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Abstract
Objective To estimate the risk of breast cancer associated with
diagnostic radiation in carriers of BRCA1/2 mutations.

Design Retrospective cohort study (GENE-RAD-RISK).

Setting Three nationwide studies (GENEPSO, EMBRACE, HEBON) in
France, United Kingdom, and the Netherlands,

Participants 1993 female carriers of BRCA1/2 mutations recruited in
2006-09.

Main outcomemeasureRisk of breast cancer estimated with a weighted
Cox proportional hazards model with a time dependent individually
estimated cumulative breast dose, based on nominal estimates of organ
dose and frequency of self reported diagnostic procedures. To correct
for potential survival bias, the analysis excluded carriers who were
diagnosed more than five years before completion of the study
questionnaire.

Results In carriers of BRCA1/2 mutations any exposure to diagnostic
radiation before the age of 30 was associated with an increased risk of
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breast cancer (hazard ratio 1.90, 95% confidence interval 1.20 to 3.00),
with a dose-response pattern. The risks by quarter of estimated
cumulative dose <0.0020 Gy, ≥0.0020-0.0065 Gy, ≥0.0066-0.0173 Gy,
and ≥0.0174 Gy were 1.63 (0.96 to 2.77), 1.78 (0.88 to 3.58), 1.75 (0.72
to 4.25), and 3.84 (1.67 to 8.79), respectively. Analyses on the different
types of diagnostic procedures showed a pattern of increasing risk with
increasing number of radiographs before age 20 and before age 30
compared with no exposure. A history of mammography before age 30
was also associated with an increased risk of breast cancer (hazard
ratio 1.43, 0.85 to 2.40). Sensitivity analysis showed that this finding
was not caused by confounding by indication of family history.

Conclusion In this large European study among carriers of BRCA1/2
mutations, exposure to diagnostic radiation before age 30 was associated
with an increased risk of breast cancer at dose levels considerably lower
than those at which increases have been found in other cohorts exposed
to radiation. The results of this study support the use of non-ionising
radiation imaging techniques (such as magnetic resonance imaging) as
the main tool for surveillance in young women with BRCA1/2 mutations.

Introduction
Exposure to ionising radiation is an established risk factor for
breast cancer in the general population, with exposures in
childhood and adolescence conferring a greater risk than
exposure in adulthood.1 As BRCA1 and BRCA2 are involved
in the repair of DNA double strand breaks,2-6 which can be
caused by ionising radiation, it has been hypothesised that
carriers of BRCA1/2 mutations might have increased
radiosensitivity. Results of the few studies7-10 conducted so far
on diagnostic radiation and risk of breast cancer among carriers
have been inconsistent. Explanations for this inconsistency
include differences in age at exposure and study limitations
such as the investigation of a single type of diagnostic procedure
(such as only chest radiography7 8 or only mammography9 10),
a retrospective design with potential recall and/or survival
bias,7-10 or sometimes relatively small numbers.8 9 In some
countries the screening protocol for BRCA1/2 mutation carriers
now recommends the avoidance of mammographic screening
before age 30 and advises the use of non-ionising radiation
imaging techniques (such asmagnetic resonance imaging (MRI))
as the main tool for surveillance at young ages.
We report on the BRCA1/2 mutation carrier study arm of the
GENE-RAD-RISK project, a large European cohort study
designed to examine whether variations in specific DNA repair
genes increase the risk of breast cancer associated with radiation.
Although the present study has a retrospective design, the
association between diagnostic radiation and breast cancer risk
in BRCA1/2 mutation carriers is unlikely to be investigated
prospectively in the near future. This is because incident case
numbers are not expected to increase rapidly because of the
increasing uptake of prophylactic surgery among unaffected
BRCA1/2 mutation carriers and the relatively short follow-up
since DNA testing for BRCA mutations became available
(1995), together with the fact that many newly identified carriers
were tested because they (already) had breast cancer.

Methods
Study population
The present study included 1993 women who were tested in a
clinical setting (that is, at a clinical genetic centre), identified
as carrying a pathogenic BRCA1 or BRCA2mutation, and aged
18 or older. Women were recruited into the GENE-RAD-RISK
cohort study in 2006-09 and were participants in three large
ongoing national cohort studies of carriers in France

(GENEPSO; n=716 (36%)), the UK (EMBRACE11; n=688
(35%)), and the Netherlands (HEBON12; n=589 (30%)).
Each participant completed a standardised questionnaire
(response rate 78%; see supplementary table A). Diagnoses of
breast cancer were recorded through linkage with national
registries or medical records.

Exposure to diagnostic radiation
Participants reported their history of exposure to diagnostic
radiation in a detailed questionnaire containing indication based
questions on lifetime exposure to fluoroscopy, conventional
radiography of the chest/shoulders, mammography, computed
tomography of the chest/shoulders, and other diagnostic
procedures that use ionising radiation (such as bone scans)
involving the chest or shoulders. Each section of the
questionnaire provided a detailed description of the procedure
and its most common indications. For fluoroscopy, radiography,
and mammography, we asked about ever/never exposure, age
at first exposure, number of exposures before age 20, and at
ages 20-29 and 30-39, and age at last exposure. For each of the
other exposure types, participants reported the indication, age
at exposure, and number of exposures.
We estimated the cumulative breast dose as an approximation
of breast dose in units of Gy. Nominal estimates of breast dose
for fluoroscopy, radiography, mammography, and computed
tomography were derived from a literature review of published
studies and institutional reports assessing radiation dose
delivered to the breast from radiological examinations and expert
judgment by ITC, AK, FvL, and AP (table 1⇓). When possible,
we restricted the selected studies and reports to European studies
performed on large samples, representative of patients and
radiology services. The cumulative breast dose estimate was
the sum of the age and calendar specific number of self reported
diagnostic procedures multiplied by nominal estimates of breast
dose.

Statistical analysis
We used a Cox proportional hazards model to calculate adjusted
hazard ratios of breast cancer and 95% confidence intervals,
with age (in years) as time scale and cumulative radiation
exposure from diagnostic procedures as a time dependent
variable lagged by five years to exclude procedures that could
have been performed because of a diagnosis of breast cancer
and exclusion of radiation dose that probably did not contribute
to induction of breast cancer. All analyses were stratified for
gene (BRCA1 and BRCA2), birth cohort (<1955, 1955-61,
1962-68, >1968), and country (UK, France, and the
Netherlands), and clustered on family. Standard Cox regression
leads to biased estimates of the hazard ratio because the women
in this study were selected from high risk families qualifying
for genetic testing. The disease status might therefore have
increased the likelihood of ascertainment leading to an
oversampling of affected women. To correct for this potential
bias (testing bias), we used the weighted regression approach
described by Antoniou et al.13 With this procedure, individuals
are weighted according to certain sampling probabilities such
that the observed weighted incidence rate agrees with the true
incidence rate in a similar but unselected cohort. The value of
the weight depends on the age interval in which the person’s
follow-up ends—that is, weights were assigned for each
mutation and age category based on incidence rates from a
population based study.14Case weights were consistently lower
than 1, indicating that cases are oversampled in the study. By
the weighted regression approach, hazard ratios are typically
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shifted away from the null value (=1) at the cost of some power
(wider confidence intervals).
We defined two types of analytical cohorts: the entire cohort
and a subcohort. In the entire cohort analysis, follow-up started
at birth and ended at the date of the first diagnosis of breast
cancer (n=848), other cancers excluding basal cell carcinoma
(n=96), date of bilateral prophylactic mastectomy (n=234), or
completion of the questionnaire (n=815), whichever occurred
first. There were 78 074 person years of observation. In all
retrospective cohort studies that use questionnaire data, affected
women who survived until questionnaire completion could fill
out the questionnaire only because they have survived. If the
exposure under investigation is associated with worse survival,
cases without exposure would be more strongly represented,
introducing bias to the null. Although little is known about the
influence of exposure to ionising radiation, low or high dose,
on overall survival and breast cancer specific survival in carriers,
there are indications that breast cancer associated with radiation
has a distinct, less favourable, gene expression profile.15 To
correct for potential survival bias arising from the exclusion of
exposed carriers who died from breast cancer long before
questionnaire completion, we carried out our main analyses on
relatively recent cases—that is, carriers who received diagnosis
of a breast cancer or who were censored within the five years
before completion of the questionnaire. Follow-up was counted
only during this five year period and with a new set of period
specific weights. This subcohort analysis contained a total of
1122 participants, 174 of whom had breast cancer. There were
4484 person years of observation. Although based on smaller
numbers, we consider the results of the subcohort to be the most
valid and have therefore presented these results in the main text.
We have presented the results from the entire cohort in
supplementary tables and briefly summarise them in the results
section.
As exposure to diagnostic radiation was reported in decades of
age, we assumed that exposures were equally distributed across
each decade, taking into account ages at first and last exposure.
This resulted in the following categorisation for cumulative
number of exposures: 1=0.5-1.4; 2=1.5-2.4; 3-4=2.5-4.4; >4=4.5
or more. The estimate of cumulative breast dose was categorised
based on quarters of cumulative dose at age 40.
We observed no violation of the proportional hazards assumption
by any variable. Tests for trend of number of exposures were
conducted by assigning to each individual the median of the
number of exposures in each exposure category (rather than the
individual’s reported number of exposures) and including this
as a continuous variable in an unweighted procedure specific
model. Missing values in ever/never exposure (<11%) and
covariates (<1%) were coded as an additional category. Among
carriers with any exposure to diagnostic radiation, missing
values for age at first exposure (<15% for fluoroscopy and
radiography and <10% for mammography) and last exposure
(<5%) and number of exposures (<21% for fluoroscopy and
radiography and <7% for mammography) were imputed by age
period, with the mean age and number of exposures of women
for whom complete data were available. Linear excess relative
risks per Gy were estimated by unweighted conditional logistic
regression with SAS code.16 We adjusted the risk estimates for
the analyses of cumulative breast dose for parity andmenopausal
status.We adjusted analyses of radiography andmammography
for age at menarche, parity, and menopausal status. Other
potential confounding factors, including age at first full term
pregnancy and breast feeding, did not change the log(hazard
ratio) estimates by more than 10% and were omitted from final
models. We examined effect modification by country, BRCA1

versus BRCA2, birth cohort, and attained age. Two sided P<0.05
was considered significant. Analyses were performed with
Stata/SE 11.0 (StataCorp).

Results
In the entire cohort, 43% (n=848) of carriers had received a
diagnosis of breast cancer (table 2⇓; of these 89% (n=755) were
confirmed bymedical records or linkage with national registries.
There was no difference between cases and unaffected carriers
in age at diagnosis of breast cancer and age at censoring (mean
39.5 (SD 7.4) and 39.7 (SD 7.4) for cases and unaffected carriers
respectively; P=0.601). Women with breast cancer, however,
were older at questionnaire completion (49.7 (SD 8.6) v 42.1
(SD 10.5), P<0.001). In general, there were no differences in
characteristics between the entire cohort and the subcohort,
though the carriers in the subcohort were on average younger
at questionnaire completion than those in the entire cohort (41.1
(SD 9.7) v 50.7 (SD 8.8), P<0.001).
Radiography was the most common diagnostic procedure; 48%
(n=919) of carriers reported ever having had a radiograph while
33% (n=649) had ever had a mammogram (table 3⇓). The
median numbers of procedures before age 40 were 2.5 for
radiography and 2.4 for mammography. The mean age at first
mammogramwas 29.5 (SD 5.8). Only a small proportion (<5%)
of carriers were ever exposed occupationally, during pregnancy
or during breast feeding, to computed tomography or other
diagnostic radiation procedures (table 3). None of the carriers
had received radiotherapy before the end of follow-up because
cancers other than breast cancer were censored. The mean
estimated cumulative breast dose from fluoroscopy, radiography,
mammography, and computed tomography combined was
0.0140 Gy and ranged from 0.0005 to 0.6130 Gy (interquartile
range 0.0020-0.0174 Gy).
Table 4 shows the results of the analyses on cumulative breast
dose and risk of breast cancer ⇓. When compared with no
exposure, any exposure before age 30 was associated with an
increased risk (hazard ratio 1.90, 95% confidence interval 1.20
to 3.00). We also observed a pattern of increasing risk with
increasing dose; for a cumulative dose estimate of more than
0.0174 Gy we observed an almost fourfold increased risk of
breast cancer (3.84, 1.67 to 8.79). A similar increased risk was
observed for exposure before age 20 even after a lower dose of
more than 0.0066Gy (3.16, 1.19 to 8.39). There was no evidence
of an increased risk of breast cancer associated with exposure
at ages 30-39. The unweighted excess relative risks per Gy for
exposures before ages 40 and 30 were 14.76 (P=0.138) and
29.81 (P=0.100).
In the analysis of specific diagnostic procedures we observed
a trend of increasing risk of breast cancer with increasing
number of radiographs before age 20 (P=0.041 for trend) and
a non-significantly increased risk of breast cancer after more
than two fluoroscopies before age 20 (hazard ratio 2.01, 95%
confidence interval 0.71 to 5.71, P=0.102 for trend) compared
with no exposure (table 5 ⇓). Furthermore, there was a
non-significantly increased risk of breast cancer after exposure
to mammography before age 30 (1.43, 0.85 to 2.40, P=0.040
for trend). We observed an almost twofold risk increase for
exposure to more than four radiographs before age 30 (1.83,
0.84 to 4.00, P=0.012 for trend) and for more than four
radiographs at ages 30-39 (2.04, 0.85 to 4.90, P=0.101 for trend;
data not shown), though this latter category included only six
cases.We found no other associations between exposure at ages
30-39 and risk of breast cancer.
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The risk estimates presented in tables 4 and 5 were not
materially affected by inclusion of the estimates for each age
period (that is, <20, 20-29, and 30-39 years) in the same model
or by adjustment for occupational exposure. The results of the
procedure specific analyses did not change when we included
different exposure types in one model. The results did not differ
by country (data not shown). Use of a two or 10 year time lag
did not materially affect the results (data not shown).
A strong family history of breast cancer could be an indication
for mammographic screening at a young age. We investigated
this potential bias away from the null by a subgroup analysis
of the cumulative breast dose in carriers who never had a
mammogram before age 30 (table 6⇓). This resulted in a similar
association compared with the complete model (table 4).
We investigated whether there was a difference in the association
between exposure to diagnostic radiation and risk of breast
cancer for BRCA1 and BRCA2 carriers. Among BRCA1
carriers, any exposure before age 30 was associated with an
increased risk (hazard ratio 2.83, 95% confidence interval 1.59
to 5.04) and the following pattern of dose-response emerged:
risks for cumulative dose estimates of <0.0020 Gy,
≥0.0020-0.0065 Gy, ≥0.0066-0.0173 Gy, and ≥0.0174 Gywere
2.46 (1.27 to 4.77), 2.45 (1.02 to 5.90), 2.72 (0.99 to 7.44), and
5.00 (1.96 to 12.74), respectively. For BRCA2 carriers we did
not observe an association in the subcohort, but this analysis
was limited because of the small number of cases. The P value
for interaction between gene and ever versus never exposure
before age 30 was 0.631.We also evaluated risk associated with
exposure before the age of 30 by attained age below and above
the median of 40 to examine the effect of time since exposure.
We observed a non-significant higher risk for the younger
attained age group compared with the older age group (1.87
(1.13 to 3.10) v 1.64 (1.00 to 2.68), respectively). We observed
no effect modification by birth cohort (P>0.05 for interaction;
data not shown).
In the entire cohort, a history of any exposure before age 30
was also associated with a significantly increased risk (hazard
1.39, 1.12 to 1.73) but no dose-response emerged
(supplementary table B). The association with exposure before
age 20 was similar (1.37, 1.11 to 1.68), with some indication
of a dose-response. There was no evidence of an increased risk
of breast cancer associated with exposure at ages 30-39. The
unweighted excess relative risks per Gy for exposures before
ages 40 and 30 were 3.90 (P=0.121) and 5.54 (P=0.107). In the
analysis of specific diagnostic procedures we found no
significant associations between specific procedures and risk
of breast cancer (supplementary table C). Based on only a few
cases, exposure to computed tomography before age 30 seemed
to be associated with increased risk of breast cancer (2.36, 0.71
to 7.88).

Discussion
Principal findings
In this large European study, exposure to diagnostic radiation
before age 30 was associated with an increased risk of breast
cancer in BRCA1/2mutations, at dose levels considerably lower
than those at which increases have been found in other cohorts
exposed to radiation. We estimated the cumulative breast dose
from various exposures to diagnostic radiation and observed
increases in risk for exposure before age 30, even for a relatively
low dose category (that is, below 0.0066 Gy0. No association
with risk of breast cancer was apparent for exposure at ages
30-39.

Comparison with other studies
Two previous studies among women with BRCA1/2 mutations
who had undergone mammography observed no association
with risk of breast cancer.9 10 This could be because of the
relatively high age at first mammogram, which was on average
35, while in our study it was 29.5 (SD 5.8) years. We observed
a 1.4-fold increased risk of breast cancer after mammography
before age 30 with a (non-significant) pattern of dose-response
(table 5). We were concerned that this latter association might
be attributed to confounding by indication—that is, self selection
for early mammography in carriers with a strong family history
of breast cancer. This was not the case as the association
between cumulative breast dose and risk of breast cancer
remained after we excluded carriers who had hadmammography
(table 6). Confounding by indication on the other diagnostic
procedures is highly unlikely.
Two other studies have reported an association between self
reported exposure to chest radiography and risk of breast cancer
in BRCA carriers.7 8 Risks were particularly high among those
exposed before age 20. Some of our participants (21%) were
also included in one of these previous studies, the IBCCS.7 In
their subcohort, the IBCCS reported a 1.8-fold increased risk
while we observed a 1.4-fold non-significantly increased risk
(hazard ratio 1.38, 95% confidence interval 0.87 to 2.20; data
not shown) for exposure to radiography. This difference could
be explained by the fact that we excluded radiographs received
after age 40 and less than five years before diagnosis while the
IBCCS had included all lifetime radiographs, including those
after diagnosis of breast cancer. Exclusion of the overlapping
group did not materially affect our results.
We hypothesised that BRCA carriers could have increased
radiosensitivity because of impaired DNA repair mechanisms.
We observed increased risks of breast cancer among BRCA1/2
mutation carriers at dose levels considerably lower than those
at which increases have been found in other cohorts exposed to
radiation. A pooled analysis of eight cohorts exposed to radiation
estimated a relative risk of about 2.0 at a dose of 1 Gy, assuming
an age at exposure of 25 years.17 Nowadays, the dose estimate
to the breast from a two view mammogram is in the order of 4
mGy. Even in women who reported undergoing a large number
of mammograms, the total radiation dose to the breast is unlikely
to exceed 20 mGy. This corresponds to a predicted relative risk
of less than 1.02 based on the Preston model, which is
substantially less than the risk estimates we observed.
In the general population, a minimal induction time for breast
cancer of 10 to 15 years after exposure to radiation is generally
accepted, with relative risks decreasing as a function of attained
age after reaching a peak, usually between the age of 30 and
40.17 18 As we hypothesised that BRCA carriers could have
increased radiosensitivity because of impaired DNA repair
mechanisms, we used a five year time lag in our analyses.
Analyses with a two or 10 year time lag showed similar results
(data not shown). Analyses stratified by attained age (≤40 v
>40) showed no significant effect modification. In line with
published literature19 we observed a slightly stronger risk for
the younger attained age group. It is possible that we did not
see a strong effect of attained age because of limited variation
in attained age in our study population. Alternatively, it could
be that the attained age/time since exposure effect in BRCA1/2
carriers differs from that in the general population.

Strengths and limitations
Several strengths and weaknesses of our study should be
considered in the interpretation of these results. The strengths
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of our study include the sample size and the detailed information
on all diagnostic procedures that used ionising radiation in
different age periods. While previous studies7 8 9 10 were based
only on mammography or radiography, we also investigated
types of diagnostic exposures other than mammography and
radiography in carriers and calculated one estimate of total
radiation dose. The weighted cohort approach was used to
overcome testing bias. The changes of the hazard ratios from
the weighting (see supplementary tables C and D) were
relatively small and in the expected direction, so the weights
seem to meet their purpose of taking away some testing bias.
The weighting procedure does not have any impact on the
interpretation of the results. The retrospective nature of our
study, however, might have caused recall bias. We relied on
self reports rather than review of medical records because of
the difficulties in accessing medical records with regard to the
various diagnostic procedures. These took place for many
different indications and many occurred in the distant past. Two
methodological studies in the Dutch cohort (test-retest
reliability20 and validity21 of self reported diagnostic radiation)
showed that the extent of the observed misclassification was
small and mainly non-differential by disease status, consistent
with other studies.22-25 In the validation study, for example, the
proportion agreement and κ for ever/never having had a
mammogram before age 30 was >90% and >0.80, respectively,
and this was not different between cases and unaffected carriers
(P=0.237).21 Therefore, recall bias seems unlikely in our study
and the observed non-differential misclassification might have
biased our results towards unity. Non-differential
misclassification could also have occurred because exposure
before age 10 is unlikely to have been recalled by women. Also,
exposure before age 20 is more difficult to recall than exposure
at higher and thus more recent ages. Therefore, in our study,
exposure before age 20 could have been prone to more
non-differential misclassification than exposure at ages 20-29.
This might explain the similar relative risks observed for both
age groups, in contrast with what was observed in radiation
exposed cohorts that did not rely on self reports.1 17 Furthermore,
our follow-up might not have been long enough to detect an
association between radiation exposure at ages 30-40 and risk
of breast cancer.
The calculation of the cumulative dose estimate was based on
several assumptions. Firstly, we did not use indication specific
dose estimates for fluoroscopy and radiography. Most (>95%)
fluoroscopies before age 20, however, were chest fluoroscopies
for tuberculosis screening and originated from the Dutch cohort
(where mass population screening for tuberculosis in young
people was performed 1940-6026). For radiography before age
20, most (>90%) were chest radiographs for which the dose
(0.0005 Gy) differed from the dose of shoulder radiography for
exposures before 1974 only (0.0010 Gy).27 Secondly, we dealt
with missing values by single stratified mean imputation or by
including a separate category. We think that this did not
influence our results because the proportion of missing values
was not different for cases and unaffected carriers. Moreover,
missing values were imputed only if the exposure was known
to have occurred in the relevant age period. Thirdly, we assumed
that differences in dose estimates between the three European
countries would be small as the recent country specific dose
estimates for mammography for the UK and the Netherlands
were similar. Nevertheless, for all types of diagnostic
procedures, large differences might exist betweenmachines and
hospitals. Fourthly, the dose estimates for mammography were
based on a two view mammogram. The doses used are typical
doses for an average woman, but there are large variations

depending on several characteristics of patients (such as breast
size) and parameters of the equipment. Finally, we assumed the
breast dose estimate reflected breast dose, assuming that the
estimates reflect absorbed dose to fibroglandular tissue. This
might apply only to mammography because those estimates
were derived from entrance surface dose to dose to
fibroglandular tissue. But we doubt that this is the case for the
other diagnostic procedures.
The assumptions regarding cumulative dose estimate and the
previously discussed non-differential misclassification, together
with the small number of cases in some analyses, could have
contributed to a lack of consistent dose-response trends. We
consider that it is unlikely that there is no true effect because
the overall pattern indicates increased risks; hazard ratios are
already increased, albeit non-significantly for the lowest dose
category, and remain increased for all categories of higher dose.
The stronger associations observed in the subcohort compared
with the entire cohort are intriguing and suggest survival bias
in the entire cohort. Although little is known about the influence
of exposure to ionising radiation at low or high doses on overall
survival and breast cancer specific survival in carriers, one study
showed that radiation associated breast cancer had a distinct,
less favourable, gene expression profile.15 Another explanation
for the differences between the two analytical cohorts could be
more non-differential misclassification in the entire cohort, in
which the mean age at questionnaire completion was higher
than in the subcohort (50.7 (SD 8.8) and 41.1 (9.7) years,
respectively, P<0.001). Older age at questionnaire completion
was a significant predictor of the proportion of disagreement in
the test-retest reliability study.20 Although based on a smaller
number, we consider the results from the subcohort to be the
most valid because they are unlikely to be affected by survival
bias. A prospective analysis was not possible because the
number of incident cases was too small (n=11). Incident case
numbers in our study and others studies are not expected to
increase rapidly because of the increasing uptake of prophylactic
surgery in unaffected carriers and the relatively short follow-up
since DNA testing became available (1995), together with the
fact that many newly identified carriers were tested because
they (already) had breast cancer.

Unanswered questions and future research
The linear non-threshold model is widely accepted to also apply
to estimation of risk after low doses and is used in radiation
protection.28 29 Linear non-threshold extrapolation, however,
might not apply to groups with a genetic susceptibility for
increased radiosensitivity. Also, a few studies seem to show
some differences in the biological responses to high and low
dose radiation.30Our data are inconsistent with a threshold. The
category specific hazard ratios (1.00 (reference), 1.6, 1.8, 1.8,
and 3.8 for dose categories <0.002, 0.002-0.0065,
0.0066-0.0173, and ≥0.0174 Gy, see table 4, exposure before
age 30) are already increased, albeit non-significantly, for the
lowest dose category and remain increased for all categories of
higher dose. When we evaluated curvature by adding quadratic
dose to a model with continuous dose, there was some evidence
for concavity—that is, downward curvature (P=0.009 for
quadratic term). Because there are relatively few cases in the
high dose range, this result must be interpreted with caution.
The possibility of a dose-response relation other than linear
warrants further investigation.
To indicate the clinical relevance of our results we calculated
the absolute risk of breast cancer for exposure before age 30.
Nowadays, the glandular dose of a single two viewmammogram
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is around 4 mGy. This falls into the second dose category
(0.0020-0.0065). According to our study results, the hazard of
breast cancer associated with a mammogram taken between age
20 and 29 was 1.55 (95% confidence interval 0.76 to 3.17; see
table 4). For a 30 year old carrier, the risk of developing breast
cancer at age 40 (mean age at diagnosis in our study) is about
9% (assuming a 2:1 ratio of BRCA1 and BRCA2).31 This means
that among 100 carriers aged 30, nine will have developed breast
cancer by age 40. The absolute number of cases would increase
by five ((1.55×9)−9) if all had had one mammogram before age
30. Because of the previously described study limitations and
because currently there are no definitive international baseline
mutation specific estimates of penetrance for risk of breast
cancer among BRCA1/2 mutation carriers, however, this
estimate should be interpreted with caution.
An interesting finding is the difference we observed in the
association between exposure to diagnostic radiation and risk
of breast cancer for BRCA1 and BRCA2 carriers. For age
specific exposure effects, however, the power in the BRCA2
groupwas rather low. Future studies should focus on prospective
follow-up and examine modifying effects by genotype in larger
populations, for exposure to both low and high dose ionising
radiation.

Conclusions and policy implications
In conclusion, in this large European study among BRCA1/2
mutation carriers, exposure to diagnostic radiation before age
30 was associated with an increased risk of breast cancer, at
dose levels considerably lower than those at which increases
have been found in other cohorts exposed to radiation. The
results of this study support the recommendation to use
non-ionising radiation imaging techniques (such asMRI) as the
main tool for surveillance in young BRCA1/2 mutation carriers.
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What is already known on this topic

Epidemiological studies on the association between diagnostic radiation and risk of breast cancer in BRCA1/2 mutation carriers have
inconclusive results, possibly because of limitations such as the investigation of a single type of diagnostic procedure, relatively small
numbers and lack of dose estimates, and a retrospective design with potential recall and survival bias

What this study adds

In BRCA1/2 mutation carriers, exposure to diagnostic radiation before the age of 30 was associated with an increased risk of breast
cancer, at dose levels considerably lower than those at which increases have been found in other cohorts exposed to radiation
While previous studies were based only on mammography or radiography, this large cohort study used estimates of an individual age
specific cumulative breast dose from various diagnostic radiation procedures as a measure of total diagnostic radiation exposure
The results support the use of non-ionising radiation imaging techniques (such as MRI) for surveillance in young with BRCA1/2 mutations
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Tables

Table 1| Estimated doses of radiation (in Gy) to breast of diagnostic radiographic procedures by time period

Computed tomography†Mammography‡Radiography†Fluoroscopy*

NANANA0.01001930-39

NANA0.00050.01001940-59

NA0.01580.00050.00501960-64

NA0.01860.00050.00501965-69

NA0.01260.00050.00501970-74

0.02000.00900.00050.00501975-79

0.02000.00660.00050.00501980-84

0.02000.00420.00050.00501985-89

0.02000.0042 (NL); 0.0036 (UK); 0.0039 (FR)0.00050.00501990-94

0.02000.0042 (NL); 0.0041 (UK); 0.0042 (FR)0.00050.00501995-99

0.02000.0035 (NL); 0.0043 (UK); 0.0039 (FR)0.00050.00502000-04

0.02000.0035 (NL); 0.0043 (UK); 0.0039 (FR)0.00050.00502005-07

NA=not applicable (procedure did not exist or nobody exposed); NL=Netherlands; FR=France.
*Based on published data26 32-36 and expert judgment of IT-C, AK, FvL, and AP (June 2009)
†Based on Sigurdson et al.27

‡Doses estimated by IT-C and AK (September 2009) for 1960-89; and taken from published sources for 1990-2007 (NL,37 38 UK,39 40 and FR (average of dose NL
and UK).
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Table 2| Characteristics of entire cohort (n=1993) of BRCA1/2 mutation carriers and subcohort (n=1122) of relatively recent cases. Figures
are numbers* (percentage) of participants

Subcohort†Entire cohort

Characteristic Cases (n=174)Cohort (n=1122)Cases (n=848‡)Cohort (n=1993)

Gene:

114 (66)685 (61)575 (68)1290 (65)BRCA1

60 (34)437 (39)279 (32)703 (35)BRCA2

Birth cohort:

22 (13)127 (11)281 (33)462 (23)<1955

48 (27)224 (20)291 (34)517 (26)1955-61

70 (40)315 (28)213 (25)508 (26)1962-68

34 (20)456 (40)63 (7)506 (25)>1968

Study (country):

37 (21)477 (43)257 (30)716 (35)GENEPSO (France)

107 (62)408 (36)339 (40)688 (35)EMBRACE (UK)

30 (17)237 (21)252 (30)589 (30)HEBON (Netherlands)

Age at menarche (years):

57 (33)398 (36)311 (37)725 (37)≤12

59 (34)355 (32)247 (29)595 (30)13

58 (33)360 (32)286 (34)659 (33)≥14

Parity:

34 (20)316 (27)152 (18)476 (24)Nulliparous

140 (80)805 (73)695 (82)1515 (76)Parous

No of children:

104 (74)589 (73)519 (75)1111 (73)1-2

36 (26)216 (27)176 (25)404 (27)>2

Age at first birth (years):

41 (29)225 (28)248 (35)482 (32)<24

46 (33)264 (33)224 (32)497 (33)24-27

53 (38)314 (39)223 (32)534 (35)≥28

Breast feeding:

34 (25)230 (29)202 (29)441 (29)Never

104 (75)567 (71)487 (71)1061 (71)Ever

Menopausal status:

130 (75)791 (71)747 (88)1573 (79)Premenopausal

44 (25)329 (29)100 (12)417 (21)Postmenopausal

Type:

14 (32)90 (27)56 (56)151 (36)Natural

30 (68)239 (73)44 (44)266 (64)Surgical, prophylactic

*Numbers do not always add up to 100% because of missing values.
†Subcohort includes carriers with diagnosis of breast cancer or censored within five years before questionnaire completion, with follow-up being counted only
during this five year period.
‡Includes 11 incident cases that occurred after questionnaire completion; 5% of breast cancer diagnoses were ductal carcinomas in situ; for 7% type was unknown.
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Table 3| Exposure to diagnostic radiation in entire cohort (n=1993) and subcohort (n=1122). Figures are numbers* (percentage) of participants

Subcohort†Entire cohort

Characteristic Cases (n=174)Cohort (n=1122)Cases (n=848‡)Cohort (n=1993)

Fluoroscopy:

134 (86)900 (90)601 (80)1512 (84)Never

21 (14)100 (10)153 (20)280 (16)Ever

1911294201Missing

Radiography:

79 (49)557 (52)392 (49)976 (52)Never

83 (51)521 (48)403 (51)919 (48)Ever

12445398Missing

Mammography:

100 (58)643 (58)624 (74)1312 (67)Never

73 (42)461 (42)214 (26)649 (33)Ever

1181032Missing

Computed tomography:

164 (98)1063 (98)789 (99)1879 (98)Never

3 (2)21 (2)10 (1)29 (2)Ever

7384985Missing

Other§:

157 (96)1038 (96)794 (98)1868 (97)Never

6 (4)38 (4)19 (2)53 (3)Ever

11463572Missing

Occupational¶:

159 (92)1056 (95)800 (95)1886 (96)Never

13 (8)57 (5)38 (5)88 (4)Ever

291019Missing

Level¶:

4 (31)31 (54)15 (39)44 (50)Low

7 (54)22 (39)20 (53)39 (44)Medium

2 (15)4 (7)3 (8)5 (6)High

Exposure during pregnancy/breastfeeding:

168 (99)1061 (96)795 (96)1871 (96)Never

1 (1)41 (4)33 (4)81 (4)Ever

5202041Missing

*Numbers do not always add up to 100% because of missing values.
†Subcohort includes carriers with diagnosis of breast cancer or censored within five years before questionnaire completion, with follow-up being counted only
during this five year period.
‡Includes 11 incident cases that occurred after questionnaire completion; 5% of breast cancer diagnoses were ductal carcinomas in situ; for 7% the type was
unknown.
§Such as DXA and isotope thyroid.
¶Study questionnaire also covered occupational history. From this list, jobs with high likelihood of having had occupational radiation exposure, such as (dental)
nurse, radiographers, stewardesses, were selected. Level of occupational exposure categorised as low, medium, or high based on combination of dose (low or
high) and duration (short or long) of occupational exposure: low=low dose and short duration; medium=low dose and long duration or high dose and short duration;
high=high dose and long duration.
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Table 4| Analyses of estimated cumulative breast dose of diagnostic radiation and risk of breast cancer for subcohort (n=1122) of BRCA1/2
mutation carriers

Subcohort (n=1122; 174 cases)*

Exposure Weighted hazard ratio (95% CI)†CasesPerson years

Before age 20

1.00912576Never

1.62 (1.02 to 2.58)491211Ever

Dose category:

1.47 (0.89 to 2.42)31748<0.0020 Gy

1.09 (0.41 to 2.91)62260.0020-0.0065 Gy

3.16 (1.19 to 8.36)‡12†236‡≥0.0066 Gy‡

Aged 20-29

1.00832240Never

1.43 (0.93 to 2.21)571567Ever

Dose category:

1.13 (0.62 to 2.08)21690<0.0020 Gy

1.55 (0.76 to 3.17)194660.0020-0.0065 Gy

1.62 (0.68 to 3.83)92530.0066-0.0173 Gy

2.11 (0.78 to 5.70)8157≥0.0174 Gy

Before age 30§

1.00571679Never

1.90 (1.20 to 3.00)832108Ever

Dose category:

1.63 (0.96 to 2.77)33874<0.0020 Gy

1.78 (0.88 to 3.58)225740.0020-0.0065 Gy

1.75 (0.72 to 4.25)144130.0066-0.0173 Gy

3.84 (1.67 to 8.79)14245≥0.0174 Gy

Aged 30-39

1.00802402Never

1.06 (0.66 to 1.71)631553Ever

Dose category:

0.88 (0.39 to 2.02)8194<0.0020 Gy

1.29 (0.70 to 2.36)224920.0020-0.0065 Gy

0.83 (0.42 to 1.64)205390.0066-0.0173 Gy

1.30 (0.58 to 2.93)13327≥0.0174 Gy

Before age 40§

1.00371148Never

1.91 (1.12 to 3.26)1032639Ever

Dose category:

1.59 (0.78 to 3.22)23615<0.0020 Gy

2.01 (1.02 to 3.95)236660.0020-0.0065 Gy

1.80 (0.91 to 3.54)337330.0066-0.0173 Gy

2.31 (1.16 to 4.59)24624≥0.0174 Gy

Categorisation based on quartiles of cumulative dose at age 40. Interquartile ranges by category: <0.0020: 0.0005-0.0006; 0.0020-0.0065: 0.0035-0.0054;
0.006-0.0173: 0.0092-0.0142; ≥0.0174: 0.0222-0.0435.
*Subcohort includes carriers diagnosed with breast cancer or censored within five years before questionnaire completion, with follow-up being counted only during
this five year period.
†Time varying Cox proportional hazards model, stratified for gene (BRCA1 and BRCA2), country, and birth cohort (<1955, 1955-61, 1962-68, >1968), clustered
on family (930 clusters), and adjusted for age at entry in subcohort, parity (no children; 1-2 children; >2 children; time varying) and menopause (premenopausal;
natural menopause; bilateral prophylactic oophorectomy; time varying); proportional hazards assumption for each covariate was evaluated by inspecting
ln(−ln(survival)) curve, and using goodness of fit test; missing values coded as additional category.
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Table 4 (continued)

Subcohort (n=1122; 174 cases)*

Exposure Weighted hazard ratio (95% CI)†CasesPerson years

‡For before age 20, two upper categories (0.0066-0.0174 and ≥0.0174) were taken together.
§Before age 30 is sum of before age 20 and ages 20-29; before age 40 is sum of before age 20, ages 20-29, and ages 30-39.
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Table 5| Analyses on different types of diagnostic procedures by age period and risk of breast cancer for subcohort of 1122 BRCA1/2
mutation carriers

Subcohort (n=1122; 174 cases)*

Weighted hazard ratio (95% CI)†CasesPerson years

Exposure before age 20

Fluoroscopy:

1.001423712Never

1.30 (0.59 to 2.88)13320Ever

No of fluoroscopies‡:

1.07 (0.38 to 3.00)72101-2

2.01 (0.71 to 5.71)6110>2

Radiography:

1.001133092Never

1.29 (0.84 to 1.98)501217Ever

No of radiographs‡:

1.30 (0.79 to 2.15)245681

1.17 (0.59 to 2.30)174252

1.43 (0.58 to 3.57)9223>2

Mammography:

NA§171436Never

37Ever

Exposure between age 20 and 29

Fluoroscopy:

1.001473876Never

1.72 (0.74 to 2.96)8172Ever

No of fluoroscopies‡:

NA§6161-2

25>2

Radiography:

1.001173036Never

1.14 (0.69 to 1.86)461276Ever

No of radiographs‡:

0.98 (0.54 to 1.77)225701

1.14 (0.53 to 2.44)155722-4

1.80 (0.68 to 4.71)8123>4

Mammography:

1.001473,692Never

1.31 (0.76 to 2.26)27709Ever

No of mammograms‡:

1.17 (0.60 to 2.30)143771

1.08 (0.39 to 3.00)72352-4

2.35 (0.64 to 8.60)696>4

Exposure before age 30

Fluoroscopy:

1.001363622Never

1.65 (0.89 to 3.08)19410Ever

No of fluoroscopies‡:

1.66 (0.77 to 3.57)122451-2

1.64 (0.60 to 4.50)7165>2

Radiography:

1.00902451Never
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Table 5 (continued)

Subcohort (n=1122; 174 cases)*

Weighted hazard ratio (95% CI)†CasesPerson years

1.33 (0.84 to 2.08)731856Ever

No of radiographs‡:

1.40 (0.81 to 2.40)286361

1.08 (0.56 to 2.08)184462

1.14 (0.46 to 2.81)114243-4

1.83 (0.84 to 4.00)16349>4

Mammography:

1.001443621Never

1.43 (0.85 to 2.40)30775Ever

No of mammograms‡:

1.52 (0.83 to 2.79)174021

0.87 (0.30 to 2.56)72772-4

2.36 (0.65 to 8.60)696>4

*Subcohort includes carriers diagnosed with breast cancer or censored within five years before questionnaire completion, with follow-up being counted only during
this five year period.
†Time-varying Cox proportional hazards model, stratified for gene (BRCA1 and BRCA2), country, and birth cohort (<1955, 1955-61, 1962-68, >1968), clustered
on family (930 clusters) and adjusted for age at entry in the subcohort. For radiography and mammography, models were additionally adjusted for age at menarche
(≤12; 13; ≥14), parity (no children; 1-2 children; >2 children; time varying), and menopause (premenopausal; natural menopause; bilateral prophylactic oophorectomy;
time varying). Proportional hazards assumption for each covariate evaluated by inspecting ln(−ln(survival)) curve, and using goodness of fit test; missing values
coded as additional category.
‡Depending on number of cases, categories for number of examinations might differ.
§Not available as power too low (<6 cases ever exposed or per category of number of exposures).
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Table 6| Analyses of estimated cumulative breast dose of diagnostic radiation before age 30 and risk of breast cancer for BRCA1/2mutation
carriers who had never undergone mammography

Subcohort (n=955; 144 cases)*

Exposure Unweighted hazard ratio (95% CI)†CasesPerson years

1.00571679Never

1.65 (1.11 to 2.46)581412Ever

Dose category:

1.48 (0.94 to 2.33)33874<0.0020 Gy

1.55 (0.81 to 2.98)122800.0020-0.0065 Gy

1.90 (0.69 to 5.21)61470.0066-0.0173 Gy

4.16 (2.01 to 8.62)7109≥0.0174 Gy

* Subcohort includes carriers diagnosed or censored within five years before questionnaire completion, with follow-up being counted only during this five year
period.
†Unweighted time varying Cox proportional hazards model, stratified for gene (BRCA1 and BRCA2), country, and birth cohort (<1955, 1955-61, 1962-68, >1968),
clustered on family (816 clusters), and adjusted for age at entry in subcohort, parity (no children; 1-2 children; >2 children; time varying), and menopause
(premenopausal; natural menopause; bilateral prophylactic oophorectomy; time varying); proportional hazards assumption for each covariate evaluated by inspecting
ln(−ln(survival)) curve, and using goodness of fit test; missing values were coded as additional category.
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