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A B S T R A C T

Background: The oncological safety of breast-conserving surgery followed by radiation therapy (BCS + RT) in 
young women carrying pathogenic or likely pathogenic BRCA1/2 variants remains debated, with mastectomy 
(MS) often favoured despite limited comparative real-world evidence. We evaluated survival and recurrence 
outcomes associated with different loco-regional strategies in a large international cohort of young BRCA 
carriers.
Methods: The BRCA BCY Collaboration (NCT03673306) is a retrospective, multicentre cohort including women 
aged ≤ 40 years with invasive breast cancer and confirmed germline BRCA1/2 variants treated between 2000 
and 2020. Outcomes were compared between patients treated with BCS + RT, MS alone, or MS plus RT (MS +
RT). Endpoints were overall survival (OS), breast cancer-free interval (BCFI), and second primary breast cancer 
events, defined as ipsilateral breast recurrence (IBR) or contralateral breast cancer (CBC). Multivariable Cox 
models were used for OS and BCFI. Competing-risks models were used for IBR/CBC. Models were adjusted for 
prespecified prognostic factors, and subgroup analyses were conducted by BRCA gene, stage, and tumour grade.
Results: Among 4,837 patients, 1,704 (35.2%) received BCS + RT, 1,488 (30.8%) MS alone, and 1,645 (34.0%) 
MS + RT. After a median follow-up of 8.2 years (IQR 4.8–12.7), OS did not differ between BCS + RT and MS 
alone (adjusted hazard ratio [aHR] 1.02, 95% CI 0.78–1.34). BCFI was comparable across groups. BCS + RT was 
associated with a higher risk of second primary breast cancer events compared with MS alone (aHR 1.33, 95% CI 
1.07–1.66), particularly in patients with BRCA1 variants and stage III disease.
Conclusion: In young BRCA1/2 carriers, BCS + RT was not associated with worse OS compared with MS alone, 
despite a higher risk of second primary breast events. Differences in second primary breast cancer events should 
be interpreted cautiously given differences in BRCA testing timing and treatment era across groups. These data 
support individualised loco-regional management within a multidisciplinary framework.

Introduction

Breast cancer diagnosed at 40 years of age or younger presents 
distinct clinical challenges and requires tailored multidisciplinary care 
that considers age-specific priorities and long-term survivorship [1]. In 
this population, germline genetic testing is of particular importance, as 
more than 10% are expected to harbour a pathogenic or likely patho
genic variant (PV) in BRCA1 or BRCA2 [2,3].

Randomised trials have established that breast-conserving surgery 
(BCS) followed by radiation therapy (RT), breast-conserving therapy 
(BCT), achieves overall survival (OS) and breast cancer–specific survival 
outcomes comparable to mastectomy (MS) in early-stage breast cancer 
[4–6]. BCT has therefore become a standard approach. Large 
population-based studies have additionally suggested that BCT may be 
associated with improved OS compared with MS in selected settings 
[7–9]. However, the safety and long-term implications of BCT in 
BRCA1/2 carriers remain debated. BRCA carriers face elevated risks of 
both ipsilateral breast events and, particularly, contralateral breast 
cancer (CBC) [10–14]. Consequently, many patients elect to undergo 

bilateral MS following diagnosis, particularly when germline status is 
known at the time of initial treatment [15,16].

A clinically relevant subset of BRCA carriers nonetheless choose BCT, 
motivated by preferences for breast preservation and avoidance of the 
physical and psychosocial consequences of more extensive surgery [17]. 
This may occur in the setting of delayed genetic testing or strong organ- 
preservation priorities. Although this approach may entail a higher risk 
of subsequent breast events, current guidelines indicate that BRCA sta
tus alone should not contraindicate BCT when otherwise clinically 
appropriate [18]. Observational studies generally report similar survival 
after BCT versus MS among BRCA carriers, despite higher local event 
rates in BCT cohorts [17,19–22]. Many of these datasets, however, were 
limited by size, particularly for BRCA2 carriers, and heterogeneity in 
case-mix and timing of genetic testing.

Using the same international cohort, we recently reported that risk- 
reducing mastectomy (RRM) and salpingo-oophorectomy (RRSO) were 
associated with improved OS in young BRCA carriers [23]. In the present 
analysis, we evaluated survival and recurrence outcomes according to 
loco-regional treatment strategy among young BRCA1/2 carriers treated 
with BCT or MS (with or without RT).

1 Co-first.
2 Co-last.
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Methods

Study design and participants

The BRCA BCY Collaboration (NCT03673306) is an international, 
multicentre, hospital-based retrospective cohort including female BRCA 
carriers with a history of breast cancer diagnosed at young age [24]. 
Eligible participants were women diagnosed with invasive breast cancer 
at age ≤ 40 years between January 2000 and December 2020 and car
rying a confirmed germline BRCA1/2 PV.

We excluded healthy BRCA carriers, carriers of variants of uncertain 
significance, and patients with non-invasive breast cancer. For the pre
sent analysis, we additionally excluded patients with concomitant 
BRCA1 and BRCA2 PVs; bilateral breast cancer at presentation; un
known uptake or timing of RRM and/or RRSO; absence of breast cancer 
surgery (e.g. carcinoma of unknown primary); omission of RT after BCS 
(e.g. early failure precluding RT, refusal); de novo stage IV disease; and 
patients with a disease-free survival event within six months of 
diagnosis.

Procedures and data collection

Collected variables included age at diagnosis; BRCA gene and timing 
of testing relative to diagnosis; grade, hormone receptor status, and 
histology; type of breast and axillary surgery; clinical and pathological 
tumour and nodal stage; systemic therapy (type and setting of chemo
therapy and endocrine therapy); and uptake and timing of RRM and 
RRSO.

The Institut Jules Bordet (Brussels, Belgium) was the coordinating 
centre and served as the central ethics committee. Local approval was 
obtained by participating institutions where required. Reporting fol
lowed the Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) guidelines [25].

Outcomes

The objective was to evaluate associations between loco-regional 
treatment strategy and outcomes in young BRCA1/2 carriers with sur
gically treated, non-metastatic breast cancer. We compared BCS + RT 
with MS-based strategies (MS alone and MS + RT). Patients undergoing 
RRM within one year of diagnosis were classified within the MS groups 
(MS or MS + RT) according to receipt of RT.

Endpoints were: OS, defined as the time from diagnosis to death from 
any cause, BCFI, defined as the time from diagnosis to loco-regional 
recurrence, distant recurrence, second primary breast cancer, or death 
from breast cancer, and second primary breast cancer events. For the 
purpose of this analysis, second primary breast cancer events were 
defined as the occurrence of either ipsilateral breast recurrence (IBR) or 
contralateral breast cancer (CBC). Other events, including non-breast 
cancer death, distant recurrence, and second primary non-breast ma
lignancies, were treated as competing events in the statistical analyses.

Statistical analysis

Categorical variables are presented as proportions and continuous 
variables as medians (IQR). Median follow-up was estimated using the 
reverse Kaplan–Meier method [26]. Patients without an event were 
censored at last contact.

Cox proportional hazards models estimated hazard ratios (HRs) and 
95% confidence intervals (CIs) for OS and BCFI. For IBR/CBC, 
competing-risks regression estimated subdistribution HRs and cumula
tive incidence functions (CIFs), treating non-breast cancer death, second 
primary non-breast tumours, and distant recurrence as competing 
events.

Adjusted models included prespecified prognostic and/or imbal
anced factors (country, year of diagnosis, axillary surgery, tumour stage, 

hormone receptor status) and included uptake of RRM as a time- 
dependent covariate, allowing the procedure to modify the probability 
of subsequent breast events without assuming complete elimination of 
risk. To account for potential calendar period effects reflecting changes 
in treatment strategies over time, year of diagnosis was included as an 
adjustment variable in the multivariable Cox regression models.

To mitigate potential immortal time bias related to delayed BRCA 
testing, the primary analysis incorporated left truncation at the time of 
BRCA genetic testing, ensuring that follow-up time prior to BRCA status 
ascertainment was not included in the risk period; untruncated models 
were reported as sensitivity analyses. Additional sensitivity analyses 
restricted to patients tested within six months of diagnosis were per
formed [27]. Subgroup analyses examined heterogeneity by BRCA gene, 
tumour stage, and grade (interaction tests reported).

Single imputation was used for missing covariates assuming a 
monotone missingness pattern, using logistic regression methods. Ana
lyses were two-sided with p < 0.05. No multiplicity adjustment was 
applied. Analyses were conducted in SAS 9.4 (SAS Institute Inc).

Results

Among 5,660 young BRCA carriers in the cohort, 4,837 met eligi
bility for this analysis: 1,704 (35.2%) received BCS + RT, 1,488 (30.8%) 
MS alone, and 1,645 (34.0%) MS + RT (Fig. 1). Median age at diagnosis 
was 35 years (IQR 31–38). Most patients were BRCA1 carriers (3,114; 
64.4%), and BRCA testing occurred after diagnosis in 2,180 (45.1%).

BRCA2 carriers were more frequently treated with MS + RT (724/ 
1,645; 44.0%) than with BCS + RT (501/1,704; 29.4%) or MS alone 
(498/1,488; 33.5%). Year of diagnosis and timing of genetic testing 
differed markedly across groups: BCS + RT was more common in earlier 
calendar years (diagnosed 2017–2020: 263/1,704; 15.4%) than MS 
alone (470/1,488; 31.6%) or MS + RT (494/1,645; 30.0%). Accord
ingly, median time from diagnosis to BRCA testing was longer in the 
BCS + RT group (1.4 years, IQR 0.3–4.8) than in MS alone (0.1 years, 
IQR 0.0–0.7) or MS + RT (0.3 years, IQR 0.1–1.5).

Nodal involvement was reported in 2,274/4,837 (47.0%) patients, 
with more advanced nodal disease (N2–3) more frequent in MS + RT 
(436/1,645; 26.5%) than in BCS + RT (130/1,704; 7.6%) or MS alone 
(42/1,488; 2.8%). Larger tumours (T3–T4) were also more frequent in 
MS + RT (473/1,645; 28.8%) than in BCS + RT (135/1,704; 7.9%) or 
MS alone (87/1,488; 5.8%).

Most patients received chemotherapy (4,483/4,837; 92.7%), most 
commonly anthracycline-plus-taxane regimens (3,173/4,483; 70.8%). 
Tumour subtype differed substantially by BRCA gene, with triple- 
negative disease more prevalent in BRCA1-associated tumours than 
BRCA2-associated tumours (72.9% vs 13.3%). Chemotherapy regimens 
varied across loco-regional groups: anthracycline-plus-taxane use 
increased from BCS + RT to MS alone to MS + RT (BRCA1: 59.4%, 
73.8%, 83.5%; BRCA2: 58.8%, 60.1%, 81.8%), whereas anthracycline- 
only regimens were more frequent in BCS + RT than in MS alone or 
MS + RT (BRCA1: 29.4%, 15.6%, 8.8%; BRCA2: 27.9%, 23.3%, 10.4%) 
(Supplementary Tables S1–S2). Neoadjuvant chemotherapy was more 
common in MS + RT (985/1,614; 61.0%) than in BCS + RT (481/1,566; 
30.7%) or MS alone (527/1,303; 40.5%). Patient, tumour and treatment 
characteristics in the whole study cohort are summarised in Table 1. 
Descriptive analyses stratified by BRCA mutation type (BRCA1 vs 
BRCA2) showed that the clinical and pathological characteristics 
observed in the overall population were broadly consistent within each 
subgroup, as detailed in Supplementary Tables S1 and S2.

Median follow-up was 8.2 years (IQR 4.8–12.7), longest in BCS + RT 
(10.5 years, IQR 6.6–14.9), followed by MS + RT (7.1 years, IQR 
4.3–11.5) and MS alone (6.9 years, IQR 4.0–11.0).

Event distributions differed across loco-regional strategies (Table 2). 
Patients treated with BCS + RT had higher rates of loco-regional relapse 
(1.4 per 100 person-years) and second primary breast cancers (2.6 per 
100 person-years) than MS alone (1.1 and 1.1 per 100 person-years) or 
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MS + RT (0.9 and 1.1 per 100 person-years). Loco-regional strategy was 
independently associated with IBR/CBC (p = 0.003): BCS + RT vs MS 
alone aHR 1.33 (95% CI 1.07–1.66), and MS + RT vs MS alone aHR 0.90 
(95% CI 0.69–1.17).

Distant relapse (a competing event) was more frequent in MS + RT 
(2.9 per 100 person-years) than MS alone (1.3) or BCS + RT (1.2), 
consistent with more advanced baseline disease in MS + RT.

Subgroup analyses showed heterogeneity by BRCA gene (interaction 
p = 0.015). Among BRCA2 carriers, BCS + RT was associated with a 
numerically lower not statistically significant recurrence risk versus MS 
alone (aHR 0.86, 95% CI 0.61–1.23), whereas among BRCA1 carriers, 
BCS + RT was associated with a significantly higher risk (aHR 1.64, 95% 
CI 1.24–2.16). Heterogeneity was also observed by grade (interaction p 
= 0.003): compared with MS alone, BCS + RT was associated with a 
numerically lower recurrence risk in G1–2 tumours (aHR 0.76, 95% CI 
0.51–1.14) and significantly higher risk in G3 tumours (aHR 1.61, 95% 
CI 1.24–2.09). No evidence of interaction by stage was observed (p =
0.403). Findings were consistent across sensitivity analyses, including 
models with left truncation and analyses restricted to patients who un
derwent BRCA testing before or at diagnosis (Table 3; Fig. 2).

BCFI did not differ across loco-regional groups in the overall cohort 
(p = 0.392). Adjusted analyses showed similar BCFI for BCS + RT vs MS 
alone (aHR 1.01, 95% CI 0.86–1.17) and for MS + RT vs MS alone (aHR 
1.05, 95% CI 0.89–1.23).

Heterogeneity by BRCA gene was observed (interaction p = 0.003): 
among BRCA2 carriers, BCS + RT was associated with a numerically 

improved BCFI versus MS alone (aHR 0.74, 95% CI 0.54–1.02), whereas 
among BRCA1 carriers BCS + RT was associated with significantly worse 
BCFI (aHR 1.41, 95% CI 1.11–1.80). Heterogeneity by grade was also 
present (interaction p = 0.001): BCS + RT was associated with a 
significantly improved BCFI in G1–2 tumours (aHR 0.66, 95% CI 
0.47–0.94) and worse BCFI in G3 tumours (aHR 1.39, 95% CI 
1.11–1.75). No interaction by stage was detected (p = 0.605). Findings 
were consistent across sensitivity analyses, including models with left 
truncation and analyses restricted to patients who underwent BRCA 
testing before or at diagnosis (Table 4; Fig. 3).

Loco-regional strategy was associated with OS (p = 0.029). In 
adjusted analyses, OS was similar for BCS + RT versus MS alone (aHR 
1.02, 95% CI 0.78–1.34). MS + RT was associated with significantly 
worse OS compared with MS alone (aHR 1.35, 95% CI 1.03–1.77), 
consistent with baseline risk differences and treatment indication.

No evidence of interaction by BRCA gene, stage, or grade was 
observed for OS (all interaction p > 0.05). Results were consistent in left- 
truncated and restricted-testing sensitivity analyses (Table 5; Fig. 4).

Discussion

Our analysis provides real-world evidence on the comparative effect 
of loco-regional treatment approaches in young BRCA1/2 carriers with 
breast cancer. OS was comparable between patients treated with BCS +
RT and those undergoing MS alone, supporting the oncological safety of 
breast conservation combined with irradiation [7,9]. This finding is 

Fig. 1. Study flow diagram and loco-regional treatment allocation.
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particularly relevant for young women, including those unaware of their 
BRCA status at diagnosis or those prioritising breast preservation for 
personal or reproductive reasons, such as pregnancy or future breast
feeding plans [7,9,28].

Importantly, patients diagnosed in earlier periods of the study, who 
were more likely to receive BCT, did not experience inferior survival 
outcomes despite being treated before the availability of contemporary 
systemic strategies, including multigene assays guiding chemotherapy 
de-escalation, PARP inhibitors for high-risk BRCA carriers, and CDK4/6 
inhibitors in the adjuvant setting. Consistent with historical practice, 
chemotherapy use was high across all groups, reflecting treatment 

Table 1 
Patient, tumour, and treatment characteristics by loco-regional treatment 
strategy (breast-conserving surgery plus radiation therapy [BCS + RT], mas
tectomy alone [MS], and mastectomy plus radiotherapy [MS + RT]).

BCS þ RT MS alone MS þ RT Total
(n ¼ 1704) (n ¼ 1488) (n ¼ 1645) (n ¼ 4837)
n (%) n (%) n (%) n (%)

Patients' 
characteristics

​ ​ ​ ​

Country ​ ​ ​ ​
Centre/South 

America
85 (5.0) 50 (3.4) 110 (6.7) 245 (5.1)

Australia/Oceania 64 (3.8) 69 (4.6) 45 (2.7) 178 (3.7)
Nord Europe 216 (12.7) 198 (13.3) 293 (17.8) 707 (14.6)
Est Europe 82 (4.8) 100 (6.7) 126 (7.7) 308 (6.4)
Nord America 71 (4.2) 270 (18.1) 236 (14.3) 577 (11.9)
South Europe 685 (40.2) 571 (38.4) 581 (35.3) 1837 (38.0)
Asia 499 (29.3) 230 (15.5) 250 (15.2) 979 (20.2)
Africa 2 (0.1) 0 (0.0) 4 (0.2) 6 (0.1)
Year of diagnosis ​ ​ ​ ​
2000–2004 333 (19.5) 130 (8.7) 134 (8.1) 597 (12.3)
2005–2008 355 (20.8) 200 (13.4) 216 (13.1) 771 (15.9)
2009–2012 408 (23.9) 291 (19.6) 341 (20.7) 1040 (21.5)
2013–2016 345 (20.2) 397 (26.7) 460 (28.0) 1202 (24.9)
2017–2020 263 (15.4) 470 (31.6) 494 (30.0) 1227 (25.4)
Median age at 

diagnosis, 
years (IQR)

35.0 
(31.0–38.0)

35.0 
(31.0–38.0)

35.0 
(31.0–37.0)

35.0 
(31.0–38.0)

Age at diagnosis ​ ​ ​ ​
≤30 368 (21.6) 308 (20.7) 331 (20.1) 1007 (20.8)
31–35 610 (35.8) 548 (36.8) 614 (37.3) 1772 (36.6)
36–40 726 (42.6) 632 (42.5) 700 (42.6) 2058 (42.5)
BRCA ​ ​ ​ ​
BRCA1 1203 (70.6) 990 (66.5) 921 (56.0) 3114 (64.4)
BRCA2 501 (29.4) 498 (33.5) 724 (44.0) 1723 (35.6)
Median time to 

BRCA test, 
years (IQR)

1.4 
(0.3–4.8)

0.1 
(0.0–0.7)

0.3 
(0.1–1.5)

0.4 
(0.1–1.5)

BRCA TEST ​ ​ ​ ​
Test before 

diagnosis
74 (4.3) 246 (16.5) 124 (7.5) 444 (9.2)

Test at diagnosis 448 (26.3) 730 (49.1) 777 (47.2) 1955 (40.4)
Test after diagnosis 1113 (65.3) 413 (27.8) 654 (39.8) 2180 (45.1)
Unknown date of 

BRCA testing
69 (4.0) 99 (6.7) 90 (5.5) 258 (5.3)

Tumours’ 
characteristics

​ ​ ​ ​

Tumour histology ​ ​ ​ ​
Ductal 1468 (86.2) 1220 (82.0) 1364 (82.9) 4052 (83.8)
Other 204 (12.0) 211 (14.2) 222 (13.5) 637 (13.2)
Unknown 32 (1.9) 57 (3.8) 59 (3.6) 148 (3.1)
Tumour size ​ ​ ​ ​
T1 786 (46.1) 729 (49.0) 325 (19.8) 1840 (38.0)
T2 783 (46.0) 672 (45.2) 847 (51.5) 2302 (47.6)
T3/T4 135 (7.9) 87 (5.8) 473 (28.8) 695 (14.4)
Nodal status ​ ​ ​ ​
N0 1067 (62.6) 1082 (72.7) 414 (25.2) 2563 (53.0)
N1 507 (29.8) 364 (24.5) 795 (48.3) 1666 (34.4)
N2/N3 130 (7.6) 42 (2.8) 436 (26.5) 608 (12.6)
Tumour stage at 

diagnosis
​ ​ ​ ​

Stage I 572 (33.6) 577 (38.8) 83 (5.0) 1232 (25.5)
Stage II 934 (54.8) 833 (56.0) 901 (54.8) 2668 (55.2)
Stage III 198 (11.6) 78 (5.2) 661 (40.2) 937 (19.4)
Tumour grade ​ ​ ​ ​
G1 30 (1.8) 39 (2.6) 27 (1.6) 96 (2.0)
G2 359 (21.1) 387 (26.0) 457 (27.8) 1203 (24.9)
G3 1315 (77.2) 1062 (71.4) 1161 (70.6) 3538 (73.1)
Hormone 

receptor status
​ ​ ​ ​

Negative 1030 (60.4) 790 (53.1) 781 (47.5) 2601 (53.8)
Positive 674 (39.6) 698 (46.9) 864 (52.5) 2236 (46.2)
HER2 status ​ ​ ​ ​
Negative 1542 (90.5) 1338 (89.9) 1452 (88.3) 4332 (89.6)
Positive 96 (5.6) 102 (6.9) 137 (8.3) 335 (6.9)
Unknown 66 (3.9) 48 (3.2) 56 (3.4) 170 (3.5)
Tumour subtype ​ ​ ​ ​

Table 1 (continued )

BCS þ RT MS alone MS þ RT Total
(n ¼ 1704) (n ¼ 1488) (n ¼ 1645) (n ¼ 4837)
n (%) n (%) n (%) n (%)

HER2+ 98 (5.8) 105 (7.1) 143 (8.7) 346 (7.2)
TNBC 996 (58.5) 760 (51.1) 743 (45.2) 2499 (51.7)
Luminal B 395 (23.2) 356 (23.9) 480 (29.2) 1231 (25.4)
Luminal A 215 (12.6) 267 (17.9) 279 (17.0) 761 (15.7)
Treatment ​ ​ ​ ​
CT use ​ ​ ​ ​
No 128 (7.5) 179 (12.0) 26 (1.6) 333 (6.9)
Yes 1566 (91.9) 1303 (87.6) 1614 (98.1) 4483 (92.7)
Unknown 10 (0.6) 6 (0.4) 5 (0.3) 21 (0.4)
CT setting * ​ ​ ​ ​
Neoadjuvant 481 (30.7) 527 (40.5) 985 (61.0) 1993 (44.5)
Adjuvant 1076 (68.7) 773 (59.3) 624 (38.7) 2473 (55.2)
Unknown 9 (0.6) 3 (0.2) 5 (0.3) 17 (0.4)
Type of CT * ​ ​ ​ ​
Antra + Taxane 

based
927 (59.2) 910 (69.8) 1336 (82.8) 3173 (70.8)

Antra only 454 (29.0) 232 (17.8) 153 (9.5) 839 (18.7)
Taxane only 68 (4.3) 89 (6.8) 56 (3.5) 213 (4.8)
Other 63 (4.0) 37 (2.8) 33 (2.0) 133 (3.0)
Unknown 54 (3.4) 35 (2.7) 36 (2.2) 125 (2.8)
ET use ** ​ ​ ​ ​
No 29 (4.3) 53 (7.6) 30 (3.5) 112 (5.0)
Yes 639 (94.8) 636 (91.1) 825 (95.5) 2100 (93.9)
Unknown 6 (0.9) 9 (1.3) 9 (1.0) 24 (1.1)
Type of ET *** ​ ​ ​ ​
Tamoxifen alone 304 (47.6) 221 (34.8) 274 (33.2) 799 (38.1)
Tamoxifen +

LHRH
182 (28.5) 189 (29.7) 194 (23.5) 565 (26.9)

LHRH alone 11 (1.7) 22 (3.5) 11 (1.3) 44 (2.1)
AI + LHRH 56 (8.8) 111 (17.5) 188 (22.8) 355 (16.9)
Tamoxifen →AI 73 (11.4) 79 (12.4) 140 (17.0) 292 (13.9)
Other 7 (1.1) 8 (1.3) 13 (1.6) 28 (1.3)
Unknown 6 (0.9) 6 (0.9) 5 (0.6) 17 (0.8)
Axillary surgery ​ ​ ​ ​
No axillary surgery 15 (2.2) 9 (5.5) 22 (1.8) 46 (2.2)
Sentinel node 

biopsy only
297 (44.5) 67 (40.6) 607 (48.6) 971 (46.7)

Axillary dissection 346 (51.9) 85 (51.5) 600 (48.1) 1031 (49.6)
Unknown 9 (1.4) 4 (2.4) 19 (1.5) 32 (1.5)
Risk-Reducing 

Mastectomy
​ ​ ​ ​

No 1045 (61.3) 371 (24.9) 602 (36.6) 2018 (41.7)
Yes 659 (38.7) 1117 (75.1) 1043 (63.4) 2819 (58.3)
Risk-Reducing 

Ovariectomy
​ ​ ​ ​

No 763 (44.8) 666 (44.8) 762 (46.3) 2191 (45.3)
Yes 935 (54.9) 814 (54.7) 872 (53.0) 2621 (54.2)
Unknown 6 (0.4) 8 (0.5) 11 (0.7) 25 (0.5)

Note. Values are n (%) unless otherwise specified; age and time to BRCA testing 
are reported as median (interquartile range).
* CT setting and regimen are reported among patients receiving CT.
** ET is reported among hormone receptor- positive patients.
*** ET regimen is reported among patients receiving ET.
***Abbreviations: BCS, breast-conserving surgery; CI, confidence interval; CT, 
chemotherapy; ET, endocrine therapy; HER2, human epidermal growth factor 
receptor 2; IQR, interquartile range; MS, mastectomy; RT, radiation therapy; 
TNBC, triple-negative breast cancer; AI, aromatase inhibitors; LHRH, luteinizing 
hormone-releasing hormone.
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patterns prior to widespread genomic risk stratification. Although BCS 
+ RT was associated with a higher incidence of loco-regional recurrence 
and second primary breast cancer events, particularly among BRCA1 
carriers, these differences did not translate into inferior OS. This finding 
underscores the need to balance oncological outcomes with patient- 
centred considerations when discussing loco-regional treatment op
tions in this population.

Several large retrospective studies have reported no difference in OS 
between MS and BCT among BRCA carriers [17,22]. Our results are 
consistent with this body of evidence and extend prior observations to 
the largest reported international cohort restricted to patients diagnosed 
at ≤ 40 years of age. Interpretation must nevertheless consider that loco- 
regional treatment strategies in our cohort were associated with distinct 
baseline clinicopathological characteristics, including tumour stage, 
nodal involvement, grade, systemic therapy patterns, and uptake and 
timing of risk-reducing procedures, all of which may independently 
influence outcomes.

In this context, although BCS + RT was associated with a higher 
cumulative incidence of IBR and CBC, OS remained comparable across 
loco-regional approaches. These findings should be interpreted along
side prior analyses from this cohort demonstrating a survival advantage 
associated with bilateral MS [23], likely reflecting the combined impact 
of reduced future breast cancer events, patient selection, and long-term 
risk reduction, rather than the effect of the initial loco-regional treat
ment itself. Taken together, the available evidence supports current 
guideline recommendations indicating that BRCA mutation status alone 
should not preclude offering breast-conserving approaches when clini
cally appropriate, while emphasising the importance of individualised, 
risk-informed decision-making [18].

Subgroup analyses suggested distinct patterns according to BRCA 
gene and tumour grade. Among BRCA2 carriers, BCS + RT was associ
ated with numerically more favourable OS compared with MS alone, 
whereas no OS differences were observed among BRCA1 carriers. 
Conversely, in BRCA1 carriers and in high-grade tumours, BCS + RT was 
associated with worse BCFI and a higher risk of IBR/CBC compared with 
MS alone. These findings should be interpreted cautiously, as the 
observational nature of the study and the potential for residual con
founding preclude causal attribution to the loco-regional treatment 
approach.

The biological mechanisms underlying these differences may relate 
to intrinsic tumour characteristics associated with BRCA PVs. BRCA1- 
associated tumours predominantly exhibit a triple-negative phenotype 
with high-grade histology, whereas BRCA2-associated tumours more 
frequently demonstrate hormone receptor positivity and a luminal-like 
biology, potentially deriving greater benefit from combined systemic 
and loco-regional treatments, as previously reported [17,22].

In addition to survival outcomes, our data suggest different time-to- 
event patterns between BRCA subgroups. BRCA1 carriers experienced 
earlier loco-regional or second primary breast cancer events, whereas 
BRCA2 carriers showed a more delayed cumulative incidence [27,29]. 
These findings support the hypothesis of divergent clinical trajectories 
and highlight the potential need for time-sensitive, gene-specific sur
veillance strategies. Nevertheless, the relatively small size of the BRCA2 
subgroup warrants cautious interpretation of the favourable outcomes 
observed with breast conservation. Despite these limitations, our results 
reinforce the distinct clinical behaviour of breast cancer in BRCA1 
versus BRCA2 carriers and the necessity for tailored management stra
tegies in clinical practice.

Our analysis of second primary breast cancer events (IBR/CBC) 
further clarifies the trade-offs associated with loco-regional treatment 
selection. BCS + RT was associated with an increased risk of IBR/CBC 
compared with MS alone in the overall cohort, an effect predominantly 
driven by BRCA1 carriers, while BRCA2 carriers treated with BCS + RT 
showed numerically more favourable outcomes. Competing events, 
particularly distant relapse, were frequent, especially among patients 
treated with MS + RT, likely reflecting more advanced disease at diag
nosis and established indications for post-mastectomy RT. These ob
servations underscore that decisions regarding post-mastectomy 
irradiation should be guided by baseline tumour characteristics and that 
individualised treatment remains essential [4,30,31].

Notably, previous studies have reported that CBC contributes sub
stantially to the cumulative event rate in patients treated with BCS 
[17,19,20]. Among BRCA carriers who do not undergo RRM, the cu
mulative 20-year risk of CBC exceeds 40% for BRCA1 and 26% for 
BRCA2 carriers [11]. These findings highlight the critical importance of 
early genetic testing and comprehensive counselling at diagnosis to 
guide optimal surgical and preventive strategies [10,15].

Beyond oncological outcomes, regional and cultural factors may in
fluence loco-regional treatment selection. In exploratory analyses by 
ethnicity and geographic region (Table 1), MS rates varied substantially 
across populations. These differences likely reflect a complex interplay 
of cultural attitudes, patient risk perception, access to and timing of 
genetic testing, and regional practice patterns, rather than tumour- 
related factors alone.

An informed diagnosis not only facilitates decision-making regarding 
primary treatment approaches but also allows patients to plan appro
priate risk-reducing interventions, significantly influencing long-term 
outcomes and patient satisfaction. Bilateral MS substantially reduces 
the risk of IBR and CBC in BRCA carriers, particularly in BRCA1, and 
evidence from this large international cohort further demonstrated that 
both RRM and RRSO were associated with favourable survival outcomes 
[23]. However, other studies have not consistently shown a clear sur
vival advantage of bilateral MS over BCT, particularly among BRCA1 
carriers [21,32]. In contrast, RRSO has been associated with an esti
mated 40% relative reduction in cancer-specific mortality among BRCA 
carriers [10].

High-quality patient counselling and shared decision-making there
fore remain cornerstones of optimal management for BRCA carriers. 
Although bilateral RRM represents the most effective strategy to mini
mise future breast cancer events, it carries significant psychosocial 
consequences, including potential effects on body image, sexual iden
tity, and mental health [18,20]. A staged management approach, 
initially offering BCT with careful surveillance and the option of de
ferred risk-reducing surgery, may represent a reasonable alternative for 
selected patients, balancing oncological safety with quality-of-life 

Table 2 
Distribution of loco-regional relapse, second primary breast cancer, and 
competing events by loco-regional treatment strategy in the overall cohort.

Overall 
cohort

BCS þ RT MS alone MS þ RT

n ¼ 4837 n ¼ 1704 n ¼ 1488 n ¼ 1645
n (%) events/100 

person- 
years

events/100 
person- 
years

events/100 
person- 
years

Event 1721 
(35.6)

5.96 4.01 5.55

Type of event ​ ​ ​ ​
Locoregional relapse 366 (7.6) 1.35 1.08 0.86
Second primary breast 

cancer
558 
(11.5)

2.62 1.06 1.13

Distant relapse 
(competing)

572 
(11.8)

1.22 1.25 2.91

Second primary 
malignancy non 
breast (competing)

190 (3.9) 0.71 0.51 0.48

Death without 
recurrence 
(competing)

35 (0.7) 0.06 0.11 0.17

Note. For each treatment group, event rates are expressed as events per 100 
person-years. Competing events include distant relapse, second primary non- 
breast malignancy, and death without recurrence.
***Abbreviations: BCS, breast-conserving surgery; MS, mastectomy; RT, radia
tion therapy.
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Table 3 
Associations between loco-regional treatment strategy and ipsilateral/contralateral breast events (IBC/CBC) in the overall cohort and by subgroup (BRCA gene, stage, and grade).

Unadjusted 
HR (95%CI)

p Adjusted* 
HR (95%CI)

p Unadjusted 
HR (95%CI) 
with left 
truncation

p Adjusted* 
HR (95%CI) 
with left 
truncation

p Unadjusted HR 
(95% CI) in 
BRCA testing 
before or at 
diagnosis

p Adjusted* HR 
(95%CI) in 
BRCA testing 
before or at 
diagnosis

p

​ Locoregional 
treatment

​ <0.001 ​ 0.018 ​ <0.001 ​ 0.003 ​ <0.001 ​ 0.972

​ BCS þ RT 1.80 
(1.53–2.11)

​ 1.09 
(0.90–1.31)

​ 2.00 
(1.63–2.45)

​ 1.33 
(1.07–1.66)

​ 1.72 
(1.28–2.31)

​ 0.96 
(0.65–1.41)

​

​ MS alone Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​
​ MS þ RT 0.84 

(0.69–1.02)
​ 0.82 

(0.66–1.02)
​ 0.89 

(0.70–1.13)
​ 0.90 

(0.69–1.17)
​ 0.91 

(0.66–1.25)
​ 0.97 

(0.68–1.38)
​

Subgroups analysis
​ ​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
BRCA ​ ​ 0.003 ​ 0.018 ​ 0.005 ​ 0.015 ​ <0.001 ​ <0.001
BRCA1 BCS þ RT vs 

MS alone
2.14 
(1.75–2.62)

​ 1.28 
(1.01–1.61)

​ 2.49 
(1.93–3.20)

​ 1.64 
(1.24–2.16)

​ 2.54 
(1.80–3.58)

​ 1.52 
(0.97–2.37)

​

MS þ RT vs 
MS alone

0.97 
(0.75–1.26)

​ 0.89 
(0.68–1.17)

​ 1.06 
(0.78–1.46)

​ 1.04 
(0.74–1.45)

​ 1.18 
(0.79–1.76)

​ 1.22 
(0.79–1.89)

​

BRCA2 BCS þ RT vs 
MS alone

1.18 
(0.89–1.55)

​ 0.77 
(0.57–1.03)

​ 1.20 
(0.84–1.71)

​ 0.86 
(0.61–1.23)

​ 0.34 
(0.14–0.80)

​ 0.16 
(0.06–0.46)

​

MS þ RT vs 
MS alone

0.68 
(0.50–0.92)

​ 0.72 
(0.52–1.00)

​ 0.68 
(0.47–0.98)

​ 0.70 
(0.48–1.03)

​ 0.55 
(0.32–0.94)

​ 0.63 
(0.34–1.16)

​

Stage ​ ​ 0.055 ​ 0.089 ​ 0.122 ​ 0.403 ​ 0.559 ​ 0.713
Stage I BCS þ RT vs 

MS alone
2.30 
(1.75–3.02)

​ 1.19 
(0.88–1.60)

​ 2.66 
(1.91–3.69)

​ 1.49 
(1.04–2.13)

​ 2.22 
(1.42–3.47)

​ 1.32 
(0.80–2.17)

​

MS þ RT vs 
MS alone

1.46 
(0.86–2.48)

​ 1.25 
(0.74–2.12)

​ 1.13 
(0.53–2.42)

​ 0.97 
(0.45–2.06)

​ 1.34 
(0.54–3.35)

​ 0.92 
(0.38–2.21)

​

Stage 
II

BCS þ RT vs 
MS alone

1.49 
(1.20–1.83)

​ 0.98 
(0.79–1.23)

​ 1.58 
(1.21–2.07)

​ 1.12 
(0.84–1.49)

​ 1.39 
(0.92–2.10)

​ 0.94 
(0.60–1.48)

​

MS þ RT vs 
MS alone

0.77 
(0.60–1.00)

​ 0.75 
(0.59–0.97)

​ 0.82 
(0.60–1.13)

​ 0.82 
(0.60–1.12)

​ 0.86 
(0.56–1.31)

​ 0.82 
(0.55–1.25)

​

Stage 
III

BCS þ RT vs 
MS alone

2.71 
(1.29–5.69)

​ 1.98 
(0.92–4.27)

​ 3.76 
(1.34–10.58)

​ 2.93 
(0.99–8.67)

​ 2.52 
(0.49–12.92)

​ 2.62 
(0.43–16.13)

​

MS þ RT vs 
MS alone

1.16 
(0.56–2.41)

​ 1.06 
(0.50–2.24)

​ 1.58 
(0.57–4.33)

​ 1.80 
(0.63–5.17)

​ 1.67 
(0.40–7.06)

​ 1.98 
(0.38–10.27)

​

Grade ​ ​ 0.065 ​ 0.107 ​ 0.007 ​ 0.003 ​ 0.118 ​ 0.003
G1-2 BCS þ RT vs 

MS alone
1.33 
(0.98–1.80)

​ 0.81 
(0.58–1.13)

​ 1.23 
(0.83–1.82)

​ 0.76 
(0.51–1.14)

​ 0.97 
(0.52–1.82)

​ 0.33 
(0.15–0.70)

​

MS þ RT vs 
MS alone

0.75 
(0.54–1.06)

​ 0.70 
(0.49–1.02)

​ 0.86 
(0.58–1.30)

​ 0.78 
(0.51–1.21)

​ 0.79 
(0.45–1.39)

​ 0.71 
(0.36–1.39)

​

G3 BCS þ RT vs 
MS alone

2.01 
(1.66–2.44)

​ 1.23 
(0.98–1.53)

​ 2.34 
(1.85–2.98)

​ 1.61 
(1.24–2.09)

​ 2.06 
(1.46–2.91)

​ 1.35 
(0.88–2.09)

​

MS þ RT vs 
MS alone

0.88 
(0.69–1.11)

​ 0.88 
(0.68–1.13)

​ 0.89 
(0.66–1.20)

​ 0.93 
(0.68–1.28)

​ 0.96 
(0.65–1.41)

​ 1.12 
(0.74–1.69)

​

*Models were stratified by country, year of diagnosis, axillary surgery, tumour stage, and hormone receptor status, and adjusted for RRM as a time-dependent covariate.
Note. Subdistribution HRs were estimated using competing-risks regression, with non–breast cancer-related death, second primary non-breast tumours, and distant relapse treated as competing events. Results are shown 
for unadjusted and adjusted models, with and without left truncation at the time of BRCA testing (primary analysis), and in sensitivity analyses restricted to patients tested before or at diagnosis.
****Abbreviations: BCS, breast-conserving surgery; CBC, contralateral breast cancer; CI, confidence interval; HR, hazard ratio; IBC, ipsilateral breast cancer; MS, mastectomy; RT, radiation therapy; RRM, risk-reducing 
mastectomy.
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(*) Solid line represents event of interest, dashed line represents competing event
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Fig. 2. Cumulative incidence of second primary breast cancer events (IBR/CBC) by loco-regional treatment in (A) overall cohort, (B) BRCA1 carriers, and (C) BRCA2 
carriers. Competing risks: non–breast cancer death, second primary non-breast tumours, and distant recurrence. Models adjusted for country, year of diagnosis, 
axillary surgery, tumour stage, hormone receptor status, and uptake of RRM as a time-dependent covariate.
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Table 4 
Associations between loco-regional treatment strategy and breast cancer–free interval (BCFI) in the overall cohort and by subgroup (BRCA gene, stage, and grade).

Unadjusted 
HR (95%CI)

p Adjusted* 
HR (95%CI)

p Unadjusted 
HR (95%CI) 
with left 
truncation

p Adjusted* 
HR (95%CI) 
with left 
truncation

p Unadjusted HR 
(95% CI) in 
BRCA testing 
before or at 
diagnosis

p Adjusted* HR 
(95%CI) in 
BRCA testing 
before or at 
diagnosis

p

​ Locoregional 
treatment

​ <0.001 ​ 0.822 ​ <0.001 ​ 0.392 ​ <0.001 ​ 0.274

​ BCS þ RT 1.53 
(1.34–1.74)

​ 1.01 
(0.86–1.17)

​ 1.71 
(1.46–2.00)

​ 1.13 
(0.93–1.38)

​ 1.48 
(1.16–1.87)

​ 0.85 
(0.62–1.17)

​

​ MS alone Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​
​ MS þ RT 1.47 

(1.28–1.68)
​ 1.05 

(0.89–1.23)
​ 1.54 

(1.31–1.81)
​ 1.12 

(0.92–1.37)
​ 1.63 

(1.32–2.01)
​ 1.11 

(0.84–1.45)
​

Subgroups analysis
​ ​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
BRCA ​ ​ 0.002 ​ 0.017 ​ 0.001 ​ 0.003 ​ <0.001 ​ <0.001
BRCA1 BCS þ RT vs 

MS alone
1.78 
(1.51–2.09)

​ 1.13 
(0.93–1.37)

​ 2.12 
(1.74–2.59)

​ 1.41 
(1.11–1.80)

​ 2.22 
(1.68–2.93)

​ 1.29 
(0.90–1.86)

​

MS þ RT vs 
MS alone

1.60 
(1.34–1.92)

​ 1.06 
(0.86–1.31)

​ 1.80 
(1.45–2.23)

​ 1.23 
(0.95–1.60)

​ 2.15 
(1.65–2.82)

​ 1.38 
(0.99–1.92)

​

BRCA2 BCS þ RT vs 
MS alone

1.10 
(0.87–1.38)

​ 0.78 
(0.60–1.00)

​ 1.08 
(0.82–1.42)

​ 0.74 
(0.54–1.02)

​ 0.38 
(0.21–0.70)

​ 0.22 
(0.11–0.44)

​

MS þ RT vs 
MS alone

1.27 
(1.03–1.58)

​ 1.02 
(0.80–1.31)

​ 1.19 
(0.93–1.52)

​ 0.98 
(0.73–1.31)

​ 0.97 
(0.69–1.37)

​ 0.78 
(0.51–1.19)

​

Stage ​ ​ 0.161 ​ 0.756 ​ 0.222 ​ 0.605 ​ 0.261 ​ 0.594
Stage I BCS þ RT vs 

MS alone
1.89 
(1.50–2.38)

​ 1.14 
(0.88–1.46)

​ 2.16 
(1.64–2.84)

​ 1.38 
(1.01–1.88)

​ 1.98 
(1.35–2.91)

​ 1.19 
(0.76–1.86)

​

MS þ RT vs 
MS alone

1.46 
(0.94–2.28)

​ 1.31 
(0.82–2.08)

​ 1.38 
(0.78–2.45)

​ 1.25 
(0.69–2.25)

​ 1.68 
(0.83–3.41)

​ 1.21 
(0.57–2.56)

​

Stage 
II

BCS þ RT vs 
MS alone

1.34 
(1.13–1.59)

​ 0.96 
(0.80–1.16)

​ 1.43 
(1.16–1.77)

​ 1.02 
(0.81–1.28)

​ 1.20 
(0.87–1.67)

​ 0.79 
(0.55–1.13)

​

MS þ RT vs 
MS alone

1.15 
(0.96–1.39)

​ 1.03 
(0.84–1.24)

​ 1.15 
(0.92–1.43)

​ 1.06 
(0.84–1.34)

​ 1.13 
(0.84–1.51)

​ 1.05 
(0.77–1.43)

​

Stage 
III

BCS þ RT vs 
MS alone

1.21 
(0.80–1.84)

​ 0.92 
(0.60–1.43)

​ 1.49 
(0.88–2.52) 

​ 1.15 
(0.67–2.01)

​ 1.12 
(0.48–2.59)

​ 1.01 
(0.41–2.51)

​

MS þ RT vs 
MS alone

1.04 
(0.70–1.53)

​ 0.94 
(0.63–1.41)

​ 1.19 
(0.73–1.93)

​ 1.18 
(0.71–1.96)

​ 1.38 
(0.72–2.64)

​ 1.39 
(0.70–2.77)

​

Grade ​ ​ 0.003 ​ 0.031 ​ 0.001 ​ 0.001 ​ 0.017 ​ 0.002
G1-2 BCS þ RT vs 

MS alone
1.08 
(0.84–1.37)

​ 0.75 
(0.57–0.98)

​ 1.04 
(0.76–1.41)

​ 0.66 
(0.47–0.94)

​ 0.83 
(0.52–1.35)

​ 0.39 
(0.22–0.68)

​

MS þ RT vs 
MS alone

1.26 
(0.99–1.60)

​ 0.87 
(0.66–1.14)

​ 1.26 
(0.95–1.68)

​ 0.83 
(0.60–1.16)

​ 1.28 
(0.90–1.84)

​ 0.81 
(0.52–1.27)

​

G3 BCS þ RT vs 
MS alone

1.76 
(1.51–2.06)

​ 1.15 
(0.96–1.38)

​ 2.05 
(1.69–2.47)

​ 1.39 
(1.11–1.75)

​ 1.84 
(1.39–2.44)

​ 1.17 
(0.82–1.67)

​

MS þ RT vs 
MS alone

1.57 
(1.32–1.86)

​ 1.14 
(0.93–1.38)

​ 1.68 
(1.37–2.05)

​ 1.28 
(1.01–1.62)

​ 1.81 
(1.40–2.36)

​ 1.30 
(0.95–1.78)

​

*Models were stratified by country, year of diagnosis, axillary surgery, tumour stage, and hormone receptor status, and adjusted for RRM as a time-dependent covariate.
Note. HRs were estimated using Cox proportional hazards models. Results are shown for unadjusted and adjusted models, with and without left truncation at the time of BRCA testing (primary analysis), and in sensitivity 
analyses restricted to patients tested before or at diagnosis.
***Abbreviations: BCFI, breast cancer–free interval; BCS, breast-conserving surgery; CI, confidence interval; HR, hazard ratio; MS, mastectomy; RT, radiation therapy; RRM, risk-reducing mastectomy.
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Fig. 3. BCFI by loco-regional treatment in (A) overall cohort, (B) BRCA1 carriers, and (C) BRCA2 carriers. Multivariable Cox models adjusted for country, year of 
diagnosis, axillary surgery, tumour stage, hormone receptor status, and uptake of RRM as a time-dependent covariate; primary analyses included left truncation at 
BRCA testing.
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Table 5 
Associations between loco-regional treatment strategy and overall survival (OS) in the overall cohort and by subgroup (BRCA gene, stage, and grade).

Unadjusted 
HR (95%CI)

p Adjusted* 
HR (95%CI)

p Unadjusted 
HR (95%CI) 
with left 
truncation

p Adjusted* 
HR (95%CI) 
with left 
truncation

p Unadjusted HR 
(95% CI) in 
BRCA testing 
before or at 
diagnosis

p Adjusted* HR 
(95%CI) in 
BRCA testing 
before or at 
diagnosis

p

Locoregional 
treatment

<0.001 0.018 <0.001 0.029 <0.001 0.022

​ BCS þ RT 1.12 
(0.89–1.40)

​ 0.93 
(0.72–1.21)

​ 1.42 
(1.12–1.80)

​ 1.02 
(0.78–1.34)

​ 1.06 
(0.69–1.62)

​ 0.68 
(0.39–1.16)

​

​ MS alone Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​ Ref. ​
​ MS þ RT 2.27 

(1.83–2.82)
​ 1.27 

(0.98–1.63)
​ 2.45 

(1.96–3.07)
​ 1.35 

(1.03–1.77)
​ 2.65 

(1.93–3.66)
​ 1.34 

(0.90–2.01)
​

Subgroups analysis
​ ​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
​ P for 

interaction
BRCA ​ ​ 0.642 ​ 0.212 ​ 0.890 ​ 0.239 ​ 0.052 ​ 0.079
BRCA1 BCS þ RT vs 

MS alone
1.08 
(0.82–1.41)

​ 0.86 
(0.63–1.17)

​ 1.40 
(1.06–1.86)

​ 0.93 
(0.67–1.29)

​ 1.36 
(0.84–2.21)

​ 0.88 
(0.48–1.64)

​

MS þ RT vs 
MS alone

2.14 
(1.63–2.80)

​ 1.09 
(0.80–1.49)

​ 2.39 
(1.80–3.16)

​ 1.14 
(0.82–1.60)

​ 3.36 
(2.27–4.99)

​ 1.51 
(0.93–2.46) 

​

BRCA2 BCS þ RT vs 
MS alone

1.17 
(0.76–1.79)

​ 1.00 
(0.63–1.58) 

​ 1.42 
(0.92–2.20) 

​ 1.09 
(0.67–1.75) 

​ 0.40 
(0.14–1.18) 

​ 0.20 
(0.06–0.73) 

​

MS þ RT vs 
MS alone

2.62 
(1.80–3.80)

​ 1.65 
(1.09–2.52)

​ 2.62 
(1.79–3.83)

​ 1.75 
(1.13–2.71)

​ 1.68 
(0.97–2.93)

​ 1.06 
(0.55–2.04)

​

Stage ​ ​ 0.181 ​ 0.147 ​ 0.367 ​ 0.236 ​ 0.091 ​ 0.123
Stage I BCS þ RT vs 

MS alone
1.13 
(0.71–1.81)

​ 1.00 
(0.61–1.64)

​ 1.46 
(0.90–2.35)

​ 1.13 
(0.68–1.87)

​ 1.85 
(0.86–4.00)

​ 1.38 
(0.59–3.23)

​

MS þ RT vs 
MS alone

1.79 
(0.85–3.80)

​ 1.60 
(0.73–3.50)

​ 2.01 
(0.91–4.43)

​ 1.58 
(0.69–3.61)

​ 2.92 
(0.95–8.96

​ 2.47 
(0.75–8.12)

​

Stage 
II

BCS þ RT vs 
MS alone

1.11 
(0.82–1.50)

​ 0.96 
(0.70–1.31)

​ 1.34 
(0.98–1.84)

​ 0.96 
(0.69–1.34)

​ 0.76 
(0.41–1.40)

​ 0.52 
(0.27–1.02)

​

MS þ RT vs 
MS alone

1.79 
(1.33–2.41)

​ 1.54 
(1.13–2.10)

​ 1.77 
(1.30–2.42)

​ 1.56 
(1.13–2.16)

​ 1.80 
(1.16–2.81)

​ 1.62 
(1.01–2.60)

​

Stage 
III

BCS þ RT vs 
MS alone

0.66 
(0.39–1.11)

​ 0.50 
(0.29–0.87)

​ 0.89 
(0.51–1.56)

​ 0.62 
(0.34–1.12)

​ 0.62 
(0.23–1.62)

​ 0.44 
(0.15–1.29)

​

MS þ RT vs 
MS alone

0.87 
(0.55–1.40)

​ 0.71 
(0.43–1.15)

​ 0.98 
(0.59–1.62)

​ 0.78 
(0.46–1.32)

​ 0.83 
(0.43–1.61)

​ 0.76 
(0.37–1.57)

​

Grade ​ ​ 0.330 ​ 0.378 ​ 0.410 ​ 0.309 ​ 0.114 ​ 0.101
G1-2 BCS þ RT vs 

MS alone
0.86 
(0.56–1.32)

​ 0.73 
(0.46–1.14)

​ 1.11 
(0.71–1.73)

​ 0.75 
(0.46–1.21)

​ 0.47 
(0.18–1.25)

​ 0.27 
(0.09–0.80)

​

MS þ RT vs 
MS alone

1.88 
(1.30–2.72)

​ 1.03 
(0.68–1.57)

​ 2.07 
(1.41–3.05)

​ 1.10 
(0.71–1.72)

​ 1.93 
(1.12–3.35)

​ 0.99 
(0.50–1.96)

​

G3 BCS þ RT vs 
MS alone

1.25 
(0.95–1.65)

​ 1.05 
(0.77–1.43)

​ 1.58 
(1.19–2.10)

​ 1.17 
(0.84–1.62)

​ 1.38 
(0.84–2.25)

​ 0.93 
(0.51–1.71)

​

MS þ RT vs 
MS alone

2.48 
(1.90–3.24)

​ 1.40 
(1.03–1.90)

​ 2.64 
(2.00–3.48)

​ 1.49 
(1.07–2.06)

​ 3.07 
(2.07–4.57)

​ 1.55 
(0.97–2.50)

​

*Models were stratified by country, year of diagnosis, axillary surgery, tumour stage, and hormone receptor status, and adjusted for risk-reducing mastectomy (RRM) as a time-dependent covariate.
Note. HRs were estimated using Cox proportional hazards models. Results are shown for unadjusted and adjusted models, with and without left truncation at the time of BRCA testing (primary analysis), and in sensitivity 
analyses restricted to patients tested before or at diagnosis.
****Abbreviations: BCS, breast-conserving surgery; CI, confidence interval; HR, hazard ratio; MS, mastectomy; OS, overall survival; RT, radiation therapy; RRM, risk-reducing mastectomy.
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Fig. 4. OS by loco-regional treatment in (A) overall cohort, (B) BRCA1 carriers, and (C) BRCA2 carriers. Multivariable Cox models adjusted for country, year of 
diagnosis, axillary surgery, tumour stage, hormone receptor status, and uptake of RRM as a time-dependent covariate; primary analyses included left truncation at 
BRCA testing.
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considerations [9,17]. Importantly, recent evidence indicates that 
awareness of BRCA mutation status prior to diagnosis is associated with 
earlier-stage detection and may improve survival outcomes, further 
underscoring the value of timely genetic testing and counselling in 
shaping both prognosis and therapeutic choices [27].

Finally, we do not advocate breast-conserving strategies universally 
for young BRCA carriers. Rather, organ preservation should be consid
ered a viable, evidence-based option for patients who explicitly priori
tise this approach, provided that disease characteristics and clinical 
context are favourable. Clinicians should carefully evaluate patient age, 
BRCA gene, tumour stage, and grade when discussing loco-regional 
options. Equally important, these data provide reassurance to patients 
who underwent BCS + RT before learning their BRCA status. Ultimately, 
treatment decisions should arise from multidisciplinary discussions that 
integrate individual risk profiles, life circumstances, and reproductive 
goals, while respecting patient autonomy.

Study limitations

Several limitations merit consideration. First, the definition and 
classification of ipsilateral breast events in BRCA1/2 carriers are 
inherently complex, as such events may represent either true re
currences or new primary tumours; in addition, CBC contribute sub
stantially to the overall event burden. Grouping IBR and CBC as second 
primary breast cancer events facilitates analysis but may obscure dif
ferences in biological mechanisms and timing. Second, loco-regional 
treatment strategies were strongly associated with baseline clinico
pathological characteristics, calendar period, and timing of BRCA 
testing, introducing confounding by indication and the potential for 
residual confounding despite multivariable adjustment. In particular, 
patients undergoing BCS + RT were more likely to receive BRCA testing 
after the initial treatment decision and to have a lower uptake of im
mediate RRM, which may have contributed to the higher incidence of 
CBC observed in this group. Although the primary analysis accounted for 
delayed testing through left truncation at the time of BRCA identifica
tion, residual bias related to treatment selection cannot be fully 
excluded. Third, differences in surveillance intensity may have influ
enced event detection. Patients diagnosed with BRCA mutations during 
follow-up may have undergone more intensive imaging surveillance, 
potentially increasing the likelihood of detecting second primary breast 
cancer events. As detailed information on surveillance protocols was not 
consistently available across participating centres, this represents an 
additional source of unmeasured confounding. Accordingly, differences 
in second primary breast cancer events between treatment groups 
should not be interpreted as a direct causal effect of the loco-regional 
strategy. Fourth, variation in follow-up duration across treatment 
groups, with longer follow-up in the BCS + RT cohort, may have influ
enced cumulative event capture despite the use of time-to-event 
analyses.

Finally, the retrospective observational design limits causal infer
ence. Although sensitivity analyses addressing delayed BRCA testing 
(including left truncation and restriction to early tested patients) yielded 
consistent results, unmeasured confounding cannot be excluded. In 
addition, the long enrolment period spans substantial changes in sys
temic therapies and diagnostic approaches, including the introduction of 
neoadjuvant immunotherapy, adjuvant CDK4/6 inhibitors, and PARP 
inhibitors, which were not standard of care during much of the study 
period and may have influenced both treatment decisions and long-term 
outcomes. An additional limitation relates to the lack of detailed and 
standardised information on RT technical parameters across partici
pating centres. Given the long study period, RT techniques, planning 
approaches, and delivery modalities have evolved substantially over 
time, and year of diagnosis may act as a surrogate for these changes. The 
absence of granular data on RT technique precluded stratified analyses 
and limits the ability to explore potential differences related to tech
nological advances. This reflects a broader challenge in retrospective 

multicentre studies, where heterogeneity in RT reporting and the lack of 
harmonised datasets may impact interpretability. These findings un
derscore the importance of prospective collection of RT parameters and 
the implementation of robust RT quality assurance programmes, as 
recommended in contemporary guidelines for clinical trials, to ensure 
consistency, reproducibility, and adequate integration of RT within 
multidisciplinary oncological research [33].

Conclusions

In this large international cohort of young BRCA1/2 carriers with 
breast cancer, BCS + RT was associated with a higher risk of second 
primary breast cancer events (IBR/CBC) compared with MS, without a 
difference in OS. These findings reinforce the importance of early BRCA 
testing at or before diagnosis to inform surgical decision-making and 
consideration of risk-reducing strategies such as RRM and RRSO. Loco- 
regional management should remain personalised and multidisci
plinary, balancing oncological safety with long-term quality-of-life im
plications. Further prospective studies are warranted to refine treatment 
strategies and optimise care for this high-risk population.

Data sharing

De-identified individual participant data, the data dictionary, and 
the statistical analysis plan will be available for 5 years after publication 
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agreements of each participating centre and subject to approval by the 
relevant ethics committees.
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