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Abstract

Background: Radiation-induced secondary breast cancer (BC) may be a concern after radiation therapy (RT) for primary breast cancer
(PBC), especially in young patients with germline (g)BRCA–associated BC who already have high contralateral BC (CBC) risk and poten-
tially increased genetic susceptibility to radiation. We sought to investigate whether adjuvant RT for PBC increases the risk of CBC in
patients with gBRCA1/2-associated BC.

Methods: The gBRCA1/2 pathogenic variant carriers diagnosed with PBC were selected from the prospective International BRCA1/2
Carrier Cohort Study. We used multivariable Cox proportional hazards models to investigate the association between RT (yes vs no)
and CBC risk. We further stratified for BRCA status and age at PBC diagnosis (<40 and >40 years). Statistical significance tests were 2-
sided.

Results: Of 3602 eligible patients, 2297 (64%) received adjuvant RT. Median follow-up was 9.6 years. The RT group had more patients
with stage III PBC than the non-RT group (15% vs 3%, P< .001), received chemotherapy more often (81% vs 70%, P< .001), and received
endocrine therapy more often (50% vs 35%, P< .001). The RT group had an increased CBC risk compared with the non-RT group
(adjusted hazard ratio [HR]¼ 1.44; 95% confidence interval [CI] ¼ 1.12 to 1.86). Statistical significance was observed in gBRCA2
(HR¼ 1.77; 95% CI¼ 1.13 to 2.77) but not in gBRCA1 pathogenic variant carriers (HR¼ 1.29; 95% CI¼ 0.93 to 1.77; P¼ .39 for interaction).
In the combined gBRCA1/2 group, patients irradiated when they were younger than or older than 40 years of age at PBC diagnosis
showed similar risks (HR¼ 1.38; 95% CI¼ 0.93 to 2.04 and HR¼ 1.56; 95% CI¼ 1.11 to 2.19, respectively).

Conclusions: RT regimens minimizing contralateral breast dose should be considered in gBRCA1/2 pathogenic variant carriers.

Breast cancer (BC) is the most common type of cancer diagnosed
in women worldwide, affecting about 1 in 7 women in industrial-
ized countries at some point during their lifetime (1,2). Radiation
therapy (RT) is an important part of treatment, especially in the
context of breast-conserving therapy for invasive primary BC
(PBC) and treatment of ductal carcinoma in situ. Meta-analyses
of randomized clinical trials have demonstrated a clear survival
benefit from RT in treating BC in the general population, after
both radical mastectomy and breast-conserving surgery (3,4).
The prognosis for patients with BC used to depend mostly on suc-
cessful (local) treatment of the PBC. As treatments and conse-
quently survival continue to improve, however, long-term effects
of therapy are becoming more important. Some of the main long-
term concerns of RT are the adverse effects on the heart and the
risk of secondary cancer of the lung or contralateral breast (3).

RT uses ionizing radiation to achieve antitumor effects.
Ionizing radiation induces varying types and degrees of DNA
damage, but the double-strand DNA breaks (DSBs), especially
when clustered with other types of damage, are the most conse-
quential in both carcinogenesis and cell death (5). These DSBs are
primarily repaired by homologous recombination, a process in
which the BRCA1 and BRCA2 proteins play an essential role (6).
When homologous recombination, which is typically error free
(6,7), is impaired, error-prone methods of DNA repair are used,
instead (8). This switch increases the likelihood of variations and
ultimately the development of cancer (9-11). Breast RT can lead
to incidental radiation dose exposure of the contralateral breast
(because of the proximity of the breast RT field/treatment vol-
ume, a concept illustrated in Figure 1) (12). This exposure may be
sufficient to increase the risk of contralateral BC (CBC) in patients
with BC (13).

Several BC susceptibility genes have been identified that
explain approximately 25% of the familial aggregation of BC
(14,15). The most prominent of these are the genes encoding the
aforementioned BRCA1 and BRCA2 proteins. In addition, women
carrying a pathogenic germline (g) variant in the BRCA1/2 genes
are often younger at the time of diagnosis than women with non-
hereditary BC, especially gBRCA1 pathogenic variant carriers (16).
Breast tissue of young premenopausal women has greater den-
sity and is more actively proliferating than that of older women.
In addition, breast tissue is less differentiated in nulliparous
women (17,18). These factors potentially increase vulnerability to

DNA-damaging agents, providing additional reasons for why this
particular group could be at greater risk of CBC after RT.
Moreover, the already-high baseline CBC risk in gBRCA1/2 patho-
genic variant carriers further stresses the importance of identify-
ing risk-increasing factors such as breast irradiation. Then, the
risks and benefits can be weighted in clinical decision-making,
and preventive measures (eg, intensive screening, prophylactic
surgery, lifestyle intervention, RT techniques further minimizing
mean heart or lung dose, and contralateral breast dose) can be
taken.

Current evidence from observational studies is inconclusive,
however, and large studies with sufficient follow-up are lacking
(19). To obtain more robust evidence, we here use a large popula-
tion from an international collaboration. The primary research
question we aimed to answer was whether CBC risk in gBRCA1/2
pathogenic variant carriers increases after RT compared with no
RT. The goal was first to investigate whether an effect of RT on
CBC risk in gBRCA1/2 pathogenic variant carriers even exists. If
an effect were to be found, future studies may investigate
whether this effect is stronger for carriers than for noncarriers,
which will not be evaluated here. We further investigated
whether having a young age at PBC diagnosis was associated
with an increased effect of RT on CBC risk. Because BRCA1 and
BRCA2 pathogenic germline variants have distinct functional
effects, we also evaluated the effects of RT separately within
these groups (20-22).

Methods
Study population
For this study, we used data from the prospective International
BRCA1/2 Carrier Cohort Study (IBCCS). The IBCCS is described by
Goldgar et al. (23). In summary, proven gBRCA1 and gBRCA2
pathogenic variant carriers from 13 European countries,
Australia, and Canada were eligible for inclusion, either with a
history of any cancer or unaffected at the time of recruitment.
Other requirements were being at least 18 years of age and provi-
sion of informed consent for participation in a longitudinal study.
Eligible participants either entered the cohort through a heredi-
tary cancer clinic or through previous participation in a heredi-
tary cancer study. Upon study entry, an IBCCS-standardized
questionnaire was filled out and repeated during follow-up at
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regular intervals, depending on country. Data on any cancer inci-
dence, tumor characteristics, and treatments were collected
through the respective national/regional cancer registries or
pathology reports. To ensure sufficient power per individual
study, we included only studies with at least 10 incident CBCs.

The IBCCS includes data from Hereditary Breast and Ovarian
cancer research Netherlands (HEBON) (24). For this particular
study, we had a more recently updated version (ie, more com-
plete follow-up and larger sample size) of the data available from
the HEBON database.

Medical Ethics Committee approval was obtained for all par-
ticipating centers. Written informed consent was obtained from
each individual participant, or, for deceased individuals, from a
close relative or proxy.

We included patients with a proven deleterious gBRCA1 or
gBRCA2 pathogenic variant. Further requirements for current
study inclusion were a diagnosis of either in situ or invasive stage
I through III PBC, diagnosed between 1990 and 2018, without
diagnosis of another cancer before PBC diagnosis. Latest follow-
up was available until 2019. The flow diagram in Figure 2 pro-
vides a complete overview of the inclusion and exclusion process.

Data collection
We retrieved dates of BC diagnosis, DNA test results, and birth
and death as well as information about gBRCA pathogenic variant;
tumor type (ie, in situ or invasive), size, and grade; lymph node
status; presence of distant metastasis; estrogen receptor status;
progesterone receptor status; and HER2 status. Further, we col-
lected data on type of surgery, chemotherapy, RT, endocrine ther-
apy (ET), HER2-targeted therapy, risk-reducing salpingo-
oophorectomy, and risk-reducing mastectomy (either bilateral or
contralateral). All tumor characteristics were histologically deter-
mined.

Statistical analysis
The endpoint of our study was the occurrence of a metachronous
CBC, which was defined as a secondary invasive or noninvasive
tumor in the contralateral breast diagnosed at least 3 months
after PBC diagnosis. We considered a CBC within 3 months to be
synchronous. Patients were therefore considered to be at risk for
CBC starting from 3 months after PBC diagnosis.

To avoid cancer-induced testing bias—a serious pitfall in stud-
ies using cohorts of gBRCA pathogenic variant carriers—we

applied left-truncation in the analyses and started the observa-
tion period either at the date of DNA test result or of PBC, which-
ever came latter (25). As a result, anyone with a CBC or censoring

event before this moment would be left-censored and therefore
excluded from analysis.

We compared baseline characteristics between RT and
non-RT groups. Differences in relative frequencies between
these groups were tested for using the v2 test; differences in

continuous variables were tested for using the Kruskal-Wallis
test.

We first fitted a Cox proportional hazards model (complete-
case analysis) for RT compared with no RT to assess the overall

effect of RT for the PBC-on-CBC risk. We allowed for the baseline
hazard to vary by country to account for variability/heterogene-
ity between them. We considered age, adjuvant ET, chemother-

apy, risk-reducing salpingo-oophorectomy, and stage as
potential confounders, based on current knowledge. In addition,
we stratified the analysis for patients younger and older than
40 years of age at PBC diagnosis. Further, we evaluated the

effects separately for gBRCA1 and gBRCA2 pathogenic variant
carriers. Ipsilateral second BC, any invasive cancer (except non-
melanoma skin cancer and cervical intraepithelial neoplasia),

bilateral or contralateral risk-reducing mastectomy, and death
were considered censoring events. Patients were also censored
when they reached date of last follow-up without an event. The
models were tested for interaction among covariables (age, che-

motherapy, ET, gBRCA pathogenic variant) and the main varia-
ble of interest (RT). We tested for satisfaction of the proportional
hazard assumption, both graphically and statistically.

Considering the high prevalence of contralateral prophylactic
mastectomy (CPM) as a competing risk, cumulative incidence
curves were estimated using a competing risks model, where
death and CPM were considered competing risks. Multivariable

subdistribution hazards models based on this competing risks
model were computed to address the effect of confounders on
CBC risk after RT.

All statistical tests and reported P values are 2-sided. P< .05

was considered significant. All analyses were performed using

Figure 1. Example of 3D-CRT planning, showing 1% to 5% of the total prescribed dosage (darkest shaded area, white arrow) on the contralateral breast
as a result of the breast anatomy or tumor localization (more likely if medial). 3D-CRT ¼ 3-dimensional–conformal radiation therapy.
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STATA, versions 16 and 17, software (StataCorp, College Station
TX).

Results
Study population and characteristics
We selected 3602 eligible patients with PBC, of whom 2297 (64%)
received RT. Median follow-up was 9.6 years. Additional patient,
tumor, and treatment characteristics for the different groups are
displayed in Table 1. Overall, patient characteristics were similar
(eg, median age at diagnosis, type of gBRCA pathogenic variant).
The most notable difference was stage, with 15% of patients in
the RT group diagnosed with stage III PBC compared with 3% in
the non-RT group (P< .001). Furthermore, patients in the RT

group received more often chemotherapy than patients in the
non-RT group (81% vs 70%, P< .001) and more often ET (50% vs
35%, P< .001). Similar treatment patterns were observed for
gBRCA1 and gBRCA2 pathogenic variant carriers separately
(Table 1) and for patients younger than and older than 40 years
of age at PBC diagnosis (Supplementary Table 1, available online).

Contralateral breast cancer
CBC occurred in 252 patients in the RT group (with n¼ 180 being
invasive) and in 98 patients in the non-RT group (n¼ 70 invasive).
Risk-reducing mastectomy was the main censoring event (with
n¼ 784 in the RT group and n¼ 564 in the non-RT group). Death
was a censoring event in 235 patients in the RT group and in 95
patients in the non-RT group.

Only women with breast cancer/DCIS 
and a proven BRCA1/2 muta�on were 
included. From IBCCS, the HEBON data 
(n = 1174), as well as data from studies 

with events n < 10 were removed 
(n = 129). Those with a diagnosis 
before 1990 were also removed 

(IBCCS, n = 553) 

Selec�on from IBCCS (n = 5777) and 
HEBON (n = 2558) databases 

N = 3921 + 2558 = 6479 a�er first 
selec�on  

Exclusion of prior malignancy (n = 310) 
or metasta�c disease at �me of first 

diagnosis (n = 27) 

Exclusion of missing data: 
- Missing date DNA diagnosis (n = 281) 
- Missing date PBC diagnosis (n = 15) 
- Unknown if RT was given (n = 793) 
- Unknown date of RRM (n = 21) 
- Unknown birthdate (n = 13) 

N = 6142 

N = 5019 

N = 4513 

Exclusion of women with CBC 
diagnosis before DNA diagnosis 

(n = 506) 

N = 4117  

Exclusion of women with follow-up 
less than 3 months  (n = 396) 

N = 3602 eligible for main analysis 

Exclusion of women with an event in 
le�-truncated �me, see methods (25) 

(n = 515) 

Figure 2. Flow diagram of patient inclusion. CBC ¼ contralateral breast cancer; DCIS ¼ ductal carcinoma in situ; HEBON ¼ Hereditary Breast and
Ovarian cancer research Netherlands; IBCCS ¼ International BRCA1/2 Carrier Cohort Study; PBC ¼ primary breast cancer; RRM ¼ risk-reducing
mastectomy; RT, radiation therapy.
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Table 1. Comparison of patient and tumor characteristics of patients, grouped by treatment with RT and gBRCA pathogenic variant
status

N¼3602 RT
n¼2297 (64%)

No RT
n¼1305 (37%)

gBRCA1a gBRCA2a P

RT n¼1340 No RT n¼801 RT n¼954 No RT n¼503

Follow-up time, median
(range), y

10.0 (0.3-27.6) 9.0 (0.3-26.6) 10.2 (0.3-27.6) 8.8 (0.3-26.6) 9.5 (0.3-25.6) 9.2 (0.3-25.4) <.001b

<.001c

.55d

Age at PBC diagnosis,
median (range), y

42.0 (18.0-85.2) 41.4 (19.5-86.7) 40 (19.4-81.1) 40 (21.5-84.6) 45.1 (18.0-85.2) 44.0 (19.5-86.7) .21b

.63c

.046d

Year of PBC diagnosis,
median (range)

2004 (1990-2017) 2005 (1990-2018) 2004 (1990-2017) 2005 (1990-2018) 2004 (1990-2016) 2005 (1990-2018) <.001b

<.001c

.01d

5-y category, No. (%) <.001b

1990-1994 219 (9) 87 (7) 145 (11) 59 (7) 74 (8) 28 (5) <.001c

1995-1999 413 (18) 207 (16) 259 (19) 138 (17) 153 (16) 69 (14) .02d

2000-2004 573 (25) 311 (24) 320 (24) 183 (23) 253 (27) 128 (25)
2005-2009 666 (29) 364 (28) 388 (29) 205 (26) 276 (29) 159 (32)
2010-2014 389 (17) 291 (22) 205 (15) 191 (24) 184 (19) 99 (20)
2015-2020 37 (2) 45 (3) 23 (2) 25 (3) 14 (1) 20 (4)
Timing of gBRCA DNA

diagnosis, No. (%)
<.001b

After PBC diagnosis 2102 (92) 970 (74) 1230 (92) 576 (72) 869 (91) 393 (78) <.001c

Before PBC diagnosis 195 (8) 335 (26) 110 (8) 225 (28) 85 (9) 110 (22) <.001d

Stage, No. (%) <.001b

0 (DCIS) 37 (3) 71 (8) 9 (1) 26 (5) 28 (5) 45 (14) <.001c

1 558 (40) 410 (46) 366 (43) 282 (50) 192 (35) 128 (40) <.001d

2 593 (42) 378 (43) 384 (45) 244 (43) 208 (38) 134 (42)
3 216 (15) 23 (3) 91 (11) 9 (2) 125 (22) 14 (4)
Unknown 893 423 490 240 401 182
Tumor grade, No. (%) .001b

1 38 (3) 15 (2) 13 (1) 6 (1) 25 (5) 9 (3) .21c

2 326 (22) 235 (30) 131 (15) 89 (18) 194 (35) 146 (48) .001d

3 1077 (75) 539 (68) 749 (84) 392 (80) 328 (60) 147 (49)
Unknown 856 516 447 314 407 201
ER status, No. (%) .001b

ER positive 698 (48) 362 (41) 232 (27) 132 (23) 465 (80) 230 (75) .10c

ER negative 751 (52) 523 (59) 638 (73) 445 (77) 113 (20) 77 (25) .06d

Unknown 848 420 470 224 376 196
PR status, No. (%) <.001b

PR positive 494 (38) 250 (31) 158 (20) 98 (18) 336 (66) 152 (58) .24c

PR negative 792 (62) 565 (69) 622 (80) 457 (82) 170 (34) 107 (42) .04d

Unknown 1011 490 560 246 448 244
HER2 status, No. (%) .21b

HER2 positive 73 (8) 51 (10) 37 (6) 24 (7) 36 (10) 27 (13) .59c

HER2 negative 881 (92) 484 (90) 544 (94) 305 (93) 337 (90) 179 (87) .20d

Unknown 1343 770 759 472 581 297
Chemotherapy, No. (%) <.001c

Yes 1829 (81) 904 (70) 1126 (85) 602 (76) 700 (75) 301 (61) <.001c

No 425 (19) 384 (30) 194 (15) 189 (24) 231 (25) 195 (39) <.001d

Unknown 43 17 20 10 23 7
ET, No. (%) <.001b

Yes 1083 (50) 446 (35) 435 (35) 171 (22) 646 (70) 274 (56) <.001c

No 1097 (50) 825 (65) 816 (65) 607 (78) 280 (30) 218 (44) <.001d

Unknown 117 34 89 23 28 11
Type of surgery, No. (%) <.001b

No surgery 12 (1) 12 (1) 9 (1) 3 (0.4) 3 (0.3) 9 (2) <.001c

Lumpectomy 1414 (65) 231 (19)e 890 (70) 153 (21) 522 (58) 78 (16) <.001d

Mastectomy 753 (34) 956 (80) 375 (29) 567 (78) 377 (42) 389 (82)
Unknown 118 106 66 78 52 27
RRM, No. (%) <.001b

RRM 911 (40) 611 (47) 541 (40) 399 (50) 369 (39) 212 (42) <.001c

No RRM 1382 (60) 688 (53) 796 (60) 400 (50) 584 (61) 287 (58) .16d

Unknown 4 6 3 2 1 4
Timing of RRSO, No. (%) <.001b

No RRSO 574 (25) 338 (26) 349 (26) 193 (24) 224 (24) 144 (29) <.001c

Before PBC 81 (4) 110 (9) 45 (3) 87 (11) 36 (4) 23 (5) .11d

(continued)
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Associations between RT and CBC risk
Risk of invasive and in situ CBC increased for patients receiving
RT compared with patients without RT (adjusted hazard ratio
[HR]¼ 1.44; 95% confidence interval [CI] ¼ 1.12 to 1.86; Table 2,
Figure 3). The risk associated with RT compared with no RT was
proportional over time, and in both groups CBC risk appears to
peak around 5 to 6 years after PBC diagnosis (data not shown). In

gBRCA2 pathogenic variant carriers, an increased risk of CBC was
observed (HR¼ 1.77; 95% CI¼ 1.13 to 2.77). For gBRCA1 patho-
genic variant carriers, we found a similar trend (HR¼ 1.29; 95% CI
¼ 0.93 to 1.77; P¼ .39 for interaction).

In patients younger than 40 years of age at PBC diagnosis, the
hazard ratio for CBC was 1.38 (95% CI ¼ 0.93 to 2.04) for RT com-
pared with no RT. For patients 40 years of age and older, the

Table 1. (continued)

N¼3602 RT
n¼2297 (64%)

No RT
n¼1305 (37%)

gBRCA1a gBRCA2a P

RT n¼1340 No RT n¼801 RT n¼954 No RT n¼503

After PBC 1634 (71) 842 (65) 942 (71) 511 (64) 690 (72) 331 (66)
At the same time 2 (0.1) 5 (0.4) 0 (0) 4 (0.5) 2 (0.2) 1 (0.2)
Unknown RRSO 6 10 4 6 2 4

a Four patients simultaneously had a gBRCA1 and gBRCA2 pathogenic variant; because they are not included in these columns, totals do not sum to 3602. DCIS,
ductal carcinoma in situ; ER ¼ estrogen receptor; ET, endocrine therapy; gBRCA ¼ germline-BRCA; PBC ¼ primary breast cancer; PR ¼ progesterone receptor; RRM ¼
risk-reducing mastectomy; RRSO ¼ risk-reducing salpingo-oophorectomy; RT ¼ radiation therapy.

b Comparison of RT with no RT group, overall.
c Comparison of RT with no RT group, in gBRCA1 carriers only.
d Comparison of RT with no RT group, in gBRCA2 carriers only.
e In part, these women were initially treated with a lumpectomy, postponing RT while waiting on DNA test results to undergo risk-reducing surgery.

Table 2. Cox proportional hazards model for combined invasive and noninvasive CBC risk after RT, overall and stratified by gBRCA
status

RT No RT

Overall model
No. 2297 1305
No. of events 252 98
PYO 9997 5266
Incidence rate per 1000 person-years (95% CI) 25.2 (22.3 to 28.5) 18.6 (15.3 to 22.7)

HR (95% CI)
Univariable analysis
RT (yes vs no) 1.35 (1.06 to 1.72)
Multivariable analysisa

RT (yes vs no) 1.44 (1.12 to 1.86)
Age (per year increase) 0.98 (0.97 to 0.99)
Chemotherapy (yes vs no)b 0.35 (0.22 to 0.54)
ET (yes vs no) 0.78 (0.61 to 1.00)
BRCA1 pathogenic variant carriers
No. 1340 801
No. of events 171 69
PYO 5927 2994
Incidence rate per 1000 person-years (95% CI) 28.9 (24.8 to 33.5) 23.0 (18.2 to 29.2)

HR (95% CI)
Univariable analysis
RT (yes vs no) 1.25 (0.92 to 1.69)
Multivariable analysis
RT (yes vs no) 1.29 (0.93 to 1.77)
Age (per year increase) 0.98 (0.96 to 0.99)
Chemotherapy (yes vs no)b 0.34 (0.19 to 0.61)
ET (yes vs no) 0.99 (0.72 to 1.36)
BRCA2 pathogenic variant carriers
No. 954 503
No. of events 81 29
PYO 4058 2269
Incidence rate per 1000 person-years (95% CI) 20.0 (16.1 to 24.8) 12.8 (8.9 to 18.4)

HR (95% CI)
Univariable analysis
RT (yes vs no) 1.60 (1.04 to 2.47)
Multivariable analysis
RT (yes vs no) 1.77 (1.13 to 2.77)
Age (per year increase) 0.98 (0.96 to 1.00)
Chemotherapy (yes vs no)b 0.33 (0.16 to 0.69)
ET (yes vs no) 0.79 (0.50 to 1.23)

a Stage and risk-reducing salpingo-oophorectomy (as a time-varying variable) were not included as covariables because their inclusion did not have a
meaningful effect on the hazard ratio for R, nor did they result in a statistically significant likelihood-ratio test for the model (P¼ .98 and P¼ .76, respectively). For
all models, we allowed the baseline hazard to vary by country. Multivariable models adjusted for age at PBC diagnosis, chemotherapy and endocrine therapy. CBC
¼ contralateral breast cancer; CI ¼ confidence interval; ET ¼ endocrine therapy; gBRCA ¼ germline-BRCA; HR ¼ hazard ratio; PBC ¼ primary breast cancer; PYO ¼
person-years of observation; RT ¼ radiation therapy.

b The effect of chemotherapy is not constant over time; hazard ratio increases with time and reaches 1.00 between 11 and 13 years after PBC diagnosis.
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hazard ratio was 1.56 (95% CI ¼ 1.11 to 2.19; Supplementary
Table 2, available online).

The effects of RT associated with invasive CBC solely
(HR¼ 1.51; 95% CI ¼ 1.12 to 2.04) were in line with those of the
main analysis and for the gBRCA1 and gBRCA2 pathogenic var-
iant carriers stratified analyses (HR¼ 1.41; 95% CI ¼ 0.97 to 2.03
for gBRCA1 and HR¼ 1.72; 95% CI ¼ 0.99 to 2.98 for gBRCA2;
P¼ .72 for interaction; Supplementary Table 3, available online).

No statistically significant interactions of chemotherapy, ET,
gBRCA pathogenic variant status, or age at PBC diagnosis with the
main variable of interest were observed.

Fine and Gray competing risks models are shown in
Supplementary Table 4 (available online). Considering CPM and
death as competing risks, we found an adjusted subdistribution
hazard ratio for RT on CBC risk of 1.76 (95% CI ¼ 1.38 to 2.24). For
gBRCA1 pathogenic variant carriers, the subdistribution hazard
ratio for RT was 1.64 (95% CI ¼ 1.23 to 2.20), while for gBRCA2
pathogenic variant carriers, it was 1.94 (95% CI ¼ 1.26 to 3.00).

Discussion
Our results show an association with moderately increased CBC
risk for gBRCA1/2 pathogenic variant carriers receiving RT after
PBC diagnosis, especially for gBRCA2 pathogenic variant carriers.
We observed comparable hazard ratios in the combined gBRCA1/
2 carrier analyses for patients both younger than and older than
40 years of age at PBC diagnosis, although results were statisti-
cally significant only for the latter group.

In contrast to our results, Reiner et al. observed no evidence of
a direct effect of RT on CBC risk in gBRCA1/2 pathogenic variant
carriers in their recent nested case-control study (26). Moreover,
several other studies did not demonstrate an increased risk of
CBC after RT for PBC in gBRCA1/2 pathogenic variant carriers
(19,27-29). For some of these studies, failure to demonstrate an
increased risk may be explained by relatively small effects in
combination with an insufficient sample size or follow-up.

In contrast, results from a large randomized controlled trial–
based meta-analysis did show a small but consistent effect in the

general BC population (3). In addition, other studies in patients
with sporadic BC have linked exposure to RT for PBC to increased
risks of CBC, as well. The effect was small (ie, relative-risks of
1.10-1.20) (30), unless a strong family history was present (18).
Stovall et al. (13) found larger effects of RT on CBC risk in unse-
lected patients younger than 40 years of age with PBC, mostly for
contralateral breast doses exceeding 1 Gy (mean dose) based on
phantom dosimetry, which included a statistically significant
dose-effect relationship. There may have been a higher predomi-
nance of gBRCA1/2 pathogenic variants in their case population
(patients with CBC), however, than the control population
(patients without CBC), especially in young age groups.

Asaithamby et al. found that lower doses (ie, 5 mGy to 1 Gy),
unlike high (therapeutic) dose exposure, do not induce a suffi-
cient number of DSBs to cause cell death or apoptosis because
cells have the capacity to repair them efficiently (31). A small
number of DSBs; single-strand DNA breaks; and other, smaller
DNA lesions are still induced nonetheless. Following faulty repair
of these DSBs (eg, because of impaired BRCA function), mutations
can still accumulate, increasing the likelihood of cancer. Indeed,
low-dose (<1 Gy) radiation exposure from diagnostic procedures
has been associated with increased PBC incidence in gBRCA
pathogenic variant carriers (32).

Remarkably, in the overall analysis we observed similar trends
of increased risks of CBC after RT in patients both older and
younger than 40 years of age at PBC diagnosis compared with
those who did not receive RT. The effect of young age as a risk
factor for CBC after RT has previously been reported (risk ratios
of 1.5-2.5), usually in patients 35, 40, or 45 years of age as a cutoff
between younger and older patients (13,18,19,32). We chose the
age of 40 to maintain consistency with previous studies and to
keep a large enough population for subgroup analysis. In our
study, we observed that especially in carriers younger than 40
years of age at PBC diagnosis, more chemotherapy was adminis-
tered. Chemotherapy decreases CBC risk and thus (at least parti-
ally) negates the potential side effects of RT in this group (even
though we saw no evidence for interaction in our analyses)
(33,34). This phenomenon can also be observed when further
stratifying the analysis for chemotherapy in patients younger
than 40 years of age (HR¼ 1.13; 95% CI ¼ 0.72 to 1.77 with chemo-
therapy vs HR¼ 2.63; 95% CI ¼ 1.18 to 5.85 without chemother-
apy; data not shown).

In a separate analysis, the effect size for gBRCA2 pathogenic
variant carriers was larger than for gBRCA1 pathogenic variant
carriers and statistically significant only in the first group. To our
knowledge, this finding was not described earlier. The effect may
in part be explained by the fact we have included both invasive
and noninvasive CBCs in our analysis, the latter group being
more frequent within gBRCA2 pathogenic variant carriers.
Indeed, when we considered only invasive CBC as an outcome,
RT compared with no RT was no longer statistically significantly
associated with an increased risk of CBC in gBRCA2 pathogenic
variant carriers (Supplementary Table 3, available online).
Because RT can induce new cancer growth, however, and
because ductal carcinoma in situ is considered a precursor of an
invasive tumor, it may be important to consider noninvasive
CBCs as an outcome, as well, even if the direct potential clinical
impact is not as large as being diagnosed with invasive cancer.

The main strengths of our study are the large population size,
combining several international datasets of gBRCA1/2 pathogenic
variant carriers diagnosed with BC, as well as separating radia-
tion exposure by gBRCA pathogenic variant status and age at PBC
diagnosis. Although from a biological standpoint it seems
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Figure 3. Fine and Gray competing risks model–derived CBC cumulative
incidence curves, by RT. Cumulative incidences at 5-year intervals for
both groups displayed in the table below the graph. CBC ¼ contralateral
breast cancer; CI ¼ confidence interval; RT ¼ radiation therapy.
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plausible that gBRCA pathogenic variant carriers are at increased
risk of developing CBC after RT for PBC, the evidence from obser-
vational clinical studies is currently inconclusive (19). One reason
for this could be that CBC risk as a result of RT exposure is not
linear but may increase with time (19,30). This effect may also in
part be mediated by transient protection from other treatments,
such as chemotherapy and ET. In addition, Drooger et al. (19)
noted that rates of CPM increased over time. The resulting
decrease in numbers of patients at risk for 10- and 15-year
follow-up analyses impeded their ability to discern a statistically
significant effect. In the current analyses, we used a much larger
study sample, which obviated above-described limitations con-
cerning follow-up and made our results much more robust, in
our opinion.

A limitation of this study was the lack of detailed information
about the exact RT dose and modality (ie, photons or electrons)
given, treatment volumes (ie, breast or chest wall with or without
internal mammary chain), and contralateral breast dose. Having
this information could result in a better estimation of the associ-
ation between RT and CBC risk. In addition, further evidence for a
dose-effect relationship would be the finding that CBCs are more
frequent on the medial (most highly exposed) side after RT, in
accordance with the results of Hooning et al. (13) and Stovall
et al. (18).

Further, we noted a higher uptake of CPM in the non-RT than
in the RT group. This finding resulted in earlier censoring for the
non-RT group. The Cox model handles differences in censoring
well if the assumption of proportional hazards holds. The only
exception would be if censoring on prophylactic mastectomy
would be informative—that is, when those who more often opt
for prophylactic mastectomy are at higher risk of CBC (eg,
because of strong family history). Given that the proportion of
women tested before PBC (likely the result of positive family his-
tory) was higher in the non-RT group, this is probably the case.
For the context of our study, this would mean that those not
receiving RT have a higher baseline risk of CBC, which would
decrease the difference in risk between both groups, independent
from RT effects. As a result, we may have underestimated the
true effect. Another way to deal with a situation where compet-
ing risks are prominent, such as CPM in our population, is to per-
form a competing risks analysis. For the sake of completeness,
we have added the results of such an analysis in the supplemen-
tary material (Supplementary Table 4, available online). The
results were fairly similar to the cause-specific models, providing
some reassurance that the influence of bias was most likely lim-
ited. It should be noted, however, that competing risks analysis
comes with its own limitations. Most notably, the competing
event influences the subdistribution hazard ratio for the event
under investigation and is generally considered to be more suit-
able for prediction rather than questions of etiology (35,36). In
addition, some have questioned the validity of the model when
dealing with left-truncation or nonproportional hazards (37,38).
Considering that we aimed to investigate the effect of RT on CBC
risk, an etiological question, we considered the cause-specific
Cox proportional hazards model to be more suitable for our main
analysis.

Finally, we observed an association with increased risk of CBC
among gBRCA1/2 pathogenic variant carriers who received RT
compared with those who did not receive RT. Interestingly, the
risk was comparable for different age groups, and gBRCA2 patho-
genic variant carriers showed the highest risk. More evidence is
required to conduct a proper risk-benefit analysis of tailoring RT
around the contralateral breast (ie, dosage, techniques) while

maintaining oncological safety. Future studies could investigate
the relationship between RT and CBC risk by looking into dose-
response and localization effects (which may require individual
radiation treatment plans), both potentially providing more evi-
dence for a causal effect. In addition, we may study other RT
techniques (eg, proton beam RT, contralateral breast–sparing
techniques) and factors that could affect radiation sensitivity of
the contralateral breast (eg, reproductive factors, such as parity
and lactation duration) as well as compare gBRCA1/2 pathogenic
variant carriers to noncarriers. Knowledge of the risks associated
with RT can help guide decision-making for gBRCA1/2 pathogenic
variant carriers together with their physician regarding their
post-treatment choices concerning surveillance and prophylactic
surgery. Confirmation of these results in other studies is
required, however, before they can be applied to clinical decision-
making.
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