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Exposure to low-dose radiation and the risk
of breast cancer among women
with a familial or genetic predisposition:
a meta-analysis

Abstract Background: Women with
familial or genetic aggregation of
breast cancer are offered screening
outside the population screening pro-
gramme. However, the possible benefit
of mammography screening could be
reduced due to the risk of radiation-
induced tumours. A systematic search
was conducted addressing the question
of how low-dose radiation exposure
affects breast cancer risk among high-
risk women. Methods: A systematic
search was conducted for articles
addressing breast cancer, mammogra-
phy screening, radiation and high-risk
women. Effects of low-dose radiation

on breast cancer risk were presented
in terms of pooled odds ratios (OR).
Results: Of 127 articles found, 7 were
selected for the meta-analysis. Pooled
OR revealed an increased risk of breast
cancer among high-risk women due to
low-dose radiation exposure (OR=1.3,
95% CI: 0.9– 1.8). Exposure before age
20 (OR=2.0, 95% CI: 1.3–3.1) or a
mean of ≥5 exposures (OR=1.8, 95%
CI: 1.1–3.0) was significantly associ-
ated with a higher radiation-induced
breast cancer risk. Conclusion: Low-
dose radiation increases breast cancer
risk among high-risk women. When
using low-dose radiation among high-
risk women, a careful approach is
needed, by means of reducing
repeated exposure, avoidance of
exposure at a younger age and
using non-ionising screening
techniques.

Keywords Breast cancer .
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Introduction

Breast cancer is a common malignancy and one of the
most important causes of death among women in western
countries; about one out of ten women will develop breast
cancer during life [1–3]. Women with one or two affected
first-degree relatives are at an increased risk of breast
cancer; about one out of six will develop breast cancer [4].
About 20% of the familial aggregation of breast cancer is
a result of mutations on the breast cancer susceptibility
genes BRCA1 and BRCA2 [5, 6]. BRCA1/2 mutation

carriers have a penetrance at 70 years of 57% and 49%,
respectively [7]. Other known mutations, like TP53, ATM
and CHEK2*100delC, also increase breast cancer risk.
The TP53 gene is a high penetrance gene, like BRCA1
and BRCA2 [8, 9]. Mutations in the ATM gene are
believed to give a lower breast cancer risk [10, 11]. The
CHEK2 mutation in particular, accounting for about 6%
of cases of familial breast cancer, increases the risk of
contralateral breast cancer [12, 13].

Attempts are being made to reduce breast cancer
mortality among women by using several screening
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techniques. In several western countries, a nationwide
breast cancer screening programme is available for all
women from 50 to about 70 years of age, offering
mammography screening generally every other year [14].
Women with familial or genetic aggregation of breast cancer
in their family are often offered screening outside the
population screening programme. These women are offered
annual mammography screening, frequently combined with
magnetic resonance imaging (MRI) and clinical breast
examination, at about 25 years of age [15–17]. The Society
of Breast Imaging and the Breast Imaging Commission of
the ACR recommend annual mammography and MRI
screening for BRCA1 and BRCA2 carriers and first-degree
relatives of mutation carriers starting by the age of 30, but
not before the age of 25 [18].

Breast cancer screening aims to find breast cancer at a
preclinical stage, e.g., less progressed and of a smaller
size, resulting in a less severe treatment and an increase in
quality of life and survival. However, the possible benefit
of early detection by mammography screening could be
reduced due to the risk of tumour induction through
radiation. Exposure to moderate and to high doses of
radiation has shown to be an established risk factor for
breast cancer incidence and mortality [19, 20]. Although
women attending mammography screening are exposed to
relatively low radiation doses (3 mSv) [21], there are
concerns that these low radiation doses, when received at
a younger age, and for a longer period, could increase the
risk of breast cancer [22]. Furthermore, the presence of a
defect in one of the breast cancer susceptibility genes
could precipitate the harmful effect of radiation [23]. In
this case, women with a genetic or familial predisposition
for breast cancer could be at increased risk of radiation-
induced tumours. Therefore, it is important to know to
what extent these women could encounter adverse effects
from mammography screening or other diagnostic low-
dose radiation. For that, we conducted a systematic search
to address the question regarding the increase in breast
cancer risk through low-dose radiation exposure, in terms
of relative risk or odds ratios, concerning women with a
familial or genetic predisposition.

Materials and methods

Search strategy

A systematic literature search was conducted from 1989
until 2009 aimed at finding studies on exposure to low-
dose radiation and the effect on breast cancer risk among
women at an increased risk of breast cancer (lifetime risk
of 15% and up). Searches were conducted in PubMed and
EMBASE/Medline. The following MeSH search strategy
was used in PubMed: “breast neoplasms” and “mass
screening/adverse effects” or “mammography/adverse
effects” or “neoplasms, radiation-induced”. This search
was combined with text words focusing on family history
or genetic predisposition: “familial” or “heredity” or

“BRCA”. In EMBASE/Medline the strategy used was:
“breast cancer” and “screening” or “mammography” and
“ionizing radiation”. In both search strategies only female
research studies with an abstract were selected. Related
articles, according to the bibliography of the selected
studies, were hand-searched in order to find additional
relevant reports.

Inclusion and exclusion criteria, and article selection

Studies were included in the analysis if the following
inclusion criteria were met: (1) studies including women
(patients or participants) having a familial or genetic
predisposition of breast cancer; (2) exposure to radiation
was defined as low dose, such as mammography or chest X-
rays (no radiation therapy); (3) a quantification of the effect
of low-dose radiation exposure was given in terms of odds
ratio or relative risk; (4) studies that were published in peer-
reviewed journals containing original data. In total, 127
studies were found (PubMed: 93; EMBASE/Medline: 34)
(Fig. 1). After removing duplicates, 126 abstracts were
screened independently by two experienced reviewers
(MCJvdW/GHdB). Any discrepancies concerning the article
selection were resolved by discussing the abstracts. Of the
126 abstracts, 64 papers were not eligible. Of the 62 studies
left, 55 were excluded based on the inclusion criteria after
reading the full text. Examples of excluded studies were:
studies in which high doses of (therapeutic) radiation
exposure were considered (dose >10 mSv per recording)
[23, 24], studies based on cell level or animal model [25, 26]
and model studies [27–35]. Finally, seven studies met the
inclusion criteria (Table 1) [36–42].

Data extraction

Information was taken from each of the selected articles by
two persons (MCJW and GHB). Extracted topics based on
the research question were: the number of women participat-
ing, types of participants, type of comparison, study design,
radiation type and the radiation dose received, and the
manner of data retrieval. Odds ratios calculating the change
in risk of breast cancer were registered. If the data were not
available in the original papers, the authors were contacted
for additional information [36].

Methodological quality assessment

Methodological quality was assessed independently by the
two reviewers using the Newcastle-Ottawa Scale (NOS)
[43]. Disagreement was resolved by discussion of the
topics. The NOS checklist was developed as a tool for
quality assessment of non-randomised studies to be used
in a systematic review. In the NOS, a 'star system' was
developed judging studies on eight items, based on three
broad perspectives: the selection of the study groups, the
comparability of the groups, and the ascertainment of
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either the exposure or outcome of interest for case control
or cohort studies, respectively. The maximum score that
could be obtained was nine stars. The quality assessment
results are summarised in Table 2.

Background

The selected research studies were carried out in ten
different countries: the USA [37, 38, 40–42], Canada [36,

37, 39, 41], UK [36], Ireland [36], the Netherlands [36],
Italy [41], Spain [38], Austria [41], France [36] and Israel
[41]. No overlap between data was observed except for
some of the data collected in Ontario, Canada [39, 41].
However, because these studies published information
from other, non-overlapping countries as well, it was
decided to include these data. In the case control studies,
controls were obtained either through recruitment from the
population matching according to age, place of residence,
with place of birth, or race [39, 40, 42], by matching cases
to unaffected sisters [39] or by matching BRCA mutation
carriers with breast cancer with carriers without breast
cancer on the basis of the date of birth, BRCA mutation or
country of residence [38, 41].

Dose registration

As no exact information was available on the radiation
dose that patients were exposed to, the cumulative
radiation dose was estimated. Available information on
the mean number or minimum and maximum number of
mammograms or chest X-rays received was multiplied
with the estimated mean dose for mammography or
chest X-ray per recording (mammography mean glan-
dular dose: 3 mSv per recording (one recording consist-
ing of two images); chest X-ray: 0.3 mSv per recording)
[21, 44].

Statistical analysis

The data in the selected studies were adjusted for different
parameters. Consequently, for homogeneous pooling of
the results, unadjusted data on exposed and non-exposed
breast cancer cases and their controls were extracted for
the calculation of crude odds ratios (OR), 95% confidence
interval (CI) and a pooled estimate. The study by Andrieu

Screening on title and abstract 
126 

Not eligible 
64 

Papers retrieved for more 
detailed evaluation 

62 

Exclusions  
4  no high-risk 
16  high dose radiation exposures 
1 no RR/OR 
34 cell level, mouse model, model 
 study, review-editorial 

Retrieved papers 
7 

Search result 
127 

(93 Pubmed; 34 Embase) 

Removed duplicates 
1 

Fig. 1 Flow chart of search results

Table 1 Characteristics of the included studies

Author Population Study design Measurement
instrument

N (cases-
controls)

Type of
exposure

Time between
first exposure
and diagnosis
(in years)

No. of
examinations

Dose (mSv) NOS
quality
score

Andrieu (2006) BRCA1/2 carriers Cohort Questionnaire 1,601 Chest X-ray ±15-20a 1–7 0.3–±2b 5
Bernstein (2006) CHEK2-mutation

carriers
Case only Interview 30 Chest X-ray ±15 1–≥2 0.3–≥0.6b 5

Goldfrank (2006) BRCA1/2 carriers Case control Questionnaire 34-128 Mammography ±6.5 ±8 ±24c 4
John (2007) women with

family history
Case-control Self-reported

questionnaire
2,254-3,431 Chest X-ray ±20a 1–≥10 0.3–±3 8

Ma (2008) Women with
family history

Case-control Interview 1,742-441 Mammography Not stated 1–≥5 3–±15 7

Millikan (2005) Mutation carriers
(incl. BRCA 2)

Case control Interview 2,045-1,818 Mammography Not stated 1–≥11 3–±33 7

Narod (2006) BRCA1/2
carriers

Case control Questionnaire 1,600-1,600 Mammography ±5.2 ±3-8 ±9–24c 5

a Estimated on the basis of rough data
b ±0.3 mSv/x-ray [44]
cMean glandular dose for a two-view mammogram (3 mSv) is estimated on the basis of data of the Dutch screening programme 2002–2004 [21]
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et al. reported the effects of low-dose radiation in terms of
hazard ratio [36]. By taking the unadjusted crude numbers
of affected and non-affected women, the crude relative
risk was calculated, which could then be used for the
calculation of the pooled odds ratio [45]. Comparisons
were made between subjects who were and who were not
exposed to low-dose radiation in general, for subgroups
exposed at a young age (<20), at an older age (>20–40)
and subgroups that were stratified by the number of
exposures received. The presence of publication bias was
visually assessed through categorising the studies by
sample size to get an impression of a potential relationship
between sample size and effect size (Fig. 2). A test for
heterogeneity was applied, using the I2 statistic [46]. This
statistic calculates the percentage of total variation across
studies that can be attributed to inter-study heterogeneity,
ranging from 0 (no heterogeneity) to 100% (all variance
due to heterogeneity). All data were entered and analysed
using Review Manager (Review Manager, version 5.0.
Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2008).

Results

Study characteristics

The characteristics of the seven selected studies are
summarised in Table 1. Of the seven studies, five
investigated the effect of mammography screening or
chest X-rays on breast cancer risk among women with a
BRCA1/2 mutation, a CHEK2*1100delC mutation or
other mutations in the DNA repair genes [36–38, 41,
42]. Two studies were conducted among women with
indicators of increased genetic risk (e.g., breast cancer
or ovarian cancer among their first, second or third
degree relatives) [39, 40]. Patients, who were exposed
either to chest X-rays or mammography screening
received a cumulative radiation dose ranging from
about 0.3 to 33 mSv, which was calculated with the
estimated mean dose for mammography or chest X-ray
per recording.

In spite of the relatively small number of studies, there
was no indication of the presence of publication bias, as a
relation between sample size and effect size was absent
(Fig. 2). The median quality score was 5, ranging from 4
[38] to 8 [39] (Table 2).

Exposure in general, before or after the age of 20, frequent
exposure

One study showed a significantly increased risk of breast
cancer due to radiation exposure [36], whereas six studies
showed no increased risk or no significantly increased risk
(Table 3) [37–42]. The pooled OR revealed a non-
significantly increased risk of breast cancer due to
mammography or chest X-ray exposure of 1.3 (95% CI:
0.9–1.8) (Table 4).

Five studies had stratified data on the total number of
exposures [36, 37, 39–42]. These studies showed that
exposure to ≥2, ≥5 and ≥10 X-rays or mammograms gave
a higher risk than no (or one) radiation exposure, although
not all these risks were significant (Table 3). The pooled
OR indicated a significantly increased breast cancer risk of
1.8 (95% CI: 1.1–3.0) for a higher number of exposures
(mean ≥5) versus no (or minimal) exposure (Table 4).

Exposure before the age of 20 [36, 39] resulted in an
increased risk of breast cancer (pooled OR: 2.0, 95% CI:
1.3–3.1) compared with women younger than 20 who
were not exposed (Table 4).

When stratified by age >20 to 40 [36, 39, 41, 42], the
risk of radiation exposure on breast cancer risk was again
increased, although not significantly for all studies
(Table 3). The pooled OR showed an increased risk of
1.3 (95% CI: 0.96–1.7) (Table 4).

Analysis of heterogeneity

A substantial heterogeneity was observed among the
seven studies exploring the non-stratified effect of
exposure to low-dose radiation on breast cancer risk
among high-risk women (I2: 92%, p<0.0001) and the
stratified effect among women exposed before the age of
20 (I2: 79%, p=0.03), between age 20 and 40 (I2: 77%,

Fig. 2 Forest plot showing
potential relation between
sample size and effect size
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p=0.004) or receiving repeated exposure (I2: 82%,
p=0.0002). Selection of studies among mutation carriers
did not change heterogeneity (I2: 92%, p<0.0001, pooled
OR: 1.4, 95% CI: 0.9–2.3) [36–38, 41, 42]. Selection of
case control studies lowered heterogeneity (I2: 0%, p=
0.44, pooled OR: 1.1, 95% CI: 0.96–1.2) [37–42].
Because of heterogeneity and possible unmeasured var-
iance at the study level, a random-effects model was used

to obtain all pooled estimates, as this model interprets the
available data with more caution and uses broad con-
fidence intervals [47].

Discussion

This meta-analysis analysed the data from seven studies in
order to evaluate the effects of low-dose radiation
exposure, such as mammography, on breast cancer risk
in women with a familial or genetic predisposition. Our
findings show that there is indeed a relation between
exposure to low-dose radiation and an additional increase
in breast cancer risk among high-risk women. Exposure to
radiation results in a 1.3 times increased breast cancer risk
(OR=1.3, 95% CI: 0.9–1.8). Subsequently, breast cancer
risk is higher among high-risk women exposed before the
age of 20 (OR=2.0 95% CI: 1.3–3.1) or who are
frequently exposed (≥2, ≥5 or ≥10; OR=1.8, 95% CI:
1.1–3.0). Women exposed between 20 and 40 years of age
are also at increased risk (OR=1.3, 95% CI: 0.96–1.7).

This meta-analysis evaluated the current evidence on
the role of low-dose radiation concerning breast cancer

Table 3 Population, comparison and main outcome of included studies

Author Population Comparison Age at
exposure

Exposure Exposed
with BC

Not exposed
with BC

Crude OR
(95% CI)

Andrieu (2006)a BRCA carriers Exposed versus
not exposed

All ages All versus not 594 143 2.8 (2.2–3.6)
All ages ≥5 versus not 250 95 3.6 (2.6–5.0)
<20 All versus not 296bc 95 2.5 (1.8–3.4)
>20–40 All versus not 573c 95 2.4 (1.5–3.9)

Author Population Comparison Age at
exposure

Exposure Cases Controls Crude OR
(95% CI)

Bernstein (2006)d CHEK2 mutation
carriers

Exposed versus
not exposed

All ages All versus not 10 13e 1.6 (0.7–3.7)
All ages ≥2 versus <2 8 14e 2.0 (0.8–4.8)

Goldfrank (2006)f BRCA carriers Exposed versus
not exposed

All ages All versus not 34 128 0.9 (0.4–2.0)

John (2007)f Women with
family history

Exposed versus
not exposed

All ages All versus not 159 1,121 1.2 (1.0–1.5)
All ages ≥10 versus not 20 128 1.1 (0.7–1.7)
<20g All versus not 67 359 1.6 (1.2–2.1)
20–39g All versus not 61 541 1.0 (0.7–1.3)

Ma (2008)f Women with
family history

All ages All versus not 433 62 0.9 (0.6–1.2)
All ages ≥5 versus not 134 15 1.7 (0.9–3.0)

Millikan (2005) f Women with
mutation in DNA
repair genes
(incl. BRCA2)

Exposed versus
not exposed

All ages All versus not 606 439 1.2 (0.9–1.6)
All ages ≥10 versus not 145 91 1.4 (1.0–2.0)

All versus not 183 132 1.4 (1.0–1.8)

Narod (2006)f BRCA carriers Exposed versus
not exposed

All ages All versus not 661h 729h 1.0 (0.9–1.2)
31–40 All versus not 342 355 1.1 (0.9–1.3)

a Cohort study
b Data provided by authors
c The patients who were both exposed at an age younger than 20 as well as at the age of 20 and over (n=262) are not shown in the table. Number of missing
values is 24
d Case-only study
e As this is a case-only study, controls were breast cancer patients who had not been exposed to radiation
f Case control study
g The patients who were exposed at an age of 40 and older were not shown in the table (without family history, cases n=4, controls n=9; with family history,
cases n=2, controls n=9)
h Number of missing values; cases 102, controls 255

Table 4 Results of pooled OR (95% CI) for breast cancer risk due
to low-dose radiation in general, stratified for the number of expo-
sures, age <20 and age >20–40 (RANDOM effects model)

Outcome or subgroup Studies Participants OR (95% CI)

Breast cancer 7a 11,814 1.3 (0.9–1.8)
Breast cancer,
>exposures

5b 5,708 1.8 (1.1–3.0)

Breast cancer,
age <20

2c 3,772 2.0 (1.3–3.1)

Breast cancer,
age >20–40

4d 6,822 1.3 (0.96–1.7)

a Andrieu, Bernstein, Goldfrank, John, Ma, Millikan, Narod
b Andrieu, Bernstein, John, Ma, Millikan
c Andrieu, John
d Andrieu, John, Millikan, Narod

2552



risk. Like other meta-analyses, it has potential limitations
resulting from the availability, quality and heterogeneity
of the published data. For example, we were able to
include seven studies on this subject only, according to
our inclusion criteria. Moreover, the selected studies were
somewhat heterogeneous with respect to the type of
participants, type of study and selections. Therefore, we
used a random effects model. Nevertheless, the determi-
nants that increase breast cancer risk in our pooled
analysis are in accordance with literature on moderate to
high radiation exposure in the general population. In the
literature, it was shown that higher doses of radiation
evoke a higher risk of radiation-induced tumours than do
lower doses [19, 48]. The observed inverse relation
between age at exposure and risk of radiation-induced
breast tumours resembled the results in other studies
[19, 22].

Most selected studies were of average quality; none of
the studies had a low quality. In addition, no relation was
seen between quality and radiation effect. According to
Fig. 2, there was no suggestion of publication bias, which
indicates that we did not likely miss studies with a
negative outcome. Therefore, it is expected that our
analysis did not overestimate the effect of low-dose
radiation on breast cancer risk. However, because of the
relatively small number of studies, conclusions should be
interpreted with caution.

The study by Bernstein et al. [37] was based on a
population of CHEK2*1100delC mutation carriers. The
baseline risk of developing breast cancer in women with
such a mutation is lower compared with women with a
BRCA1 or BRCA2 mutation. Women with a
CHEK2*1100delC mutation in particular are at increased
risk of developing a contralateral breast cancer [12, 13].
The combination of different baseline risks could have
influenced heterogeneity and the effect estimate. However,
because no substantial difference was seen regarding
heterogeneity and pooled OR, this study was not excluded
from the analysis.

Three studies addressed the effect of chest X-rays on
breast cancer risk of women at elevated risk [36, 37, 39].
John et al. categorised all common types of diagnostic
chest X-rays [39]. Although all three studies found an
effect of chest X-rays on breast cancer risk, the study by
John et al. only found this effect for diagnostic chest X-
rays for pneumonia and tuberculosis. It is not clear what
caused the difference in effect, as for these types of
radiation exposure the dose lies in the same order of
magnitude. The association of diagnostic radiation for
tuberculosis with increased breast cancer risk is consistent
with other studies [49, 50]. John et al., however, reported
that the results from the reported diagnostic radiation for
pneumonia could be recalled differently by cases and
controls and could have caused an overestimation of the
effect. Taking into account the other two studies that did
find an overall effect of diagnostic chest X-rays, it is thus
important to collect more detailed information on the type
of exposure and radiation dose in future investigations
with a prospective setting.

Risk over time and absolute risk

In general, the risk of developing breast cancer increases with
age. For women with a familial aggregation or genetic
predisposition for breast cancer, this risk is highest between
60 and 70 years of age [7]. A meta-analysis regarding the
penetrance of breast cancer among high-risk women revealed
that BRCA1mutation carriers who were 20 years old were at
a risk of developing breast cancer at age 50 of 29% [7]. If
women are exposed to low-dose radiation before the age of
20, then, according to our study, the risk of breast cancer at
age 50 is increased to 58%. In addition, at age 50, the risk of
developing breast cancer at 70 years increases from 37% to
74%. The same is the case when these women are exposed to
a larger number of low-dose radiation recordings. As this is
common practice among women with a familial or genetic
predisposition, it is important to be careful with the use of
radiation among high-risk women, especially at a young age,
and also to avoid repeated exposure.

Estimated dose

None of the selected studies contained detailed information
on the dose the patients received. Therefore, a cumulative
dose estimate was not available. As a consequence, it was
not clear in which studies patients received the highest
cumulative dose. Furthermore, two studies did not provide
data on the total number of exposures [38, 41]. This could
have influenced the outcome, i.e., on the magnitude of the
actual effect of radiation on breast cancer risk. For instance,
five studies used the total number of chest X-ray or
mammography exposures in their analysis to give an
estimate of the effect of a higher level of radiation on breast
cancer risk [36, 37, 39, 40, 42]. The radiation effect when
using this comparison was substantially higher than the
general effect. Instead, the two studies only used the age at
first exposure in their analysis [38, 41]. If the number of
mammograms and the estimated cumulative dose had been
taken into account, they might have seen an effect as well.

It is known that the effect of exposure to radiation has a
latency period of at least 10 to 15 years [19, 48]. For studies
investigating the effect of radiation on breast cancer risk, it is
thus important that the follow-up time is long enough to
observe a possible effect. Not all studies presented a clear
timeline from first exposure to diagnosis; however, in most
cases it was possible to obtain an estimation of the time
between the first exposure and the age at diagnosis. In three
studies this period was estimated to be 15 to 20 years [36, 37,
39]. Two other studies had a mean time of approximately
6 years [38, 41], which is expected to be too short to find a
radiation effect on breast cancer risk. Actually, these two
studies did not see any effect of radiation. Therefore, it is
conceivable that the current short-term studies underesti-
mated breast cancer risk. Recalculation after exclusion of
these two studies resulted in an increased pooled OR (OR:
1.4, 95% CI: 0.9–2.2). Incorporation of future studies with a
prospective design and a long follow-up period may lead to a
higher and more accurate pooled radiation effect.
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All data from the selected studies on radiation exposure
were retrieved from patients and controls in a retrospec-
tive way. The reliability of self-reported radiation data
raises concern about potential exposure misclassification.
Because it is generally known that exposure to radiation
increases the risk of cancer, it is possible that cases over-
reported their exposure to radiation. However, three
studies comparing self-assessment with medical records
data showed that the disagreement between medical data
and interview data on exposure measures among patients
and controls could largely be classified as non-differential
[51–53]. In our meta-analysis, we think the received dose
is not expected to be overestimated by the patients.
However, to overcome this type of bias, prospective
future studies on this subject are recommended.

Comparison between high- and low-risk women

Some studies compared the risk of radiation-induced breast
cancer among women with familial aggregation or genetic
predisposition of breast cancer with that among women
without such a family history [23, 24, 39]. Other studies
addressed this comparison on an animal or cellular level [25,
26]. Of these studies, no pooled results were calculated as the
study types were too different or higher doses of radiation
were used. However, most studies showed similar results.
One study, investigating both diagnostic and therapeutic
radiation, showed an increased risk among women with
familial aggregation compared with womenwithout a family
history of breast cancer [24]. Another study showed that
BRCA1 or BRCA2 carriers with breast cancer were at
increased risk of contralateral breast cancer compared with
non-carriers after receiving radiotherapy [23]. However,
John et al. [39] saw no difference between women with and
without a positive family history after radiation exposure.
Two experimental studies (one mouse model and one in-
vitro study), in which BRCA1/2 mutated mice or cells were
used, showed elevated radiosensitivity among those with a
defect in the BRCA genes [25, 26]. The current results
suggest an increased breast cancer risk among high-risk
women compared with those women without a familial or
genetic predisposition due to radiation.

Risks and benefits

Once it is known what risks high-risk women encounter
with low-dose radiation such as mammography screening,
attempts could be made to balance these risks against the
benefits of screening. In this case model, studies in which
all risks and benefits are accounted for could give a good
estimate of which screening strategy is adequate for high-
risk women. For example, Berrington de Gonzalez et al.
used an excess relative risk model to calculate the lifetime
risk of radiation-induced breast cancer from five annual
mammographic screenings among mutation carriers aged
40 years or younger from three cohorts [54]. They found
that there was no benefit of annual mammography
screening between the ages of 25 and 34, and some
net benefit from the age of 35. With the results of our
meta-analysis, it might be possible to fine-tune these
recommendations regarding the guidelines for optimal
screening for mutation carriers. The use of non-ionising
imaging techniques for the screening of high-risk
women, such as magnetic resonance imaging (MRI),
could also contribute to an adequate balance between
risks and benefits.

Overall, we observed that exposure to low-dose radiation
does increased breast cancer risk among high-risk women.
The effect of radiation is even larger among women who
are exposed more frequently (≥2, ≥5 or ≥10 exposures) or
at a younger age (<20). As for women who have a greater
chance of developing breast cancer, this radiation effect
increases the breast cancer risk considerably.

Therefore, adaptation of the screening programme to a
more careful approach by using other, non-ionising
screening techniques at a younger age, reducing the
number of mammograms and the glandular dose per
exam needs serious consideration. Finally, future pro-
spective studies with a long follow-up time and detailed
information on radiation dose could be useful for
obtaining a more accurate and probably larger effect of
low-dose radiation.
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