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GERMLINE BRCA1 OR BRCA2
gene mutations significantly
increase a woman’s risk of
breast cancer (50%-85%)and

ovarian cancer (16%-50%).1-5 Identify-
ing women who have had BRCA-
associated breast cancer is important
because the risk of a new primary breast
cancer within 10 years following initial
diagnosis is ashighas40%in theabsence
of oophorectomy or tamoxifen treat-
ment.6 The corresponding 10-year risk
of ovarian cancer is also substantial (6%-
12%).7 Limited-stage breast cancer
patients who carry a BRCA gene muta-
tion are offered the option of risk-
reducing mastectomy, and oophorec-
tomy is recommended.8,9 Documented
efficacy of screening and risk reduction
interventionsprovidesevidence for indi-
vidualized risk management advice,
making genetic cancer risk assessment
(GCRA) a component of medically nec-
essary care.10,11

Identifying appropriate candidates for
GCRA is challenging. The general con-
sensus (eg, American College of Medi-
cal Genetics, National Comprehen-
sive Cancer Network11-14) is that BRCA
testing is not appropriate for unaf-
fected women in the general popula-
tion, but there is less clarity in this re-For editorial comment see p 2637.
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Context An autosomal dominant pattern of hereditary breast cancer may be masked
by small family size or transmission through males given sex-limited expression.

Objective To determine if BRCA gene mutations are more prevalent among single
cases of early onset breast cancer in families with limited vs adequate family structure
than would be predicted by currently available probability models.

Design, Setting, and Participants A total of 1543 women seen at US high-risk
clinics for genetic cancer risk assessment and BRCA gene testing were enrolled in a
prospective registry study between April 1997 and February 2007. Three hundred six
of these women had breast cancer before age 50 years and no first- or second-degree
relatives with breast or ovarian cancers.

Main Outcome Measure The main outcome measure was whether family struc-
ture, assessed from multigenerational pedigrees, predicts BRCA gene mutation sta-
tus. Limited family structure was defined as fewer than 2 first- or second-degree fe-
male relatives surviving beyond age 45 years in either lineage. Family structure effect
and mutation probability by the Couch, Myriad, and BRCAPRO models were as-
sessed with stepwise multiple logistic regression. Model sensitivity and specificity were
determined and receiver operating characteristic curves were generated.

Results Family structure was limited in 153 cases (50%). BRCA gene mutations were
detected in 13.7% of participants with limited vs 5.2% with adequate family struc-
ture. Family structure was a significant predictor of mutation status (odds ratio, 2.8;
95% confidence interval, 1.19-6.73; P=.02). Although none of the models per-
formed well, receiver operating characteristic analysis indicated that modification of
BRCAPRO output by a corrective probability index accounting for family structure was
the most accurate BRCA gene mutation status predictor (area under the curve, 0.72;
95% confidence interval, 0.63-0.81; P�.001) for single cases of breast cancer.

Conclusions Family structure can affect the accuracy of mutation probability mod-
els. Genetic testing guidelines may need to be more inclusive for single cases of breast
cancer when the family structure is limited and probability models need to be recre-
ated using limited family history as an actual variable.
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gard for women with early onset breast
cancer and no family history of breast
or ovarian cancer. Yet, because heredi-
tary breast and ovarian cancer syn-
drome demonstrates autosomal domi-
nant inheritance, half of BRCA gene
mutation carriers are expected to be
men. However, recognition of this in-
heritance pattern is often hindered by
the very low penetrance (�6%) of
BRCA-associated breast cancer in men
in families with few women old enough
to display the trait (ie, to develop breast
or ovarian cancer).15,16 Family struc-
ture is often limited by a lack of pater-
nal aunts, but premature mortality and
the trend toward smaller families may
also be limiting factors.

Most statistical models available to
estimate the probability that an indi-
vidual is a carrier of a deleterious BRCA
gene mutation were developed using
data from multiplex families.17-19 The
models usually consider family his-
tory, age of disease onset, and ances-
try.20-23 Given the empirical expecta-
tion that maternal and paternal
inheritance are equally likely, we hy-
pothesized that the models might un-
derestimate BRCA gene mutation preva-
lence for “single-case indicators,” that
is, women with a limited family struc-
ture (�2 females who lived to age �45
years in each lineage) who have early
onset breast cancer and no family his-
tory of breast or ovarian cancers. If true,
a more accurate estimation of BRCA
gene mutation probability may be
needed for these women.

This study was conducted to (1) test
the hypothesis that BRCA gene muta-
tions would be more prevalent among
single cases of early onset breast can-
cer with a limited family structure com-
pared with families with adequate struc-
ture and (2) compare the performance
characteristics of 3 commonly used
BRCA gene mutation prediction mod-
els with family structure as a predic-
tive tool.

METHODS
Study Sample

The study sample was derived from
women seen between April 1997 and

February 2007 within the Duarte,
Calif–based City of Hope Cancer
Screening & Prevention Program Net-
work high-risk clinics for GCRA. At
their initial GCRA consultation, all
women are invited to participate in an
institutional review board–approved
prospective hereditary cancer registry,
and 98% enroll and provide written
informed consent. Of the 1543 women
who have had BRCA gene mutation
testing through the Cancer Screening
& Prevention Program Network, we
identified 306 diagnosed as having
breast cancer prior to age 50 years
who did not have a family history of
breast or ovarian cancers in first- or
second-degree relatives.

Estimation of Prior Probability
of BRCA Gene Mutation

A detailed 3- to 5-generation family his-
tory was obtained by an experienced
cancer genetics clinician during the ini-
tial GCRA session. Based on the par-
ticipant’s reported family history and
available medical records, the probabil-
ity that she carried a deleterious BRCA
gene mutation was calculated using the
3 most commonly used predictive mod-
els, Myriad, Couch, and BRCAPRO.20-22

The Myriad model is a set of muta-
tion probability tables categorized
by age at onset (�50 or �50 years
old) of breast cancer, ovarian cancer
incidence in the patient and/or first- or
second-degree relatives, and Ash-
kenazi Jewish ancestry, based on test
data from a commercial laboratory
(Myriad Genetic Laboratories Inc, Salt
Lake City, Utah). Originally published
by Frank et al,21 the tables are periodi-
cally updated online (available at http:
//www.myriadtests.com/provider
/brca-mutation-prevalence.htm; the
version used for this study, Myriad
BRCA1/2 Mutation Prevalence Guide, ver-
sion 1.1, was updated June 28, 2005).

BRCA1 gene mutation probability in
the Couch model is based on mean age
at breast cancer onset in a family, pres-
ence or absence of ovarian cancer, and
Ashkenazi Jewish ancestry.20 Al-
though the original Couch model only
considered BRCA1, a subsequent pub-

lication presented BRCA2 genotyping
data for the same cohort, wherein
BRCA2 represented one third of the mu-
tations.23 For this study, to account for
BRCA2 we modified the BRCA1 pre-
dicted probability by a factor of 1.33
(representing published data from the
combined analyses for the original co-
hort). Although suboptimal, this ad-
justment is commonly used in GCRA
clinic settings.

BRCAPRO is a computer-based
Bayesian probability model that uses
first- and second-degree family his-
tory of breast and/or ovarian cancers to
determine the probability that a BRCA1
or BRCA2 gene mutation accounts for
these cancers.22 Key variables include
the population prevalence of muta-
tions, age-specific penetrance, and Ash-
kenazi Jewish heritage. The BRCAPRO
version contained in CaGene version
4.0 (University of Texas Southwest-
ern Medical Center at Dallas, Dallas,
Tex) was used for the calculations in
this study. If either parental lineage was
of Ashkenazi Jewish ancestry, the re-
spective tables (Couch or Myriad) or
calculations (BRCAPRO) for individu-
als of Ashkenazi Jewish descent were
used.

Classification of Family Structure
as Limited or Adequate

To develop a family structure vari-
able, we evaluated each participant’s
family history to determine if she had
a limited family structure in either the
maternal or paternal lineage. Limited
family structure was defined as fewer
than 2 first- or second-degree female
relatives surviving past age 45 years in
either lineage; otherwise the partici-
pant was deemed to have an adequate
family structure (FIGURE 1). Age 45
years was selected based on the ex-
pected age-specific penetrance of dis-
ease in BRCA gene mutation carri-
ers.1,2 Participants without information
about their birth parents (eg, because
of adoption) were classified as limited
in both parental lineages. The defini-
tion of family structure was derived
prior to any analyses and did not vary
during the course of the study.

LIMITED FAMILY STRUCTURE AND BRCA MUTATION STATUS IN BREAST CANCER

2588 JAMA, June 20, 2007—Vol 297, No. 23 (Reprinted) ©2007 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



BRCA Gene Mutation Testing
Genetic testing was performed by
Myriad Genetic Laboratories Inc
according to their standard commer-
cial techniques. Testing for 261 par-
ticipants consisted of full sequencing
of all BRCA1 and BRCA2 exons and
flanking intronic segments and,
beginning in 2004, 5 specific BRCA1
genomic rearrangements (154/261).
Forty-five participants of Ashkenazi
Jewish descent were tested only for the
Ashkenazi Jewish founder mutation
panel (185delAG and 5382insC in
BRCA1 and 6174delT in BRCA2) and
16 had full sequencing, 10 because of
partial Ashkenazi Jewish descent and
6 after a negative founder mutation
panel result.

Data Analysis

Statistical analyses were conducted
using SPSS software, version 11.0 (SPSS
Inc, Chicago, Ill). Descriptive statis-
tics were analyzed using independent
sample t tests or 1-way analysis of vari-
ance. Categorical data were analyzed
using the �2 statistic (with or without
correction) or the Fisher exact test. All
tests were 2-sided with �=.05. For the
purpose of analyses, participants were
classified as having limited family struc-
ture if either lineage was limited; ad-
equate structure required that both lin-
eages have adequate family structure.
The ability of each model and of fam-
ily structure to predict mutation sta-
tus was determined using stepwise mul-
tiple logistic regression, with family
structure (adequate = 0 and lim-
ited=1), Myriad probabilities, Couch
probabilities, and BRCAPRO probabili-
ties included as covariates while con-
trolling for age group (�40 or �40
years at breast cancer diagnosis) and
Ashkenazi Jewish ancestry (no=0 and
yes=1).

Receiver operating characteristic
(ROC) curves were generated to evalu-
ate the quality or performance of each
model.24 Generally, the greater the area
under the curve, the better the model
performance characteristics.

Given that single cases of early on-
set breast cancer without affected first-

or second-degree relatives were se-
lected for this study, none were classi-
fied empirically as having a hereditary
breast and ovarian cancer phenotype.
Therefore, participants with uninfor-
mative test results (noncarriers and car-
riers of unclassified variants of uncer-
tain significance) were combined for the
�2 tests, stepwise multiple logistic re-
gression analyses, and generation of
ROC curves.

A multiple linear regression analy-
sis was conducted, regressing muta-
tion (no mutation or variants of uncer-
tain significance=0 and mutation=1)
on BRCAPRO probability and family
structure (adequate = 0 and lim-
ited=1) to derive corrective factors to
adjust BRCAPRO output for limited
family structure. The regression was
conducted separately for 4 subgroups
of the sample: non–Ashkenazi Jewish
younger than 40 years at breast cancer
diagnosis; non–Ashkenazi Jewish aged
40 years or older at diagnosis; Ash-
kenazi Jewish younger than 40 years at
diagnosis; and Ashkenazi Jewish aged
40 years or older at diagnosis. The un-
standardized regression coefficients (�)
and constant (origin) were used to cre-
ate a corrected probability index (CPI)
customized to each subgroup by mul-
tiplying the original value of BRCAPRO

(ranging from 0.1-87.6) and family
structure (categorized as 0=adequate
and 1=limited) by its regression coef-
ficient and adding them together along
with the constant.

Parental country of origin and an-
cestry was determined by participant
self-report during their GCRA consul-
tation. Non-Latina European non–
Ashkenazi Jewish ancestry was catego-
rized as non-Latina white. Ashkenazi
Jewish ancestry in either or both pa-
rental lineages was categorized as Ash-
kenazi Jewish. Native Hawaiian/
Pacific Islander, Near/Middle Eastern,
and Native American ancestry were cat-
egorized as other. Differing parental an-
cestry was categorized as mixed.

Based on the distribution of delete-
rious mutation within the overall
sample and each subgroup of interest,
a power of at least 80% with 95% con-
fidence (P=.05) was achieved for con-
tingency table analysis of association
with family structure for the total
sample (N = 306) and the non–
Ashkenazi Jewish subsample (n=245).
The group younger than 40 years is 15
participants short (n=185) of achiev-
ing a power of 81%. The group aged
40 years or older (n=121) is 39 par-
ticipants short of achieving a power of
82%.

Figure 1. Limited and Adequate Family Structure
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RESULTS
Characteristics
Sample characteristics are described
in TABLE 1. The majority (n = 161
[53%]) of the sample was non-Latina
white; 20% indicated Ashkenazi Jew-
ish background. For the entire cohort,
mean age at ascertainment (GCRA
consultation) was 40.7 years. As is
typical in a high-risk clinic referral–
based population, the mean age at
breast cancer diagnosis was young:
37.7 years (SD, 5.9 years; range,

22-49 years). Nineteen participants
(6.2%) had bilateral breast cancer.
There was no statistically significant
difference in age at first breast cancer
diagnosis when examined by muta-
tion status.

BRCA Gene Mutation
Prior Probability

For the entire cohort, the mean prob-
ability of a BRCA gene mutation was
more than twice as high using the
Couch model (20.4%; SD, 10.9%; range,

6.7%-63.7%) compared with both the
Myriad model (8.0%; SD, 2.1%; range,
6.9%-12.2%) and the BRCAPRO model
(7.3%; SD, 14.1%; range, 0.1%-
87.6%) (TABLE 2).

The mean mutation probability
among non–Ashkenazi Jewish partici-
pants (n = 245) was 6.9% using the
Myriad model (SD, 0; range, 6.9%-
6.9%), 16.4% (SD, 5.8%; range, 6.7%-
23.1%) using the Couch model, and
3.4% (SD, 7.8%; range, 0.1%-59.9%)
using BRCAPRO. For participants of
Ashkenazi Jewish descent (n=61), the
predicted mean mutation probability
was 12.2% by the Myriad model (SD,
0%; range, 12.2%-12.2%), 36.4% (SD,
11.7%; range, 24.9%-63.7%) by the
Couch model, and 23.3% (SD, 21.0%;
range, 0.3%-87.6%) by BRCAPRO. Pre-
dicted prior probabilities were signifi-
cantly higher for participants of Ash-
kenazi Jewish ancestry compared with
non–Ashkenazi Jewish participants
using the Myriad model (12.2% vs
6.9%; t60=−10777.67; P� .001), the
Couch model (36.4% vs 16.4%;
t 6 8 = −19.05 ; P � .001) , and the
BRCAPRO model (23.3% vs 3.4%;
t64=−7.27; P� .001) (n=306 for each
test, but the unequal variances test had
to be applied, reducing the degrees of
freedom).

BRCA Gene Mutation Testing

Overall, 29 participants (9.5%) had a
deleterious mutation (18 in BRCA1
and 11 in BRCA2), 23 (7.5%) had 1 or
more unclassified variants, and 254
(83.0%) had negative test results
(Table 1). Of the 45 participants tested
for the Ashkenazi Jewish founder
mutation panel, 6 were found to carry
a founder BRCA gene mutation. Two
of the 10 participants who had full
BRCA gene sequencing because of par-
tial Ashkenazi Jewish heritage were
found to have a deleterious BRCA gene
mutation. A deleterious mutation was
not identified in the 6 participants of
Ashkenazi Jewish ancestry who had
full sequencing of the BRCA genes fol-
lowing a negative founder mutation
panel, although 1 had a variant of
uncertain significance in BRCA2.

Table 1. Participant Characteristics

Characteristics
No. (%)*
(N = 306)

Distribution of Mutation
by Race/Ethnicity,

No. (%)

Age at breast cancer diagnosis,
mean (SD) [range], y†

37.7 (5.9) [22-49]

Family structure‡
Adequate 153 (50)

Limited 153 (50)

BRCA test results
Deleterious BRCA1 mutation 18 (5.9)

Deleterious BRCA2 mutation 11 (3.6)

Variant of uncertain significance 23 (7.5)

Negative 254 (83.0)

Race/ethnicity
Non-Latina white 100 (32.7) 8 (27.6)

Ashkenazi Jewish 61 (19.9) 8 (27.6)

Latina/Hispanic 73 (23.9) 8 (27.6)

Asian 31 (10.1) 1 (3.4)

African American 4 (1.3) 0

Other 10 (3.3) 1 (3.4)

Mixed§ 27 (8.8) 3 (10.4)
*Data are presented as No. (%) unless otherwise indicated.
†In the 19 cases (6.2%) of bilateral breast cancer, age at first breast cancer diagnosis was used.
‡The proportions of adequate and limited family structure were approximately equal for each subset used in subse-

quent analyses.
§Combination of 1 or more of the races/ethnicities listed.

Table 2. Pretest BRCA Mutation Probabilities Using 3 Predictive Models, by Family Structure

Predictive Model

Mean (SD)

Family Structure

All Participants
P

ValueLimited Adequate

All participants (n = 306)
Myriad 8.11 (2.23) 7.80 (2.00) 7.95 (2.12) .20

Couch 21.12 (12.05) 19.61 (9.57) 20.37 (10.89) .23

BRCAPRO 8.59 (13.81) 6.06 (14.32) 7.33 (14.10) .12

Aged �40 y (n = 185)
Myriad 7.54 (1.74) 7.30 (1.40) 7.42 (1.58) .29

Couch 23.90 (12.10) 21.82 (8.50) 22.84 (10.45) .18

BRCAPRO 9.18 (16.37) 5.56 (13.35) 7.34 (14.98) .10

Aged �40 y (n = 121)
Myriad 8.95 (2.60) 8.61 (2.50) 8.78 (2.55) .46

Couch 17.06 (10.83) 16.09 (10.18) 16.58 (10.49) .62

BRCAPRO 7.72 (8.86) 6.86 (15.84) 7.30 (12.70) .71
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Classification of Family Structure
and Effect on Observed
Mutation Status
Family structure was equally divided
between limited (n = 153) and ad-
equate (n=153) according to our clas-
sification criteria. Including the 8 par-
ticipants who were adopted, 26 (8.5%)
had limited family structures in both pa-
ternal and maternal lineages. Of those
with limited structure in only 1 lin-
eage (n=127), more had a limited pa-
ternal (n=86 [67.7%]) vs maternal
(n=41 [32.3%]) structure (�2

1=15.95;
P� .001).

The mean predicted Myriad, Couch,
and BRCAPRO probabilities of detect-
ing a BRCA gene mutation are shown
in Table 2, stratified by family struc-
ture and by age at breast cancer diag-
nosis. The association between family
structure and mutation carrier status
for the entire sample was significant
(�2

1 [with continuity correction]=5.48;
P=.02), with limited family structure
being more predictive of a mutation
(TABLE 3). This same trend (nonsig-
nificant, possibly due to small sample
sizes) was also observed for cases
diagnosed prior to age 40 years and, in
particular, for those aged 40 to 49
years at onset of breast cancer, in
whom 7 of 9 BRCA gene mutation
carriers had a limited family structure
(Table 3). Similarly, when considered
separately, more BRCA gene mutation
carriers had a limited family structure

regardless of Ashkenazi Jewish ances-
try. The family structure effect
remained significant (�2

1 = 4.368;
P = .04) when the bilateral breast
cancer cases (n = 19; 8 mutation-
positive and 11 mutation-negative)
were removed.

Based on stepwise multiple logistic
regression, participants with a limited
family structure were 2.8 times more
likely to be carriers of a deleterious
BRCA gene mutation than those with
adequate family structure (odds ratio
[OR], 2.8; 95% confidence interval [CI],
1.2-6.7; P=.02), primarily because of
limited paternal family structure (OR,
3.0; 95% CI, 1.3-6.7; P=.007). The OR
for the BRCAPRO model was not im-
pressive (OR, 1.03; 95% CI, 1.01-
1.05; P=.002). The other 2 predictors
tested (age group and Couch model)
were not significant.

The positive predictive value, nega-
tive predictive value, sensitivity, and
specificity of having limited family
structure were compared by each
m o d e l ( M y r i a d , C o u c h , a n d
BRCAPRO) using a 10% probability
threshold (TABLE 4). Family structure
and BRCAPRO demonstrated compa-
rable positive and negative predictive
values among Ashkenazi Jewish par-
ticipants, and both were superior to
the Couch model in all subsets. From
a clinical perspective, the balance
between sensitivity (66.7%) and speci-
ficity (53.6%) was most favorable for
family structure in non–Ashkenazi
Jewish participants (Table 4), where
BRCAPRO showed the least sensitivity
(23.8%).

For our sample, the Myriad, Couch,
and BRCAPRO models tended to over-
estimate the likelihood of a mutation if

Table 3. Association Between BRCA Mutation Carrier Status and Family Structure

Carrier Status

Family Structure, No. (%)
P

ValueLimited Adequate

All participants (n = 306)
Carrier 21 (13.7) 8 (5.2)

.02*
Noncarrier 132 (86.3) 145 (94.8)

Aged �40 y (n = 185)
Carrier 14 (15.4) 6 (6.4)

.08*
Noncarrier 77 (84.6) 88 (93.6)

Aged �40 y (n = 121)
Carrier 7 (11.3) 2 (3.4)

.16†
Noncarrier 55 (88.7) 57 (96.6)

*Using �² test with continuity correction.
†Using 2-sided Fisher exact test.

Table 4. Model Performance Comparison*

Model
Positive

Predictive Value, %
Negative

Predictive Value, %
Sensitivity,

%
Specificity,

%

All participants (n = 306)
Couch 9.8 (n = 28) 95.2 (n = 20) 96.6 (n = 28) 7.2 (n = 20)

BRCAPRO 20.3 (n = 13) 93.4 (n = 226) 44.8 (n = 13) 81.6 (n = 226)

Limited family structure 13.7 (n = 21) 94.8 (n = 145) 72.4 (n = 21) 52.3 (n = 145)

Ashkenazi Jewish participants (n = 61)
Couch 13.1 (n = 8) 0 100 (n = 8) 0

BRCAPRO 16.7 (n = 8) 100 (n = 13) 100 (n = 8) 24.5 (n = 13)

Limited family structure 20.0 (n = 7) 96.2 (n = 25) 87.5 (n = 7) 47.2 (n = 25)

Non–Ashkenazi Jewish participants (n = 245)
Couch 8.9 (n = 20) 95.2 (n = 20) 95.2 (n = 20) 8.9 (n = 20)

BRCAPRO 31.3 (n = 5) 93.0 (n = 213) 23.8 (n = 5) 95.1 (n = 213)

Limited family structure 11.9 (n = 14) 94.5 (n = 120) 66.7 (n = 14) 53.6 (n = 120)
*A 10% or greater probability threshold was chosen because it was the commonly accepted threshold at the time the study was conducted and has been used in other published

studies. The Myriad model estimate was omitted from analysis because it is fixed at less than 10% (6.9%) for non–Ashkenazi Jewish cases and more than 10% (12.2%) for
Ashkenazi Jewish cases and, thus, was irrelevant to the 10% threshold.
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the family structure was adequate and to
underestimate the likelihood of a muta-
tion if the family structure was limited
(Table 2). The area under the ROC curve
(FIGURE 2) was similar for family struc-
ture and BRCAPRO, and both models
were statistically significant for muta-
tion prediction compared with chance
(area under the ROC curve for family
structure, 0.62; 95% CI, 0.52-0.73;
P=.03 and for BRCAPRO, 0.67; 95% CI,
0.57-0.78; P=.003).

Derivation of Corrective Factors
to Adjust BRCAPRO
Based on Family Structure
A multiple linear regression analysis
was then conducted, regressing muta-
tion (no or variant of uncertain signifi-
cance=0 and yes=1) on BRCAPRO
probability and family structure (ad-
equate=0 and limited=1).

The regression was conducted sepa-
rately for 4 sample subgroups: non–
Ashkenazi Jewish younger than 40

years at breast cancer diagnosis; non–
Ashkenazi Jewish aged 40 years or
older at diagnosis; Ashkenazi Jewish
younger than 40 years at diagnosis;
and Ashkenazi Jewish aged 40 years or
older at diagnosis. The 2-variable
model significantly explained muta-
tion status in each of the 4 subgroups.
Each variable had a significant stan-
dardized regression coefficient (�
weight) only for the non–Ashkenazi
Jewish participants with breast cancer
diagnosed before age 40 years. No
other � weights were significant. The
CPI computations are shown in
TABLE 5.

The CPI is not a literal probability
ranging from 0 to 1 but is a relative in-
dex of likelihood of having a BRCA gene
mutation. Based on examination of �
weights, BRCAPRO was weighted most
heavily for the Ashkenazi Jewish par-
ticipants with breast cancer diagnosed
before age 40 years, whereas family
structure was weighted most heavily in
the Ashkenazi Jewish participants aged
40 years or older at diagnosis.

The CPI ranged from −0.20 to 0.62
(mean=0.10; SD=0.08) and correlated
(r=0.73; P � .001) with BRCAPRO.
Mutation-positive participants had a
significantly higher CPI (mean=0.17;
SD=0.13) compared with mutation-
negative participants or those with
variants of uncertain significance
( m e a n = 0 . 0 8 8 1 1 ; S D = 0 . 0 7 )
(t30=−3.22; P= .003) (n=304; equal
variances not assumed). Ashkenazi
Jewish participants had a significantly
higher CPI (mean=0.14; SD=0.13)
than non–Ashkenazi Jewish partici-
pan t s (mean = 0 .09 ; SD = 0 .06)
(t67=−2.94; P= .004) (n=304; equal
variances not assumed). Participants
with breast cancer diagnosed prior to
age 40 years had a significantly higher
CPI (mean=0.11; SD=0.09) than did
those who had diagnoses at age 40
years or older (mean=0.08; SD=0.06)
(t304=3.50; P=.001).

The area under the ROC curve
(Figure 2) for the CPI was 0.72
(P� .001) for the whole sample and
ranged from 0.68 to 0.79 for the sub-
sets.

Figure 2. Receiver Operating Characteristic Curves for BRCA Mutation Predictors
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The corrected probability index model incorporates factors to correct for limited family structure. Only the
latter 3 models have an area under the receiver operating characteristic curve significantly greater than
chance.

Table 5. Family Structure Corrective Factors for Modification of BRCAPRO*

Age Subgroup, y Constant

Multiply Family
Structure Code

(0 or 1) by
Multiply BRCAPRO

Probability by

Non–Ashkenazi Jewish, �40 0.048 0.059 0.006

Non–Ashkenazi Jewish, �40 0.010 0.041 0.013

Ashkenazi Jewish, �40 −0.214 0.225 0.007

Ashkenazi Jewish, �40 0.016 0.119 0.002
*Sample regression equations: (1) a 49-year-old Ashkenazi Jewish woman with a limited family history and a

BRCAPRO probability of 15 would have a corrected probability index (CPI) of 0.016 � (0.119 � 1) �
(0.002 � 15) = 0.165; (2) The same patient with an adequate family history would have a lower probability
(CPI = 0.046); (3) a 33-year-old Ashkenazi Jewish woman with limited family history and the same BRCAPRO
probability would have a CPI of −0.214 � (0.225 � 1) � (0.007 � 15) = 0.116; (4) the same woman with
adequate family history would have a CPI of 0.109.
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COMMENT
Using the largest published series of
BRCA–tested women with a history of
breast cancer who did not have any first-
or second-degree relative with breast or
ovarian cancers, we showed that the
probability of a BRCA gene mutation is
greater when family structure is lim-
ited—that is, when there are fewer than
2 female relatives surviving beyond age
45 years in either parental lineage. This
practical observation is consistent with
autosomal dominant inheritance of a
trait with sex-limited expression. Al-
though statistically intuitive, limited
family structure is akin to the prob-
lem of “missing values” and is a limi-
tation of all common mutation prob-
ability models. Consequently, absent
better models, cancer risk assessment
practices and genetic testing guide-
lines need to be more inclusive of single
cases of breast cancer when there is lim-
ited family structure.

Although earlier high-risk clinic
populations tended to have strong
family cancer histories, this contempo-
rary cohort was more inclusive with
respect to offering genetic testing to
single cases of early onset breast can-
cer. Some practice guidelines and
policy statements cite a 10% mutation
probability as a threshold for recom-
mending BRCA gene mutation analy-
sis14,25,26; however, the National Com-
prehensive Cancer Network guidelines
suggest that even a single case of early
onset breast cancer may be sufficient
justification for GCRA, especially in
the setting of Ashkenazi Jewish ances-
try.1 1 Furthermore, the updated
American Society of Clinical Oncology
policy statement emphasizes that
medical necessity and clinical judg-
ment of an experienced cancer genet-
ics clinician regarding BRCA genetic
susceptibility testing should be the
critical deciding factor, rather than a
specific numerical threshold.12 Our
findings provide important evidence
to support more inclusive guidelines.
The observed 13.7% rate of mutations
in cases with limited family structure
exceeds typically applied thresholds
for offering genetic testing.

The dichotomous variable of family
structure may be most applicable to
cases in which the indications for test-
ing are borderline, such as single cases
of breast cancer between ages 40 and
50 years. The Couch and BRCAPRO
models were developed when there
were more restrictive high-risk clinic
referral guidelines, resulting in a pre-
ponderance of multicase families in the
model’s underlying populations. Al-
though other predictive models ex-
ist,17-19 the 3 used herein are the most
commonly used and widely accepted
risk probability models in cancer risk
counseling clinics. Although our re-
sults may not be generalizable and war-
rant validation in other high-risk clinic
populations, there are no other predic-
tive models for single cases.

The problem of limited family struc-
ture is not uncommon, in part be-
cause of smaller family sizes, prema-
ture mortality (eg, accidental death),
and loss of family information from
events such as the Holocaust. Factors
that reduce breast or ovarian cancer
penetrance, such as risk reduction sur-
gery, may also obscure recognition of
hereditary traits.

The fact that commonly used mod-
els for estimating BRCA gene mutation
probability were insensitive to family
structure as a predictive factor is a
cautionary note for community practi-
tioners. Not surprisingly, the Myriad
model estimates did not vary by family
structure because all of our cases were
women diagnosed as having breast
cancer prior to age 50 years who did
not have a first- or second-degree rela-
tive with breast cancer prior to this
age or with ovarian cancer. The Couch
model estimates, which are stratified
by 5-year increments of age at breast
cancer onset, were closest to the
observed rate of mutations only in the
families with limited structure and
overestimated the rate in the families
with adequate structure. Although the
Bayesian adjustment in the BRCAPRO
model may increase the accuracy of
mutation prediction in a family with
multiple women (regardless of their
cancer history), our study demon-

strates that this model does not appear
to be well calibrated to single cases of
breast cancer.

While family structure was highly
predictive of mutation status, all tested
models used in isolation had subopti-
mal ROC characteristics. The CPI,
which incorporated a corrective adjust-
ment in BRCAPRO for limited family
structure, had better characteristics than
either model alone, though even the
CPI did not have optimal predictive per-
formance for clinical use. The influ-
ence of family structure on the perfor-
mance of predictive models as well as
the CPI should be confirmed in other
high-risk clinic populations.

Other, less commonly used predic-
tive models,17-19 including the Manches-
ter Scoring System and the BOADICEA
(Breast and Ovarian Analysis of Dis-
ease Incidence and carrier Estimation
Algorithm) model27-31 would also be ex-
pected to be insensitive to limited fam-
ily structure because they primarily use
positive selection criteria (eg, sum num-
ber of relatives with cancer), with no
adjustment for the missing value prob-
lem inherent in a lack of at-risk women
in a given lineage. If relatives do not ex-
ist, the probability models make the er-
roneous assumption of a zero rather
than a missing value. The Manchester
model uses a scoring system to deter-
mine whether a family exceeds a 10%
probability of a BRCA mutation thresh-
old.27,28 Female and male breast can-
cer, ovarian, pancreatic, and prostate
cancer are calculated in the score, with
adjustment based on age at diagnosis.
A single case of breast cancer does not
meet the threshold for testing, regard-
less of family structure. The BOADICEA
model was developed using complex
segregation analysis and uses the Bayes
theorem to estimate mutation prob-
ability from evaluation of family can-
cer history.29-31 Although the model con-
siders breast and ovarian cancer status
in more distant relatives (up to third-
degree), it is still subject to the missing-
data problem noted above.

Given the significant effect of fam-
ily structure, illustrated by limited ac-
curacy of probability models for single
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cases of breast cancer, and the com-
monality of the missing-data problem,
the databases of currently available
probability models should be reana-
lyzed and limited family history re-
coded as a separate variable.

Recent data suggest that BRCA1 gene
mutations are more prevalent than pre-
dicted by the models among women
with “triple-negative” breast cancers (ie,
negative immunostaining for estrogen
and progesterone receptors and Her-2/
neu nonamplified).32 The addition of
pathologic characteristics (eg, grade and
hormone receptor status) was re-
ported to improve the performance
characteristics of the BRCAPRO model
for BRCA1 gene mutations in a sample
that included only 15 breast cancer
cases without additional family his-
tory of the disease.19 Formal analysis of
family structure in addition to patho-
logic characteristics may be of interest
in future studies.

Although experienced geneticists and
cancer risk counselors know to assess
more-distant relatives (third- and
fourth-degree) for potential clues to
support a recommendation for BRCA
gene testing, busy oncology or pri-
mary care clinicians rarely have the time
to obtain and qualify a pedigree be-
yond 1 or 2 generations. In addition, a
recent survey study found that less than
one quarter of health care profession-
als and medical students knew the im-
portance of paternal family history in
evaluation of hereditary breast cancer,
highlighting the need for continuing
professional education.33 Along with
continued emphasis on the impor-
tance of obtaining a family history, as
technology such as BRCA gene testing
enters the realm of community care it
is important to highlight the limita-
tions of the available models, which use
only first- and second-degree rela-
tives. Community clinicians need to un-
derstand the inherent limitations of all
the models with respect to family struc-
ture.

Given the documented efficacy of
risk-reducing surgery in BRCA gene
carriers with limited-stage breast
cancer,7,34-38 the influence of BRCA

gene mutation status in decision mak-
ing for patients with newly diagnosed
breast cancer,8,9 and the sensitivity of
enhanced surveillance with magnetic
resonance imaging,39,40 our findings
support BRCA gene mutation testing
for women with early onset breast
cancer when the results will influence
medical management, regardless of
mutation estimates from existing mod-
els.12

This report demonstrates the effect
of family structure on mutation prob-
ability models, highlighting the need for
clinicians to consider family structure
when deciding whether to offer BRCA
gene mutation testing to a “single case”
of early onset breast cancer.
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You are an artist if you pay homage through one me-
dium to all that you feel from another. The scientific
training permits of reliability and accuracy, not of ad-
equacy. Thus from these it follows that medicine may
be both a science and an art.

—Alan Gregg (1890-1957)
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