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• Women with high-grade serous ovarian cancer (HGSC) have a 20% risk of carrying a BRCA mutation.
• Many women with HGSC are untested for BRCA mutations, and their first-degree relatives may be ineligible for BRCA testing.
• BRCA testing for first-degree relatives of women with HGSC is cost-effective when BRCA status is unknown.
• BRCA testing with subsequent risk-reducing surgery is more effective and less costly than surgery alone.
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Background.Womenwith high-grade serous ovarian cancer (HGSC) have a 20% chance of carrying a BRCA1or
2 mutation. Not all undergo genetic testing, and there is a large legacy group of untested patients. Their female
first-degree relatives (FDR)may not qualify for testing unless theyhave specific ethnicity, or personal/family can-
cer history.We conducted a cost-effectiveness analysis to evaluate risk-reducing strategies for these FDRwho are
ineligible for testing.

Methods. AMarkov Monte Carlo simulation model estimated the costs and benefits of 3 strategies for female
FDR of HGSC patients whose BRCA status is unknown: (1) no BRCA testing; (2) universal BRCA testing, followed
by risk-reducing bilateral salpingo-oophorectomy (RRBSO) for mutation carriers; (3) universal RRBSO, without
BRCA testing. Effectiveness was estimated in quality-adjusted life year (QALY) gains over a 50-year time horizon.
Sensitivity analyses accounted for uncertainty around various parameters.

Results. Universal BRCA testing for female FDR of women with HGSC yielded a higher average QALY gain at
acceptable cost compared to no BRCA testing, with an incremental cost-effectiveness ratio of $7888 per QALY.
Universal BRCA testing was more effective and less costly than universal RRBSO (19.20 QALYs vs. 18.52 QALYs,
and $10,135 vs. $14,231, respectively). Results were stable over wide ranges of plausible costs and estimates.
Compliancewith hormone replacement therapy had to exceed 79.3% for universal RRBSO to be themost effective
strategy.

Conclusion. BRCAmutation testing should be offered to all female first-degree relatives of womenwith high-
grade serous ovarian cancer when BRCA mutation status is unknown.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Women with high-grade serous ovarian carcinoma (HGSC), the
most common epithelial ovarian cancer, are usually diagnosed at an ad-
vanced stage and have a poor prognosis. Thesewomenhave about a 20%
ia, 2775 Laurel Street, 6th Floor,
chance of carrying a mutation in BRCA1 or BRCA2 (herein BRCA1/2), ir-
respective of family history or ethnicity [1,2], and in many jurisdictions
around the world, they are all eligible for BRCA mutation testing [3].
When BRCA mutation carriers are identified, genetic counseling and
testing can be extended to relatives, with the goal of identifying unaf-
fected carriers and when appropriate, offering them highly effective
surgery and other interventions to reduce their cancer risks. However,
for a variety of reasons, not all eligible women undergo genetic testing,
eliminating the opportunity to identify unaffected carriers. Furthermore,
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there is a large legacy group of women with HGSC who never had the
opportunity to undergo BRCA mutation testing, which translates into
thousands of untested ovarian cancer patients who may have surviving
first-degree relatives (FDR) at risk of carrying a BRCA1/2 mutation.
These FDR are not always eligible for BRCA mutation testing unless
they have a personal history of cancer, there are other family members
diagnosed with ovarian or breast cancer, or they have Ashkenazi Jewish
or other specific heritage [4].Without genetic testing, some of these FDR
of HGSC patients are being referred for elective surgery (bilateral
salpingo-oophorectomy) to avert the diagnosis of ovarian cancer.
While this may be a sensible decision for an individual, on a population
level, elective risk-reducing surgeries are best applied to the highest risk
individuals, i.e. those with BRCA1/2 germline mutations, especially
when considering the adverse effects of poorly managed surgically-
induced early menopause.

It would be valuable to know whether it is cost-effective to offer
BRCA mutation testing to all first-degree relatives of women with
HGSC, alive or deceased, whose BRCA mutation status is unknown.
This question cannot be answered in the context of a clinical trial. The
objective of this study was to conduct a cost-effectiveness analysis of
BRCAmutation testing for first-degree relatives of women with ovarian
cancer (HGSC)whose BRCAmutation status is unknown, andwould not
otherwise qualify for genetic testing.
2. Materials and methods

We developed a Markov Monte Carlo simulation model to estimate
the costs and benefits of BRCAmutation testing in a hypothetical cohort
of unaffected female first-degree relatives (FDR) of women with ovar-
ian, fallopian tube or peritoneal high-grade serous carcinoma (HGSC).
In this model, testing was offered to unaffected female FDR only, recog-
nizing that these women could undergo risk-reducing interventions if
proven to be BRCA mutation carriers. Although male relatives could
have daughterswhowould benefit from testing and risk-reducing strat-
egies, the benefit was measured in terms of life expectancy gain for the
FDR being tested, and not second-degree relatives. This project was ex-
empt from Research Ethics Board review, as no individual level data
were used for this study. Themodel was populatedwith data from pub-
lished sources, including the estimated BRCAmutation rate in HGSC pa-
tients, breast and ovarian cancer risks according to BRCA mutation
status, uptake of risk-reducing surgery, and use of hormone replace-
ment therapy after surgery [5–9]. We applied Canadian health care
costs from the Canadian Institute for Health Information [10], and the
BC Medical Services Plan schedule for physician services [11]. We as-
sumed that the female FDR in this model were currently ineligible for
genetic testing, because theyhad no personal or family history of cancer,
apart from the index case with ovarian cancer, and they were not of
Ashkenazi Jewish ethnicity. Three strategies were compared: (1) no
testing (reference strategy); (2) BRCAmutation testing for all, followed
by risk-reducing surgery (bilateral salpingo-oophorectomy, with or
without mastectomy and reconstruction) for confirmed mutation
carriers (“universal BRCA testing”); and (3) risk-reducing bilateral
salpingo-oophorectomy for all, without BRCA testing (“universal
RRBSO”).

The benefits of each risk-reducing strategy were calculated in terms
of average discounted quality-adjusted life expectancy. Average
discounted lifetime costs were estimated in Canadian dollars (CAD$)
in the year 2018. The primary outcome measure was the incremental
cost-effectiveness ratio (ICER), defined as the additional cost divided
by the incremental health benefit compared to an alternate strategy. If
the ICER was less than $100,000 per year of life gained, the strategy
would be considered cost-effective. According to the Panel on Cost-
effectiveness in Health and Medicine, all costs and benefits were
discounted at a rate of 3% per year. The model was programmed using
decision analytic software from TreeAge Pro 2014 (Williamstown, MA).
We assumed that women entered themodel at an average age of 40,
they had not yet undergone a mastectomy or oophorectomy, and they
had not yet been diagnosed with breast or ovarian cancer. Those who
had BRCA mutation testing and were confirmed mutation carriers did
not necessarily have immediate risk-reducing surgery, and they could
choose to undergo risk-reducing bilateral salpingo-oophorectomy
(RRBSO), with or without bilateral mastectomy and reconstruction.
Those who underwent universal RRBSO had surgery upfront, which
was accomplished as an outpatient laparoscopic procedure. Women
would be advised of the risks of premature menopause after RRBSO,
and the potential risks and benefits of hormone replacement therapy
(HRT). Based on current estimates of compliance with HRT, 35% of
those undergoing RRBSOwould use HRT for up to 5 years after this pro-
cedure [12–14]. TheMarkovmodel has various health states (at risk, un-
dergoing risk-reducing surgery, being diagnosed with breast or ovarian
cancer, dying of these cancers or other age-associated causes according
to national Life Tables [15]). The basic framework for this model is illus-
trated in Fig. 1. Women transition from one health state to another ac-
cording to probabilities governed by age, BRCA mutation status, and
risk-reducing interventions. To calculate quality-adjusted life expec-
tancy, utilities for various health states were included for post-surgery
(RRBSO with or without mastectomy), depending on intraoperative
and postoperative complications (including injury to bowel, bladder,
ureters, hemorrhage, wound infection, bowel obstruction or ileus)
[16], the use of HRT, as well as breast cancer and ovarian cancer,
whichwere derived from published sources [17–24]. For thosewho un-
dergo premenopausal RRBSO but do not use HRT, it was assumed there
was an increased risk of mortality secondary to events from osteoporo-
sis, coronary heart disease and stroke, based on estimates from the
Nurses' Health Study [25]. The time horizon for this model was
50 years. Data for the base case of the model are provided in Table 1.

To account for uncertainty in the risk of carrying a BRCA mutation,
and variability in the uptake of risk-reducing surgery and subsequent
use of HRT, we conducted sensitivity analyses on these rates, as well
as costs to approximate those applicable to the United States, and indi-
rect opportunity costs, which could range from as little as a few weeks
to a few months, depending on postoperative recovery [26–28]. We
conducted a Monte Carlo simulation to estimate the number of
women who would be diagnosed with ovarian and breast cancer ac-
cording to each strategy, as well as deaths secondary to premenopausal
BSO without HRT.

3. Results

BRCA mutation testing for female first-degree relatives of women
with HGSC yielded a higher average quality-adjusted life expectancy
at acceptable cost compared to no testing, with an ICER of $7888
(CAD) per QALY gained. BRCA mutation testing of first-degree relatives
was more effective and less costly than universal RRBSO in the absence
of testing (19.20 QALYs vs. 18.52 QALYs, and $10,135 and $14,231, re-
spectively), and therefore BRCA mutation testing is the dominant strat-
egy. Table 2 summarizes the average discounted quality-adjusted life
expectancy gains and costs associated with each strategy.

Our results were stable over a wide range of costs, to estimate those
in the United States health care system, and variables such as BRCAmu-
tation rates among women with HGSC, and the proportion having risk-
reducing surgery in the context of a known BRCAmutation. Compliance
with HRTmust be very high in order tomitigate the downstreamconse-
quences known to be associated with premenopausal BSO. Fig. 2 illus-
trates that the proportion using HRT must be higher than 79.3% for
universal RRBSO to be a more effective strategy than BRCA mutation
testing first for these women. The utility associated with premeno-
pausal BSO in the absence of HRTmust also be very high for this strategy
to bemore effective than BRCAmutation testing. Sensitivity analysis re-
vealed that when this utility is greater than 0.956, universal RRBSO
(without BRCAmutation testing) is preferable to BRCAmutation testing



Fig. 1. Framework for Markov decision-analytic model.

Table 1
Selected data for base case.

Variables Estimate for
base case

Range

Probabilities
Lifetime risk breast cancer with BRCAmutation [5,6] 57% BRCA1;

49% BRCA2
47–66%;
40–57%

Lifetime risk ovarian cancer with BRCA mutation
[5,6]

40% BRCA1;
18% BRCA2

35–46%;
13–23%

Lifetime risk breast cancer, no mutation [8] 12% 10–13%
Lifetime risk ovarian cancer, no mutation [7] 1.4% 1–2%
Lifetime mortality risk, premenopausal RRBSO
without HRT [25]

12.5% 10–15%

Risk-reducing surgery in first 10 years after BRCA
testing [49]

54% 40–70%

Proportion having risk-reducing surgery with
both mastectomy and RRBSO [49,50]

33% 30–50%

Proportion using HRT up to 5 years after
premenopausal RRBSO [12–14]

35% 18–63%

Proportion with intraoperative or postoperative
complications from RRBSO [16]

6% 2–6%

Utilities
Well [18] 0.79–1.0 0.79–1.0
Breast cancer [17,21,51] 0.75 0.65–0.85
Ovarian cancer [17,22,51,52] 0.58 0.50–0.70
Mastectomy with reconstruction [23,24] 0.82 0.44–0.87
Premenopausal RRBSO [19,22,24] 0.68 0.50–0.82

Costs⁎

BRCA mutation testing [53] 1806 1000–3000
Genetic counseling [11,53] 506 100–1000
Breast cancer first line treatment [10,11,26,28] 55,776 30,000–100,000
Ovarian cancer first line treatment [10,11,27,28] 46,359 40,000–100,000
Outpatient laparoscopic RRBSO [10,11,27,28] 10,038 4000–20,000
Prophylactic mastectomy with reconstruction
[10,11,26,28]

16,155 10,000–30,000

Annual cost of HRT (estrogen and progestin) [54] 164 164–1000

⁎ Costs are expressed in Canadian dollars (CAD).
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first. If we estimate life expectancy gain (unadjusted for quality of life),
and assume 100% compliancewith HRT for those undergoing premeno-
pausal BSO, then universal RRBSO without BRCAmutation testing is the
most effective strategy. Although universal RRBSO without BRCAmuta-
tion testing is more costly in this scenario, it has a favorable ICER of
$10,057 relative to BRCA mutation testing first.

We conducted a Monte Carlo simulation to estimate the number of
breast and ovarian cancer cases that would be diagnosed in a lifetime
according to each of the three strategies, aswell as the number of deaths
secondary to premenopausal BSO in the absence of HRT. In Canada,
there are approximately 2800 women diagnosed with ovarian cancer
every year, and about 50% (n = 1400) of them will have HGSC. These
women likely have at least 1 female first-degree relative (assuming 2
generations, such as a sister or daughter, based on total fertility rates
ranging from 1.51–2.46 in the last 50 years [29]). By simulating a cohort
of 1400 female first-degree relatives of women with HGSC (through
1000 trials) our model estimates breast cancer diagnoses in 179, 146,
and 95 women, and ovarian cancer diagnoses in 40, 19, and 2 women,
associated with no testing, universal BRCA mutation testing for all fe-
male first-degree relatives, and universal RRBSO without BRCA testing,
respectively, over a lifetime. However, the model also estimates that
Table 2
Average discounted costs and life expectancy gains in base case.

Strategy Costs Effectiveness (QALYs) ICER

No BRCA testing (reference) $8524 18.99 –
Universal BRCA testing $10,135 19.20 $7888
Universal RRBSO, no BRCA testing $14,231 18.52 Dominated⁎

⁎ Dominatedmeans that the strategy is more costly and less effective than an alternate
(previous) strategy.



Fig. 2. Sensitivity analysis on proportion of women using hormone replacement therapy after premenopausal risk-reducing bilateral salpingo-oophorectomy.
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80 women will die as a result of universal RRBSO when offered before
menopause because of low use of HRT. These results are summarized
in Table 3.

4. Discussion

Althoughwomenwith HGSC have a 1 in 5 chance of carrying a BRCA
mutation, many of them do not undergo genetic testing, for a variety of
reasons [30–32]. Based on a large cross-sectional study in the United
States, it is estimated that only 10% of eligible ovarian cancer patients
actually undergo genetic testing [33]. HGSC is associated with a poor
prognosis, and many women will die as a result of their disease before
being tested for BRCA mutations. Furthermore, there is presumably a
large legacy cohort of thousands of women diagnosed with HGSC who
never had the opportunity to undergo genetic testing, because they
were diagnosed before BRCA testingwas routinely offered for HGSC his-
tology, and they had no other risk factors to warrant genetic testing.
Table 3
Monte Carlo simulation of 1400 female first-degree relatives of women with high-grade
serous ovarian cancer diagnosed every year.

Strategy Expected events over time horizon of 50
years

Breast
cancer

Ovarian
cancer

Deaths
from
RRBSO

No BRCA testing (reference) 179 40 0
Universal BRCA testing 146 19 7
Universal RRBSO, no BRCA
testing

95 2 80
With at least 2000 and 20,000 women diagnosed with ovarian cancer
per year in Canada and the United States respectively in the 1990's
[34,35], there may be a comparable number of surviving female first-
degree relatives (daughters, sisters), who would benefit from the
knowledge of carrying a BRCA mutation, by subsequently undergoing
risk-reducing interventions to avoid the diagnoses of ovarian and breast
cancer.

The latest NCCNGuidelines (Version 1.2019) recommend BRCAmu-
tation testing for “an individual with no personal history of cancer but
with a close relative (first or second degree) with ovarian (epithelial,
non-mucinous, including fallopian tube and primary peritoneal) can-
cer” [36]. However, in many jurisdictions, particularly in Canada,
many first-degree relatives of HGSC patients whose BRCAmutation sta-
tus is unknown still do not qualify for BRCA mutation testing, nor are
they eligible for coverage through Medicaid in the United States.

Overall, female first-degree relatives of HGSC patients have an esti-
mated risk of ovarian cancer that is 2–3-fold higher than the general
population risk, which translates into a lifetime risk of 3–4% [37–40].
This estimate can also be derived by assuming a 20% risk of a BRCAmu-
tation in HGSC patients, 50% chance of inheritance in 1st degree rela-
tives, and 40% lifetime risk of ovarian cancer if BRCA1 mutation. Some
of these women are being referred for RRBSO, without genetic testing,
to avert the diagnosis of ovarian cancer. According to guidelines from
the United Kingdom National Institute for Health and Care Excellence
(NICE), RRBSO is only available to high-risk women with greater than
a 10% lifetime risk of ovarian cancer, but Manchanda et al. assert that
women with a 4% lifetime risk of ovarian cancer should be offered this
procedure [41]. The caveat is that compliance with HRT must be high.
Our model also demonstrates effectiveness with RRBSO among
women with a comparable increased risk of ovarian cancer, but only if
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compliance with HRT is greater than 79.3%. This is an unrealistic as-
sumption based on available data on HRT rates post-oophorectomy in
premenopausal women. Approximately 60% of women who undergo
RRBSO will ever use HRT, but the mean duration of use is only about
3 years, and only 35% of women use HRT for 5 years post-RRBSO
[12–14].

Our model predicts that universal RRBSO for all female first-degree
relatives of HGSC patients will yield a lower number of breast and ovar-
ian cancer cases over a lifetime, compared to BRCAmutation testingfirst
(and RRBSO reserved only for mutation carriers). This seems plausible,
because premenopausal BSO reduces breast and ovarian cancer risks,
even among non-mutation carriers [42], and therefore universal
RRBSO for these women will yield the greatest risk reduction against
these cancers. However, universal RRBSO without BRCA testing is not
the ideal intervention for female first-degree relatives of HGSC patients
for 2 reasons. Firstly, most of these women are never destined to de-
velop breast or ovarian cancer, and therefore the majority of women
will have surgery unnecessarily. Yet, these women who have surgery
are at increased risk of mortality from downstream health conse-
quences, given known compliance rates with HRT [25,43]. Secondly,
without genetic testing, family members will remain uninformed
about mutation status. Their first-degree relatives, both female and
male, need to know that they could still carry a mutation. Men who in-
herit a BRCA mutation have an increased risk of prostate cancer [44],
and many of them will have female descendants who could have in-
creased lifetime risks of breast and ovarian cancer. It is intuitive that of-
fering BRCA testing to male first-degree relatives could reduce cancer
rates and costs among them and their descendants. However, even if
all male first-degree relatives were tested, they do not have risk-
reducing interventions comparable to those for women that would sub-
stantially alter their own life expectancy. The average lifetime benefit
(life expectancy gain) for men is expected to be much lower, which in
turn would increase the ICER. On the other hand, if female first-degree
relatives are tested first and are confirmed mutation carriers, then
male first-degree relatives can undergo targeted testing, which is
much less costly and time-consuming, given the known mutation and
the 50% probability of carrying that mutation.

There are several limitations of our study. Firstly, our results are only
generalizable to those without additional risk factors for carrying a
BRCA mutation. We recognize that this may be an oversimplified model,
as there aremany other scenarios inwhich there are first-degree relatives
ofHGSCpatientswith anunknownBRCAmutation status, such as a family
history of more than one HGSC, a family history of both HGSC and pre-
menopausal breast cancer, or Ashkenazi Jewish ethnicity. However, all
of these scenarios increase the pre-test probability of a BRCA mutation,
and thesewomen should currently be eligible for genetic testing. Further-
more, we did not consider other germline mutations that are associated
with ovarian cancer such as RAD51C or BRIP1, therefore panel testing in-
stead of BRCAmutation testing alonewould bemore comprehensive and
identify a greater number of first-degree relatives at risk for an inherited
predisposition to cancer. However, one of the main objectives of this
model was to highlight the importance of genetic testing first, rather
than pursuing risk-reducing surgery in the absence of this information.

Secondly, although women with a personal history of breast cancer
were excluded from this analysis, they should still be eligible for BRCA
testing if they have a first-degree relative with HGSC; moreover their
pre-test probability of a BRCA mutation is expected to be higher. These
women are probably less likely to use HRT given their breast cancer his-
tory, and therefore RRBSO should only be offered if truly indicated for a
confirmed BRCA mutation, or metastatic or recurrent ER+ breast cancer
for which an aromatase inhibitormay be indicated. RRBSO has the poten-
tial to be harmful if offered to premenopausal women with early ER+
breast cancer in the absence of a known BRCA mutation, who are subse-
quently unable to use HRT [45]. We did not include non-hormonal inter-
ventions for premature menopause after RRBSO in this model, as there
are limited data on their efficacy in this context.
Third, we may have overestimated the mortality associated with
RRBSO in the absence of HRT. This risk estimate was extrapolated from
the subgroup of women under age 50 who underwent oophorectomy
without HRT in the Nurses' Health Study [25]. After a median follow-up
of 28 years, the number needed to harm (NNH) was 8, which translates
into a mortality risk of 1/8 (12.5%) attributable to oophorectomywithout
HRT. Although these women are arguably different from female first-
degree relatives of HGSC patients, the point is that they are often young
when they have this surgical procedure (under age 50) and based on cur-
rent life expectancy estimates forwomen in Canada and theUnited States
[46,47], they should survive another 40 years. Unfortunately, some of
themwill die prematurely as a result of earlymenopause after RRBSO, be-
cause HRT or other interventions are not consistently used. Breast cancer
risk appears to be themain reasonwhy thesewomen choose not use HRT
post-RRBSO, but a significant proportion also report that they do not dis-
cuss HRT concerns with their health care provider [12]. A recent system-
atic review revealed that these patients benefit from HRT post-RRBSO,
without an increased risk of breast cancer [48]. Greater efforts are re-
quired to counsel women about the potential harms of premenopausal
RRBSO, and the importance of HRT afterwards.

In conclusion, women with high-grade serous ovarian cancer have
up to a 20% risk of carrying a BRCA mutation, and their female first-
degree relatives are subsequently at risk of carrying a mutation and de-
veloping breast and ovarian cancer. When BRCA mutation status is un-
known among these ovarian cancer patients, their first-degree
relatives should be recognized by their front-line health care providers
as being at risk for carrying a mutation. They should be allowed the op-
portunity for genetic counseling, and BRCA mutation testing, irrespec-
tive of personal cancer history, additional family history, or ethnicity.
This is cost-effective compared to the current policy (no testing unless
specific cancer history and ethnicity), and less costly andmore effective
than risk-reducing surgery alonewithout BRCA testing. Confirmation of
BRCA mutation status will inform these women and their family mem-
bers of their cancer risks, andwill facilitate personal decisions relating to
cancer prevention strategies.
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