@'PLOS ‘ ONE

CrossMark

dlick for updates

E OPEN ACCESS

Citation: van den Broek AJ, Schmidt MK van 't Veer
LJ, Tollenaar RAEM, van Leeuwen FE (2015) Worse
Breast Cancer Prognosis of BRCA1/BRCA2 Mutation
Carriers: What's the Evidence? A Systematic Review
with Meta-Analysis. PLoS ONE 10(3): €0120189.
doi:10.1371/journal.pone.0120189

Academic Editor: Tatjana Adamovic, The Adamovic
Cancer Research foundation; Adamovic Research
AB, SWEDEN

Received: July 23, 2014
Accepted: January 26, 2015
Published: March 27, 2015

Copyright: © 2015 van den Broek et al. This is an
open access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: The authors confirm
that all the data used in the analyses underlying this
study are freely available and included in the tables,
figures, and supplemental information. The authors
have additional data extracted from the papers
included in the review and the individual quality
scores for each question in an Access database. This
database is not included and is not necessary for the
replication of this study, but it may be requested from
the corresponding author (Dr. Schmidt).

Worse Breast Cancer Prognosis of BRCA1/
BRCAZ Mutation Carriers: What's the
Evidence? A Systematic Review with Meta-
Analysis

Alexandra J. van den Broek', Marjanka K. Schmidt'?#, Laura J. van ‘t Veer?, Rob A. E.
M. Tollenaar?, Flora E. van Leeuwen'

1 Division of Psychosocial Research and Epidemiology, Netherlands Cancer Institute, Amsterdam,
Netherlands, 2 Division of Molecular Pathology, Netherlands Cancer Institute, Amsterdam, Netherlands,
3 Department of Surgery, Leiden University Medical Centre, Leiden, Netherlands

* mk.schmidt@nki.nl

Abstract

Objective

Conflicting conclusions have been published regarding breast cancer survival of BRCA1/2
mutation carriers. Here we provide an evidence-based systematic literature review.

Methods

Eligible publications were observational studies assessing the survival of breast cancer pa-
tients carrying a BRCA1/2 mutation compared to non-carriers or the general breast cancer
population. We performed meta-analyses and best-evidence syntheses for survival out-
comes taking into account study quality assessed by selection bias, misclassification bias
and confounding.

Results

Sixty-six relevant studies were identified. Moderate evidence for a worse unadjusted recur-
rence-free survival for BRCA1 mutation carriers was found. For BRCA7 and BRCA2 there
was a tendency towards a worse breast cancer-specific and overall survival, however, re-
sults were heterogeneous and the evidence was judged to be indecisive. Surprisingly, only
8 studies considered adjuvant treatment as a confounder or effect modifier while only two
studies took prophylactic surgery into account. Adjustment for tumour characteristics
tended to shift the observed risk estimates towards a relatively more favourable survival.

Conclusions

In contrast to currently held beliefs of some oncologists, current evidence does not support
worse breast cancer survival of BRCA1/2 mutation carriers in the adjuvant setting; differ-
ences if any are likely to be small. More well-designed studies are awaited.
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Introduction

BRCA1/2-associated breast cancers account for about 25-30% of familial breast cancers, and
for about 3% of all breast cancers [1]. BRCAI-associated breast cancers differ from tumours
not associated with BRCA mutations with respect to pathological features, e.g. they are more
often estrogen receptor negative and high grade and have a higher frequency of somatic abnor-
malities in prognostically important genes such as P53 [2,3]. The biological background of
BRCA1/2 [4] and different pathological aspects of BRCA 1-associated tumours support the hy-
pothesis that patients carrying a BRCA1 and/or BRCA2 mutation might have a worse breast
cancer prognosis compared to non-carriers.

An impressive number of studies have already been conducted to address the association be-
tween BRCA1 and/or BRCA2 mutation carriership and breast cancer survival (Table 1 and
Table 2). Study results were inconsistent, possibly due to differences in study design, study size,
study populations and methodological rigor. Yet, accurate estimation of the effect of carrier-
ship, independent of tumour characteristics, on breast cancer survival is needed to optimize
treatment choices and surveillance policies for BRCA mutation carriers with breast cancer.

We performed a systematic review of all studies published reporting overall survival and/or
breast cancer-specific survival and/or metastasis-free survival and/or recurrence-free survival
related to BRCA mutation carriership. We systematically reviewed important differences in de-
sign between the studies and assessed their methodological rigor using a specially developed
scoring-system aiming to give the best evidence regarding the prognosis of BRCAI- and
BRCA2-associated tumours. We explored whether these differences could explain the discrep-
ancies in outcomes between the studies. Because clinico-pathological features of the tumour
are important prognostic factors and BRCA I-associated breast cancers are known to differ in
this respect from tumours not associated with BRCA mutations, we paid special attention to a
possible role for these factors as confounders or mediators in the association between BRCA1
and BRCA2 mutation carriership and breast cancer survival.

Materials and Methods
Search strategy and selection of relevant literature

Studies were identified through a systematic search in Pubmed until August 2013 with no lan-
guage restrictions using the following terms as free text terms and available MeSH terms,
shown in italics; (BRCA* mutation) AND (survival or prognosis or outcome or mortality or re-
lapse or recurrence) AND (breast neoplasms or breast neoplasm or breast cancer or breast tu-
mour)’; no limits were set (Fig. 1). References cited in relevant review papers were hand-
searched for additional papers.

One reviewer (AJvdB) browsed the title and abstract of the papers for their eligibility for the
topic of research; i.e. the association between BRCAI and/or BRCA2 mutation carriership and
breast cancer survival. After this first selection, two reviewers (AJvdB and MKS) independently
selected papers based on the following criteria: studies should be original reports and BRCA1/2
mutation status should be known; we accepted studies in which less than 50% of the carrier
group was identified by linkage (identification of individuals with a high probability of having
a BRCA mutation by determination of disease patterns in high-risk families, possibly combined
by identifying genetic markers that are co-inherited with the disease [5]) instead of by testing.
In addition, studies should have included at least ten carriers of a BRCAI and/or BRCA2 muta-
tion, and outcomes reported should include overall survival and/or breast cancer-specific sur-
vival and/or metastasis-free survival and/or recurrence-free survival. To allow comparison
between as many studies as possible, we focussed on 5- and 10-year survival estimates. When
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Prognosis of BRCA1/BRCA2 Mutation Carriers

breast neoplasm t cancer orb
no limits set; until 08-2013
+ references cited in review papers were hand searched
N = 1067 articles retrieved and summaries reviewed for subject appropriateness

981 articles excluded:
Subject not eligible

A4
N = 86 articles fully reviewed for eligibility

26 articles excluded:
No full paper (n=4)

No survival analysis (n=7)
<10 carriers included (n =7)
Carriers based on linkage (n=1)
Other reasons (n=7)

v

Y

Data extraction and quality assessment of selected articles:
The N = 60 articles contained N = 73 studies

Y

Several studies addressed the same population,
therefore final inclusion per mutation type + outcome

7 studies (from 3 articles) excluded: studies
did not contain extra information (data on all
the mutation(s) + outcome(s) reported was
published more extensively in another study
using the same population)

Y

v v v
BRCAL: BRCA2: BRCA1+2:
0OSn=37 OSn=18 OSn=20
BCSSn=14 BCSSn=10 BCSSn=3
MFSn=9 MFSn=4 MFSn=4
RFSn=17 RFSn=6 RFSn=17
From N = 53 articles total N = 66 studies

Fig 1. Flow diagram of the inclusion process of papers and studies in the review. OS = Overall survival; BCSS = Breast cancer-specific survival;
MFS = Metastasis-free survival; RFS = Recurrence-free survival.

doi:10.1371/journal.pone.0120189.g001

multiple studies using the same study population had been published, the study with the largest
number of subjects and longest follow-up time was included. If studies used the same study
population but reported different mutations and/or outcomes, each mutation type and out-
come combination was included separately (Fig. 1). Disagreement on the inclusion of one
paper was solved by consensus.

Quality scoring system

Because no specific quality assessment scoring system was available for this research topic, we
developed a scoring system (S1 Supporting Information, part A) including general methodo-
logical aspects as well as specific aspects of studies examining the association between BRCA1/
2 mutation carriership and breast cancer survival, following the method of Monninkhof and
colleagues [6]. The potential forms of bias were categorized into three main types: selection

PLOS ONE | DOI:10.1371/journal.pone.0120189 March 27,2015 11/29
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bias, misclassification bias and confounding/accounting for mediating variables, contributing
at most 300 points, 100 points and 200 points, respectively, to the quality scoring, representing
the relative weights of 3:1:2 (additional information: S1 Supporting Information, part B). For
each paper a quality score from 0 (potential for having extensive bias) to maximum 600 (less
bias potential) could be assigned. When considering unadjusted survival outcomes, the scores
for confounding/accounting for mediating variables (= 200 points) were excluded and a maxi-
mum score of 400 could be attained. Survival outcomes without adjustment or with adjustment
for age or year at diagnosis alone in the analysis were considered unadjusted outcomes; survival
outcomes adjusted for tumour characteristics and/or treatment in the analysis were considered
adjusted outcomes (one exception to this were outcomes from studies where matching on tu-
mour characteristics was performed (n = 7 [7-13]); these outcomes were included as unadjust-
ed since in five of these studies [8,10-13] only absolute survival differences were reported).

Two reviewers (AJvdB and MKS) independently assessed study quality for each included
paper. Scores were compared thereafter and disagreements were solved by consensus or con-
sultation of a third reviewer (FEvVL).

Study classification

All studies were categorized according to quality into two groups; studies achieving at least
50% of the maximum score (high quality (HQ) studies) and studies achieving less than 50%.
This arbitrary cut-off was chosen upfront with the rationale to prevent studies with a high po-
tential for bias to contribute to the evidence. However, sensitivity analyses were performed in-
cluding all studies.

Furthermore, studies were classified into three types based on the method of patient inclu-
sion: studies that included BRCA1/2 mutation carriers mostly from a clinical genetic centre
(CGC), and compared them with an external comparison group of non-carriers, or so called
‘non-carriers’ who were in fact untested patients assumed to be largely non-carriers, from the
population or hospital (further referred to as ‘CGC based studies with external reference
group’); studies that included both tested carriers and confirmed non-carriers from the CGC
(‘CGC based studies with internal reference group’); and studies that tested a group of breast
cancer patients from the hospital or general population, unselected for family history, for
BRCA1/2 mutation carriership (‘Unselected cohort studies’).

Data representation and analyses

All data were taken from the papers; no attempt was made to request individual data from the
researchers. All analyses were performed separately for the different BRCA mutations, stratified
for all different survival outcomes. Significance testing was not used in the analyses, except in
the standard meta-analyses on studies which reported hazard ratios.

A best-evidence synthesis tool (52 Supporting Information; developed by Monninkhof and
colleagues [6], adapted by the authors for this review) was used to score the evidence, taking
into account the study quality and consistency of the results. Here only the HQ studies, with at
least 50% of the attainable quality score, were considered. According to our criteria, at least
four HQ studies were needed to generate sufficient evidence. Specific classification of the evi-
dence is shown in S2 Supporting Information. For the best-evidence synthesis, a better survival
for BRCA1/2 carriers compared to ‘non-carriers’ was arbitrarily defined as an absolute survival
difference >10% or a risk estimate <0.88; a worse survival as an absolute survival difference
>10% or a risk estimate >1.14; no association as an absolute survival difference <10% and a
risk estimate between 0.88 and 1.14. These cut-offs were chosen arbitrarily considering a differ-
ence of 10% to certainly be of clinical relevance, and with the rationale that the methods used
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were not sensitive enough to detect smaller differences. In the sensitivity analysis also other
cut-offs were used.

The best-evidence synthesis was performed irrespective of statistical significance (S2 Sup-
porting Information). Sensitivity analyses were performed using all studies (irrespective of
study quality), using only ‘unselected cohort studies’, using only significant results (P < 0.05),
and using different cut-offs of the definition of better and worse survival for carriers compared
to ‘non-carriers’ without consideration of statistical significance of individual studies (S9 Sup-
porting Information).

To estimate the average effect-size in the best-evidence synthesis, meta-analyses were per-
formed using the HQ studies; this was only done for the mutation and outcome combinations
where sufficient evidence, i.e. >4 HQ studies, was available. For the absolute survival differ-
ences, pooled estimates were calculated using weighting based on the number of included
BRCA1I or BRCA2 mutation carriers per study (weight per study (%) = (n of carriers in that
specific study / total n of carriers of all studies which are used to form the pooled estimate)*
100). In most papers 95% confidence intervals, standard errors or standard deviation of abso-
lute survival differences were not reported hence these could not be taken into account. Statisti-
cal heterogeneity was based on subjective indications using the forest plots. For the hazard
ratios (HR), pooled estimates were calculated and statistical heterogeneity was assessed using
Random effect analyses, which is designed to estimate the mean effect size from a range of
studies while accounting for heterogeneity across the studies [14].

To examine whether the heterogeneity between the results could be explained by different
aspects of the study quality, risk estimates and quality scores per bias of all studies were graphi-
cally displayed. Funnel plots were used to investigate possible publication bias [15]. Statistical
analyses were performed using STATA-11.2.

Results

Until August 2013, 1067 papers were identified in the Pubmed database, of which 66 studies
from 55 papers matched the inclusion criteria and contributed data (Fig. 1).

The main characteristics and results of the 66 included studies [7-13,16-63] are shown in
Table 1 and Table 2 respectively. All studies were published after 1997; the numbers of included
carriers ranged from 10 to 233. Of these 66 studies, 12 studies [22,23,28,30-32,39,45,49,51-53]
were performed in an Ashkenazi Jewish study population and tested only the three
founder mutations.

Most studies (n = 25) compared BRCA1/2 mutation carriers with an external ‘non-carrier’
group: ‘CGC based studies with external reference group’; 18 were ‘CGC based studies with in-
ternal reference group’ and 23 were ‘Unselected cohort studies’ (Table 1).

When considering unadjusted outcomes and only taking into account selection and misclas-
sification bias in the analysis, the quality scores of the included studies ranged from 85.5 (21%
of maximum) to 400 (100% of maximum); 29 studies (44%) were considered HQ with scores
>200 (Fig. 2A and Table 1). When taking into account all three bias categories for the analyses
of adjusted survival outcomes, the quality scores ranged from 111.5 (18.6% of maximum) to
576 (86% of maximum); 36 studies (55%) were considered HQ with scores >300 (Fig. 2B and
Table 1). For both unadjusted and adjusted outcomes the ‘Unselected cohort studies’ had the
highest scores (P <0.001 and 0.001, respectively; Fig. 2A and B).

S3 Supporting Information shows the number of studies reporting risk estimates for the spe-
cific outcomes per mutation type. The mutation types and outcomes reported per study varied
greatly; only for 15 risk estimates out of 48, more than four HQ studies were available.
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doi:10.1371/journal.pone.0120189.9002

BRCA1 and BRCA2 mutation carriership and survival

In the following paragraphs we provided summaries of the results of the different survival out-
comes for BRCAI and BRCA2 carriers. Extensive descriptions of the reported results are avail-
able in the Supporting information as indicated.

BRCA1I mutation carriership and overall survival. The forest plots of absolute survival
differences in Fig. 3A and HRs in Fig. 3B showed inconsistent results for both the HQ studies
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Fig 3. Forest plots of studies reporting survival estimates for BRCA1 mutation carriers compared to ‘non-carriers’, classified per study type and
sorted by quality score. Separate forest plots are shown of studies reporting overall survival (panels A and B), breast cancer-specific survival (panels C and
D), metastasis-free survival (panels E and F) and recurrence-free survival (panel G) of BRCAT mutation carriers compared to ‘non-carriers’. Additionally, the
results for each type of survival outcome are stratified per reported risk estimate: the 5-year and 10-year absolute overall survival difference (panels A, C, E,
G) and the adjusted and unadjusted hazard ratios for overall survival (panels B, D, F). Size of the bullet represents the number of included carriers; black
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bullet = HQ study; round bullet (¢) and * = A. Jewish study population, only founder mutations tested; square bullet (B) and ** = specific study population
(but not A. Jewish), in which only founder mutations were tested; — = 95% Confidence interval (only for hazard ratios); CGC based studies with ext. ref. =
CGC based studies with external reference group; CGC based studies with int. ref. = CGC based studies with internal reference group; Sign = statistically
significant (P < 0.05); NS = not statistically significant; NR = not reported; 1 Adjusted for clinico-pathological characteristics and/or treatment.

doi:10.1371/journal.pone.0120189.9003

as well the other studies (S4 Supporting Information, part A). Nevertheless, all unadjusted
pooled estimates showed a worse survival for BRCA1 mutation carriers, though effects were
small: pooled 10-year absolute survival difference 4.9%; pooled HR 1.17 (95% CI 0.93-1.40)
(Table 3 and S6 Supporting Information, panel A). Also the pooled estimate of the adjusted
HR of 1.14 (95% CI 0.73-1.55) indicated a small survival disadvantage for BRCAI mutation
carriers, but the heterogeneity test showed a large inconsistency between the results reported
(Table 3 and S6 Supporting Information, panel B). Using the best-evidence synthesis, we con-
cluded that there is still indecisive evidence for an association between BRCA 1 mutation car-
riership and unadjusted/adjusted overall survival of breast cancer patients (Table 4).

Table 3. Pooled estimates and heterogeneity analysis for separate risk estimates.
Heterogeneity analysis

Type of survival Type of outcome N of HQ studies Pooled estimate 95% CI Chi square statistic® p-value®

BRCA1 mutation carriers compared to ‘non-carriers’

Overall Unadjusted 5-year absolute survival difference (%)? 15 -3.3 NA NA NA
10-year absolute survival difference (%)? 12 -4.9 NA NA NA
Hazard ratio® 6 117 0.93-1.40 3.59 0.61
Adjusted Hazard ratio® 11 1.14 0.73-1.55 42.79 <0.001
BC-specific Unadjusted 5-year absolute survival difference (%)? 4 -6.2 NA NA NA
10-year absolute survival difference (%)? 6 -6.8 NA NA NA
Hazard ratio® 3 1.12 0.71-1.53 1.86 0.40
Adjusted Hazard ratio® 5 0.92 0.58-1.26  6.18 0.19
Metastasis-free Unadjusted 5-year absolute survival difference (%)? 3 -5.4 NA NA NA
10-year absolute survival difference (%)? 2 4.7 NA NA NA
Hazard ratio® 3 1.09 0.54-1.65 2.90 0.24
Adjusted Hazard ratio® 6 0.99 0.63-1.43 6.30 0.28
Recurrence-free Unadjusted 5-year absolute survival difference (%)? 6 -10.7 NA NA NA
10-year absolute survival difference (%)? 3 -95 NA NA NA
Hazard ratio® No HQ studies available
BRCA2 mutation carriers compared to ‘non-carriers’
Overall Unadjusted 5-year absolute survival difference (%)? 9 -4.4 NA NA NA
10-year absolute survival difference (%)? 7 -2 NA NA NA
Hazard ratio® 3 1.09 0.58-1.59  5.22 0.07
BC-specific Unadjusted 5-year absolute survival difference (%)? 2 -4.3 NA NA NA
10-year absolute survival difference (%)? 4 -14.8 NA NA NA
Hazard ratio® 2 1.57 1.29-1.86 0.27 0.60

The risk estimates which are shown are from outcomes for which more than four high quality studies were available and evidence could be formed using
the best-evidence synthesis (Table 4 and Table 5). Only high quality (HQ) studies are considered.

@No heterogeneity analysis performed. Pooling weighted on the number of included BRCA1 or BRCA2 mutation carriers ((weight per study (%) = (n of
carriers in that specific study / total n of carriers of all studies which are used to form the pooled estimate)* 100));

b Random effect (DerSimonian and Laird) analyses performed;

Results of the heterogeneity test of the random effect (DerSimonian and Laird) analyses.

doi:10.1371/journal.pone.0120189.t003
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BRCA1 mutation carriership and breast cancer-specific survival. The forest plots in
Fig. 3C (absolute survival differences) and Fig. 3D (HRs) seemed to point to a worse unadjusted
breast cancer-specific survival for BRCAI compared to ‘non-carriers’, especially when looking
at the HQ studies, although these effects were generally small (S4 Supporting Information, part
B). The pooled breast cancer-specific survival estimates were a 10-year absolute worse differ-
ence of 6.8% and a HR of 1.12 (95% CI 0.71-1.53); in contrast, the adjusted HR showed a
slightly better breast cancer-specific survival for BRCA I mutation carriers (0.92, 95% CI 0.58-
1.36). None of the pooled estimates were statistically significant (Table 3 and S6 Supporting In-
formation, panels C and D). Using the best-evidence synthesis, we concluded there is indecisive
evidence for an association between BRCA I mutation carriership and unadjusted/adjusted
breast cancer-specific survival (Table 4).

BRCA1 mutation carriership and metastasis-free survival. The forest plots of absolute
survival differences in Fig. 3E and HRs in Fig. 3F showed inconsistent results for both the HQ
and other studies (S4 Supporting Information, part C). The pooled estimates showed a small
unadjusted metastasis-free survival difference for BRCAI compared to the ‘non-carriers’
around 5% worse survival and a pooled HR of 1.09 (95% CI 0.54-1.65); while the pooled ad-
justed HR was 0.99 (95% CI 0.63-1.43) (Table 3 and S6 Supporting Information, panels E and
F). Due to the inconsistency in the results, the best-evidence synthesis showed there is indeci-
sive evidence for a conclusion about the association between BRCAI carriership and metasta-
sis-free survival (Table 4).

Table 4. Best-evidence synthesis: a summary of the available evidence for the relation between BRCA1 mutation carriership and breast cancer
prognosis.

Type of survival Unadjusted/ adjusted® Studies reporting a worse Studies reporting a better Evidence® Evidence®
survival® % (n / total n) survival® % (n / total n) (based on all studies) (based on HQ studies)

Low quality High quality Low quality High quality

Overall Unadjusted 47 (8/17) 41 (717) 18 (3/17) 18 (3/17) Indecisive Indecisive
Adjusted 67 (2/3) 55 (6/11) 33 (1/3) 18 (2/11) Indecisive Indecisive
BC-specific Unadjusted 33 (2/6) 43 (3/7) 17 (1/6) 14 (1/7) Nil Indecisive
Adjusted 0 (0/1) 40 (2/5) 100 (1/1) 60 (3/5) Nil Indecisive
Metastasis-free Unadjusted 25 (1/4) 75 (3/4) 50 (2/4) 25 (1/4) Indecisive Indecisive
Adjusted 0 (0/1) 67 (4/6) 0 (0/1) 33 (2/6) Indecisive Indecisive
Recurrence-free Unadjusted 11 (1/9) 67 (4/6) 11 (1/9) 17 (1/6) Nil Moderate
Adjusted 0 (0/1) 0 (0/1) 0 (0/1) 100 (1/1) Indecisive* Indecisive*

Studies are taken into account reporting the 5-year absolute survival and/or 10-year absolute survival and/or unadjusted hazard ratio (for univariate
outcomes) or reporting a multivariate hazard ratio (for multivariate outcomes).

@Adjusted survival is based on risk estimates adjusted for clinico-pathological characteristics and/or treatment;

bWorse survival for univariate (unadjusted) outcomes: unadjusted HR > = 1.14 or 5-year absolute survival difference > = 10% or 10-year absolute survival
difference > = 10% (when the 5 and 10 year survival differences go in opposite directions, we decided there was no difference in survival). Worse survival
for multivariate (adjusted) outcomes: adjusted HR > = 1.14;

°Better survival for univariate (unadjusted) outcomes: unadjusted HR < = 0.88 or 5-year absolute survival difference > = 10% or 10-year absolute survival
difference > = 10% (when the 5 and 10 year survival differences go in opposite directions, we decided there was no difference in survival). Better survival
for multivariate (adjusted) outcomes: adjusted HR < = 0.88;

9See appendix p 3 (Best-evidence synthesis). Strong evidence: more than 75% of the HQ studies reported a worse survival; moderate evidence: 60-75%
of the HQ studies reported a worse survival and less than 25% of the HQ studies reported a better survival / 50-60% of the HQ studies reported a worse
survival and less than 10% of the HQ studies reported a better survival; nil evidence: more than 60% of the HQ studies reported a better survival or no
association / more than 40% of the HQ studies reported a better survival;

indecisive e evidence: all other options / less than four HQ studies available (*).

doi:10.1371/journal.pone.0120189.t004
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BRCA1 mutation carriership and recurrence-free survival. Most of the studies, certainly
when considering the HQ studies, reported a worse unadjusted absolute recurrence-free surviv-
al for BRCA 1 mutation carriers compared to ‘non-carriers’ (forest plot: Fig. 3G; S4 Supporting
Information, part D). This worse survival was supported by pooling of the study results: 10%
absolute survival difference between the BRCA1 and ‘non-carriers’ (Table 3). The best-evidence
synthesis also showed there was moderate evidence for a worse unadjusted recurrence-free sur-
vival for BRCA1 compared to ‘non-carriers’ (Table 4). Adjusted HRs for recurrence-free surviv-
al were only reported in two studies (S4 Supporting Information, part D) and no conclusions
could be drawn.

BRCA2 mutation carriership and overall survival. Although the forest plots of absolute
survival differences in Fig. 4A and HRs in Fig. 4B showed a tendency towards worse unadjusted
overall survival for BRCA2 mutation carriers compared to ‘non-carriers’, the absolute survival
differences were small, mostly below 10%, and the results were inconsistent, certainly among
the HQ studies (S5 Supporting Information, part A). The pooled estimates showed only a
small overall survival difference between BRCA2 carriers and ‘non-carriers’ 2% 10-year worse
survival and a pooled HR of 1.09 (95% CI 0.58-1.59); with a suggestion for statistical
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Fig 4. Forest plots of studies reporting survival estimates for BRCA2 mutation carriers compared to ‘non-carriers’, classified per study type and
sorted by quality score. Separate forest plots are shown of studies reporting overall survival (panels A and B), breast cancer-specific survival (panels C and
D) of BRCA2 mutation carriers compared to ‘non-carriers’. Additionally, the results for each type of survival outcome are stratified per reported risk estimate:
the 5-year and 10-year absolute overall survival difference (panels A and C) and the adjusted and unadjusted hazard ratios for overall survival (panels B and
D). Size of the bullet represents the number of included carriers; black bullet = HQ study; round bullet (¢) and * = A. Jewish study population, only founder
mutations tested; square bullet (B) and ** = specific study population (but not A. Jewish), in which only founder mutations were tested; — = 95%
Confidence interval (only for hazard ratios); CGC based studies with ext. ref. = CGC based studies with external reference group; CGC based studies with int.
ref. = CGC based studies with internal reference group; Sign = statistically significant (P < 0.05); NS = not statistically significant; NR = not reported;
tAdjusted for clinico-pathological characteristics and/or treatment.

doi:10.1371/journal.pone.0120189.9004
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heterogeneity between the results (P = 0.07; Table 3 and S6 Supporting Information, panel G).
Using the best-evidence synthesis, there was indecisive evidence for an association between
BRCA2 mutation carriership and unadjusted overall survival of breast cancer patients. Al-
though the HQ studies reporting an adjusted HR (n = 3) found worse adjusted overall survival
for BRCA2 compared to ‘non-carriers’ (Fig. 4B), with our criteria there was insufficient evi-
dence for a conclusion (Table 5).

BRCA2 mutation carriership and breast cancer-specific survival. Based on the forest
plots of absolute survival differences in Fig. 4C and HRs in Fig. 4D there seemed to be more
studies reporting a worse breast cancer-specific survival for BRCA2 compared to ‘non-carriers’
than studies reporting a better breast cancer-specific survival (S5 Supporting Information, part
B). This worse survival was also supported by the pooled analyses, showing a 10-year absolute
survival difference between the BRCA2 and ‘non-carriers’ of about 15% (Table 3). The pooled,
significant, unadjusted HR was 1.57 (95% CI 1.29-1.86) (Table 3 and S6 Supporting Informa-
tion, panel H). This survival difference seemed to be driven by one large study [62], and, when
using the best-evidence synthesis, the evidence was still judged to be indecisive. For adjusted
breast cancer-specific survival too few HQ studies were available (Fig. 4D) and no conclusion
could be drawn using the best-evidence synthesis (Table 5).

BRCA2 mutation carriership and metastasis-free survival. There were only three studies
[20,35] that determined the association between BRCA2 mutation carriership and metastasis-
free survival; the studies reported conflicting results (S5 Supporting Information, part C). Also,

Table 5. Best-evidence synthesis: a summary of the available evidence for the relation between BRCA2 mutation carriership and breast cancer
prognosis.

Type of survival Unadjusted/ adjusted® Studies reporting a worse Studies reporting a better Evidence® Evidence®
survival® % (n / total n) survival® % (n / total n) (based on all studies) (based on HQ studies)

Low quality High quality Low quality High quality

Overall Unadjusted 14 (1/7) 50 (5/10) 14 (1/7) 20 (2/10) Nil Indecisive
Adjusted 0 (0/3) 33 (1/3) 100 (3/3) 0 (0/3) Nil Indecisive*
BC-specific Unadjusted 33 (2/6) 50 (2/4) 0 (0/6) 25 (1/4) Indecisive Indecisive
Adjusted 100 (2/2) 33 (1/3) 0 (0/2) 33 (1/3) Indecisive Indecisive*
Metastasis-free Unadjusted 0 (0/2) 100 (1/1) 50 (1/2) 0 (0/1) Indecisive* Indecisive*
Adjusted NA 0 (0/2) NA 50 (1/2) Indecisive* Indecisive*
Recurrence-free Unadjusted 0 (0/4) 0 (0/1) 25 (1/4) 0 (0/1) Nil Indecisive*
Adjusted 0 (0/1) 0 (0/1) 100 (1/1) 100 (1/1) Indecisive* Indecisive*

Studies are taken into account reporting the 5-year absolute survival and/or 10-year absolute survival and/or unadjusted hazard ratio (for univariate
outcomes) or reporting a multivariate hazard ratio (for multivariate outcomes).

@Adjusted survival is based on risk estimates adjusted for clinico-pathological characteristics and/or treatment;

bWorse survival for univariate (unadjusted) outcomes: unadjusted HR > = 1.14 or 5-year absolute survival difference > = 10% or 10-year absolute survival
difference > = 10% (when the 5 and 10 year survival differences go in opposite directions, we decided there was no difference in survival). Worse survival
for multivariate (adjusted) outcomes: adjusted HR > = 1.14;

°Better survival for univariate (unadjusted) outcomes: unadjusted HR < = 0.88 or 5-year absolute survival difference > = 10% or 10-year absolute survival
difference > = 10% (when the 5 and 10 year survival differences go in opposite directions, we decided there was no difference in survival). Better survival
for multivariate (adjusted) outcomes: adjusted HR < = 0.88;

9See appendix p 3 (Best-evidence synthesis). Strong evidence: more than 75% of the HQ studies reported a worse survival; moderate evidence: 60-75%
of the HQ studies reported a worse survival and less than 25% of the HQ studies reported a better survival / 50-60% of the HQ studies reported a worse
survival and less than 10% of the HQ studies reported a better survival; nil evidence: more than 60% of the HQ studies reported a better survival or no
association / more than 40% of the HQ studies reported a better survival;

indecisive e evidence: all other options / less than four HQ studies available (*).

doi:10.1371/journal.pone.0120189.t005
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there were not enough HQ studies available to provide conclusive evidence using the best-evi-
dence synthesis for an association between BRCA2 mutation carriership and unadjusted/ad-
justed metastasis-free survival of breast cancer patients (Table 5).

BRCA2 mutation carriership and recurrence-free survival. The five studies [17,20,28,58]
which determined the association between BRCA2 mutation carriership and recurrence-free
survival reported inconsistent results (S5 Supporting Information, part D). Hence using the
best-evidence synthesis there were not enough HQ studies available to provide conclusive evi-
dence about the association between BRCA2 mutation carriership and recurrence-free survival
of breast cancer patients (Table 5).

BRCA1I and BRCA2 mutation carriership combined and survival. Though the focus of
our review was to determine the association between breast cancer prognosis and carriership of
the BRCAI and BRCA2 mutations separately, there were many studies combining both groups
in their analyses (S7 Supporting Information). Using the best-evidence synthesis for BRCA 1
and BRCA2 mutation carriers combined (S7 Supporting Information, part E), for most of the
unadjusted survival outcomes with sufficient HQ studies available, there was indecisive evi-
dence because of the large heterogeneity of the results. Only for the association between
BRCA1/2 carriership and unadjusted overall survival there was nil evidence, implying no asso-
ciation. For all the adjusted outcomes less than four HQ studies were available and therefore
no evidence could be provided.

Sensitivity analysis

When using the best-evidence synthesis on all studies, irrespective of study quality, evidence
remained indecisive for most outcomes or changed to nil (Table 4 and Table 5). When using
only the unselected cohort studies (mostly HQ) for the best-evidence synthesis, for most out-
comes evidence remained indecisive; however, there was moderate evidence for a worse unad-
justed and adjusted overall survival for BRCAI mutation carriers compared to non-carriers (S8
Supporting Information). In the sensitivity analyses with all studies and the ‘unselected cohort
studies’ the moderate evidence for a worse recurrence-free survival for BRCAI mutation carri-
ers changed to nil and indecisive respectively.

S9 Supporting Information shows a summary of all other sensitivity analyses performed for
the best-evidence synthesis. When the absolute survival and HR cut-offs in the best-evidence
synthesis were less stringent (than the 10% absolute difference or HRs <0.88 or >1.14), the evi-
dence for a worse survival for BRCAI and/or BRCA2 compared to ‘non-carriers’ became stron-
ger for most of the outcomes, i.e. from indecisive to moderate evidence, or remained the same.
With more stringent cut-offs, the evidence became weaker for most of the outcomes, i.e. from
indecisive to nil evidence, or remained the same. Only for the association between BRCA1 car-
riership and unadjusted (worse) recurrence-free survival the moderate evidence held in all the
sensitivity analyses. In the sensitivity analysis where only the statistically significant associa-
tions were considered, the evidence changed for most outcomes; mostly from indecisive to
nil evidence.

Effects of confounders/mediating factors on the association between
BRCA1 and BRCA2 mutation carriership and prognosis

It is already known that breast cancers in carriers of BRCA1 mutations exhibit different patho-
logical characteristics compared to tumours in non-carriers, leading to treatment differences
[2,3]. Also in the studies included in this review, there were many differences reported in tu-
mour characteristics between BRCAI and also BRCA2 mutation carriers compared to ‘non-
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carriers’ (S10 Supporting Information, part A). Only 32 studies reported HRs adjusted for tu-
mour characteristics and/or treatment (Table 2).

To examine the effect of adjustment for confounders on the prognosis of BRCA1 and
BRCA2 mutation carriers, we compared pairs of an unadjusted HR (HRunadjusted) and ad-
justed HR (HRadjusted). In general, the associations between BRCA1/2 carriership and survival
became less strong after adjustment for confounders, especially when the unadjusted results
showed a worse survival for the carriers (Table 6; S10 Supporting Information, part B).

Only in four studies [11,20,47,63] adjuvant treatment was considered as a confounder in the
analyses (Table 6) and in six studies [11,31,35,49,53,63] analyses were stratified on chemother-
apy (data not shown). In most studies a tendency towards a worse survival for BRCAI muta-
tion carriers compared to ‘non-carriers’ was shown in the subgroup of patients not treated with
adjuvant chemotherapy, and no difference in survival in those treated with chemotherapy. One
study by Rennert and colleagues [49] reported a significant interaction between BRCA 1 status
and chemotherapy (P = 0.02). Goodwin and colleagues [35] showed a worse outcome for
BRCA2 carriers compared to ‘non-carriers’ not treated with chemotherapy (HR 3.6, 95% CI
1.5-9.0). Only two studies [20,63] took prophylactic surgery into account as an (time-varying)
confounder in the analyses.

Exploring heterogeneity between the studies

Based on the forest plots of all above results (Fig. 3 and Fig. 4), there were indications for sub-
stantial heterogeneity between the studies. Using graphic analysis we determined the influence
of the different types of bias on the heterogeneity (S11 Supporting Information) using the
5-year absolute difference and the adjusted HR for overall survival for BRCAI mutation carri-
ers compared to ‘non-carriers’ since for these data most studies were available.

Studies with less misclassification bias appeared to more often report a worse survival for
BRCA1 mutation carriers compared to ‘non-carriers’, with stronger effects (S11 Supporting In-
formation, panel C). This might be explained by a larger contrast between carriers and the
‘non-carrier group’ when all non-carriers are tested, a feature incorporated in the misclassifica-
tion score. Within the item of selection bias the proportion of incident cases, but not study
type, seemed to reduce the heterogeneity of the results (S11 Supporting Information, panels A
and B). Unfortunately, duration and completeness of follow-up time were often not reported,
so we could not assess the effect of these variables effect on the heterogeneity of the results. To
see whether the extent of confounding in the studies explained the heterogeneity of the adjust-
ed risk estimates, we graphically compared the adjusted HR to the percentage score of ‘con-
founding/accounting for mediating variables’ bias in the studies. From this graph a clear
relation between the heterogeneity of the results and percentage of confounding was apparent,
though due to the small number of studies it was difficult to draw firm conclusions (S11 Sup-
porting Information, panel D).

Exploring publication bias

S12 Supporting Information shows the funnel plot for studies reporting the 5-year overall sur-
vival for BRCA1 mutation carriers compared to ‘non-carriers’. The funnel plot showed no clear
evidence of publication bias.

Discussion

Our review shows that, in contrast to currently held beliefs of many oncologists and despite 66
published studies, it is not yet possible to draw evidence-based conclusions about the associa-
tion between BRCA1 and/or BRCA2 mutation carriership and breast cancer prognosis. We
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only found sufficient evidence for a 10% worse unadjusted recurrence-free survival for BRCA1
mutation carriers. For all the other outcomes the evidence was judged to be indecisive. Al-
though two less extensive reviews about BRCAI and BRCA2 carriership and breast cancer-spe-
cific survival have been published [64,65], this review is the first to use a systematic approach
and standardized analysis, taking into account the methodological rigor of all the available
studies, to arrive at the best evidence.

Despite the lack of evidence for a worse survival for BRCAI and BRCA2 mutation carriers,
we do see a tendency towards a survival disadvantage for all outcomes. E.g., although the best-
evidence synthesis judged the evidence indecisive due to inconsistent findings and small effects,
the pooled estimate shows a worse 10-year absolute breast cancer-specific survival difference of
14.8% for BRCA2 carriers (Table 3, Fig. 3 and Fig. 4). Unfortunately, the large variation in the
types of outcomes and the conflicting results reported between studies reduced the power for
evidence-based conclusions for most of the outcomes. The most reported outcome was overall
survival. However, we considered overall survival as the least relevant outcome because this is
also affected by the increased ovarian cancer mortality in carriers; an issue that was rarely men-
tioned in the reviewed papers. The only outcome for which we found evidence that there was
an association with BRCAI mutation carriership, i.e., unadjusted recurrence-free survival, is a
heterogeneous survival measure with inconsistent definitions (often not even reported)
across studies.

Considering that certain prognostically important clinico-pathological features are different
for BRCA1-associated tumours (S10 Supporting Information, part A) [2,3], a crucial question
is to which extent BRCA 1/2 mutation carriership and the specific tumour features associated
with carriership can be considered to be independent when studying prognosis. The heteroge-
neity of the reported results did not allow a conclusion regarding the contribution of BRCA1/2
status and tumour features to a worse survival (Fig. 3 and Fig. 4; Table 4 and Table 5). Howev-
er, individual and pooled adjusted HRs compared to unadjusted HRs often resulted in a shift to
a relatively more favourable survival for both BRCAI and BRCA2 mutation carriers compared
to ‘non-carriers’ (Table 3 and Table 6). Based on these results we can conclude that clinico-
pathological characteristics of the tumour might indeed play a confounding or mediating role
in the association between BRCA 1/2 mutation carriership and breast cancer survival, though
more research should be performed to further elucidate this.

Primary breast cancer treatments may be different for BRCA1 and BRCA2 mutation carriers
compared to non-carriers, mostly related to different pathological features of tumours in carri-
ers (S10 Supporting Information, part A) [2,3]. Although the data are scarce, our review sup-
ports what was earlier suggested by others [66], i.e. that that the therapy response of tumours
in BRCA1/2 mutation carriers might be better compared to that in non-carriers. Future studies
should provide insight into the potential confounding or mediating role of treatment when ex-
amining survival of BRCA1/2 mutation carriers.

To explain the large heterogeneity between the results reported in the included studies, we
examined whether this was related to the extent of selection bias (largely dependent on whether
incident cases were included and the type of comparison group used), the extent of misclassifi-
cation bias (largely dependent on whether non-carriers were tested) and the amount of con-
founding bias in the different studies. Surprisingly, the only two factors that seem to explain
part of the heterogeneity were misclassification bias; when a study had not tested the compari-
son (‘non-carriers’) group, and the proportion of incident cases (S11 Supporting Information,
panels C and D). The sensitivity analysis of the best-evidence synthesis including only ‘unse-
lected cohort studies’ indeed showed that the results altered when including only these type of
studies (S8 Supporting Information). Furthermore, the other sensitivity analyses of the best-ev-
idence synthesis (S9 Supporting Information) highlighted that the potential associations we are
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reviewing in this paper appear to be very weak (absolute differences around 5%). Moreover, it
showed the lack of power in the individual studies; the already limited evidence from the best-
evidence synthesis disappeared in the sensitivity analysis which only considered statistically
significant results. Other reasons for the large heterogeneity and generally weak associations
observed might be population differences (i.e. different mutations), differences in completeness
of follow-up (often not reported), differences in consideration of contralateral breast cancer
and prophylactic surgeries (usually not reported). Publication bias is unlikely to play a large
role, as shown in our funnel plot; because of the low prevalence of BRCA1/2 mutations in pop-
ulations, also studies with only a small number of carriers were published.

The evidence-based conclusions drawn in our review are based on a tool, the best-evidence
synthesis, which makes it possible to perform a standardized analysis of the available literature
(tool developed by Monninkhof and colleagues [6], adapted by the authors for this review).
The cut-offs for a relevant survival difference were arbitrarily chosen, but were defined a priori
and were based on previous knowledge regarding breast cancer survival. In addition, the quali-
ty scores given to specific study aspects were developed with an expert group. The best-evi-
dence synthesis only used the HQ studies (at least 50% of attainable quality score awarded);
when performing the best-evidence synthesis using all studies (Table 4 and Table 5) the results
substantially changed, which indicates that HQ studies are indeed different from the other
studies. This confirmed our idea that we took into account the most important sources of bias.
Even so, it should be kept in mind that our scoring system is not a direct measure of validity
and may not capture all methodological aspects adequately.

Two earlier published reviews also addressed the association between BRCA1/2 carriership
and breast cancer survival. Bordeleau and colleagues [64] included 25 studies and described the
methodological problems of the studies per calendar period of publication. According to this
review, the data provided reassurance that the overall prognosis of BRCA-associated breast
cancer was similar to that of breast cancer not associated with BRCA mutations. For studies
published in the 1990s they found several methodological limitations leading to inconclusive
results. For more recently published studies they reported improved methodology but failure
to demonstrate a significant overall survival difference. In our review we did not find a relation
between the publication year and the quality of the studies (data not shown). The other review,
published in 2010 by Lee and colleagues [65], included 17 studies and described methodologi-
cal problems of these studies in the discussion section. They performed a meta-analysis on
short-term (5-year) and long-term (10-year) overall and progression-free survival and based
their final conclusions on the pooled estimate, although they stated that there was inconsisten-
cy in the results. Overall they concluded that BRCAI mutation carriership appears to decrease
both short-term and long-term overall survival rates and short-term but not long-term pro-
gression-free survival. For BRCA2 mutation carriers they observed no effect on either short-
term or long-term survival. While these two reviews reached conflicting conclusions, they also
differ from conclusions in our review, probably due to our more complete inclusion of papers
and systematic way of analysing the results, as well as evaluation of the methodological aspects
and the quality of the included studies.

On the basis of our systematic and evidence-based analysis of all studies published to date,
we conclude that there is only moderate evidence for a worse recurrence-free survival for
BRCAI mutation carriers, unadjusted for tumour characteristics. For all the other outcomes
the evidence was judged to be indecisive, though if analysed in isolation, the ‘unselected cohort
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studies’ showed moderate evidence for a worse overall survival for BRCA1 mutation carriers.
Survival perspectives of BRCA1/2 mutation carriers diagnosed with breast cancer are unclear
and current evidence does not support differential treatment decisions (apart from the use of
PARP inhibitors).

More high quality studies are needed that include a large number of incident breast cancer
cases who are unselectively tested for BRCA mutations, with sufficient follow-up time, and in-
formation available on all patient and tumour characteristics, treatment and prophylactic sur-
geries. Our quality scoring system can help researchers when considering specific aspects of
design and analysis which are important to reduce bias.
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