55 - 

Bladder 1.18 0.98 0.8 

Other cancer 0.47 0.28 0.6 
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The new UNSCEAR 2006 Report, recently published, presents the findings of a range of 
studies on radiation-induced cancer risk in various organs, including leukaemia (Tables 19–44 
in [UNSC 08]). The findings of the LSS are cited separately for males and females with 
regard to both mortality and incidence (mostly based on [Pre 03] and [Pre 07]. The authors of 
[UNSC 08] conclude that “ ... both the ERR and the EAR for total solid cancers are somewhat 
higher (by about a factor of 2) for women than for men.” ([UNSC 08], para. 136, page 56). 
For lung cancer, they explicitly state that “… the ERR per unit dose (Sv-1) was larger for 
females than for males, but the EARs were similar for both sexes.” ([UNSC 08], para. 273, p. 
80) (cf. also Section 2.2.5). Finally, the UNSCEAR Report points out that thyroid cancer 
naturally occurs more frequently in women than in men, and specifically mentions that the 
BEIR VII report also postulates a higher rate of radiation-induced thyroid cancer in women. 
Despite that, UNSCEAR concludes that: “... the role of sex in determining radiation risk is 
unclear. …” ([UNSC 08], para. 467, p. 108), one probable reason for this being that: “… The 
effect of sex is not consistent in all studies.” ([UNSC 08], para. 467, p. 108) (see also Section 
2.3, Table A17).  

5.3 ICRP 

The International Commission on Radiological Protection (ICRP) has reiterated, in its most 
recent Recommendations (ICRP Publication 103), that in radiological protection, it is useful 
to determine a single value of effective dose and that there is no reason to distinguish between 
the sexes, despite the possible existence of sex-specific differences in radiation-related risks 
[ICRP 07]. Although the ICRP advocates the use of sex- and even age-specific approaches for 
certain purposes (for example, the use of reference voxel phantoms for male and female are 
soon to be introduced to compute individual dose after external or internal exposure to 
ionising radiation, and voxel phantoms are also being developed for children of various ages), 
the ICRP nonetheless states that : “… for the purpose of radiological protection it is useful to 
apply a single value of effective dose for both sexes.” ([ICRP 071], para. 132, p. 69). 
Accordingly, the tissue weighting factors (wT) introduced by the ICRP are age- and sex-
averaged. This also applies to the male and female breast and the gonads. However, this 
weighting is only intended for use in radiological protection and is not suitable to assess 
individual risk after exposure to ionising radiation. (“This averaging implies that the 
application of this approach is restricted to the determination of effective dose E in 
radiological protection and, in particular, cannot be used for the assessment of individual 
risk.” ([ICRP 07], para. 132, p. 69). The ICRP emphasises that: “However, for the purposes of 
retrospective evaluation of radiation-related risks … it is appropriate to use sex- and age-
specific data and calculate sex- and age-specific risks.” ([ICRP 07], para. 33, p. 42). The 
ICRP justifies its approach inter alia by the greater uncertainties surrounding the calculation 
of effective dose: “In view of the uncertainties … the Commission considers it appropriate for 
radiological protection purposes to use age- and sex-averaged tissue weighting factors and 
numerical risk estimates.” ([ICRP 07], para. 33, p. 42) and possible discriminatory elements if 
sex-specific differences are made in the calculation of risk: “Moreover, this obviates the 
requirement for sex- and age-specific radiological protection criteria which could prove 
unnecessarily discriminatory.” ([ICRP 07], para. 33, p. 42).  

Despite these reservations, the ICRP’s new Recommendations include sex-specific organ-

                                                 

1  A German translation is available at: www.bfs.de/de/ion/ICRP.html 
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dependent values for detriment ([ICRP 07], Table A.4.18, p. 209), although the ICRP 
reiterates that they do not have a role in the Commission’s current system of radiological 
protection: “ ... These sex-specific values for detriment do not have specific functions in the 
Commission’s system of radiological protection …” ([ICRP 07], Table A.4.18, p. 209). The 
relative sex-specific values derived by the ICRP for the population are shown in Table A5 for 
various organs alongside the mean relative values for detriment calculated by the ICRP 
([ICRP 07], Table A.4.1, p. 179) and the wT values actually used to calculate effective dose.  

What is striking, for example, is the higher value for males than for females, by a factor of 
around 3, for the colon, which can be attributed to the EAR model (see Section 2.2.3). The wT 
value actually used is then 0.12. A similar situation applies for the liver (see Section 2.2.4), 
although here, the ICRP has opted for a wT value of 0.04, which corresponds approximately to 
the sex-specific mean. In the case of the thyroid, the relative detriment for females is far 
higher than for males. Here, the ICRP bases its estimates largely on the findings of the study 
by Ron et al. (Section 2.3). Compared with the sex-specific mean of 0.022, the ICRP 
increases the weighting somewhat arbitrarily and uses a value that is twice as high for wT, i.e. 
0.04. The ICRP justifies this on the grounds that this is intended to take account of the 
particularly high radiation sensitivity of the thyroid in childhood. For all other organs with the 
exception of the lung, the relative detriment values for males are higher than for females. It 
should be noted that for females, 27% of the detriment derives from the breast and ovaries. 
The risks of cancer of the salivary glands and brain – although not separately derivable from 
the data – are estimated by the ICRP to be higher than for cancer in the 14 remainder tissues. 
The wT values for the salivary glands and brain were therefore each assigned a separate value 
of 0.01. 
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Table A5: Sex-dependent values for detriment for the population (age at exposure 0 – 85 
years) (Table A.4.18 from [ICRP 07]), corresponding mean values (Table A.4.1. 
from [ICRP 07]) and actual tissue weighting factors adopted by the ICRP (Table 
3 from [ICRP 07]). 

Organ Males Females ICRP mean Actual ICRP 
tissue weighting 

factor 

Oesophagus 0.026 0.021 0.023 0.04 

Stomach 0.12 0.117 0.118 0.12 

Colon 0.138 0.044 0.083 0.12 

Liver 0.075 0.026 0.046 0.04 

Lung 0.124 0.182 0.157 0.12 

Bone  0.011 0.008 0.009 0.01 a) 

Skin 0.008 0.006 0.007 0.01 

Breast - 0.240 0.139 0.12 

Ovary - 0.030 0.017 - 

Bladder 0.036 0.024 0.029 0.04 

Thyroid 0.010 0.031 0.022 0.04 

Bone-marrow 0.144 0.080 0.107 0.12 

Remainder 
Tissues (14) 

0.256 0.155 0.198 0.12 

Gonads 0.053 b) 0.038 b) 0.044 b) 0.08 c) 

Brain d) - - - 0.01 

Salivary glands d) - - - 0.01 

Total 1.00 1.00 1.00 1.00 

a) Bone surface b) Genetic damage c) Genetic damage and cancer d) Previously listed 
in ICRP 60 under “Remainder Tissues” category 

1 Individual Studies 

1.1 Report on mortality of atomic bomb survivors: solid cancers (Preston et 

al. 2003) 

In a report on mortality of atomic bomb survivors published by Preston et al., which includes 
follow-up for the period from 1950 to 1997 [Pre 03], possible variations in the radiation-
associated excess risks with sex are discussed. For example, Table A6 shows that based on a 
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model that allows the ERR to vary with age at exposure while also varying with attained age, 
the ERR values are clearly greater for women than for men. However, there is little sex 
difference in the EAR values for absolute risk. 

Table A6: ERR and EAR values for all solid cancers for age at exposure = 30 years and 
attained age = 70 years; CI = confidence interval; produced by Preston et al. 
from atomic bomb survivor data [Pre 03]. * presumably a typographical error in 
[Pre 03]. 

 ERR/Sv (90% CI) EAR per Sv and 104  

Person-Years (90% CI) 

Males Females Males Females 

Mortality 0.35 (0.24; 0.46) 0.59 (0.45; 0.74) 29 (30*; 39) 30 (24; 37) 

According to Preston et al., this has been known for some time (“… it has long been reported 
that the estimated EAR/Sv depends little on sex despite the significant sex effect on the ERR 
…”). They attribute this apparent contradiction to the fact that the background (spontaneous) 
rates of mortality from solid cancers in Japan are far lower for women than for men, which 
primarily affects the excess relative risk (“Clearly the relative risks are greater for women 
than for men (p < 0.003), but this largely serves to offset a reciprocal ratio in background 
rates, and there is little sex difference in the EAR”). Table A7 shows that this interpretation is 
valid for selected organs other than the liver.  

In a further study published by Preston et al. soon afterwards, which mainly investigates the 
effect of the new dosimetry system, DS02, on atomic bomb survivor risk estimates and has a 
extended follow-up from 1950 to 2000, similar results are reported [Pre 04]: for the ERR, an 
F/M ratio of 1.9 (90% CI: 1.4; 2.7) was reported, which is significantly different from 1, 
whereas for EAR an F/M ratio of 1.1 (90% CI: 0.8; 1.6) was reported, which is not 
significantly different from 1.  
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Table A7: ERR values for all solid cancers (cf. Table A6) and corresponding values for 
specific organs for age of exposure 30 years and attained age 70. The p values 
in column 4 apply to the null hypothesis of an F/M value of 1 (no sex-specific 
differences). For the purpose of comparison, the M/F ratio for the spontaneous 
rates is given in column 5; where similar values are given in columns 4 and 5, it 
can be assumed that the increased ERR values for females are attributable to the 
lower spontaneous incidences and that with the EAR, only minor differences 
between the sexes exist [Pre 03]. 

Site of solid cancers ERR/Sv Background 
(spontaneous) 

rate 

M/F 

Males (M) Females (F) F/M 

All solid cancers 0.347 0.588 1.7 (p = 0.01) 1.8 

Stomach 0.196 0.636 3.2 (p = 0.01) 2.3 

Lung 0.472 1.05 2.2 (p = 0.02) 2.4 

Colon 0.370 0.414 1.1 (p > 0.5) 1.3 

Liver 0.402 0.400 1.0 (p > 0.5) 2.1 

Other organs 0.351 0.326 0.93 (p > 0.5) 1.3 

1.2 Report on solid cancer incidence in atomic bomb survivors (Preston et al. 

2007) 

The recently published report on solid cancer incidence in atomic bomb survivors covers an 
observation period from 1958 to 1998. This report considers excess relative and absolute risks 
for all solid cancers as a group and for individual organs separately where there is a sufficient 
number of radiation-associated cases. Alongside other parameters, sex dependence of risks is 
also analysed [Pre 07]. 

1.2.1 All solid cancers 

Table A8 shows the findings of this analysis for all solid cancers as a group and for non-sex-
specific cancers excluding cancer of the breast, prostate and other sex organs. 
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Table A8: Excess Relative Risk and Excess Absolute Risk for all cancers, age at exposure 
30 years and attained age 70; the uncertainties indicated correspond to 90% 
confidence intervals; all cancers with the exception of breast, prostate and other 
sex organs are included under the heading “non-sex-specific solid cancers” 
[Pre 07]. 

All cancers Males (M) Females (F) Mean F/M 

All solid cancers 

ERR / Gy 0.35 (0.28; 0.43) 0.58 (0.43; 0.69) 0.47 (0.40; 0.54) 1.6 (1.31; 2.09)

EAR /   104 PY Gy 43 (33; 55) 60 (51; 69) 52 (43; 60) 1.4 (1.10; 1.79)

Non-sex-specific solid cancers 

ERR / Gy 0.34 (0.27; 0.42) 0.61 (0.50; 0.43) 0.48 (0.39; 0.56) 1.8 (1.31; 2.09)

EAR /   104 PY Gy 48 (36; 61) 44 (37; 52) 46 (38; 55) 0.9 (0.72; 1.20)

For all solid cancers as a group, females were found to have somewhat higher ERR values 
than males, as is also the case with the mortality data (see Table A6). In contrast to the 
mortality data, however, women had somewhat higher excess absolute rates (EAR) than men 
here, albeit to a slightly lesser extent than the ERR values. Preston et al. note: “While 
apparent gender effects on the ERR may reflect differences in background cancer rates and/or 
possible gender differences in radiosensitivity, gender differences in the EAR which is not 
influenced by background rates, might be thought to be a more direct indication of gender 
differences in radiosensitivity”. If sex-specific organs (female breast, prostate, other sex 
organs) are excluded from the analysis, the difference in the ERR values for males and 
females remains, presumably due to the differences in the spontaneous rates (“These results 
suggest that the greater ERR for women than men largely reflects gender differences in the 
background rates”). The EAR values for men and women no longer differ significantly, 
however (F/M = 0.9), a finding which accords with that obtained from the mortality data.  

1.2.2 Stomach 

Stomach cancer is the most common form of cancer in Japan. The spontaneous incidence 
rates of stomach cancer in Japan are around 10 times higher than the global average. In the 
Life Span Study (LSS), stomach cancer cases (4 730 cases in total) account for 27% of all 
cancer cases. Using a linear dose-response relationship, the analyses carried out by Preston et 
al. reveal 151 radiation-induced cases of stomach cancer, with around one third of the 
survivor cases having received stomach doses greater than 1 Gy. As regards the spontaneous 
rates of stomach cancer, both the global data and the data from the LSS show a far higher 
value for males than for females (see Table A9).  

Table A9 illustrates the pattern already discussed above: the ERR value for females is higher 
by a factor of around 2 than the value for males. One explanation may be that with the 
spontaneous incidence, the corresponding value for females is smaller by a factor of around 2 
than for males. Accordingly, there is no significant difference in the EAR values for males 
and females.  
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Table A9: Excess Relative Risk and Excess Absolute Risk for stomach cancer, age at 
exposure 30 years and attained age 70; the uncertainties indicated correspond 
to 90% confidence intervals [Pre 07]. 

Stomach Males (M) Females (F) Mean F/M 

ERR / Gy 0.21 (0.10; 
0.34) 

0.47 (0.29; 
0.68) 

0.34 (0.22; 
0.47) 

2.3 (1.2; 
4.5) 

EAR /   104 PY Gy 9.4 (4.4; 16) 9.7 (6.4; 14) 9.5 (6.1; 14) 1.0 (0.5; 
2.1) 

Spontaneous rate 
(Japan) 

- - - 0.39 

Spontaneous rate (LSS) - - - 0.29 – 0.40 

1.2.3 Colon 

In Japan, the spontaneous incidence of colon cancer has increased considerably over the last 
25 years, with a stronger increase among men than among women. In terms of the global 
mean, the age-standardised rates for men are around twice as high as for women. Colon 
cancer is the third most common type of cancer in Japan after stomach and lung cancer. The 
spontaneous incidence rates obtained from analysis of the LSS cohort reflect these trends 
(increase over time; values for men roughly twice as high as for women for birth year 1900). 
The use of a linear dose-response relationship yields 78 radiation-induced cases of colon 
cancer out of a total of 1 156 cases.  

Table A10: Excess Relative Risk and Excess Absolute Risk for colon cancer, age at exposure 
30 years and attained age 70; the uncertainties indicated correspond to 90% 
confidence intervals; [Pre 07]. 

Colon Males (M) Females (F) Mean F/M 

ERR / Gy 0.73 (0.38; 1.17) 0.34 (0.13; 0.63) 0.54 (0.30; 0.81) 0.5 (0.17; 1.01) 

EAR / 104 PY Gy 13.0 (4.4; 16) 3.0 (6.4; 14) 8.0 (4.4; 12) 0.2 (0.06; 0.52) 

Spontaneous rate 
(Japan) 

- - - 0.59 

Spontaneous rate 
(LSS) 

- - - 0.5 (year of birth 
1900) 

For colon cancer, the ERR value for females is only around half the value for males (Table 
A10). The EAR value for females is lower by a factor of 5 than that of males. This is probably 
due to the fact that the spontaneous incidence for females is also only half that of males. 
Colon cancer is thus the only type of cancer for which the ERR value is considerably 
lower for females than for males.  

1.2.4 Liver 

Japan has one of the highest spontaneous rates of liver cancer in the world, largely as a result 
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of infection with either the hepatitis B or C virus. For Japanese men, the age-standardised 
spontaneous rate is around three times higher than for women. This is reflected in the LSS 
cohort as well, where men have spontaneous rates three to four times higher than those of 
women. The use of a linear dose-response relationship yields 54 radiation-induced cases out 
of a total of 1 494 cases.  

Table A11: Excess Relative Risk and Excess Absolute Risk for liver cancer, age at exposure 
30 years and attained age 70; the uncertainties indicated correspond to 90% 
confidence intervals [Pre 07]. 

Liver Males (M)  Females (F) Mean F/M 

ERR / Gy 0.32 (0.12; 0.60) 0.28 (0.05; 0.63) 0.30 (0.11; 0.55) 0.9 (0.16; 2.4) 

EAR / 104 PY Gy 6.4 (0.2; 12) 2.1 (0.6; 4.3) 4.3 (0.2; 7.2) 0.3 (0.10; 
0.32) 

Spontaneous rate 
(Japan) 

- - - 0.32 

Spontaneous rate (LSS) - - - 0.25 – 0.33 

Table A11 shows that for liver cancer, the ERR values for males and females are similar. The 
far lower EAR value for females than for males largely reflects the corresponding differences 
in the spontaneous rates. 

1.2.5 Lung 

Lung cancer is the most frequent type of cancer worldwide. In Japan, it is the second most 
common type of cancer among men and the fifth most common type among women. The rise 
in the incidence rates observed over time in Japan is mainly due to changes in smoking 
behaviour. The use of a linear dose-response relationship yields 117 radiation-induced cases 
out of a total of 1 759 cases. 
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Table A12: Excess Relative Risk and Excess Absolute Risk for lung cancer, age at 
exposure 30 years and attained age 70; the uncertainties indicated correspond 
to 90% confidence intervals [Pre 07]. 

Lung Males (M)  Females (F) Mean F/M 

ERR / Gy 0.28 (0.12; 0.49) 1.33 (0.91; 1.8) 0.81 (0.56; 1.1) 4.8 (2.6; 12) 

EAR / 104 PY Gy 6.0 (2.3; 11) 9.1 (6.4; 12) 7.5 (5.1; 10) 1.5 (0.82; 
3.9) 

Spontaneous rate 
(Japan) 

- - - 0.31 

Spontaneous rate 
(LSS) 

- - - 0.26 – 0.27* 

* according to year of birth 

Table A12 shows that the ERR value for lung cancer is far higher for females than for males, 
whereas the corresponding EAR values are similar. The much lower EAR value for females 
than for males generally reflects the corresponding differences in the spontaneous rates. The 
lung is the organ with the largest F/M ratio for ERR values.  

However, it is important to point out at this juncture that in the study by Preston et al., no 
adjustment was made for the smoking behaviour of survivors. In an earlier study, however, 
such an adjustment was made for survivors for whom information about personal smoking 
behaviour was available [Pie 03]. The authors report an original F/M ratio of 5.8 for the 
ERR value which, after adjustment for smoking behaviour, is reduced to 1.6.  

1.2.6 Bladder 

In Japan, bladder cancer accounts for less than 3% of all types of cancer. In 1999, the age-
standardised spontaneous rate in Japan was 4.4 times higher for males than for females. In the 
LSS, using a linear dose-response relationship, 35 cases of bladder cancer were attributed to 
ionising radiation out of a total of 469 observed cases. With a mean ERR value of 1.23/Gy, 
the bladder is the organ with the highest ERR.  
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Table A13: Excess Relative Risk and Excess Absolute Risk for bladder cancer, age at 
exposure 30 years and attained age 70; the uncertainties indicated correspond 
to 90% confidence intervals [Pre 07]. 

Bladder Males (M)  Females (F) Mean F/M 

ERR / Gy 0.61 (0.11; 1.2) 1.9 (0.79; 3.4) 1.23 (0.59; 2.1) 3.1 (0.17; 10)

EAR / 104 PY Gy 3.8 (0.2; 8.0) 2.6 (1.1; 4.4) 3.2 (1.1; 5.4) 0.7 (0.21; 10)

Spontaneous rate 
(Japan) 

- - - 0.23 

Table A13 shows that for bladder cancer, the ERR value for females is around three times 
higher than for males, with the associated uncertainty being high due to the low number of 
radiation-induced cases. This ratio is exceeded only by lung cancer in the LSS cohort, where 
the corresponding value is 4.8 (Table A12). Much of the difference in ERR between males 
and females can be explained by the fact that males have a much higher spontaneous risk of 
bladder cancer. Accordingly, the sex difference in the EAR values is much lower (F/M ratio: 
0.7; Table A13).  

1.2.7 Thyroid 

Worldwide, thyroid cancer is far more common in women than in men. This is apparent from 
the relevant data for Japan for 1999, which yield an F/M ratio of 4.1. The thyroid is 
therefore an exception – for all other organs investigated, the corresponding 
spontaneous incidence rates of cancer are higher for males than females. In the LSS 
cohort, for the period 1958-1998, 471 cases of thyroid cancer were observed: 381 in women 
and 90 in men. Using a linear dose-response relationship, 63 cases of thyroid cancer were 
attributed to ionising radiation.  

Table A14: Excess Relative Risk and Excess Absolute Risk for thyroid cancer, age at 
exposure 30 years and attained age 70; the uncertainties indicated correspond 
to 90% confidence intervals [Pre 07]. 

Thyroid Males (M)  Females (F) Mean F/M 

ERR / Gy 0.49 (0.15; 
1.15) 

0.65 (0.27; 1.25) 0.57 (0.24; 1.1) 1.3 (0.56; 3.9) 

EAR /   104 PY Gy 0.5 (0.3; 1.5) 1.9 (1.3; 4.2) 1.2 (0.48; 2.2) 3.6 (1.78; 9.5) 

Spontaneous rate 
(Japan) 

- - - 4.1 

Table A14 shows that for thyroid cancer, the ERR for females is around 30% higher than for 
males. Due to the clear differences between males and females in the spontaneous induction 
of thyroid cancer (see above), the EAR for women is higher than for men by a factor of 3.6. 
This is the highest F/M ratio observed for EAR in the study. 
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1.2.8 Other organs 

For the other organs investigated (oral cavity and salivary glands, oesophagus, rectum, gall 
bladder, pancreas, brain), the low number of radiation-induced cancer cases made it 
impossible to determine any sex dependency of relative and absolute risk.  

1.3 Thyroid cancer after exposure to external radiation: a pooled analysis 

(Ron et al. 1995) 

In a detailed study, Ron et al. investigated the occurrence of radiation-induced thyroid cancer 
based on a pooled analysis of seven studies. These studies include five cohort studies and two 
case-control studies (see Table A15, which describes some of the features of these studies). 

Table A15: Cohorts used in the pooled analysis [Ron 95]; LSS: Life Span Study; MRH: 
Michael Reese Hospital; CHMC: Children’s Hospital Medical Center. 

Cohort Studies 

Study/Place Number 
of 

exposed  

Number 
of non-

exposed 

Percentage 
female (%) 

Years of 
exposure 

Mean 
follow-up 

years  

Mean age 
at exposure

LSS        
(Japan) 

41 234 38 738 60 1945 24 27 

Thymus (USA) 2 475 4 991 42 1926-1957 35 0.1 

Tinea Capitis 
(Israel) 

10 834 16 226 51 1948-1960 30 7 

Tonsils (MRH, 
USA) 

2 634 0 40 1939-1962 33 4 

Tonsils (CHMC, 
USA) 

1 192 1 063 40 1938-1969 29 6 

Case-Control Studies 

Study/Place Cases Controls Percentage 
female (%) 

Years of 
exposure 

Mean 
follow-up 

years 

Mean age 
at exposure

Cervical cancer 
(international) 

43 81 100 1926-1971 - 53 

Childhood 
cancer 

(international) 

22 82 45 1936-1979 - 7 

Table A15 shows that the studies chosen by Ron et al. for the pooled analysis are extremely 
heterogeneous; in particular, there is considerable variation in the exposure conditions among 
the studies (as regards dose range, field size, energy of radiation, fractionation etc.). It is 
therefore not surprising that there is sometimes considerable variation in the risk estimates 
derived from these studies (Table A16). 
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Table A16: Excess Relative Risk (ERR) and Excess Absolute Risk (EAR) values for thyroid 
cancer derived by Ron et al. from the data from various studies; CI: confidence 
interval [Ron 95]. 

Age at Exposure 

< 15 years old 

ERR/Gy (95% CI) EAR/104 PY Gy (95% CI) 

Thymus 9.1 (3.6; 28.8) 2.6 (1.7; 3.6) 

LSS 4.7 (1.7; 10.9) 2.7 (1.2; 4.6) 

Tinea Capitis 32.5 (14.0; 57.1) 7.6 (2.7; 13.0) 

Tonsils (MRH) 2.5 (0.6; 26.0) 3.0 (0.5; 17.1) 

Childhood cancer 1.1 (0.4; 29.4) -  

Age at Exposure 
≥ 15 years old 

ERR/Gy (95% CI) EAR/104 PY Gy (95% CI) 

Cervical cancer 34.9 (-2.2; ) - 

LSS 0.4 (-0.1; 1.2) 0.4 (-0.1; 1.4) 

Accordingly, the differences in the risk coefficients for males and females obtained from 
these studies also vary widely (Table A17). Ron et al. conclude that the ERR is nearly 
twice as high for females than males when the findings of all studies are analysed, but 
that this difference is not significant. (“Results on gender differences in sensitivity for 
developing radiation-induced thyroid cancer have been inconsistent. Higher ERRs/Gy for 
women than men have been reported from some studies, but the opposite effect has also been 
noted. In the joint analysis, the ERR was higher for females than for males, but the difference 
was not statistically significant”). Because of the greater risk of spontaneous thyroid cancer in 
females, the EAR value is also larger for females than males. This finding is consistent with 
that of [Pre 07] (Section 2.2.7). 
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Table A17: Values stated in [Ron 95] for the M/F ratio (based on the ERR values in Table 
A16).  

Study M/F (ERR) 

Thymus  

LSS (< 15 years old) 2.9 

LSS (≥ 15 years old) 0.2 

Tinea Capitis 0.2 

Tonsils (MRH) 1.8 

Childhood cancer 0.6 

Total 0.5 

1.4 Analysis of thyroid cancer incidence risk after the Chernobyl accident 

(Jacob et al. 2006, SSK 2006) 

In a detailed study, Jacob et al. investigated the thyroid cancer incidence risk among children 
and adolescents in the birth-year cohort 1968–1985 from areas of Ukraine and Belarus. Data 
were analysed for a total of 1 034 settlements in Ukraine and Belarus, in which more than 10 
measurements of the 131I content in human thyroids had been performed in May/June 1986 
after the Chernobyl accident (Ukraine: 608 settlements with 75 313 measurements; Belarus: 
426 settlements with 90 699 measurements). Based on the measurements, individual thyroid 
doses were assessed. Thyroid doses of more than 0.3 Gy were detected in around 100 000 
persons studied. In some settlements, individual thyroid doses varied by a factor of up to 50. 
From the individual dose values, sex- and age-specific thyroid doses in the individual 
settlements were estimated. In more than 30 settlements, thyroid doses of more than 3 Gy 
were estimated. At the time of the accident, 997 000 children and adolescents were living in 
the Ukrainian settlements studied, while 623 000 children and adolescents were living in the 
settlements in Belarus.  

The surgical operations to remove thyroid cancers in children and adolescents in the birth 
years 1968– 1985 during the period 1990–2001 in both countries were taken as the basis for 
determining the incidence of thyroid cancer. For the Ukrainian settlements studied, 512 cases 
were reported (378 in females and 134 in males). Similarly, 577 cases were identified for the 
settlements studied in Belarus (368 in females and 209 in males). For the spontaneous 
induction of thyroid cancer, the mean obtained for both countries was 14 cases per 106 
person-years for 20-year-olds in the mid-1990s. In the age range studied (5-33 years), an 
increase in the spontaneous thyroid cancer incidence with age was observed which was 
proportional to (age)3.8. For females, a higher spontaneous rate was observed, by a factor of 
5.9, than for males. A similar observation was also made in the LSS, for example, where an 
F/M ratio of 4.1 is reported for the spontaneous rates (see Section 2.2.7).  

For the linear increase in the dose-response curve, an overall ERR/Gy value (increase of 
linear component of the dose-response curve) of 18.9 (95% CI: 11.1; 26.7) was obtained. For 
the F/M ratio, the authors give a value of 1/3.8 = 0.26. As regards age dependence, the 
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ERR is reduced by a factor of 6.5 when age is doubled. An F/M value of 0.26 for ERR 
conflicts with the findings of the pooled analysis by Ron et al., which reports a (non-
significant) F/M value of 2 (Section 2.3) and the findings of the LSS, which gives an F/M 
value of 1.3 (0.56; 3.9) (Section 2.2.7, Table A14). If, however, the ERR data for the 
incidence of thyroid cancer in the LSS are analysed separately for survivors who were under 
15 years of age at the time of the atomic bomb explosion, an F/M value of 0.34 is obtained 
(see Table A17), which is consistent with the findings of Jacob et al.  

For excess absolute risk, a best estimate (increase in the linear component of the dose-effect 
curve) of 2.66 cases per 104 person-years is obtained (95% CI: 2.19; 3.13). This yields an 
F/M value of 1.5. The EAR is therefore greater for females than for males, although the ERR 
is much lower for females. This difference can be explained, again, by the very different 
spontaneous rates (F/M = 5.9; see above). The fact that the spontaneous rate increases faster 
than the excess relative risk with attained age means that the excess absolute risk rises with 
attained age. The EAR for females, which is higher by a factor of 1.5, compares with an F/M 
value for EAR of 3.6 (1.78; 9.5) stated in the LSS for atomic bomb survivors (all ages at 
exposure) (see Section 2.2.7, Table A14). 

1.5 Studies of thyroid cancer incidence among children and adolescents in 

the Bryansk oblast after the Chernobyl accident (Ivanov et al. 2006) 

In a study of thyroid cancer incidence, Ivanov et al. [Iva 06] investigated persons who were 
exposed as children and adolescents at an age between 0 and 17 years and who were living in 
the Bryansk oblast, the worst contaminated area of Russia after the Chernobyl accident. The 
follow-up period was 1991–2001 and the study covered a total of 373 827 persons. Thyroid 
doses were determined based on the official methodology approved in Russia, in which place 
of residence and age at exposure are the key parameters for dose determination. A total of 199 
thyroid cancer cases (144 in males and 55 in females) were diagnosed during the considered 
time period. The mean thyroid dose for the population studied was 0.08 Gy; for male cases, it 
was 0.22 Gy and for female cases 0.09 Gy.  

A significant increase in thyroid cancer incidence rates was observed in the cohort studied 
compared with the spontaneous rate derived for Russia; a standardised incidence ratio (SIR) 
of 4.9 (95% CI: 4.2; 5.8) was obtained for girls and 8.8 (95% CI: 6.6; 11.5) for boys. 
According to the authors of the study, reasons for the increased SIR values could lie in local 
variations in spontaneous rates and reporting rates, and differences in radiation exposure.  

With internal control, for girls whose age at exposure was 0-4 years, the excess relative risk 
per 1 Gy (ERR/Gy) was 45.3 (95% CI: 5.2; 9 953) and for girls whose age at exposure was 5-
9 years, the ERR/Gy was 10.1 (95% CI: -0.1; 84.7). For boys whose age at exposure was 0-9, 
the corresponding ERR/Gy was higher, i.e. 68.8 (95% CI: 10.0; 4 520). 

The authors conclude by emphasising that the findings obtained show very large confidence 
intervals. Furthermore, as the dose estimates contain great uncertainties and the influence of 
screening effects also cannot be ruled out, they recommend viewing the findings as 
provisional. In another study carried out two years earlier in Bryansk, slightly higher risks 
were reported for girls than for boys, but no evidence of a statistically significant difference 
was found [Dav 04]. 

Therefore no definitive conclusions regarding differences in the incidence of thyroid 
cancer in males and females can be drawn from these studies. 
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1.6 Lung cancer after treatment for Hodgkin’s disease, and comparison with 

the findings of other studies (Gilbert et al. 2003) 

Gilbert et al. describe the results of an international study on the induction of lung cancer after 
treatment for Hodgkin’s disease [Gil 03]. Unique features of the study include the large 
number of persons studied (227 Hodgkin’s patients with lung cancer and 455 matched 
controls), dose determinations to the specific location in the lung where each cancer 
developed, and the availability of detailed quantitative data on both chemotherapy and 
tobacco use. For the latter, the following categories were introduced: “never smoker”, 
“current cigarette smoker”, “former cigarette smoker”, “cigar and pipe smoker only”, “no 
information”. The number of cigarettes smoked was stated in packets per day. The number of 
chemotherapy cycles administered was also taken into account in the analysis. It was assumed 
that the interaction of radiation and chemotherapy was additive, but that smoking had a 
multiplicative effect.  

In relation to ionising radiation, Gilbert et al. found that: “The ERR/Gy for males was 
about four times that for females, although the difference was not statistically 
significant” (Table A18). Gilbert et al. compare this finding with those obtained in other 
studies (see Table A18) and draw attention to the sometimes substantial variations in ERR 
values. Gilbert et al. explain this partly in terms of the different spontaneous rates (e.g. the 
low spontaneous rates in Japan), different dosages, fractionation, dose rates, and the possible 
failure to take adequate account of the effects of smoking and chemotherapy. The findings 
obtained by [Gil 03] thus conflict with those which can be derived from the LSS (Section 
2.2.5), even after adjustment to take account of smoking. 
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Table A18: ERR values (ERR/Gy) for lung cancer, shown separately for males and females 
(taking account of chemotherapy cycles and smoking), and comparison with 
findings of other studies [Gil 03]. 

Males (M)  Females (F) Mean F/M Ref. 

0.18 (0.063; 0.52) 0.044 (-0.009; 0.53) 0.15 (0.057; 0.39) 0.24 Hodgkin  

[Gil 03] 

0.34 (0.06; 0.69) 0.89 (0.41; 1.51) 0.53 (0.28; 0.84) 2.6 LSS Mortality  

[Pie 96] 

0.47 (0.14; 0.90) 1.97 (1.21; 2.95) 0.95 (0.60; 1.36) 4.2 LSS Incidence 

[Tho 94] 

0.02 (-0.01; 0.11) -0.06 (-0.10; 0.07) 0.00 (-0.06; 0.04) - [How 95] 

 

1.7 Lung cancer in Mayak workers (Gilbert et al. 2004) 

The cohort of Mayak workers enables studies to be carried out on the health effects of 
exposure to plutonium as well as the effects of protracted external dose. In a study published 
by Gilbert et al. [Gil 04], risks were evaluated in 21 790 Mayak workers (of whom 16 458 
were male) who had been hired at one of the Mayak production plants (nuclear reactors, 
radiochemical plants, plutonium production) between 1948 and 1972. During the study period 
from 1955 to the end of 2000, 8 493 deaths were recorded in this cohort, with the cause of 
death being established in 97% of cases. They included 594 lung cancer deaths of men and 61 
lung cancer deaths of women.  

Tab. A19: Excess Relative Risk and Excess Absolute Risk for lung cancer mortality at 
attained age 60 with 95% confidence intervals [Gil 04]. 

Lung Cancer Males (M)  Females (F) F/M 

Internal Lung Dose 

ERR / Gy 4.4 (3.6; 6.7) 19 (9.5; 39) 4.0 (1.9; 8.8) 

EAR /   104 PY Gy 115 (81; 156) 49 (29; 78) 0.43 (0.24; 0.72) 

External Dose 

ERR / Gy 0.17 (0.052; 0.32) 0.32 (<0; 1.3) 1.9 (<0; 11) 

EAR /   104 PY Gy 2.4 (0.56; 4.4) 0.43 (<0; 1.6) 0.18 (<0; 1.1) 

The external exposure of the cohort members was determined on the basis of film dosimeter 
monitoring, routinely carried out since 1948. These data were available for 80% of subjects. 
The mean external dose of the monitored persons in the cohort was 0.8 Gy. Systematic 
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monitoring of internal doses received from exposure to plutonium took place from the late 
1960s. Monitoring of excretions (urine) was carried out for this purpose, and dose values were 
calculated for the lung based on the most up-to-date models of the biokinetics of plutonium in 
humans. In this way, lung doses could be calculated for around 40% of the 14 715 persons 
employed in the radiochemical plants and in plutonium production. Mean lung doses were 
determined at 0.21 Gy for male and 0.38 Gy for female employees. For subjects for whom no 
experimental data were available, the lung dose was estimated, inter alia based on their place 
and type of work.  

Table A19 shows the ERR and EAR values obtained for subjects monitored for plutonium 
exposure and for subjects who had not worked in the radiochemical plants or in plutonium 
production (external exposure only).  

According to Gilbert et al., for internal dose, the ERR per gray for females was significantly, 
i.e. about four times, higher than that for males. The corresponding factor of 1.9 for external 
dose is not significant, however. The values for absolute risk are lower for females than for 
males, however, and there is a significant factor of 0.43 for internal exposure and a non-
significant factor of 0.18 for external exposure. It is pointed out that the different values for 
internal and external exposure shown in Table 19 can be explained by relative biological 
effectiveness of internal exposure (alpha radiation) of 33 (CI: 14; 98), compared with external 
exposure (gamma radiation). Incidentally, similar ERR/Gy values are obtained for internal 
exposure if only those workers are considered who had been monitored for plutonium 
exposure (males: 4.2 (CI: 2.8; 6.0); females: 22 (CI: 9.5; 56); cf. Table A19). If smoking 
behaviour is also considered (using the categories “ever smoker” and “never smoker”, 74% of 
males but only 3.4% of females were identified as smokers), no significant differences 
compared with Table A19 arose for the ERR/Gy values (males: 3.9 (CI: 2.6; 5.8); females: 19 
(CI: 7.7; 51); cf. Table A19). As regards the M/F ratio with regard to the spontaneous rate of 
lung cancer, taking account of smoking behaviour resulted in a change in the ratio from 11 to 
2.   

Gilbert et al. compare their findings with what they would expect for a corresponding age 
structure in the LSS (age at exposure: 16-60 years; attained age: 60 years) and, for the ERR 
model, derive a similar value of 3.6 (95% CI: 1.2; 11) for the F/M ratio (cf. Table A19: 4.0 
(95% CI: 1.9; 8.8); Table A18: 2.6 and 4.2, respectively; Table A12: 4.8 (90% CI: 2.6; 12)). 

Summing up, Gilbert et al. [Gil 04] found that the ERR per gray for females was about 
four times higher than that for males, whereas the EAR for females was less than half 
that for males. Gilbert et al. attribute this to the very different spontaneous rates for 
females and males, which can largely be explained by different smoking behaviour: “The 
different patterns for ERR and EAR models reflect the very strong difference in baseline risks 
for the two sexes with baseline risks for males estimated to be about 11 times those for 
females; smoking differences explain much of this difference.” 

1.8 Site-specific cancer incidence and mortality after cerebral angiography 

with radioactive thorotrast (Travis et al. 2003) 

Travis et al. investigated the cancer risk from long-term internal exposure to alpha-particle-
emitting radionuclides [Tra 03]. To that end, they studied a cohort of 3 042 patients injected 
during cerebral angiography with either thorotrast (Thorium-232) or a nonradioactive agent. 
The cohort consisted of 1 953 patients from Denmark, 431 from Sweden and 658 from the 
USA. Although the main focus of this study was to undertake a detailed analysis of the risks 
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as a function of incidence or mortality for a specific type of cancer, the authors also 
investigated sex-specific differences for all cancers as a group.  

In the Danish/Swedish data for the incidence of all types of cancer, the authors found a 
relative risk (RR) of 3.6 (95% CI: 2.8; 4.8) for males and 3.3 (95% CI: 2.6; 4.2) for females 
and concluded that they could find no evidence of sex-specific differences: (“… risks were 
similar for males and females”). They mention, however, that they find a non-significant 
increased risk of non-Hodgkin’s lymphoma (RR=2.5) and cancer of the rectum (RR=3.2) for 
males, and an increased risk of basal cell and squamous cell carcinoma (non-melanoma skin 
cancer) (RR=2.8), multiple myeloma (RR=3.7), colon cancer (RR=1.9), lung cancer (RR=1.6) 
and thyroid cancer (RR=1.8) for females. However, they conclude that: “ ... none of the 
differences between men and women were statistically significant”. 

However, a clear difference emerged when, in the Danish/Swedish data, female (cervix, 
uterus, ovaries) and male (prostate, testicles) sex organs were analysed separately. This 
produced an RR for women of 1.1 (95% CI: 0.6; 2.1) compared with a value of 4.7 (95% CI: 
1.8; 15.0) for men.  

In the American data, for mortality from all types of cancer, the authors report a relative risk 
(RR) of 3.9 (95% CI: 2.0; 8.2) for males and 4.1 (95% CI: 2.1; 8.7) for females.  

1.9 Study on mortality from leukaemia among atomic bomb survivors 

(Preston et al. 2004) 

The most recent study providing data on mortality from leukaemia among atomic bomb 
survivors was published by Preston et al. [Pre 04]. These authors report on the follow-up of 
86 955 survivors from 1950-2000, with a total of 296 deaths from leukaemia, including six 
cases attributable to chronic lymphocytic leukaemia (CLL). The authors emphasise that the 
extent to which the findings of their analyses are dependent on whether or not these cases are 
considered is limited. Using a linear-quadratic dose model, Preston et al. estimate that 93 of 
the observed 296 cases must be attributed to ionising radiation. Based on the excess absolute 
risk (EAR), it is shown that females have a significantly lower risk than men; the 
corresponding F/M ratio is given as 0.6 (90% CI: 0.4; 0.8).  

In [UNSC 08, Annex A, Table 44], it is shown that using the earlier data described in [Pre 94] 
for absolute leukaemia risk (incidence) for the atomic bomb survivors, a similar F/M ratio is 
obtained. However, these data also show that for excess relative risk, there is no 
significant difference between females and males.  

1.10 Study on leukaemia among workers at four US nuclear weapons facilities 

and a nuclear naval shipyard (Schubauer-Berigan et al. 2007) 

In this study, a total of 94 517 subjects working at Hanford (36 384 persons), Oak Ridge 
National Laboratory (ORNL: 19 815 persons), the Savannah River Site (SRS: 12 886 
persons), Los Alamos National Laboratory (LANL: 12 179 persons; Zia company: 5 686 
persons) and the Portsmouth Naval Shipyard (9 662 persons) were investigated (Sch 07). 
Workers were eligible if they worked at the site for at least 30 days and were monitored for 
exposure to external ionising radiation. In these cohorts, during follow-up periods of 25 – 34 
years, a total of 257 deaths from leukaemia (including 206 non-CLL cases) were observed. In 
addition, 823 age-matched controls were selected.  
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The bone-marrow doses given in the study include radiation from external sources (gamma 
and X-rays) and internal sources (tritium, plutonium and neutrons). If possible, the doses were 
corrected to take account of specific aspects relating to the dosimeters used (responsiveness, 
calibration). The mean cumulative bone-marrow dose amounted to around 30 mSv for the 
cases. Furthermore, numerical values were assigned to qualitative exposure level estimates 
(High, Medium, Low, Very Low, and Unexposed) to allow calculation of exposure scores for 
both benzene and carbon tetrachloride. Finally, workers were classified (as “never-smokers”, 
“ex-smokers”, “current smokers”) to take account of cigarette consumption. Where 
insufficient smoking history information was available, smoking status was imputed based on 
the socioeconomic status as a surrogate method to identify smoking behaviour.  

Omitting cases in which the type of leukaemia could not be established, and taking account of 
solvent exposure, for example, a (non-significant) ERR was 2.60% (95% CI: -1.0; 10.3) Sv-1 

was obtained. The authors observe far fewer cases of leukaemia occurring in females than 
males (“Women had less than half the age-adjusted non-CLL leukemia risk of men”), and 
only 15 of the non-CLL cases occurred in women. Detailed analyses in which the role of 
potential confounders (smoking status, exposure to benzene and carbon tetrachloride, 
socioeconomic status, hire year, etc.) were studied show no significant influence of these 
parameters on the findings of the study. Schubauer-Berigan et al. state the F/M ratio as 
having a value of 0.42 (95% CI: 0.23; 0.71), which is consistent with the EAR finding 
described in Section 2.9 and obtained from studies of the atomic bomb survivors. 
However, the analyses carried out by [UNSC 08] and also mentioned in Section 2.9 show 
no sex-specific difference for the ERR for leukaemia. 

1.11 Other studies on radiation-induced leukaemia 

The literature includes various other epidemiological studies which investigate possible 
leukaemia induction after exposure to ionising radiation. Some of these studies are listed here, 
although they do not provide any statistically significant information about sex-specific 
differences.  

For example, the study by Krestinina et al. carried out among people living on the Techa 
River found a excess relative risk per gray for leukaemia, excluding chronic lymphocytic 
leukaemia, of 6.5 (CI 95% 1.8; 24) [Kre 05]. In contrast to the findings described in 
Sections 2.9 and 2.10, they found a higher risk for females than for males, but conclude 
that the difference is not statistically significant: “While the ERR for women is estimated 
to be about 70% greater than that for men, the difference is not statistically significant.” 

Shilnikova et al. also report a significantly increased risk of leukaemia (excluding CLL) [Shi 
03]. These authors studied 21 557 Mayak workers (16 291 males and 5 266 females) and 
found a total of 77 leukaemia deaths. Excluding 11 CLL cases, 55 leukaemia deaths occurred 
in males and 11 in females. Assuming a 2-year lag and a linear dose-response model, the 
estimated ERR per gray was 0.99 (90% CI 0.45; 2.12) and was significant. More detailed 
analysis of the data showed a higher risk of leukaemia for females (in contrast to the F/M ratio 
described in Sections 2.9 and 2.10). However, this finding is not statistically significant, 
and the authors conclude that: “There was no evidence of a significant sex difference in the 
ERR (P > 0.5, female:male ratio 1.7 (90% CI 0.23; 11.2) …”). The result was therefore 
similar to that obtained by Krestinina et al. in their study carried out among people living on 
the Techa River. 

The study carried out by Muirhead et al. among a cohort of 174 541 workers registered in the 
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UK’s National Registry for Radiation Workers revealed that leukaemia excluding CLL 
increased to a statistically significant extent with increasing radiation dose [Mui 09]. These 
authors report values for excess relative risk per dose of 1.712 (90% CI: 0.06; 4.29) Sv-1 
(mortality) and 1.782 (90% CI: 0.17; 4.36) Sv-1 (incidence). However, the study does not 
include a sex-specific analysis of data in relation to ERR/ Sv values.  

In the international (15-country) study of cancer risk among workers in the nuclear industry, 
out of the main study population of 407 391, a total of 24 158 people were known to have 
died during the study period, including 196 from leukaemia. The excess relative risk for 
leukaemia was significant (ERR/Sv = 1.93 (95% CI: < 0; 8.47)). However, this mainly 
reflects risks to men, as there were few exposed women in the cohort [Car 05]. 

Boice et al. studied leukaemia mortality in 5 801 radiation workers engaged in nuclear 
technology development at facilities in the USA [Boi 06]. They found that radiation exposure 
has not caused a detectable increase in cancer deaths in this population. Accordingly, this 
study does not provide any information about possible sex-specific differences.  

Studies carried out among workers at the Portsmouth Naval Shipyard revealed a non-
significant increase in leukaemia mortality (ERR/10 mSv=10.88% (95% CI:  
-0.90%; 38.77%)) [Yii 05], but also a significant positive association between leukaemia 
mortality and external radiation exposure (OR = 1.08 at 10 mSv of exposure; 95% CI = 1.01, 
1.16). [Kub 05]. However, in this cohort, more than 97% of subjects were male, so no 
conclusions about sex-specific differences in leukaemia risk could be drawn.  

The study by Mohan et al. is based on a nationwide cohort of 146 022 persons in the US who 
were shown to have worked as radiologic technologists for two or more years during the 
period 1926-1982 [Moh 03]. For leukaemia (excluding CLL), a non-significant increase in 
mortality could be observed among persons first employed prior to 1940 compared to those 
first employed later (RR = 1.64; 95% CI: 0.42; 6.31). Furthermore, there was a significantly 
increased risk of mortality with increasing duration of employment prior to 1950 (based on 15 
leukaemia deaths observed during this period). This study does not include a sex-specific 
analysis of relative risk.  

The study by Möhner et al. on leukaemia and exposure to ionising radiation among German 
uranium miners [Möh 06] investigated a male-only cohort, so no sex-specific analysis could 
be carried out. 

A study by Wing et al. carried out among Hanford workers (19 684 males and 6 705 females) 
produced a non-significant negative correlation between leukaemia risk and exposure. No 
conclusions about sex-specific differences could be drawn [Win 05]. 

Travis et al. found a significantly increased leukaemia risk among patients injected during 
cerebral angiography with either thorotrast (Thorium-232) (relative risk, incidence: 15.2 (95% 
CI: 4.4; 149.6) in the Danish/Swedish cohort; relative risk, mortality 16.8 (95% CI: 
0.6; 211.7) in the US cohort) (see also Section 2.8), but were unable to draw any conclusions 
regarding sex-specific differences [Tra 03].  

The Portuguese thorotrast study by dos Santos Silva investigated a cohort of 2 360 subjects. 
Although it found a significantly increased relative risk of leukaemia mortality (excluding 
CLL) of 10.2 (95% CI: 1.24; 471), no sex-specific differences were reported [San 2003].  

Wang et al. investigated cancer incidence (1950-1995) among medical X-ray workers, finding 
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significantly elevated risks in leukaemia. However, the study does not present an explicit 
analysis of possible sex-specific differences [Wan 02]. 
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1 Introduction 

Unlike the situation in Anglo-American usage, the German language does not contain 
separate words indicating whether observed differences between men and women can be 
attributed to biological sex (e.g. different body size, hormonal influences etc.) or to 
sociocultural factors. For the latter, the term gender has been coined, which encompasses the 
cultural and social role and personal identity attributed to man- or womanhood. In the present 
context, gender is relevant primarily in relation to epidemiological issues, e.g. women’s 
changed smoking behaviour and incidence of lung cancer, and to aspects of disease 
management (e.g. experience of pain, naming of symptoms) and accessing medical care. 

Men’s and women’s different radiation sensitivity could affect tumour response and local 
control (i.e. prevention of recurrence at the site of the primary cancer) during radiation 
therapy, but also adverse early and late side-effects, including the induction of secondary 
malignancies. Despite the importance of this issue, also with regard to therapeutic decisions, 
there are very few systematic studies on the specific influence of sex on these endpoints. An 
analysis of 661 prospective clinical studies found that women were under-represented as 
participants in recently published, high-impact studies of non-sex-specific cancers [Jag 09].  

2 Effectiveness of Cancer Therapy 

The radiation sensitivity of cancers varies widely and leads to widely varying local control in 
radiation therapy. It is influenced by numerous factors: first and foremost, by tumour biology, 
but also by patient-specific factors such as age, comorbidity and sex, as well as the therapy 
modalities additionally used (surgery, chemo- and immunotherapy). Sex, like age, is always 
included in the analyses of local control and survival in Phase II and Phase III studies, but 
very few specific studies are available on the sex-dependent radiation sensitivity of cancers. 

An influence of sex on local control is consistently observed in relation to Hodgkin’s 
lymphoma, soft tissue sarcoma, and head and neck cancer, and at least partially in cancers of 
the lung and rectum, Ewing’s sarcoma, low malignancy grade glioma and meningeal 
sarcomas [Bor 09.]. The observed sex-specific differences may be due to biological factors 
but could also be attributable to different types of therapy and compliance, psychosocial 
effects, etc. [Bor 09].  

An important role in sex-specific differences in tumour response, which is increasingly well-
researched, is played by sensitivity to chemotherapeutic drugs. For example, Singh et al. [Sin 
05], in a study of small-cell lung cancer (SCLC), analysed 1 000 patients from Phase II 
studies and found that women experienced greater treatment toxicity but also had significantly 
better survival after chemo- and radiotherapy. However, women per se appear to have a better 
prognosis than men, also after one operation for non-small cell lung cancer (NSCLC) in stage 
I and II. It is unclear whether this still applies if women’s longer life expectancy and lower 
frequency of comorbidities are taken into account [Ale 02, Bat 05, Bir 06, Cal 07, Chat 04, 
Fer 03, Foe 07, Moo 04, Oka 03, Rad 02, Vis 04]. Other factors are associated with female 
sex which may influence response to therapy and thus local control and survival: Asian 
women with adenocarcinoma of the lung more often have a specific mutation of the EGFR 
gene (epidermal growth factor receptor), which is associated with better response to Gefitinib, 
a EGFR inhibitor [Pao 04, Pae 04].  

In a Phase III study with 1 700 patients on adjuvant radiochemotherapy in rectal cancer, 
female sex was an independent positive factor for overall survival [Tep 02]. As shown in a 
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meta-analysis of several comparable studies, women may experience more severe 
chemotherapy-related toxicity, especially to 5-fluorouracil (5-FU), which may indicate 
increased biological effectiveness of the chemotherapy and possibly result in better overall 
survival [Chan 05]. In the long-term analysis carried out by the Swedish Rectal Cancer Trial, 
women had a better 13-year cancer-specific survival rate (41% vs. 30%, respectively; p = 
0.001) and better overall survival rate (74% vs. 62%, respectively; p = 0.004) irrespective of 
whether radiotherapy was administered or not [Fol 05]. The local recurrence rate and the 
incidence of distant metastases were identical for men and women with stages and sites 
evenly distributed. A German multi-centre study on pre- vs. post-operative adjuvant 
radiochemotherapy in rectal cancer found that men were more likely than women to receive 
radiotherapy in adequate time and with adequate dose [Fie 07]. The reasons for this could not 
be clarified retrospectively for all patients. Increased post-operative intestinal toxicity resulted 
in delays in the administering of radiochemotherapy in some cases. Younger age of patient, 
treatment centre and treatment schedule all influenced the delivery of adequate therapy. 
Inadequate therapy was associated with an increased local recurrence rate (21.2% ± 5.6 vs. 
6.8% ± 1.4, p=0.0001) and reduced disease-specific survival (57.4% ± 6.3 vs. 69.1% ± 2.3, 
p=0.02) in this post hoc analysis. In the further Phase III studies on adjuvant radio- or 
radiochemotherapy, the influence of sex was not investigated/reported [MRC 96, SRCT 97, 
Bos 06, Buj 06, Dah 90, Ger 06, Kap 01, Sau 04, Seb 09] or could not be demonstrated [Tve 
97]. 

3 Adverse Effects of Radiation Therapy 

There are a few clinical indications of sex-specific differences in the radiation sensitivity of 
normal tissue. An overview is provided in [Bor 09]. For various methodological reasons, it is 
difficult to make definitive statements about the existence or non-existence of adverse sex-
specific effects of radiation. The documentation on adverse effects of radiation is not optimal 
[Ben 07, Sch 06]. Clinical studies often report them as a crude incidence, often with non-
validated classifications or classifications which are unsuitable for radiation therapy, and 
rarely cover a time period which is adequate to encapsulate late adverse effects. Due to the 
dosages used in radiation therapy, there is a ≤ 5% likelihood of medium to severe adverse 
effects occurring, and as co-factors such as additional forms of therapy, patient’s age, 
comorbidity etc. must be taken into account, possible sex-specific differences in radioreaction 
can only be determined in large cohorts undergoing standardised treatment.  

Sex was the only risk factor for cataract formation after curative radiotherapy for primary 
orbital lymphoma, with a far higher risk for males [Bha 02a]. Sex dependence was also 
identified for the myelopathy of Cauda equina after treatment with combined proton and 
photon beams. For the tolerance dose TD 5/5, which determines the dose at which toxicities 
occur in 5% of patients within five years, the value for males was significantly lower (p 
=0.017) [Pie 06]. A similar effect was observed by the same working group for the risk of 
leukoencephalopathy in a dose-finding study on radiation of chordomas and chondrosarcomas 
of the base of the skull. Even when taking account of the relationship between 
leukoencephalopathy and age, tumour volume, diagnostic procedure, and radiation dose, 
gender (sex) was found to be the single most significant risk factor (univariate, p=0.0155) 
[San 98]. 

In a prospective study which investigated the acute effects of radiotherapy for head and neck 
cancer in 149 patients, no differences were observed with regard to most adverse effects such 
as mucositis, dysphagia and salivary changes. Only in relation to pain perception were higher 
values obtained for women [Pal 08].  
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As mentioned, targeted studies of major cohorts have shown that sex-specific differences in 
the toxicity of some chemotherapeutic drugs exist, which can be attributed to different 
pharmacokinetics [Chan 05, Gan 04, Mar 06, Rou 02, Sin 05]. Women, for example, have 
stronger and more frequent reactions to 5-fluorouracil and Cisplatin, which are often used in 
combined radiochemotherapy for rectal and lung cancer. This increased toxicity may have 
been a contributory factor when, in a group of 48 patients with anal cancer, leukopenia after 
radiochemotherapy was significantly associated with female gender, decreased body mass 
index, increased lumbosacral bone marrow and lymph node metastatic spread [Mel 07]. 

4 Second Cancers after Radiation Therapy 

Cancer survivors have a greater risk of developing a new cancer compared with persons who 
have never had cancer. Besides genetic and lifestyle factors, the treatment received for the 
first cancer may be a cause of the increased risk. Due to the large patient numbers, studies on 
second cancers which are based on population-wide cancer registers are particularly 
informative in describing influential factors such as time lag, sex, age at onset of first cancer, 
and age on diagnosis of the second cancer [Tra 06]. The therapy-related information 
contained in these studies is generally limited, however. For patient cohorts from clinical 
studies, on the other hand, detailed therapy information is generally available, but the subject 
numbers are often limited in this case.  

Survivors of childhood cancer are particularly well-researched in terms of the occurrence of 
second cancers (see overview in [Bha 02b, Rob 09]). Their risk is around five times higher 
than that of the general population. Female sex is generally associated with increased risk, 
particularly due to the increased incidence of secondary breast cancer after radiation therapy 
for Hodgkin’s lymphoma [Bha 02b]. However, Constine et al. (Con 08), in a study of 930 
persons who had received treatment for Hodgkin’s lymphoma as children, not only found that 
the standardised incidence ratio (SIR) for female subjects was significantly greater than for 
males for all second cancer entities (SIR=19.93 vs. SIR=8.41), but also that even after 
excluding breast cancer, the SIR for female patients was still significantly greater than for 
male patients (SIR=15.4). Bluhm et al. [Blu 08] report similar findings in a study among 1082 
survivors of non-Hodgkin’s lymphoma (NHL) under 21 years of age; the standardised 
incidence ratio (SIR) for solid second cancers was far higher for females than for males 
(SIR=6.9 [95% CI: 3.9; 10.8] vs. SIR=2.3 [95% CI: 1.1; 4.3]) and remained high even if 
tumours in the breast were excluded (SIR=6.4 [95% CI: 3.3; 11.1]).  

Inskip et al. [Ins 2007] observed a cohort of around 26 000 survivors of cancer in childhood 
and adolescence, diagnosed before the age of 18 during 1988-2002, and noted similar risks of 
second cancer for females (O/E=5.9) and males (O/E=6.0). The risk of subsequent solid 
cancers was higher among persons whose initial treatment for childhood cancer included 
radiotherapy (RR=1.9, 95% CI: 1.5; 2.5). However, the authors did not undertake a separate 
sex-specific analysis of risk following radiation therapy.  

Many of the studies carried out on second cancer incidence among adults after radiation 
therapy relate to sex-specific cancers (e.g. testes, cervix, breast) and are therefore unsuitable 
for a comparison by sex. An evaluation of the secondary cancer risk based on the data of the 
clinical cancer registry of the German state of Brandenburg [Til 09] shows that the general 
second cancer rate is considerably higher for males than for females. However, as the risk of 
first cancer is also higher for males, this results in higher second cancer risks for females than 
for males (SIR=1.5 (95% CI: 1.45; 1.59) vs. SIR=1.3 (95% CI: 1.28; 1.39)). Among patients 
who underwent radiation therapy as part of their primary treatment, the risks are comparable 
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with those of the cohort as a whole (SIR=1.6 [CI: 1.48; 1.72] for females and SIR=1.3 [CI: 
1.13; 1.36] for males), so no influence of radiation therapy was apparent. However, the mean 
observation period in this study was four years, which is far too short.  

One of the few studies which have investigated radiation-associated second cancer risks on a 
sex-specific basis was undertaken by Boukheris [Bou 08]. The authors studied the risk of 
radiation-related salivary gland carcinomas (SGC) among around 21 000 survivors of 
Hodgkin’s lymphoma (HL) (≥ 1-year survival). Patients who received radiotherapy as part of 
their initial treatment for HL had a significantly elevated risk of subsequent SGC compared 
with patients who had not received radiotherapy (O/E = 16.9 [95% CI: 10.4; 25.8] vs. O/E = 
4.8 [95% CI: 1.31; 12.29]). Among the irradiated patients who developed SGC, 2/3 were 
female, even though the spontaneous risk for males is far higher than for females, indicating 
an increased radiation-related risk for females. These findings conflict, however, with the 
findings of a multinational study of HL survivors [Dor 02], the findings of the Life Span 
Study [Pre 07] and the results of a study among children who underwent radiation treatment 
for benign conditions of the head and neck [Schn 98], where, in each case, no sex-specific 
differences in the incidence of SGC were observed.  

Several studies provide information on second cancer risks in relation to sex and treatment 
modality (irradiated/unirradiated), but do not make statements about possible sex-specific 
differences among irradiated patients. For example, Tward et al. studied the risk of secondary 
malignancies among approximately 78 000 patients treated for non-Hodgkin’s lymphoma 
(NHL) between 1973 and 2001 [Twa 06]. According to their survey, male and female NHL 
survivors have similarly elevated risks of developing secondary malignancies (O/E = 1.15 for 
males and O/E = 1.12 for females). Radiation therapy, in this study, had no significant 
influence on risk (O/E = 1.18 [95% CI: 1.12; 1.23] for irradiated survivors vs. O/E = 1.13 
[95% CI: 1.10; 1.17] for unirradiated survivors). In a smaller study of 563 NHL survivors 
[Sac 08], by contrast, a significantly increased risk for male patients (SIR=2.72 [1.76; 4.06]) 
compared with female patients (SIR=1.10 [0.50; 2.10]) was observed, but no significant 
influence of radiation therapy was noted (SIR=2.48 [0.91; 5.40] with radiation therapy vs. 
SIR=1.88 [1.25; 2.71] without radiation therapy).  

Brown et al. [Bro 08] studied the incidence of second primary malignancies in more than 
30 000 survivors of thyroid cancer (diagnosis period 1973-2002). The relative risk of second 
malignancies was higher among persons who had received treatment with radioisotopes than 
among patients who had not undergone such treatment (RR=1.10 [1.05; 1.27]; p< 0.05). In 
general, sex had no influence on the risk of developing second primary malignancies 
(O/E=1.09 for males and females), but the combination of the two parameters was not 
investigated.  
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1 Genetic and Molecular Basis of Sex Determination 

1.1 Sex chromosomes in humans 

In human beings, as indeed in most other mammals, sex is determined and inherited by sex 
chromosomes. Males have one Y chromosome and one X chromosome, while females have 
two X chromosomes. The two sex chromosomes differ in size, structure, and the number and 
type of genes. In humans, the X chromosome is approx.160 Mb in length and contains more 
than 1 000 genes, whereas the Y chromosome is approx. 65 Mb in length and contains only 
around 100 genes. These genes are mainly found in a euchromatic1 region (approx. 25 Mb), 
containing the short arm and parts of the long arm of the chromosome; the long arm also 
contains a very large heterochromatic gene-free sequence block. At the chromosome ends 
(near the telomeres), there are the pseudoautosomal regions (PAR1 and PAR2) which are 
homologous sequences of nucleotides on the X and Y chromosomes und allow recombination 
between both chromosomes. In the remaining areas of the X and Y chromosome, there are 
mosaic-like sequences which originate in the shared “autosomal ancestor” 2 and are therefore 
similar to each other, and those which are X- or Y-specific [Ska 03, Ros 05].  

1.2 Y chromosome specific genes 

The Y-specific genes are expressed preferentially or exclusively in testicular tissue and are 
significant for spermatogenesis and for male sexual differentiation. The SRY gene (sex-
determining region Y) is most important for determining male sex. For male fertility 
(spermatogenesis), other Y chromosome genes are required, which are generally present in 
multiple copies and arranged as palindromes in blocks of 10–100 kb; for example, there are 
35 copies of TSPY (testis-specific protein Y).  

1.3 Sex differentiation 

During embryogenesis in mammals, “bipotential” gonads and reproductive organs are initially 
formed, whose development generally follows the female pathway if no active SRY protein – 
which would drive development along the male pathway – is present. The tissue of the gonads 
consists of three types of cells: the precursors of the sex cells, the nurse and supporting cells 
with metabolic functions, and the hormone-producing cells. After SRY-dependent 
differentiation into male and female gonads, the Sertoli and Leydig cells form in the male 
gonads, whose hormones (Anti-Müllerian hormone / testosterone) serve to suppress 
phenotypically female structures or, in the case of testosterone, support the development of 
phenotypically male sex organs. Without SRY protein, the gonads develop into ovaries and, 
in the absence of testosterone and Anti-Müllerian hormone, the primordial reproductive 
organs develop into female sex organs.  

                                                 

1 Chromatin is a combination of DNA, which wraps around histones, and other proteins. It is present in two 
forms: euchromatin, which does not condense significantly, and which allows the transcription of the genes it 
contains, and strongly condensed heterochromatin, which is genetically inactive. The condensation of the 
chromatin is controlled mainly through epigenetic processes.  

2 The precursor of the sex chromosomes was a normal chromosome pair (called an autosomal pair). After one 
partner had developed a sex-determining sequence and meiotic recombination between the partners had been 
prevented because of inversions, the two chromosomes developed separately.   
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1.4 X chromosome inactivation 

Male mammals have one X chromosome; females, on the other hand, have two with all the 
genes located on them. During early embryonic development, however, one X chromosome in 
the cells of the female embryo is genetically “inactivated”. The choice of which X 
chromosome will be inactivated is random and can apply to the paternally derived or the 
maternally derived X chromosome. The inactivation is then transmitted through all successive 
cell divisions. The effect of the inactivation is the formation of the heterochromatic Barr body 
which, due to strong condensation, is visible under the microscope. The overwhelming 
majority of genes (80%) on the inactivated X chromosomes are transcriptionally silenced and 
all the epigenetic signs of transcriptionally inactive chromatin can be found: DNA 
methylation on the CpG islands (regulatory elements in the promoter region of coding genes), 
reduced or absent histone acetylation, methylation patterns that are typical of the histone H3 
and a variant of histone H2A, macroH2A1. One effect of heterochromatisation is the late 
replication of the inactivated X chromosome in the cell cycle, whereas the active X 
chromosome replicates early in the S phase.  

1.5 Epigenetic regulation of X chromosome inactivation 

An essential role in X chromosome inactivation is played by the X inactivation centre (XIC), 
found in the region of the centromere. If this region is deleted, the inactivation of the X 
chromosome does not take place. Located in the XIC region is the XIST gene which is 
expressed exclusively from the inactive X chromosome and codes for the X inactive specific 
transcript. The XIST transcript does not encode a protein; with its length – approx. 17 kb – it 
belongs to the category of macro non-coding (nc) RNAs. In early embryogenesis, the XIST 
transcript is expressed by both X chromosomes, but later, it is only expressed by the 
inactivated X chromosome. For the biological function of XIST ncRNA, the following 
mechanism is postulated: XIST ncRNA binds to the X chromosome and starts a series of 
events leading to the chromosome's inactivation. A kind of structure forms to which enzymes 
bind, such as those which methylate histone H3 at lysine 9 and 27 (histone 
methyltransferases) and deacetylate histone H4 (histone deacetylases). These mechanisms are 
part of epigenetic regulation. 

The inactivation of one of the two X chromosomes is an essential process, at least in mice. 
Mouse mutants in which inactivation does not take place display strongly disrupted 
embryogenesis, which ultimately leads to the death of the embryo. X inactivation is subject to 
complex genetic control which also affects the expression and stability of XIST ncRNA. 
Disruptions can result in the inactivation of the paternal or maternal chromosome not taking 
place at random. 

1.6 Genomic Imprinting 

Another case of epigenetic regulation is genomic imprinting, in which paternal and maternal 
genes (located on the paternal/maternal chromosomes) are expressed differently even though 
they have the same nucleotide sequence. Fertilised ovules of mice which, after manipulation, 
only possess maternal or paternal genomes die shortly before or after implantation in the 
uterus wall.  

In the human genome, there are around 90 genes which are arranged in clusters of two or 
more genes, in which this parent-of-origin-specific inactivation of gene expression takes 
place. In imprinting too, epigenetic mechanisms play a role. Firstly, it involves ncRNAs of 
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different sizes, which operate either through structure-forming functions in the chromatin 
(like the XIST transcript) or which are coupled to the transcription. Secondly, specific DNA 
regions (insulators) are involved, whose methylation status varies according to parental source 
[ Pau 07]. 

Genes which are subject to imprinting are functionally haploid, i.e. only one of the two copies 
is active. This means that they lack the protection normally afforded by the presence of two 
copies, whereby damage and inactivation of one of the two copies can be compensated, at 
least in part, by the second, still functioning copy. Males and females do not differ in terms of 
the genes that are subject to imprinting, or their regulation. In the event of DNA damage in 
the germline, however, due to imprinting the consequences for progeny may vary according to 
whether the paternal or maternal germline is affected. 

(Details of the topic covered in this Section 1 can be found in the textbook by R. Knippers 
[Kni 06]). 

2  The Issue and Possible Experimental Approaches 

Epidemiological studies show a significantly lower spontaneous cancer incidence for females 
than for males [ Rie 08]. Epidemiological studies also indicate that there may be sex-specific 
differences in radiation sensitivity (see Annex 1). For biological studies to underpin the 
epidemiological findings, suitable experimental models must be used which, assuming 
sufficient scope of the experiment, can provide clear evidence of the postulated sex-specific 
radiation sensitivity. Apart from possible genetic and epigenetic control, other factors, 
especially hormones, may be influential. Animal models in which cancer incidence and, if 
appropriate, other endpoints can be analysed as indicators of radiation sensitivity therefore 
appear to be a suitable method of identifying these various factors. Indeed, mouse models 
have been successfully established, allowing the various analyses to be carried out under 
standardised conditions (see Section 3). 

In order to obtain information about the mechanisms underlying the postulated sex-specific 
radiation sensitivity, cell models have also been used alongside the animal models. Human 
peripheral blood cells from healthy subjects were also irradiated and analysed, as were human 
cell lines or cells from selected organs of the mouse models, which were developed to provide 
evidence of sex-specific radiation sensitivity and treated in accordance with appropriate 
radiation protocols. Cellular responses to irradiation, e.g. DNA repair, cell death and 
unlimited proliferation as well as gene expression were investigated [Bor 09]. 

In some cases, whole genome screening processes were used, such as microarrays to analyse 
gene expression (quantification of transcript levels) and various techniques to analyse 
epigenetic regulatory mechanisms, such as DNA and histone methylation patterns and 
expression of microRNAs (miRNA). The miRNAs are endogenous single-stranded RNA 
molecules which, unlike the macro ncRNAs mentioned above, are very short (19-21 
nucleotides in length). MiRNAs are now thought to control the activity of approximately 30% 
of the genes in the mammalian genome. Through their sequence homology, miRNAs appear 
to bind to messenger RNAs (mRNA) and prevent their translation. In this way, the expression 
of 10-100 genes can be regulated simultaneously. It is thought that in the human genome, 
thousands of miRNAs are expressed, but to date, only around 500 have been described (for an 
overview, see articles [Mac 07, Tan 08, Gol 07]).  

Epigenetic regulatory factors are an extremely interesting topic in the context of sex-specific 
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radiation sensitivity, in terms of the following aspects. The question which arises is whether 
in humans, X inactivation, which is controlled by around 90 genes, or imprinting processes 
can be affected by radiation or genotoxic agents. In fact, there is very good evidence that low 
and in some cases chronic doses of radiation influence gene expression via epigenetic 
mechanisms [Kov 08b, Kov 08c]. These potential interactions have yet to be studied in detail. 

3  Animal Models 

Animal models confirm and expand the evidence obtained from the epidemiological studies. 
For example, Swiss female mice exposed to an acute dose (3 Gy) of whole body irradiation 

developed a significantly higher incidence of thymic lymphoma (83%) after three to four 
weeks of exposure than male mice which received the same treatment (72%); the growth of 
tumour was also more aggressive in the female mice. The difference was far more pronounced 
in mice aged 12-13 weeks: 74% of the female mice developed thymic lymphoma but only 
14% of the male animals did so [Dan 07], which could be due to the influence of hormonal 
status. The osteosarcoma incidence after treatment with 227Th (4 Gy) was between 25-60% 
in female mice, whereas in males it was 10-30% [Mue 78]. By contrast, after chronic 
exposure to equal doses of UVB, male mice developed squamous cell carcinoma (SCC) 
earlier and had more tumours than female mice; tumours in male mice tended to be larger, and 
the total tumour burden was greater than in females, with a poorer prognosis for the male 
mice compared with the females [Tho 07]. In relation to sensitivity to chemical carcinogens, 
too, in a meta-analysis of 1 394 experiments, sex-specific differences were found in the 
incidence of organ-specific cancers. For example, 25 different chemicals induced kidney 
tumours in male rats, but only 9 substances did so in females [Huf 91].  

Very many of the studies mentioned below, which include cellular and molecular analyses of 
sex-specific effects of radiation, were carried out under standardised conditions by the 
research group headed by O. Kovalchuk. C57/BL6 mice were used; depending on the 
experiment, the animals were 45-60 days old at the time of irradiation, had identical body 
weight and were irradiated according to standardised protocols. “Chronic” whole body 
irradiation was simulated using 10 applications of 5cGy/day X-ray irradiation, with an acute 
dose of 50 cGy being administered once on the 10th day. Control animals underwent 
corresponding simulated irradiation [Bes 05, Cas 06, Iln 08, Iln 09, Tam 08b].  

The same group also developed a radiation protocol in order to investigate the bystander1 
effect in vivo. C57/BL6 mice were subjected to head exposure (1 Gy) when the rest of the 
body was protected by a shield (controls received 1 Gy of whole body irradiation) and the 
effects on the spleen were analysed [Kot 08a, Kot 08b, Kot 08c]. Similar experiments have 
also been carried out on rats (Long Evans, 3 months old) [Kot 07, Tam 08a]. 

4  Cellular Responses to Radiation  

Cellular responses to radiation are highly complex and involve a large number of molecular 

                                                 

1 The authors themselves call the observed effects in organs which were not irradiated “bystander effects”. 
Similar effects were previously known as abscopal effects, whereas the term “bystander effect” was mainly used 
to describe effects in non-irradiated cells in cell cultures or in three-dimensional cell-culture systems.  
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processes, such as (1) changes in gene expression, (2) signal transduction chains, which can 
be initiated both by DNA damage and by conformational change in the receptors found in the 
membrane, (3) repair processes, by means of which a great deal of DNA damage can be 
removed or functionally tolerated, (4) cell proliferation, and (5) responses such as cell cycle 
arrest and programmed cell death (apoptosis) (for an overview, see [SSK 08]). In principle, 
sex-specific differences in these processes and other physiological mechanisms such as 
hormonal factors and viral infections, and in some cases differences in lifestyle could cause a 
sex-specific reaction to radiation in the whole organism. However, as a very large number of 
genes are involved in these various mechanisms, the use of whole genome screening 
processes would appear to be sensible, but are not often carried out as yet, probably due to the 
high costs involved.  

4.1 Quantification of gene expression (microarray studies) 

Gene expression as a marker for interindividual variation has been investigated in numerous 
studies using peripheral blood and cell cultures as well as animal models with microarrays, 
and these procedures are increasingly acquiring clinical relevance for therapy design [Whi 03, 
Mea 08]. Possible sex-specific differences are therefore only one of many parameters in the 
analyses. Whitney et al. [Whi 03] surveyed variation in gene expression patterns in peripheral 
blood from 75 healthy volunteers by using microarrays and were able to identify sex-specific 
patterns of gene expression. While many encode on the X or Y chromosome, a clear sex-
specific bias was also observed for some autosomal genes, e.g. for genes which play a role in 
interferon response and possibly in autoimmune diseases. Meadows et al. [Mea 08] describe 
specific gene expression profiles which enable irradiated patients (1.5 or 2 Gy whole body 
irradiation for transplant conditioning) to be distinguished from unirradiated persons. In 
studies with mice, these authors also found evidence that gene expression profiles specific to 
radiation exposure differ in many genes in males and females [Mea 08].  

There are other studies in which gene expression profiles in mice in response to radiation have 
been analysed; they include comparisons of acute and chronic exposure to low-dose radiation 
(LDR) [Bes 05, Kov 04]. Using the C57/BL6 mouse model presented in Section 3 above, the 
research group of Kovalchuk and co-workers has investigated radiation-induced gene 
expression after acute (50 cGy whole body dose, administered once) and chronic (5 cGy 
whole body dose/day, administered over 10 days) X-ray irradiation of male and female mice. 
Muscle, spleen and liver tissue was analysed using murine Affimetrix microassays and the 
findings from selected candidate genes were checked using RT-PCR and Western blot. There 
was found to be a remarkably large number of statistically proven sex-specific differences in 
radiation-induced changes in gene expression, particularly in genes which code factors for 
signal chains (growth factors and growth-factor receptors, cytoplasmic serine/threonine 
protein kinases, G proteins etc.) and in genes for cell-cell interactions. Significant changes in 
gene expression were found more often in male tissue, after both acute and chronic irradiation 
(examples Smarcf, Cox6c), whereas in female mice, little or no changes were found in most 
cases. On the other hand, the gene for the transcription initiation factor Eif1 was strongly 
induced in female mice (8-fold after acute and 10-fold after chronic irradiation), whereas in 
male mice, it was clearly down-regulated [Kov 04]. Increased expression of the Eif1 gene in 
female mice has been found even without irradiation, however [Whi 03]. In another study 
[Cas 06], with a study design similar to that described by Kovalchuk et al. 2004 [Kov 04], the 
in male mice clearly increased, but in females significantly decreased expression of the 
RBBP9 protein (retinoblastoma binding protein 9) in spleen tissue was analysed as to their 
impact on the phosphorylation status of the retinoblastoma protein as well as on apoptosis and 
cell proliferation. Differences between male and female animals and also between acute and 
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chronic radiation were observed. As with the other whole genome analyses of gene 
expression, the possible relevance of these findings to the issue of sex-specific radiation 
sensitivity in humans remains uncertain, however, as it is still unclear how the identified 
changes in expression influence tumour formation. 

4.2 Epigenetic regulation of gene expression 

Epigenetic regulation of gene expression takes place (1) through DNA methylation of CpG 
islands, i.e. local clustering of sequences of cytidines (C) and guanines (G) in the promoter 
region of genes, (2) through histone modification (3), and through miRNA-related inhibition 
of transcript translation.  

Hypomethylation of CpG islands leads to activation, and hypermethylation leads to the 
silencing of expression of the relevant genes. Radiation (and many other agents) alters 
methylation patterns and, in consequence, causes changes in gene expression. In a study 
whose design was similar to that described above, after chronic exposure to radiation, female 
mice were found to have more strongly reduced whole genome methylation than male mice, 
and this was also found to be tissue-dependent [Kov 04, Pog 04, Sil 04]. A correlation to sex-
specific tumour incidence, which has been shown in epidemiological studies (see Chapter 2 
and Annex 1) is not apparent, however. Thus whole genome methylation in the liver of female 
mice is significantly higher than in male mice [Pog 04]; however, according to Table A4 and 
Table A11, there is no difference in the ERR for radiation-induced liver cancer in males and 
females. It should also be noted here that the relevance of molecular parameters such as 
expression profiles of genes or whole genome methylation patterns has not been clarified in 
terms of our understanding of radiation sensitivity. Problems include the different model 
systems used by various groups, and, where relevant, the differences between humans and 
mice in their cellular and organism responses to radiation. Above all, however, we do not yet 
have enough information available about the significance of individual genes in the formation 
of spontaneous and radiation-induced cancers.  

MicroRNAs (miRNAs) – short, single-stranded non-coded RNAs – are important regulators 
of gene expression. They also play a role in embryogenesis and germ cell maturation, and 
there is increasingly good evidence that cellular miRNAs are influenced qualitatively and 
quantitatively by genotoxic stress from chemicals and radiation [Kot 08a, Kot 08c, Kov 08a]. 
However, their role in spontaneous and radiation-induced tumour genesis has also not been 
sufficiently analysed and is therefore not yet understood. 

4.3 Signal transduction  

In whole-genome gene expression analyses, it is apparent that sex-specifically expressed 
proteins can often be assigned to the signal transduction network [Bes 08, Kov 04]. In this 
network, the receptor for the epidermal growth factor (EGFR) located in the membrane has a 
very important key function. The EGFR is responsible for responses to various growth factors 
and to exogenous stress factors such as radiation, and for the subsequent regulation of cell 
growth, differentiation and cell death. In combined radio- and chemotherapy, overexpression 
of the EGFR, which is often found in tumours, leads to the development of resistance which 
can be controlled by EGFR inhibitors [Rod 07]. There are known to be mutations in the 
EGFR gene which occur more frequently in females than in males (18.5% vs. 8.6%; 
p=0.0004) and lead to better treatment outcomes in the persons concerned [Bor 09, Pao 04, 
Bel 05]. The EGFR receptor is therefore a very good example of how molecular findings can 
help to improve our understanding of sex-specific aspects of radiation sensitivity.  
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4.4  DNA repair  

It is generally accepted that radiation-induced DNA damage, its extent and the efficiency and 
quality of its repair is a key causal factor in determining whether cell death or cell survival 
occurs. It is therefore reasonable to assume that sex-specific radiation sensitivity is a causal 
factor in the different extents of DNA damage and/or differences in the expression of repair 
genes, and consequently in repair processes of varying effectiveness. The data situation is 
highly contradictory, however, and indeed unsatisfactory given the numerous studies 
undertaken. In contrast to the clear sex-specific differences in expression of genes involved in 
signal transduction, gene expression analyses of DNA repair genes show virtually no 
differences in radiation-induced expression in muscle tissue of male and female mice [Kov 
08c]. 

For the quantity of DNA damage (chromosomal breakage, micronuclei, DNA breaks 
measured in the comet assay, and double-strand breaks (DSBs) measured with γH2AX foci 
assay etc.), which was analysed after irradiation of mice and irradiation of human cells in 
culture using a variety of methods, no trend towards sex-specific differentiation could be 
observed. The reasons may lie in the strong heterogeneity of the cohorts, with no account 
being taken of possible influential factors (confounders) such as age, smoking, alcohol 
consumption etc. [Jos 04, Kot 06a, Kot 06b, Maf 02, Maf 04, Mar 03, May 91, Mul 01, Pog 
04, Sor 00, Thi 00, Wan 00]. Studies of radiation sensitivity of human diploid fibroblasts 
under standardised conditions also displayed no sex differences, however [Cox 80, Lit 88].  

By contrast, UVB-treated male mice showed significantly more oxidative DNA damage than 
females and lower antioxidant levels [Tho 07]. An increase of radiation-induced chromosome 
breakage was observed in lymphocytes of pregnant mice [Ric 91]. Similar findings have been 
obtained for pregnant women, with analyses showing a very strong correlation between the 
amount of pregnancy hormones, progesterone in particular, and the number of breaks. The 
breakage rate returned to that of non-pregnant women after the birth [Ric 97]. Females on 
therapeutic oestrogen had significantly elevated plasma cortisol and suppression of DNA 
repair capacity [O'Bri 93]. These findings indicate that sex hormones have an important role 
to play in terms of our understanding of sex-specific differences in radiation sensitivity (see 
also Chapters 5 and 6). This confirms the assumption, already mentioned, that animal 
experiments are needed to investigate the issue of sex-specific radiation sensitivity. It is 
understandable that the experiments mentioned above using cell models have not found any 
sex-specific differences in the development/repair of DNA damage. 

4.5 Cell proliferation and apoptosis 

In two studies, human lymphocytes [Schm 03] and murine spleen cells [Cas 06] were 
analysed to investigate sex-specific differences in apoptosis and cell proliferation after 
irradiation with X-rays. Both studies describe greater sensitivity for apoptosis in male 
subjects, although in mice, this did not affect proliferation [Cas 06]. UVB irradiation caused a 
greater inflammatory response in female mice than in males; however, as the rate of skin 
cancer (non-melanoma) was significantly higher in male animals than in females, 
inflammatory response obviously does not play a part in sex-specificity ([Tho 07]. This too is 
an example of how the findings for different endpoints, in this case inflammatory response vs. 
formation of skin tumours, are contradictory. 

Summing up, using modern screening processes, a large number of genes have been identified 
which show sex-specific differences in expression in response to radiation. These findings 
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enable targeted experiments to be conducted in order to improve our understanding of 
potentially sex-specific cellular responses to radiation. Based on the findings relating to 
cellular functions such as cell proliferation and survival, DNA repair etc., the statements that 
can be made about sex-specificity in radioreaction are far more equivocal than those resulting 
from gene expression analyses, and are in some cases highly contradictory.  

5 Bystander Effect and Sex-specific Radiation Sensitivity  

The “bystander effect” is defined as the induction of radiation effects in cells (known as 
bystander cells) that are not irradiated but are in close proximity to cells that are. In these 
unirradiated cells, destabilisation of the genome and other phenotypic reactions may occur, 
similar to those found in directly irradiated cells. These bystander effects have been 
demonstrated in cell cultures, 3D cell models and, recently, in vivo. Kovalchuk and her co-
workers have developed mouse and rat models in which, after local irradiation of the head 
with X-rays, the bystander effects can be demonstrated in the gonads, which were shielded 
from the radiation, in progeny, and particularly in the spleen [Kot 06a, Kot 07, Kot 08a, Kot 
08c, Iln 08]. It is apparent that the spleen plays a key role in the bystander effect in vivo [Kot 
08]. X-ray irradiation caused clear epigenetic deregulation in the bystander tissue of the 
spleen and led to a significant reduction in global DNA methylation, down-regulation of key 
proteins which regulate histone methylation patterns and chromatin density as well as to 
significantly increased expression of microRNAs, which play an important role in the 
silencing of genes/chromatin. All these reactions lead to active chromatin and hence to 
activation of genes such as LINE-1 retroposons, whose activation through transposition leads 
to genome destabilisation, and of other genes whose activation can contribute to radiation-
induced carcinogenesis.  

By means of selective irradiation of the head of their C57/BL6 mouse model, Koturbash et al. 
provide evidence that the bystander effect differs significantly in the spleen of male mice 
compared with females [Kot 08a]. They analysed DNA breaks, global DNA methylation and 
cellular parameters such as apoptosis and cell proliferation found in distant spleen tissue that 
had been completely shielded during irradiation, and were able to provide evidence of clear 
sex-specific differences. More DNA breaks and a reduction of DNA methylation were found 
in male mice, whereas in female mice, apoptosis rates were higher than in male animals. 
These differences were far less pronounced when animals whose gonads had been removed 
were treated. These findings clearly point to a role of sex hormones in the bystander effect, or 
to the influence of the bystander effect on sex-specific differences in radiation sensitivity.  

This raises the question of the nature of the bystander signal in vivo and the molecular 
mechanisms which lead to a sex-specific reaction. One possible explanation is that part of the 
blood cells which receive a certain dose of radiation during cranial irradiation then undergo 
apoptosis or necrosis and produce various soluble factors such as cytokine and small RNAs 
which could act as bystander signals [Kot 07]. However, these findings are not consistent with 
those of Koturbash et al., who describe a higher apoptosis rate in the spleen affected by the 
bystander effect in female compared with male mice, but a lower bystander effect for the 
induction of DNA breaks and the reduction of global DNA methylation for female compared 
with male mice [Kot 08a, Kot 08b, Kot 08c]. 

The data on localised cranial irradiation [Kot 08a, Kot 08b, Kot 08c] and earlier publications 
by the Kovalchuk research group which analysed animals after whole body irradiation [Kov 
04, Pog 04, Rai 04] have provided conclusive evidence that male mice react with greater 
sensitivity to radiation and show a stronger bystander effect in spleen for various factors such 



ANNEX 3, Sex-specific differences in radiation sensitivity 64 

 

as DNA breaks and various epigenetic parameters. These data prompt the authors to 
hypothesise that male mice, due to the indirect radiation effect mediated by the bystander 
effect, should have a higher tumour incidence after irradiation than females [Kot 08a]. 
However, this would conflict with the findings of epidemiological studies in humans.  

6 Hormonal Factors 

The findings of Koturbash et al. [Kot 08a] presented in Chapter 5 showed, using selective 
cranial irradiation of C57/BL6 mice, that the bystander effect differs significantly in the 
spleen of male mice compared with females. These differences are greatly reduced if animals 
whose gonads have been removed after birth are treated, clearly indicating that sex hormones 
play a role in the bystander effect, or that the bystander effect influences sex-specific 
differences in radiation sensitivity. At present, however, no statements can be made about 
possible molecular mechanisms.  

This raises the question of further studies on animal models and in humans which may 
provide indications of hormone influences on sex-specific radiation sensitivity. It is well-
known that circulating hormones, especially sex steroids and peptide hormones secreted from 
the pituitary gland, influence various cellular activities. For that reason, hormones can 
certainly be regarded as possible causes of sex-specific differences in cellular responses to 
ionising radiation. However, no systematic studies are available about the influence of the 
endocrine system on radioreaction. The existing information is limited and relates only to 
breast cancer and the role of oestrogens.  

The carcinogenic effect of oestrogens has been demonstrated in epidemiological studies 
which have provided substantial evidence that breast cancer risk is associated with prolonged 
exposure to female hormones: early onset of menarche, late menopause, hormone replacement 
therapy and postmenopausal obesity are associated with greater breast cancer incidence [Rus 
98]. By contrast, breast glands atrophy in the absence of oestrogens and thus become resistant 
to carcinogenic agents [Rus 98]. 

Treatment with natural or synthetic oestrogens greatly increased the induction of breast cancer 
from ionising radiation in rats [Ina 00]. At present, however, there is insufficient evidence of 
similar responses in humans. One epidemiological study has indeed established a link 
between inheritance of a polymorphic variant of the CYP1B1 gene, which plays a role in 
oestrogen metabolism, and increased incidence of breast cancer among US radiologic 
technologists who were exposed to low doses of radiation [Sig 09]. 

It is still unclear how oestrogens exert a molecular function in increasing cancer risk. One 
possible explanation is that by stimulating proliferation, the effect of oestrogen on epithelial 
cells in the mammary glands could increase the production of reactive oxygen and therefore 
cause oxidative damage. However, it has also been shown that oestrogens have direct 
genotoxic effects [Miz 04, Schn 09]. Paradoxically, it has also been shown that oestrogens 
stimulate productive mechanisms for DNA, such as phosphorylation of the DNA repair 
protein BRCA2 [Mal 09], thereby reducing radiation-induced mutagenesis [Puc 99] and p53-
dependent apoptosis [Dun 08]. These findings may explain the observed protective effect of 
oestrogens in certain types of cancer, such as basal cell carcinoma and squamous cell 
carcinomas of the skin [Man 09].  
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