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Objectives. To assess the cost effectiveness from a Canadian perspective of index patient
germline BRCA testing and then, if positive, family members with subsequent risk-reducing
surgery (RRS) in as yet unaffected mutation carriers compared with no testing and treatment
of cancer when it develops.

Methods. A patient level simulation was developed comparing outcomes between two groups
using Canadian data. Group 1: no mutation testing with treatment if cancer developed. Group
2: cascade testing (index patient BRCA tested and first-/second-degree relatives tested if index
patient/first-degree relative is positive) with RRS in carriers. End points were the incremental
cost-effectiveness ratio (ICER) and budget impact.

Results. There were 29,102 index patients: 2,786 ovarian cancer and 26,316 breast cancer
(BC). Using the base-case assumption of 44 percent and 21 percent of women with a
BRCA mutation receiving risk-reducing bilateral salpingo-oophorectomy and risk-reducing
mastectomy, respectively, testing was cost effective versus no testing and treatment on cancer
development, with an ICER of CAD 14,942 (USD 10,555) per quality-adjusted life-year
(QALY), 127 and 104 fewer cases of ovarian and BC, respectively, and twenty-one fewer
all-cause deaths. Testing remained cost effective versus no testing at the commonly accepted
North American threshold of approximately CAD 100,000 (or USD 100,000) per QALY
gained in all scenario analyses, and cost effectiveness improved as RRS uptake rates increased.
Conclusions. Prevention via testing and RRS is cost effective at current RRS uptake rates;
however, optimization of uptake rates and RRS will increase cost effectiveness and can provide
cost savings.

Breast cancer (BC) and ovarian cancer (OC) are the first and eighth most common cancers in
women in Canada, respectively, with 26,316 and 2,786 cases annually (1). In approximately
12-15 percent of patients with epithelial ovarian cancer (EOC) (2-6) and 1-5 percent of
patients with BC (7;8) the underlying cause of their cancer is a germline mutation in either
the BRCA1 or BRCA2 (collectively termed “BRCA”) genes. Identification of a patient’s
BRCA status can inform treatment strategies; for example, polyadenosine diphosphate-ribose
polymerase (PARP) inhibitors have demonstrated efficacy in patients with EOC with a BRCA
mutation (9). Establishing the patient’s BRCA status is also beneficial to their immediate (i.e.,
first degree) family who have a 50 percent chance of carrying that BRCA mutation, which
results in a lifetime risk of EOC of 35-60 percent if BRCA1 positive or 12-25 percent if
BRCA2 positive, and a risk to age 70 years of BC of 65 percent if BRCA1 positive and 45 per-
cent if BRCA2 positive (10;11). Family members may therefore wish to know their BRCA sta-
tus and subsequent risk of cancer, allowing them to take steps to reduce this risk. This typically
involves enhanced cancer surveillance or risk-reducing surgery (RRS), that is, risk-reducing
bilateral salpingo-oophorectomy (RRBSO) and/or risk-reducing mastectomy (RRM).

BRCA testing has been available to family members of those affected by BC and OC in
Canada for approximately 20 years at no cost to patients. Despite the benefits which testing
offers, uptake remains low, with fewer than 20 percent of those diagnosed with EOC on a pop-
ulation basis in Ontario receiving a referral for testing and counseling (12;13). This is likely
due to four main reasons: (1) constraints on testing/counseling, especially geographic and
manpower related; (2) the physician does not refer their patient; (3) patient lack of knowl-
edge/awareness; and (4) the patient has fears about the consequences of a positive test to them-
selves and their family (9).

Improving access to and uptake of BRCA testing with subsequent surgical prevention has
the potential to both improve outcomes for patients and reduce healthcare system costs. The
objective of this study was consequently to evaluate from a Canadian perspective the cost effec-
tiveness of prevention of EOC and BC via RRS in germline BRCA positive family members of
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index EOC and BC patients with a BRCA mutation, compared to
treatment if cancer developed. This study is based on a previous
United Kingdom (UK) economic model which considered index
EOC cases only (14).

Methods
Model Overview

A patient-level simulation using an annual model cycle was devel-
oped in Microsoft Excel® based on a previous model which con-
sidered BRCA testing for patients with EOC only from a UK
perspective (14). Full details of the model structure have been
described previously (14) and an overview of the model structure
is provided in Figure 1. Briefly, a simulated population of adult
patients with EOC or BC (index population) and their family
members transition to one of four health states at the beginning
of each cycle: no cancer, EOC, BC, or EOC plus BC. The risk
of cancer was dependent on whether the family member under-
went RRBSO, RRM, or both. The model used a Canadian health-
care perspective with a 50-year time horizon and 1.5 percent
discounting (15), and compared BRCA testing and RRS with no
testing and treatment upon development of cancer. The model
outputs were costs and quality-adjusted life-years (QALYs),
resulting in an incremental cost-effectiveness ratio (ICER) for
BRCA testing versus no testing, along with the number of cancer
cases and deaths avoided.

The index population consisted of 2,786 patients with EOC
and 26,316 patients with BC, based on the incidence of these can-
cers in Canada (1). All index patients were tested for BRCA muta-
tions with only those with the BRCA mutation present entering
the model, although the cost of testing patients without a muta-
tion was included. Based on the published data, it was assumed
that the BRCA mutation was present in 12.46 percent of patients
with EOC [61.58 percent with BRCA1 and 38.42 percent with
BRCA2 (2)] and 4.70 percent of patients with BC (7) [51.06 per-
cent with BRCA1 and 48.94 percent with BRCA2 (16)]. If the
index patient was BRCA positive their first-degree relatives were
tested (overall risk of positive test: 50 percent) followed by second-
degree female relatives in the event of the first-degree relative test-
ing positive (overall risk of positive test: 25 percent) (17). The age
of simulated relatives was calculated in relation to the age of the
index patient.

Mortality within the model was estimated for each individual
using Canadian life tables (18) with an annual age-adjusted risk
of death applied for patients with cancer (19). In the base-case,
rates for RRS were based on a real-world study where 44 percent
and 21 percent of patients underwent RRBSO and RRM, respec-
tively (20;21). Index patients with BC were assumed to have
received a therapeutic RRM as part of their cancer treatment
and received RRBSO if they survived the first year of BC. Index
patients with EOC were assumed to have received debulking sur-
gery as part of their cancer treatment (and did not therefore
require further RRBSO) but did not receive RRM as EOC is typ-
ically diagnosed at a late stage and has poor survival, resulting in a
very low risk of future BC (22;23). Index patients with BC there-
fore have a reduced risk of future EOC as a result of RRS, whereas
index patients with EOC have no change in risk of BC.

The age at which RRBSO occurred was assumed to be 54 years
(20), with RRM occurring at age 44 years (21). If the individual
was above this age at model entry, surgery was assumed to
occur at this point. Surgery costs and impact on quality of life
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(QoL) were applied in the year in which surgery took place. In
the event of an individual developing cancer, treatment costs
commenced and a risk for secondary EOC or BC was applied;
in the event of a secondary cancer, a new probability of mortality
was applied. Structural uncertainty within the model was
addressed via standard modeling approaches and clinical valida-
tion of the patient pathway.

Data Sources

The majority of data within the model were Canadian, with data
from comparable countries used where Canadian data were not
available. A summary of the population data is presented in
Table 1. Data from Statistics Canada (24) were used to estimate
the mean number of relatives for the index patient, with a 50.41
percent probability of relatives being female (25). It should be
noted that the proportion of females in the generated cohort is
slightly higher than this because the probability of the index
patient’s mother still being alive is higher than that for the father
due to differences in life expectancy between sexes. Relatives were
assigned an age using a normal distribution and age relative to the
index patient; based on this age, the relative was determined to be
alive or dead using life tables and random numbers.

Risk of cancer was determined based on age and BRCA muta-
tion type (Supplementary Tables 1 and 2), with the reduction in
risk of EOC and BC following RRBSO and RRM determined
based on a structured literature review and fixed-effects meta-
analysis of eight relevant publications (Supplementary Table 3)
(26-33). Risk reduction following both RRBSO and RRM was
considered in only one publication (32) and no evidence was
identified which demonstrated that RRM affected EOC rates. It
was therefore assumed that the risk reduction for EOC in patients
undergoing both RRBSO and RRM was equivalent to the risk
reduction for RRBSO. Cancer-related mortality was estimated
using data from the United States National Cancer Institute as
Canadian data were not available (Supplementary Table 4) (19).

Costs

The model included costs associated with BRCA testing (esti-
mate), genetic counseling (estimate), cancer treatment [Duong
et al. (34) for EOC and Pataky et al. (35) for BC], cost of RRM
and RRBSO were retrieved from two different cost-effectiveness
studies in British Columbia, Canada (36;37) and palliative care
[Hollander et al. (38) for EOC and Pataky et al. (35) for BC]
(Supplementary Table 5). All costs are reported in Canadian dol-
lars (CAD) and U.S. dollars (USD) in year 2016. Where applica-
ble, costs were inflated using Bank of Canada inflation rate to
inflate costs to 2016 (39) and Canadian costs were converted to
USD using Bank of Canada historical exchange rates (40).

As the age at which RRBSO took place was assumed to be 54
years, costs for hormone replacement therapy were not included
in the model. Genetic counseling consisted of one post-test ses-
sion for index patients with a positive test, one pre-test session
for all relatives, and one post-test session for all relatives with a
positive test. BRCA test, genetic counseling, and RRS costs were
applied in the cycle in which they occurred.

Cancer treatment costs were based on previously published
cost-effectiveness evaluations from a Canadian perspective for
EOC (34) and BC (35). OC costs were applied annually due to
the short life expectancy of patients and the high likelihood of
repeat treatments. BC costs were applied for 1 year during the
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Fig. 1. Model schematic.

Abbreviations: RRS, Risk-Reducing Surgery; BC, Breast Cancer; OC, Ovarian Cancer.
TAn age of all-cause mortality was estimated for each individual using UK national life tables and an annual age-adjusted risk of death was estimated for individuals
with cancer.

#The age at which RRBSO occurred was assumed to be 40 years in BRCA1 mutation-positive individuals and 45 years in BRCA2 mutation-positive individuals, or
on model entry for individuals above these ages. The age of RRM was assumed to be 40 years or on model entry for older individuals.
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Index population EOC BC Source
Number of cases 2,786 26,316 Canadian Cancer Society (1)
Age, mean = SD 50+5 50+5 Normal distribution applied to Domcheck
et al. (53)
BRCA positive (BRCA1:BRCA2) 12.46% 4.70% (51.06%:48.94%) Kotsopoulos et al. (2)
(61.58%:38.42%)
First-degree relative Mother Father Sibling Children
Number, mean 1 1 .61 1.91 Statistics Canada (24)
Age relative to index, mean + SD +30+5 +32+5 0t5 -30+5 Statistics Canada (24)
Proportion female - - 50.41% 50.41% Statistics Canada (25)
Second-degree relative Grandparents Uncles/ Nieces/ Grandchildren
Aunts nephews
Number, mean 4 1.2 1.2 3.6 Statistics Canada (24)
Age relative to index, mean years + SD +30+5 0+5 -30+5 -30+5 Statistics Canada (24)
Proportion female 50% 50.41% 50.41% 50.41% Statistics Canada (25)

BC, breast cancer; EOC, epithelial ovarian cancer; SD, standard deviation.

cycle in which they occurred due to higher survival rates in these
patients compared with EOC. No further surgery was assumed to
be required in patients who had received RRM if they developed
BC, whereas additional debulking surgery was assumed to be
required in patients who had received RRBSO and developed
EOC. Palliative care costs were applied in the year in which the
patient died.

Health State Utilities

Utilities for patients diagnosed with EOC or BC were sourced
from the UK National Institute for Health and Care Excellence
familial BC guideline (41) (Supplementary Table 6) as this pro-
vided a more complete data set than was available using
Canadian sources. Disease specific utilities were applied to
age-specific utilities for women in Canada (42). If a patient devel-
oped both EOC and BC, the utilities for these were applied
multiplicatively.

Utilities for other health states and treatments were sourced
from a time trade-off study in BRCA positive individuals by
Grann et al. (43) which reported a short-term negative impact
on QoL for those undergoing RRS, which was applied in the
cycle in which RRS occurred within the model. The base-case
assumed no disutility for a positive BRCA test.

Sensitivity Analyses

Sensitivity analyses were conducted to assess uncertainty around
key model inputs by varying these over a plausible range, based
either on the 95 percent confidence interval or clinical opinion.
If no estimates were available a variation of +25 percent was
applied (capped at 0 and 100 percent). Probabilistic sensitivity
analysis (PSA) was also conducted to assess the impact of varying
all parameters simultaneously.

Base-Case Assumptions

The following base-case settings were used in the model:
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o All index patients are tested for BRCA status in the “test” arm,
and no patients are tested in the “no test” arm.

o The BRCA mutation was assumed to be present in 12.46 per-
cent of patients with EOC (2) and 4.70 percent of patients
with BC (7).

« All BRCA positive female family members of index patients
receive RRS.

 The age at which RRBSO occurred was assumed to be 54 years
(20), with RRM occurring at age 44 years (21).

Other Assumptions

The following assumptions were applied within the model:

o The sensitivity and specificity of BRCA testing was assumed to
be 100 percent based on clinical expert opinion.

« Relatives of the index case with a positive test were assumed to
have the same BRCA mutation.

« The model population was assumed not to have any previous
history of EOC, BC, or RRS.

o Cancer risks were assumed to remain constant over the period
in which they applied.

« All RRMs were assumed to be bilateral due to the greater avail-
ability of data for this approach in the literature.

o It was assumed that EOC and BC would not develop in the
same year to simplify the model; whereas this may occur in clin-
ical practice, it is highly unusual.

o There was no difference in outcomes or costs for patients with-
out a BRCA mutation in either arm, other than the cost of the
BRCA test.

« Relatives born after the index case was tested were not consid-
ered in the model as it would have been impractically complex
to do so.

« The model is not a standard cancer care model and considered
only average costs and utilities for cancer, rather than consider-
ing specific treatments and cancer severities. This was deemed
appropriate as the model was designed to show the impact of
BRCA testing, rather than examine cancer care methodologies.
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Table 2. Base-case clinical results and costs
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Index patients

Family members

Outcome No BRCA testing BRCA testing Difference No BRCA testing BRCA testing Difference
Base-case clinical results
EOC 608 545 —63 406 342 —64
BC 1,347 1,347 0 548 444 —_104
Deaths 1,643 1,642 -1 1,293 1,273 -20
Base-case costs
Testing and counseling CAD 0 CAD 20,144 +CAD 20,144 CAD 0 CAD 7,596k +CAD 7,596k
(USD 0) (USD 14,255k) (USD 14,255k) (USD 0) (USD 5,373k) (USD 5,373k)
RRS usD 0 CAD x +CAD x UsD 0 CAD x +CAD x
(USD 1,650k) (USD 1,650k) (USD 3,305k) (UsD 3,305k)
Cancer treatment CAD 146,820k CAD 135,435k —CAD 11,384k CAD 96,826k CAD 85,553k —CAD 11,273k

(USD 103,897K)

(USD 95,841K)

(USD 8,056k)

(USD 68,519K)

(USD 60,541K)

(USD 7,977k)

Palliative care

CAD 25,987k
(USD 19,615K)

CAD 26,098k
(USD 19,700K)

+CAD 111,639
(USD 84,269)

CAD 15,529k
(USD 11,722K)

CAD 15,110k
(USD 11,405Kk)

—CAD 419,218
(USD 316,438)

Total

CAD 172,807k
(USD 123,513K)

CAD 184,010k
(USD 131,446Kk)

+CAD 11,202k
(USD 7,932k)

CAD 112,355k
(USD 80,241Kk)

CAD 112,930k
(USD 80,628k)

+CAD 574,920
(USD 387,064)

Base-case cost effectiveness results—100% select for surgery

Total costs Total QALYs Incremental costs Incremental QALYs ICER
No BRCA testing CAD 285,163k 49,996 - - -
(USD 203,754k)
BRCA testing CAD 296,941k 50,784 CAD 11,777k 788 CAD 14,942
(USD 212,074k) (USD 8,319K) (USD 10,555)

BC, breast cancer; EOC, epithelial ovarian cancer; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life-year; RRS, risk-reducing surgery.

Results
Base-Case

The total population within the model was 36,290; 29,102 index
cases, 6,136 first-degree relatives, and 1,052 second-degree rela-
tives. Of these, 1,668 index cases, 1,593 first-degree relatives,
and 275 second-degree relatives had a BRCA mutation. Uptake
rates for RRBSO and RRM in current clinical practice in
Canada were used in the base-case (Table 2). In this analysis,
44 percent of BRCA positive women underwent RRBSO at age
54 years and 21 percent of BRCA positive women underwent
RRM at age 44 years (20;21), resulting in 127 fewer EOC cases,
104 fewer BC cases, and 21 fewer deaths. These outcomes were
achieved at an additional cost of CAD 11,777,696 (USD
8,319,986) with a QALY gain of 788, resulting in an ICER of
CAD 14,942 (USD 10,555) per QALY gained, which is cost effec-
tive at the commonly accepted Canadian willingness to pay
threshold of CAD or USD 100,000 per QALY gained.

Scenario Analysis: RRS Uptake Rates/Age at Uptake

Although BRCA testing and RRS was cost effective in the base-
case based on current RRS rates in Canada, scenarios were consid-
ered to evaluate the impact of changes in RSS uptake rates and age
at RRBSO uptake (Table 3). Increasing RRS uptake rates by 25-
100 percent resulted in greater cost effectiveness, and testing dom-
inated no testing (less expensive and more effective) in an “ideal”
scenario where RRS rates were assumed to be 100 percent; how-
ever, this is not likely to be achievable in the real world.
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Scenarios were therefore considered to determine realistic goals
for changes in current clinical practice to make testing both
cost effective and cost saving; these determined that a 50 percent
increase in RRS uptake rates (RRBSO 66 percent and RRM 32
percent) combined with a mean age at RRBSO of 50 years
would result in lower incremental costs of CAD 3.4M (or USD
2.6M) compared to the base-case, whereas only a 25 percent
increase in RRS uptake rates would be required (RRBSO 55 per-
cent and RRM 26 percent) for cost savings if RRBSO were per-
formed at a mean age of 40 resulted in a cost saving of CAD 1.7M.

Additional Sensitivity Analysis

In all scenario analyses considered testing remained a cost-effective
strategy at the commonly accepted North American threshold of
approximately USD or CAD 100,000 per QALY gained (Table 3).
The cost effectiveness of testing improved as the age at which
RRS occurred was reduced and as costs for cancer treatment
increased. Testing remained cost effective versus no testing when
index patients with EOC only (no BC) or index patients with BC
only (no EOC) were considered in the model. A “real- world” sce-
nario was also considered for BRCA testing in which 30 percent of
index patients were assumed to receive a BRCA test and all BRCA
positive female relatives selected for RRS. The resulting ICER sug-
gested that testing remained cost effective (CAD 17,848 or USD
13,521). It should be noted that the model generates a unique pop-
ulation distribution when varying population (as per the 30 percent
testing scenario); whereas it would be expected that the ICER
would remain consistent with the base-case if a 30 percent
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Table 3. Results of the one-way scenario sensitivity analyses
Incremental testing vs. no testing
Discounted Discounted EOC BC ICER
Scenario costs QALYs cases cases Deaths (cost/QALY)
Base-case CAD 11,777 788 —127 —104 —21 CAD 14,942
(USD 8,319K) (USD 10,555)
Age of RRM 40 years CAD 10,577 869 -131 -114 —26 CAD 6,869
(USD 7,371k) (USD 8,481)
Age of RRM 50 years CAD 11,751 727 —130 —87 —20 CAD 16,156
(USD 8,244k) (USD 11,335)
Age of RRBSO 40 years —CAD 3,720k 1,436 —199 —120 —56 —CAD 2,592
(—USD 2,810Kk) (—USD 1,958)
Age of RRBSO 60 years CAD 16,978k 624 —-99 —100 —-12 CAD 27,210
(USD 11,941k) (USD 19,137)
25% increase in RRS rates and age of —CAD 1,731k 1,841 —258 —153 -79 —CAD 941
RRBSO 40 years
50% increase in RRS rates and age of CAD 3,499k 1,646 —253 —155 —56 CAD 2,126
RRBSO 50 years (USD 2,647k) (USD 1,608)
Mean age of index case 40 years CAD 9,176k 1,047 —148 —-112 -39 CAD 8,761
(USD 6,341k) (USD 6,055)
Mean age of index case 60 years CAD 9,512k 950 —-132 —134 -32 CAD 10,017
(USD 6,621k) (USD 6,973)
Germline sensitivity 90% CAD 10,443k 968 —132 —132 -30 CAD 10,791
(USD 7,282Kk) (USD 7,524)
Germline sensitivity 80% CAD 13,423k 874 -110 -95 -22 CAD 15,356
USD 9,351k (USD 10,698)
0C cost (without surgery) $20,000 CAD 20,065k 788 —127 —104 —21 CAD 25,456
(USD 10,576k) (USD 13,417)
OC cost (without surgery) $80,000 —CAD 14,439k 788 —-127 —104 -21 —CAD 18,318
(—USD 10,938k) (-UsD 13,877)
BC cost (without surgery) $20,000 CAD 12,965 788 —-127 —104 -21 CAD 15,307
(USD 9,140Kk) (USD 11,596)
BC cost (without surgery) $60,000 CAD 8,988k 788 —127 —104 —21 CAD 11,403
(USD 6,809K) (USD 8,638)
OC index cases only CAD 557,606 152 —24 —15 -7 CAD 3,667
(USD 422,428) (USD 2,778)
BC index cases only CAD 12,238k 736 —116 -97 —26 CAD 16,635
(USD 9,270Kk) (USD 12,601)
BRCA test cost: $250 —CAD 3,485k 788 —127 —104 —21 —CAD 4,421
—(USD 2,640) —(USD 3,349)
BRCA test cost: $1,600 CAD 44,996k 788 —127 —104 —21 CAD 57,084
(USD 34,088k) (USD 43,245)
Current BRCA testing rate: 30% CAD 5,102k 286 —32 —44 —13 CAD 17,848
(index populations reduced) (USD 3,865k) (USD 13,521)

BC, breast cancer; EOC, epithelial ovarian cancer; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life-year; RRM, risk-reducing mastectomy; RRBSO, risk-reducing bilateral

salpingo-oophorectomy.

reduction was applied to a static population, there is consequently
variation in the ICER due to this factor.

Probabilistic Sensitivity Analysis

The inputs for PSA are provided in Supplementary Table 7. In the
PSA (4,000 simulations), all simulations were in the north-east or
south-east quadrant of the cost-effectiveness plane (Supplementary
Figure 1), indicating that testing was always more effective than
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no testing. The probability that testing was cost effective versus no
testing was 96.45 percent at CAD 50,000 per QALY gained (or
98.15 percent based on a willingness-to-pay of USD 50,000 per
QALY gained) (Supplementary Figure 2).

Budget Impact

Testing followed by RRS inevitably results in a substantial
up-front cost, which was CAD 31,571,567 (USD 22,341,644) in
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year 1 (Supplementary Table 8). However, in subsequent years
there is then a cost saving due to fewer cases of EOC and BC
which ranged from CAD 137,569 (USD 98,766) in year 2 to
CAD 312,113 (USD 210,812) in year 4. Although a longer time
period was not modeled, cost savings would continue to occur
in all years after this period.

Discussion

This Canadian analysis demonstrates that current genetic testing
of patients with EOC or BC and their family members for
BRCA mutations followed by RRS prevents cancer cases and
deaths, at an incremental cost which is considered cost effective
(an ICER < CAD or USD 100,000 per QALY). However, scenario
analysis demonstrates that the cost effectiveness of testing can be
improved by increasing RRS uptake rates and performing RRS at
an earlier age, with a 50 percent increase in RRS rates and age of
RRBSO of 50 years or a 25 percent increase in RRS rates and age
of RRBSO of 40 years resulting in cost savings over the long term.
The model consequently provides an important argument for
improving access to and uptake of genetic testing and RRS.

The number of EOC and BC cases and deaths avoided in
BRCA positive family members who undergo RRS may initially
appear low given that the risk reduction following surgery is
84-88 percent for EOC and 95 percent for BC. This is primarily
due to the age at which RRS takes place, which was 54 years for
RRBSO and 44 years for RRM, as there is no risk reduction for
family members prior to this point. Reducing the age at which
RRBSO and RRM took place to 40 years in sensitivity analysis
increased the number of cancers and deaths avoided and
improved the cost effectiveness of testing. The number of deaths
avoided may also appear low as all-cause mortality was consid-
ered, rather than only cancer mortality. Women in both arms
consequently have a risk of age-related mortality which may result
in the number of lives saved due to avoiding cancers being under-
stated in the results.

The results of the current model are consistent with the UK
analysis on which it is based (14), which reported an ICER of
£4,339 per QALY for testing versus no testing using the real-world
RRS uptake rates considered in scenario analysis in the current
model. The current model differs from the UK analysis in that
it considers a Canadian perspective and includes patients with
both EOC and BC in the index population, compared with only
EOC in the UK analysis. Certain model inputs are used in both
the current model and the UK model; however, Canadian data
were used where available. This results in differences in outcomes
between the models, as the cost of cancer treatment (without sur-
gery) is lower in the UK model than in the Canadian model.
Differences in cancer treatment costs were considered in sensitiv-
ity analysis.

Another key difference in the current model results from the
inclusion of both EOC and BC index patients. Although EOC is
typically diagnosed at a late stage and has poor survival (resulting
in a very low risk of future BC), the greater survival rates for index
patients with BC, compared with EOC, made it appropriate to
model how RRBSO might affect the development of future
EOC in these patients. Index patients with BC with a BRCA
mutation were therefore assumed to receive both RRBSO and
RRM, with a subsequent reduction in their risk of future cancer.
In contrast, the UK model considered only index patients with
EOC and assumed RRM was not performed in these patients.
This resulted in 63 of the 1,237 index patients with BC avoiding
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future EOC as a result of RRBSO, with one death avoided. The
number of deaths avoided is lower than might be expected
given the high mortality in EOC due to the fact that index patients
with BC who later developed EOC were likely to do so in their
later years, where the risk of all-cause mortality is higher than
in younger patients.

Three other previous analyses of the economic implications of
BRCA testing and RRS have also been published. Kwon et al. (44)
evaluated the cost effectiveness of testing different categories of
patients with EOC and their first-degree relatives, and concluded
that testing was cost effective in women with EOC or a history of
BC, a family history of EOC/BC, or of Ashkenazi Jewish descent,
with an ICER of CAD 32,018 per life-year gained. This study has
several notable differences from the current model; only patients
with a personal or family history of cancer or Ashkenazi Jewish
ancestry were tested, and the traditional genetics referral model
was used for index patients. This is a lengthier and more
resource-intensive pathway for testing and referral compared
with that used in the current model, which assumes that testing
and referral for counseling is carried out during regularly sched-
uled treatment visits. A second study by Manchanda et al. evalu-
ated the cost effectiveness of BRCA testing and RRS in women of
Ashkenazi Jewish descent from a UK perspective (45).

The population in this study is consequently not directly com-
parable with that in the current model, due to its higher rate of
BRCA mutations. Despite this, Manchanda et al. also concluded
that BRCA testing was highly cost effective. The third study, by
Tuffaha et al. (46), evaluated the cost effectiveness of BRCA test-
ing for women with BC with a >10 percent pretest BRCA muta-
tion probability, followed by testing of first- and second-degree
relatives and RRS. Testing was also cost effective in this analysis,
with an ICER of AU$18,900 versus no testing; the primary differ-
ence between this publication and the current study was the test-
ing of only index patients with BC (vs. both BC and EOC in the
current study).

As with all economic models, the current model has limita-
tions in both design and data inputs. First, the current model
does not attempt to consider cancer severity, differences in costs
and benefits for cancer treatment, or overall and progression-free
survival. These would typically be included in cost-utility analyses
for cancer treatment; however, their exclusion from the current
model was a necessary simplification to allow a comparison of
only the impact of BRCA testing and RRS versus no testing
using average cancer survival rates and treatment. The exclusion
of these items also resulted in two necessary assumptions:
enhanced surveillance of BRCA positive family members as an
alternative to surgery could not be considered, and there was
assumed to be no benefit to index EOC patients from BRCA test-
ing. The assumption of no benefit to BRCA testing is a conserva-
tive assumption, as knowledge of an index patient's BRCA status
can benefit them in several ways which are not considered in the
model. BRCA status can inform treatment choices in patients with
recurrent disease (47;48) and BRCA positive index patients would
be able to access PARP inhibitors in clinical practice, which have
been shown to have a demonstrated benefit in EOC (49-51) and
BC (50;52;53).

Second, RRS was assumed to have no morbidity and mortality.
Although this may bias the analysis in favor of testing, rates of
morbidity and mortality are generally low for patients undergoing
RRS (29).

Third, the mortality rates for EOC were based on a structured
literature review and fixed-effects meta-analysis of eight relevant
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publications (26-33). This provided a 5-year survival rate of 76.5
percent at age <45 years, 59.1 percent at 45-54 years, 49.5 percent
at 55-64 years, 38.7 percent at 65-74 years, and 20.9 percent at
>75 years. Although the rates for patients aged <45 years are cred-
ible, in clinical practice BRCA positivity is seen mainly in high
grade serous patients who have worse outcomes; lower survival
rates would therefore be expected for all other ages. However,
this is a conservative assumption and any reduction in survival
rates would make testing more cost effective.

Fourth, the utilities associated with EOC and BC by time from
diagnosis within the model were not available for Canada and
were instead taken from a UK source (41). It is possible that
these utilities would be different in a Canadian population than
in the UK; however, given the similarities in healthcare systems
and culture between these nations it is unlikely that there would
be substantial differences. The increase in utility over time in
the EOC population was an assumption based on expert guidance
from a panel of clinicians and patients; however, it should be con-
sidered that such an increase may be unlikely in clinical practice
as EOC progresses and the chance of treatment benefit falls.
Decreasing these utility values would make testing more cost
effective relative to no testing.

Finally, the current model is not able to vary BRCA testing
rates within the testing and no testing arms for index patients
or family members, for example, to compare a scenario where
80 percent of family members receive testing versus one where
30 percent of patients/family members receive testing. It therefore
cannot compare an “ideal” testing scenario versus testing rates
based on current guidelines/clinical practice. An attempt was
made to consider this in scenario analysis by examining an
index population of 30 percent of the base-case (ICER of CAD
17,848 or USD 13,521). Future adaptations of this model may
wish to consider this to allow comparisons between real-world
BRCA testing rates and scenarios where these rates are increased.
In addition, the conclusion of greater cost effectiveness with
higher RRS uptake rates suggests that it would be interesting to
examine the cost effectiveness of health promotion activities
which could increase the uptake of both testing and RRS.
Although the current model has limitations, these generally result
in a bias against testing. The model results consequently provide
both a humanistic and economic rationale for expanding access to
and uptake of BRCA testing and RRS.

Conclusion

In the base-case analysis using real-world RRS uptake rates, test-
ing and RRS was cost effective versus no testing and treatment on
cancer development, with 127 and 104 fewer cases of EOC and
BC, respectively, and twenty-one fewer all-cause deaths. Testing
remained cost effective versus no testing at the commonly
accepted North American threshold of approximately CAD or
USD 100,000 per QALY gained in all scenario analyses; however,
these analyses demonstrate that current RRS uptake rates may be
suboptimal, as cost effectiveness improved as uptake rates
increased.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/50266462319003519.
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