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A B S T R A C T

Purpose
Recommendations for treating patients who carry a BRCA1/2 gene are mainly based on
cumulative lifetime risks (CLTRs) of breast cancer determined from retrospective cohorts. These
risks vary widely (27% to 88%), and it is important to understand why. We analyzed the effects
of methods of risk estimation and bias correction and of population factors on CLTRs in this
retrospective clinical cohort of BRCA1/2 carriers.

Patients and Methods
The following methods to estimate the breast cancer risk of BRCA1/2 carriers were identified from
the literature: Kaplan-Meier, frailty, and modified segregation analyses with bias correction
consisting of including or excluding index patients combined with including or excluding first-
degree relatives (FDRs) or different conditional likelihoods. These were applied to clinical data
of BRCA1/2 families derived from our family cancer clinic for whom a simulation was also
performed to evaluate the methods. CLTRs and 95% CIs were estimated and compared with
the reference CLTRs.

Results
CLTRs ranged from 35% to 83% for BRCA1 and 41% to 86% for BRCA2 carriers at age 70 years
width of 95% CIs: 10% to 35% and 13% to 46%, respectively). Relative bias varied from �38%
to �16%. Bias correction with inclusion of index patients and untested FDRs gave the smallest
bias: �2% (SD, 2%) in BRCA1 and �0.9% (SD, 3.6%) in BRCA2.

Conclusion
Much of the variation in breast cancer CLTRs in retrospective clinical BRCA1/2 cohorts is due to
the bias-correction method, whereas a smaller part is due to population differences. Kaplan-Meier
analyses with bias correction that includes index patients and a proportion of untested FDRs
provide suitable CLTRs for carriers counseled in the clinic.

J Clin Oncol 33:2553-2562. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Since the discovery of the BRCA genes 20 years ago,
numerous retrospective studies have been per-
formed to estimate the cumulative lifetime risk
(CLTR) of breast cancer for pathogenic BRCA1/2
gene mutation carriers.1-44 However, results of these
studies show considerable variation: CLTRs by the
age of 70 years vary from 27% to 88%, and the width
of the 95% CI estimates range from 6% to 97%.
Recently, estimates from prospectively collected co-
horts were obtained. These were, for BRCA1, 55% to
60% (95% CI, 37% to 76%) and, for BRCA2, 55% to
72% (95% CI, 41% to 88%).45,46 However, because
prospective data are limited and available estimates
vary, recommendations for managing BRCA1/2 car-
riers are still primarily based on retrospective risk

estimates. Therefore, it is important to identify the
source of the large variation in these retrospective
estimates. The current lack of clarity can be trouble-
some for BRCA1/2 carriers and their physicians,
particularly in the context of considering preventive
treatment options.

The wide range of risk estimates in the retro-
spective cohorts of BRCA carriers may be attribut-
able to a combination of two main factors:
population differences, such as genetic, demo-
graphic, and lifestyle factors, and methodologic dif-
ferences, such as population ascertainment and
referral criteria, methods of risk estimation, and cor-
rection for selection bias.47-49 Although the observed
variation in risk has often been attributed to popu-
lation differences, it is unclear if some analytic ap-
proaches generate systematically higher or lower
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breast cancer risk estimates and which methods yield more precise
estimates than others.

Our objective was to assess the effects of systematically identified
risk estimation and bias-correction methods and population factors
on CLTR point estimates and 95% CIs. We specifically surveyed
published methods, applied them to the Family Cancer Clinic data-
base at our university medical center, and compared our results with a
reference using simulated datasets on the basis of this clinical data as
well as to published prospective and retrospective data.

PATIENTS AND METHODS

Methods to Estimate the Risk of Breast Cancer in

BRCA1/2 Carriers

We searched the literature using the keywords breast cancer, BRCA, and risk
in the subject heading and/or title and abstract fields in three databases (PubMed,
Embase,andWebofScience)tosystematicallyidentifythedifferentriskestimation
andbias-correctionmethodsapplicabletoaclinicallyascertainedcohortofcarriers
with a pathogenic BRCA1/2 gene mutation. The search was restricted to studies
published in English through July 2014 that included a study population of a
clinical cohort of female mutation carriers. A flow diagram of the search is pre-
sented in the Data Supplement. The selection procedure and an additional search
of the selected articles’ reference lists yielded 201 reports of potential relevance,
whichwerethenreviewedindetail for theirrisk-estimationmethods.Ofthese,184
studies were excluded because the method was not applicable to a retrospective
clinical cohort or because only risk ratios were presented.

In total, 19 methods for risk estimation were identified and applied to
our data (Fig 1 and Data Supplement). Eleven were Kaplan-Meier analyses

(including three analyses of incident cases and two analyses with bootstrap-
ping),6,14,19,21,28,37,40,44,50–53 four were frailty models, and four were modified
segregation analyses.24,25,27,29,41,54

Kaplan-Meier analysis. Kaplan-Meier analysis allows estimation of sur-
vival over time. This nonparametric model can only incorporate independent
observations; therefore, familial clustering and subject ascertainment are not
taken into account. Bias correction was performed by one or a combination of
the following: excluding index patients, including all untested female first-
degree relatives (FDRs) who were treated as carriers, including only incident
breast cancer cases, or including a proportion of untested female FDRs. The
proportion of FDRs was estimated as the ratio of positive and negative DNA
tests per age group defined by a 10-year interval from our data.

Kaplan-Meier analysis with bootstrapping at the family level. Kaplan-Meier
analysis with bootstrapping at the family level is a nonparametric analysis in which
the 95% CI was corrected for familial clustering by bootstrapping with families as
sampling units. Bias correction was performed by including untested FDRs that
were weighted on the basis of the calculated posterior probabilities of untested
FDRs carrying the mutation given their phenotypes and mutational frequency.

Frailty model. The frailty model is a semiparametric model in which the
familialclusteringwasaccountedforbyahypothetical frailtyforsharedriskamong
family members. The frailty term has a multiplicative effect on the baseline hazard
and provides a family-specific cancer risk. The marginal or population-averaged
CLTR was calculated by integrating out the frailty term.55,56 In this analysis, a
semiparametric frailty model with a gamma frailty distribution was used,57 and
included only carriers, or carriers and untested relatives.

Modifiedsegregationanalysis. Themodifiedsegregationanalysisisasemipa-
rametric analysis in which the familial clustering was accounted for by polygenic
effects. All members in the pedigree, that is, FDRs and beyond, were included.
CLTRs were calculated on the basis of estimated age group–specific hazard ratios
andthecancerincidenceofthegeneralpopulation.20 Correctionforgenetictesting
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Fig 1. Overview of risk estimation and bias correction methods applied to estimate cancer risk. FDR, first-degree relative.
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and ascertainment bias was performed by maximizing the conditional likelihood
ofobservingthegenotypesandphenotypesinthepedigree,giventhegenotypeand
phenotype of the index patient or index carrier and the phenotypes of other family
members in the pedigree or given all phenotypes only.

Application Dataset

To assess the effect of the different methods for statistical analyses and
bias correction, we applied them to a well-defined, retrospective clinical
cohort consisting of 192 extended BRCA mutation-positive families (112
BRCA1 families and 80 BRCA2 families) from our family cancer clinic.51,52

We also simulated data on the basis of our clinic database and applied all
methods to these simulated data. As the true estimates are known in
simulation, this helped us to assess the bias of overestimation or underes-
timation of the CLTR of these methods.

This family cancer clinic at the University Medical Center Gro-
ningen is the sole provider of genetic counseling in the northern region
of the Netherlands. Information on breast and ovarian cancer and
prophylactic surgery was available for 395 female BRCA1 and 232
female BRCA2 carriers and their untested female FDRs (349 in BRCA1
and 176 in BRCA2 families) � 18 years old (Table 1). Pedigree infor-
mation was available for 2,255 BRCA1 and 1,359 BRCA2 family mem-
bers, including FDRs and beyond (Table 2). Only one proven carrier was
present in 27 (14%) of the 192 families.

During the normal course of genetic risk counseling, patients were
asked to provide information on their family history, and family pedigrees
were drawn. In a previous study that included 185 of the current families,
pedigrees were drawn and data on family members were collected.51 Data
from this previous study were recorded in a database and updated through
September 2011.52 The database contained information on the BRCA
mutation, pedigree structure, date of birth, date of death or last contact,
date of breast and/or ovarian cancer diagnosis, date of prophylactic sur-
gery, and carrier status of family members. Missing were 2% to 3% of the
dates of death or dates of breast and/or ovarian cancer and 10% of the dates
of birth. These missing values were imputed by using national tumor-,
period-, and/or age-specific incidence and/or survival rates.54

This clinical dataset was used as basis for generating 50 datasets with
100,000 three-generation families consisting of 18 relatives. For each individ-
ual, we generated a mutational status for the BRCA genes, a polygenic compo-
nent that represents other familial risk factors, follow-up time, breast cancer
status, and censoring events (Appendix, online only).

Table 1. Characteristics of Individual Female BRCA1/2 Mutation Carriers (including index patients) and Their Untested First-Degree Female Relatives

Characteristics

BRCA1 BRCA2

Carriers FDRs Carriers FDRs
(n � 395) (n � 349) (n � 232) (n � 176)

Genetic test
Age of index patient at testing, years, mean (SD) 48.7 (9.8) NA 50.6 (10.5) NA
Age at index carriers’ test, years, mean (SD) 47.1 (19.3) 63.1 (29.7) 48.7 (17.9) 64.2 (27.3)

Breast cancer in index patients
No. (%) 78 (80.4) NA 56 (90.3) NA
Age, years, mean (SD) 40.1 (9.0) NA 44.9 (9.3) NA

Breast cancer
No. (%) 182 (46.1) 59 (16.9) 105 (45.3) 43 (24.4)
Age, years, mean (SD) 42.5 (9.8) 45.7 (13.0) 46.7 (10.3) 51.1 (12.0)

Ovarian cancer in index patients
No. (%) 34 (35.1) NA 14 (22.6) NA
Age, years, mean (SD) 48.4 (7.6) NA 54.5 (12.1) NA

Ovarian cancer
No. (%) 89 (22.5) 41 (11.7) 25 (10.8) 11 (6.3)
Age, years, mean (SD) 51.0 (10.1) 51.4 (10.1) 55.7 (11.9) 62.9 (11.8)

RRM
No. (%) 84 (21.3) 1 (0.3) 48 (20.7) 0 (0)
Age, years, mean (SD) 41.5 (9.9) 36.5 (NA) 43.1 (8.0) NA

RRSO
No. (%) 155 (39.2) 3 (0.9) 100 (43.1) 1 (0.6)
Age, mean (SD) 45.6 (9.0) 45.8 (17.7) 47.9 (9.4) 41.5 (NA)

Abbreviations: FDR, first-degree relative; NA, not applicable; RRM, risk-reducing mastectomy; RRSO, risk-reducing salpingo-oophorectomy.

Box 1. Definitions

● Index carrier: The first family member (male or female)
who tested positive for the mutation, irrespective of
their cancer status at the time of the DNA test.

● Index patient: If the index carrier was affected by breast
and/or ovarian cancer at the time of the DNA test, he/
she becomes the index patient. The index patients are a
subgroup of the index carriers.

● Untested FDRs: Women who did not undergo genetic
testing and who are FDRs of a male or female carrier, and
therefore have a 50% a priori chance of being a carrier.

● Proportion of untested FDRs: The estimated proportion
of assumed carriers among the untested FDRs. The
proportion of FDRs assumed to be carriers were
included in our analyses and treated as carriers.

● Incident breast cancer cases: Cases that have arisen after
the first positive DNA test in the family, that is, after the
date of the index carrier’s test. Only years at risk and events
from this date forward were included in our analyses.

Effect of Bias Correction on Breast Cancer Risks in BRCA Carriers
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Statistical Analysis

Population-averaged CLTRs and 95% CIs (floating 95% CIs for modified
segregation analysis20) were estimated by using the different risk-estimation and
bias-correction methods we had identified. In all analyses, primary breast cancer
caseswerecountedasevents,andthecensoringtimewasdefinedasthefirstdateof
the following events: diagnosis of ovarian cancer, risk-reducing mastectomy, risk-
reducing salpingo-oophorectomy, or death or last contact.

First, the effects of the risk-estimation and bias-correction methods were
assessed by comparing the CLTR estimates by age 70 and the width of the
corresponding 95% CI in our real clinic data. Second, the CLTR estimates and
95% CIs were compared with the reference in our simulated data. We specif-
ically calculated mean CLTRs and 95% CIs widths for the 50 simulated data-
sets. Third, we assessed the effect of study-population factors by comparing the
CLTR estimates and 95% CIs from our clinic data to the published CLTR
estimates that had been obtained by the same method.

Kaplan-Meier and frailty model analyses were performed with a
statistical program (version 22; SPSS, Chicago, IL) and with R software
(R Foundation for Statistical Computing, Vienna, Austria).57,58 Modi-
fied segregation analyses were performed in MENDEL (Department of
Human Genetics, University of California, Los Angeles, CA) using
additional subroutines.20,59,60

RESULTS

Comparison of Breast Cancer Risk Estimates and CIs

Across Analytical Methods

Table 3 shows the CLTR estimate and 95% CI for each method on
thebasisoftherealdata.Kaplan-Meieranalyses(includingallcarrierswith
bias correction by excluding index patients, including all untested FDRs,
or including a proportion of untested FDRs) yielded estimates by age 70
years of 35% to 66% (width of the 95% CI, 10% to 19%) for BRCA1
carriers and 41% to 73% (width of the 95% CI, 13% to 26%) for BRCA2
carriers.Overall,analysesthatexcludedtheindexpatientsandincludedall
untested female FDRs yielded the lowest CLTRs (for BRCA1, 35%; 95%
CI, 30% to 40%; and for BRCA2, 41%; 95% CI, 34% to 49%).

Including only incident cases yielded the highest CLTRs and the
widest 95% CIs, with values of 67% to 83% (width of the 95% CI, 34%
to 35%) for BRCA1 carriers and 73% to 86% (width of the 95% CI,
42% to 45%) for BRCA2 carriers. Estimates from the incident cases
analyses including all carriers and FDRs were similar to the estimated
CLTRs without any correction. For BRCA1, the result was 66% (95%
CI, 59% to 74%) and for BRCA2, 73% (95% CI, 63% to 82%).

The bootstrap approach (including all carriers, with bias cor-
rected by excluding index patients and including a proportion of
FDRs) yielded estimates by age 70 years of 66% to 73% (width of the
95% CIs, 15% to 17%) for BRCA1 carriers and 70% to 80% (width of
the 95% CIs, 18% to 32%) for BRCA2 carriers. Their point estimates
were higher and their 95% CIs were wider than those of the Kaplan-
Meier analyses that included a proportion of FDRs.

The frailty model, including all carriers, with bias corrected by ex-
cluding index patients and/or including all untested FDRs, produced

Table 2. Characteristics of BRCA1/2 Mutation Families

BRCA1 Families (n � 112) BRCA2 Families (n � 80)

Overall Per Family� Overall Per Family�

Characteristic No. (%) Median No. (IQR) No. (%) Median No. (IQR)

Family members 2,255 (100) 15 (10-28) 1,359 (100) 13 (10-19)
Females 1,171 (51.9) 7 (4-14) 677 (49.8) 7 (4-9)

Index patients 97 (4.3) 1 (1-1) 66 (4.9) 1 (1-1)
Females 97 (100) 1 (1-1) 62 (93.9) 1 (1-1)

Index carriers 112 (5.0) 1 (1-1) 80 (5.9) 1 (1-1)
Females 111 (99.1) 1 (1-1) 73 (91.3) 1 (1-1)

Mutation carriers 511 (22.7) 3 (2-6) 318 (23.4) 3 (2-5)
Untested relatives 1,105 (49.0) 7 (5-14) 615 (45.3) 6 (4-8)
Noncarriers 639 (28.3) 4 (2-8) 426 (31.3) 4 (2-7)
Female cancer†

Female breast cancer 257 (21.9) 2 (1-3) 158 (23.3) 2 (1-2)
Ovarian cancer 138 (11.8) 2 (1-2) 40 (5.9) 0 (0-1)

Male breast cancer† 2 (0.2) 0 (0-0) 7 (1.0) 0 (0-0)

Abbreviations: IQR, interquartile range; NA, not applicable.
�Data are presented irrespective of the family size (ie, not weighted by family size).
†Numbers and percentages per sex.

Box 2. Statistical Terms

● Right censoring: By the time that a censoring event
occurs, a woman has not developed breast cancer. Years
at risk and events after the right censoring are not
counted in the analyses.

● Bootstrapping at family level: Randomly drawing
samples (with the same sample size) from the original
dataset to estimate the CI. The samples are of the same
size as the original dataset; therefore, one family can be
included multiple times in the same data sample.

● Width of 95%CI: Indicator of the uncertainty around
the CLTRs. It is calculated by subtracting the lower CI
from the upper CI.

● Relative bias: Measure of underestimation and
overestimation of the reference CLTR, calculated as:
(estimated CLTR � reference CLTR)/reference CLTR.
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point estimates similar to those of the Kaplan-Meier analyses. However,
the range of the 95% CIs was somewhat wider. The CLTRs were 35% to
67% (width of the 95% CI, 11% to 19%) for BRCA1 carriers and 41% to
74% (width of the 95% CI, 14% to 29%) for BRCA2 carriers.

Modified segregation analyses with a conditional joint likelihood
yielded lower CLTRs by age 70 years. Results were 37% to 57% (width
of the 95% CI, 24% to 32%) for BRCA1 carriers and 42% to 53%
(width of the 95% CI, 32% to 46%) for BRCA2 carriers. When the
likelihood was conditional solely on the basis of phenotypes, the CLTR
of 53% (95% CI, 43% to 61%) for BRCA1 carriers was still relatively
low. However, the CLTR of 67% (95% CI, 56% to 76%) for BRCA2
carriers was relatively high. The analyses with conditioning of the
genotype on the basis of index carriers or index patients were most
comparable with the Kaplan-Meier analyses that included all FDRs,
while excluding or including index patients.

Relative Bias of Breast Cancer Risk Estimates in

Simulated Data Across Analytical Methods

The CLTR of all methods varied from 35% to 66% in BRCA1
mutation carriers and from 43% to 74% in BRCA2 mutation carriers
(Fig 2). Compared with the reference, this translated into a variation in
the relative bias of �38% to �16% and �36% to �11%, respectively
(Appendix Table 2, online only).

Bias-correction methods that yielded the smallest bias and uncer-
tainty were Kaplan-Meier analysis with inclusion of index patients and

untested FDRs (�2.0%; SD, 2.1, in BRCA1 carriers and �0.9%; SD,
3.6, in BRCA2 carriers) and the modified segregation analysis condi-
tioned on phenotype only (�2.7%; SD, 2.2, in BRCA1 carriers and
�2.5%; SD, 3.4, in BRCA2 carriers). Kaplan-Meier analysis with boot-
strapping at the family level was, on average, the least biased, but its
uncertainty was relatively higher because relative bias differed for all
datasets, with �0.0%, (SD, 5.7) in BRCA1 carriers and �1.8% (SD,
8.7) in BRCA2 carriers.

Kaplan-Meier analyses with exclusion of the index patient and
inclusion of FDRs, as well as the modified segregation analyses condi-
tioned on all phenotypes and genotypes of the index patient or carrier,
produced the most underestimated risk with relative biases greater
than 20%. However, these methods yielded risk estimates that approx-
imated the risk of a carrier in the general population.

Comparison With Published Results from

Retrospective Studies Using the Same Methods

The risk difference between our CLTRs and estimates from the
identified publications with the same method varied from 1% to 35%
for BRCA1 mutation carriers and from 1% to 37% for BRCA2 muta-
tion carriers (Table 4). Median risk variation in the CLTRs from all
Kaplan-Meier analyses was 6% for BRCA1 and 8% for BRCA2 carri-
ers. Median variation was 14% and 25%, respectively for the modified
segregation analyses. For some methods, complete comparison was
not possible because the published estimates were for the combined

Table 3. Cumulative Lifetime Risk of (in %) and 95% CI of Breast Cancer in BRCA1/2 Carriers by Age 70 Years by Method of Analysis

Bias Correction Method�

BRCA1 BRCA2

n/N CLTR 95% CI n/N CLTR 95% CI

Kaplan-Meier analysis
Including index patients 161/395 66.4 58.7 to 74.0 101/232 72.9 63.2 to 81.8
Including index patients and including proportion of untested FDRs 212/590 54.5 49.0 to 60.3 139/332 63.6 56.2 to 70.9
Including index patients and including all untested FDRs 218/744 43.6 38.9 to 48.5 144/408 51.9 45.5 to 58.6
Excluding index patients 87/298 54.3 45.2 to 64.0 46/170 55.7 43.0 to 69.1
Excluding index patients and including proportion of untested FDRs 138/493 45.4 39.4 to 52.0 84/270 52.1 43.6 to 61.2
Excluding index patients and including all untested FDRs 144/647 34.9 31.1 to 40.2 89/346 40.5 33.7 to 48.1

Kaplan-Meier incident cases analysis†
Excluding index patients 23/167 83.4 62.5 to 96.2 10/114 86.0 56.9 to 99.0
Excluding index patients and including proportion of untested FDRs 25/232 75.6 56.3 to 90.9 10/139 77.6 51.5 to 95.5
Excluding index patients and including all untested FDRs 26/289 67.2 49.1 to 84.2 10/137 72.7 47.6 to 92.7

Kaplan-Meier analysis with bootstrapping at family level
Including index patients and including proportion of untested FDRs 208/495 72.8 65.4 to 80.2 139/332 80.4 71.6 to 89.3
Excluding index patients and including proportion of untested FDRs 136/403 66.0 57.5 to 74.4 84/270 70.5 54.3 to 86.6

Frailty model analysis
Including index patients 161/395 67.4 59.6 to 75.1 101/232 73.9 64.2 to 83.7
Including index patients and including all untested FDRs 218/744 44.7 39.4 to 49.9 144/408 53.3 46.5 to 60.2
Excluding index patients 87/298 54.4 45.0 to 63.8 46/170 56.2 41.7 to 70.7
Excluding index patients and including all untested FDRs 144/647 35.1 29.8 to 40.4 89/346 41.3 33.9 to 48.8

Modified segregation analysis‡
Joint likelihood conditioned on genotype of index carriers and all phenotypes 156/1,060 36.6 18.8 to 50.4 96/604 42.4 14.9 to 61.0
Joint likelihood conditioned on genotype of index patients and all phenotypes 158/1,074 40.7 25.6 to 52.8 98/615 49.4 30.5 to 63.1
Joint likelihood conditioned on genotype of index patients and phenotypes

at time of index patients’ DNA test 158/1,074 57.1 43.7 to 67.3 98/615 53.2 34.8 to 66.4
Retrospective likelihood conditioned only on all phenotypes 230/1,171 52.8 43.2 to 60.8 151/677 67.4 55.8 to 75.9

Abbreviations: CLTR, cumulative lifetime risk; FDRs, first-degree relatives; n, total number of events (ie, female breast cancer); N, total number of women at risk
in the analysis.

�Right censoring at date of first event (which might be diagnosis of breast cancer, ovarian cancer, risk-reducing mastectomy, risk-reducing salpingo-oophorectomy,
or last contact or death).
†Incident case analysis includes only years at risk and events after the date of the first positive DNA test in the family.
‡Modeling the probability of breast cancer conditioned on the genotype and phenotype of the index patients or index carriers, and/or the phenotype of relatives.
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event of breast or ovarian cancer,6,14,21,44 or the estimates were only for
BRCA1 carriers.25,37

DISCUSSION

Published CLTRs of breast cancer in BRCA1/2 carriers vary widely,
most likely because of a combination of differences in the study pop-

ulations and applied methods. We aimed, first, to assess the effects of
different methods of risk estimation and bias correction on the CLTRs
and 95% CIs generated in a large, homogeneous, retrospective
clinic-basedcohortofBRCA1/2carriersand, second, toassess theeffectof
differences in study populations. We applied 19 methods that resulted in
CLTRs between 35% and 83% for BRCA1 carriers and between 41% and
86% for BRCA2 carriers; widths of the 95% CIs varied between 10% and
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Fig 2. Comparison of each method’s cumulative lifetime risks (CLTRs; 95% CI) by age 70 years with the reference estimate in (A) BRCA1 and (B) BRCA2
mutation carriers on the basis of the simulated data. The solid and dashed horizontal lines represent the CLTR and 95% CI of the reference for clinic-based
cohorts, and the dotted line represents the reference CLTR for population-based cohorts. Cond, conditioned on; Excl, excluding; FDR, first-degree relative; Incl,
including; KM, Kaplan-Meier; MSA, modified segregation analysis.
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35% and between 11% and 46%, respectively. Bias correction by includ-
ing index patients and a proportion of untested FDRs or by conditioning
the likelihood function only on phenotypic data yielded rather accurate
CLTRs for the context of our family cancer clinic. Comparison of our
CLTRswithretrospectiveCLTRsestimatedbyapplyingthesamemethod
showed risk variations between 1% and 37%.

Without any bias correction, the CLTR in our study population was
67%(95%CI,59%to74%)forBRCA1carriersand73%(95%CI63%to
82%)forBRCA2carriers.Biascorrectionresultedinastepwisedecreasing
effect in the CLTRs compared with the unadjusted CLTR. The only
exceptionwasthebootstrapapproachforwhichincludingaproportionof
FDRs resulted in higher risk estimates compared with no inclusion of
FDRs. The posterior probability of assumed carriers among the untested

FDRs was probably overestimated and led to overestimation of the num-
ber of carriers among affected FDRs or to underestimation of carriers
among unaffected FDRs. In the simulation, however, this bootstrap
approach with exclusion of index patients yielded, on average, the
least biased CLTRs: �0% (SD, 5.7) for BRCA1 and �1.8% (SD,
8.7) for BRCA2. Because this uncertainty is high, this method needs
further exploration.

Overall, low CLTRs were produced from the analyses that ex-
cluded all index patients but included all untested FDRs (for BRCA1,
35%; 95% CI, 31% to 40%; and for BRCA2, 41%; 95% CI, 34% to
48%) and by the modified segregation analysis in which the likelihood
was conditioned on the genotype and phenotype of the index carriers
and all other phenotypes in the family (for BRCA1, 36%; 95% CI, 19%

Table 4. Comparison Between This Study and Published Studies of the Cumulative Lifetime Risk of Breast Cancer by Age 70 and 95% CIs of Right-Censored
Analyses by Method of Analysis

Analysis

BRCA1 BRCA2

Present Study Published Study� Present Study Published Study�

N
CLTR

(95% CI) N
CLTR

(95% CI) Study N
CLTR

(95% CI) N
CLTR

(95% CI) Study

Kaplan-Meier analysis
Including index

patients 395 66 (59 to 74) 40 64 (39 to 78) Beristain et al50 232 73 (63 to 82) 50 69 (40 to 84) Beristain et al50

308 71 (67 to 82) Van der Kolk et al51 433 72 (64 to 78) Vos et al52

656 72 (66 to 78) Vos et al52 394 78 (69 to 85) Vos et al52

483 73 (68 to 78) Brose et al19 178 88 (82 to 93) Van der Kolk et al51

1,580 76 (71 to 79) Vos et al52 220 88 (81 to 95) Tea et al53

264 85 (75 to 97) Kroiss et al28

Including index
patients and
including
proportion of
untested FDRs 590 55 (49 to 60) 839 68 (65 to 71) Evans et al40 332 64 (56 to 71) 603 75 (72 to 78) Evans et al40

Excluding index
patients 167 54 (45 to 64) 24 36 (5 to 57) Beristain et al50 114 56 (43 to 69) 34 38 (12 to 56) Beristain et al50

16 fam �52 (NA) Dorum et al6 305 61 (50 to 69) Vos et al52

77 53 (35 to 75) Vogl et al37 269 64 (50 to 75) Vos et al52

14 fam �57 (NA) Dorum et al6 120 78 (69 to 88) Van der Kolk et al51

462 58 (51 to 66) Heimdal et al21

467 58 (50 to 66) Vos et al52

214 60 (55 to 66) Van der Kolk et al51

1,091 68 (62 to 73) Vos et al52

Joint likelihood
conditioned on
genotype of
index carriers
and all
phenotypes 112 fam 37 (19 to 50) 582 fam 45 (36 to 52) Brohet et al54 80 fam 42 (15 to 61) 176 fam 27 (14 to 38) Brohet et al54

155 fam 52 (26 to 69) Milne et al41 164 fam 47 (29 to 60) Milne et al41

2 fam 64 (28 to 96) Tesoriero et al29 27 fam 75 (0 to 97) Antoniou et al30

25 fam 72 (0 to 93) 6 fam 79 (48 to 98) Tesoriero et al29

Modified segregation
analysis

Joint likelihood
conditioned on
genotype of index
patients and all
phenotypes 112 fam 41 (26 to 53) 28 fam 48 (22 to 82) Scott et al24 80 fam 49 (31 to 63) 23 fam 74 (50 to 93) Scott et al24

Joint likelihood
conditioned on
all phenotypes 112 fam 53 (43 to 61) 1 fam 49 (13 to 96) Southey et al25 80 fam 67 (56 to 76) NA NA NA

1 fam 39 (29 to 49) Vogl et al37

Abbreviations: CLTR, cumulative lifetime risk; fam, families; FDRs, first-degree relatives; NA, not applicable.
�Estimates from studies identified in our literature search.
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to 50%; and BRCA2, 42%; 95% CI, 15% to 61%). Kaplan-Meier
analyses excluding index patients and including FDRs and modified
segregation analyses with conditioning on the basis of the genotype
and phenotypes produced estimates approximating the risk for carri-
ers in the general population. Here, no ascertainment bias is present.
However, because not all of these carriers will enter the family cancer
clinic, these estimates are substantially lower.

High CLTRs were produced by the incident case analyses that
included only carriers. The result for BRCA1 was 83% (95% CI, 63%
to 96%) and for BRCA2, 86% (95% CI, 57% 99%). This could have
been a result of genetic testing bias among relatives and to having more
follow-up information about affected relatives than about unaffected
relatives. This explanation is likely given the simulation results, for
which follow-up was complete and the CLTR was underestimated
(� �9%). However, because the number at risk and the number of
events were low, and because the CIs were large and overlapped with
the reference CLTRs, results regarding this method still are uncertain.

The width of the 95% CI depends on two main factors: first, the
number of women at risk and the number of events in the analysis and,
second, whether familial clustering is taken into account. The Kaplan-
Meier analyses excluding index patients, the analyses of incident cases,
and the modified segregation analyses all led to relatively large SEs.
Accounting for familial clustering in the analyses of individual subjects
(ie, frailty model and Kaplan-Meier analysis with bootstrapping at the
family level) had only a small positive effect on the 95% CIs: width of
the 95% CIs, � 0% to 4.3% for BRCA1 and � 0.5% to 14.7% for
BRCA2. This small effect was probably because not all the women in
the family were FDRs. The greatest effect on the CI was seen in the
bootstrap approach and was probably because the approach used to
calculate the proportions for including FDRs and because no structure
was imposed for familial clustering.

In general, risk estimates from prospective studies are considered
most reliable. CLTRs most similar to those of the largest prospective
clinic-based cohort (EMBRACE [Epidemiological Study of Familial
Breast Cancer])45 were the Kaplan-Meier analyses with bias correction
by either including index patients with a proportion of FDRs (risk
difference compared with EMBRACE, �5.5% for BRCA1 and �6.0%
for BRCA2) or by solely excluding index patients (risk difference,
�5.7% for BRCA1 and �1.3% for BRCA2), and those of the modified
segregation analyses with conditioning of the phenotypes restricted to
those at the time of the index carrier’s DNA test (risk difference,
�2.9% for BRCA1 and �3.4% for BRCA2). Although population
differences may interfere with the comparison, the good performance
of the first method was confirmed in the simulation.

Methods of previous retrospective cohort studies included in this
study produced estimated CLTRs of 30% to 85% for BRCA1 carriers and
27% to 88% for BRCA2 carriers.6,19,21,24–26,28–30,37,40,50–54 These risk
ranges are broader than the range of estimates on the basis of our current
dataset. However, for each method, we still observed considerable varia-
tion (as high as 37%) when we compared our estimates with previously
published estimates. This demonstrates that there are other factors in
addition to the risk- and bias-correction methods that affect the CLTR.
These could include population and demographic factors (eg, birth co-
horts, founder mutations, mutation type, family history) and/or other
methodological issues. For example, these include the events chosen for
rightcensoring,thedecisiontocensorattheageofovariancancerorageof
risk-reducing salpingo-oophorectomy, and how many times these events
occur in the study population.6,48 Differences in these choices are related

to issues of competing risks and informative censoring, which will affect
the occurrence of breast cancer. Some authors have therefore published
risk estimates for developing breast or ovarian cancer, that is, with the
cancereventdefinedasprimarybreastcancerorovariancancer insteadof
primary breast cancer only (ie, with or without censoring at ovarian
cancer).6,14,21,30,44

Some researchers using the modified segregation analyses ad-
opted a fixed population incidence24,25,30,41 as input for the model,
whereas others used a birth cohort–specific incidence,54 which might
have an effect on the estimated CLTR. However, in an additional
sensitivity analysis on the modified segregation model, we found that
the model was, in fact, quite robust for possible mis-specification of
the population incidence input; a 10% increase in the input incidence
resulted in a 1% to 3% increase in the CLTR.

The strength of our study was that it demonstrated the effects of a
largenumberofbias-correctionmethodsinonelarge,well-definedBRCA
cohort and a simulated reference cohort. Some of the methods have been
applied in several cohorts at the same time,20,37 but most authors present
their CLTRs only with the inclusion and exclusion of the index pa-
tients.50–52 Women participating in a clinical cohort have already under-
gone genotype analysis, and data are gathered in the course of their
standard care. This process makes this type of ascertainment the most
straightforward and feasible manner for estimating breast cancer risk.
However, this common design incorporates an ascertainment bias and a
genetic testingbias,andtheseshouldbothbeavoidedbyproperlycorrect-
ing for them.

A limitation of our study is that the simulation was restricted to
one scenario and tailored to the Dutch setting. Differences in genetic
testing or ascertainment bias patterns (eg, as a result of different screening
and referral guidelines) in other clinic-based cohorts, presumably from
other countries, could affect performance of the methods. However, in
simulationswithahigherinputvalueforthepolygenicvariance,ascertain-
ment was more biased, but conclusions on the performance of the meth-
ods did not change (data not shown). Another limitation is that we
appliedonlyoneapproachforcensoringevents,whereastheestimationof
the CLTRs could be affected by the chosen events.

In conclusion, when tested systematically in one retrospective clini-
cal cohort of BRCA1/2 carriers, much of the variation in the CLTRs and
CIs seems to be due to the method of bias correction used, whereas a
smaller part is due to population differences. The modified segregation
analysis is a complex method that concentrates on correcting all biases
affecting the risk estimation.20 Our study shows that the modified segre-
gationanalysis,withascertainmentcorrectiononthebasisofthegenotype
of the indexes and all phenotypes in the family, yields estimates that most
closely approach that of an unselected carrier in the general population.
Most consistent estimates for carriers counseled in the clinic were esti-
mated with the Kaplan-Meier method with bias corrected by including a
proportion of untested FDRs. Compared with the other methods, this
mightbeasimplerandmorerobustmethodtoapplytoclinicalretrospec-
tive datasets. Future studies should focus on family-specific breast cancer
risk estimates in BRCA carriers instead of population-averaged risks, and
investigators should assess the effect of competing risks on the risk esti-
mates and CIs.
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■ ■ ■

GLOSSARY TERMS

BRCA1: a tumor suppressor gene known to play a role in re-
pairing DNA breaks. Mutations in this gene are associated with
increased risks of developing breast or ovarian cancer.

BRCA2: a tumor suppressor gene whose protein product is
involved in repairing chromosomal damage. Although structur-
ally different from BRCA1, BRCA2 has cellular functions similar
to BRCA1. BRCA2 binds to RAD51 to fix DNA breaks caused by

irradiation and other environmental agents. Also known as the breast
cancer 2 early onset gene.

competing risks: events that prevent an event of interest from oc-
curring. “Competing risks are said to be present when a patient is at risk
of more than one mutually exclusive event, such as death from different
causes, and the occurrence of one of these will prevent any other event
from ever happening” (Hinchliffe SR: Presented at the University of
Leicester, 2012).
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Appendix 1: Simulation Study

Structure of Families

Based on our clinical database, a general population was generated consisting of 100,000 families. All were three-generation families
with a fixed pedigree structure similar to the current average Dutch families (Data Supplement; Jonker et al: J Med Genet 40:e25, 2003).
Age at last contact in the first generation was generated following a normal distribution N (85,3). In the second and third generation, the
age at contact was based on the mean age of the parents minus an age difference between the generations. This age difference was N (25,2)
and N (26,2), respectively.

Genes and Polygenic Factors

BRCA1 and BRCA2 gene mutations were generated using gene dropping, with mutation frequencies of 0.003 and 0.001, respectively,
and following a Mendelian transmission with an autosomal-dominant inheritance pattern (Jonker et al: J Med Genet 40:e25, 2003).
Individuals could not have both mutations, mutation carriers were always heterozygote for the mutation, and in-laws were considered
always negative for the mutation.

A polygenic risk factor, following a normal distribution, was generated to represent other familial risk factors affecting the individuals’
cancer risk (Pankratz et al: Genet Epidemiol 28:97-109, 2005).38 In the first generation, the mean of the distribution was zero, in the second
and third generations, mean of the distribution was equal to mean of the parents’ polygenic component. In the first generation, the
variance of the distribution was equal to input value 1.5, and in the second and third generation, the variation was equal to the half of the
input value (Pankratz et al: Genet Epidemiol 28:97-109, 2005).38

Cancer and Censoring Events

The age at cancer (� 20 years) and death were generated following a Weibull distribution on the basis of Dutch population data, and
for male carriers, a relative risk was used to generated the cancer incidence (Table 1; Thompson and Easton: Am J Hum Genet 68:410-419,
2001; Liede et al: J Clin Oncol 22:735-742, 2004; Netherlands Cancer Registry: http://www.cijfersoverkanker.nl/selecties/dataset_1/
img54b79b31474b4; Statistics Netherlands: http://statline.cbs.nl/Statweb/publication/?DM�SLNL&PA�7052_95&D1�0&D2�1-
2&D3�a&D4�56-61&VW�T).

An age-related probability for undergoing risk-reducing mastectomy or risk-reducing mastectomy salpingo-oophorectomy was
applied using age-dependent probabilities on the basis of our clinical database. Female carriers � 25 years old without breast cancer and
� 30 years old without ovarian cancer were eligible for risk-reducing mastectomy and risk-reducing mastectomy salpingo-
oophorectomy, respectively.

Genetic Testing and the Index Person

When more individuals in the family fulfilled the Dutch referral criteria for genetic counseling and testing, the affected person with
the youngest age at diagnosis was tested for the mutation (Mammacarcinoma, http://www.oncoline.nl/breastcancer). Then, when more
individuals in the family fulfilled the referral criteria and only unaffected individuals were still alive at the time of referral, the individual
most closely related to the cancer patient was tested.

When the index patient was positive for a BRCA1 or BRCA2 mutation, genetic testing was offered to the family. If the index patient
tested negative for the gene mutation, the family was not offered further testing.

Affected family members were tested irrespective of any cascade protocol, and their probability of being tested was greater than their
unaffected relatives. Unaffected family members were tested following a cascade protocol. The genetic testing probability was based on the
clinical database, and was gender, phenotype, and age dependent.

Risk Analyses in a Clinic-Based Cohort

Dutch referral criteria for genetic counseling and testing were used to mimic the ascertainment bias seen in the family cancer clinic
cohorts. Subsequently, the genetic testing bias was mimicked by making the probability for genetic testing in all relatives of the index
carrier gender, age, and phenotype dependent (Oosterwijk et al: Maturitas 78:252-257, 2014).

In total, 50 datasets were generated with the same input values but with a different random seed.
All methods were applied to each dataset with these ascertainment and genetic testing biases (Table 2). Because the aim of the study

was to assess the risk estimates for BRCA1/2 carriers seen in the family cancer clinic, we obtained the reference risk by Kaplan-Meier
estimation using the same cohort with complete information on all genotypes. Thus, the reference estimate for the clinic would be a cohort
affected by the same ascertainment bias but not by the genetic testing bias, whereas the general population cohort would not be affected
by either.
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Table A1. Weibull Scale and Shape Input Parameters and Relative Risks

Females Males

Scale Shape Scale Shape

Breast cancer
Noncarriers 151.28 3.29 263.16 5.9
BRCA1 carriers 72.19 2.46 RR 3
BRCA2 carriers 70.59 3.12 RR 70

Ovarian cancer
Noncarriers 242.72 4.06 NA
BRCA1 carriers 84.22 3.58
BRCA2 carriers 91.86 4.52

Death 113.64 7.5 113.64 8.3

Abbreviations: NA, not applicable; RR, relative risk.
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Table A2. Estimated Cumulative Lifetime Risks and Relative Bias by Age 70 Years for 50 Simulated Datasets

Bias Correction Method�

BRCA1 Carriers BRCA2 Carriers

CLTR
Relative
Bias (%) CLTR

Relative
Bias (%)

Mean SD of Means Mean SD Mean SD Mean SD of Means Mean SD Mean SD

Reference estimate population 48.1 1.8 1.6 �15.6 2.1 54.4 2.9 3.6 �18.2 4.0
Reference estimate clinic 57.0 2.3 2.9 0 0 66.6 3.9 7.6 0 0
Kaplan-Meier analysis

Including index patients 61.5 2.4 3.7 7.9 1.9 71.0 3.8 9.8 6.6 3.4
Including index patients and including

proportion of untested FDRs 58.1 2.3 3.0 2.0 2.1 67.2 4.1 8.0 0.9 3.6
Including index patients and including all

untested FDRs 49.5 2.0 1.8 �13.1 1.8 58.6 3.4 4.7 �11.9 3.5
Excluding index patients 46.0 3.8 3.2 �19.4 4.6 55.4 6.7 9.7 �17.0 8.5
Excluding index patients and including

proportion of untested FDRs 44.2 3.5 2.5 �22.4 4.5 51.2 7.3 6.9 �23.2 9.5
Excluding index patients and including all

untested FDRs 35.4 2.6 1.2 �38.0 3.2 42.9 4.7 3.4 �35.6 6.2
Kaplan-Meier incident case analysis†

Excluding index patients 51.9 4.5 4.7 �9.0 6.5 57.9 8.3 12 �13.2 11.1
Excluding index patients and including

proportion of untested FDRs 51.4 4.2 4.3 �9.9 6.1 55.9 7.5 10.4 �16.1 10.2
Excluding index patients and including all

untested FDRs 46.7 3.9 2.9 �18.2 5.7 53.1 5.4 7.4 �20.3 7.0
Kaplan-Meier analysis with bootstrapping at

family-level
Including index patients and including

proportion of untested FDRs 66.0 2.7 2.4 15.8 2.2 74.1 4.0 3.8 11.2 3.6
Excluding index patients and including

proportion of untested FDRs 57.0 4.4 3.9 0.0 5.7 65.4 6.1 6.6 �1.8 8.7
Frailty model analysis

Including index patients 61.5 2.2 2.2 7.9 2 70.6 3.9 3.8 6.0 3.4
Including index patients and including all

untested FDRs 50.0 1.8 1.8 �12.3 1.9 58.6 3.5 3.2 �12.0 3.6
Excluding index patients 46.1 4 3.6 �19.3 5.3 55.5 6.8 7.4 �16.7 8.9
Excluding index patients and including all

untested FDRs 36.5 2.5 2.3 �36.0 3.1 43.8 4.9 4.6 �34.3 6.3
Modified segregation analysis‡

Joint likelihood conditioned on genotype of
index carriers and all phenotypes 43.3 4.7 7.7 �23.9 8.5 52.4 10.9 14.2 �21.1 17.0

Joint likelihood conditioned on genotype of
index patients and all phenotypes 43.3 4.7 7.7 �23.9 8.5 52.4 10.9 14.2 �21.2 16.9

Joint likelihood conditioned on genotype of
index patients and phenotypes at time
of index patients’ DNA test 51.5 3.5 3.7 �9.7 5.1 59.0 5.7 7.2 �11.5 6.8

Retrospective likelihood conditioned only
on all phenotypes 58.5 2.3 3.4 2.7 2.2 68.3 4.1 4.3 2.5 3.4

Abbreviations: CLTR, cumulative lifetime risk; FDRs, first-degree relatives; NA, not applicable.
�Right censoring at date of first event (which might be diagnosis of breast cancer, ovarian cancer, risk-reducing mastectomy, risk-reducing salpingo-oophorectomy,

or last contact or death).
†Incident case analysis includes only years at risk and events after the date of the first positive DNA test in the family.
‡Modeling the probability of breast cancer conditioned on the genotype and phenotype of the index patients or index carriers, and/or the phenotype of relatives.
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