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Abstract

Purpose Twelve percent of women in the USA will develop invasive breast cancer in their lifetime, and that risk
increases to 80% if they carry a BRCAI or BRCA2 mutation. BRCAI/2 mutations are thought to potentially affect
ovarian reserve and/or fertility.

Methods PubMed and PubMed Central were searched for publications on ovarian reserve—related outcomes (i.e.,
AMH and response to controlled ovarian hyperstimulation (COH) protocols) that were reported in relation to
BRCAI and/or BRCA2 mutations from 1950 through May 2019. A meta-analysis was conducted to create forest
plots and summary effect measures using Review Manager 5.3.

Results This article reviews the 16 qualifying publications. There were several fundamental methodological differ-
ences in the study designs and outcome details reported in AMH studies. Summary statistics found no difference in
AMH levels between BRCAI/2+ women as compared with controls (Z overall test effects p>0.45). Regarding
responses to COH, there were overall non-significantly fewer total and mature numbers of oocytes retrieved in
BRCA1/2+ cases as compared with controls (meta-analysis Z overall test effects p >0.40).

Conclusions While the summary measures indicate no significant differences in AMH levels between BRCAI1/2+
cases and controls, readers should be aware that there are significant methodological differences in the AMH reports.
Additionally, the response to COH protocols does not seem to be significantly lower in BRCAI/2 mutation carriers
in the existing literature. Continued research on both of these clinical parameters would be beneficial for patient
counseling.

Keywords BRCA1 mutation - BRCA2 mutation - anti mullerian hormone - ovarian reserve - in vitro fertilization - controlled
ovarian hyperstimulation
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>4 Christina N. Cordeiro Mitchell sive breast cancer in their lifetime; that risk increases to
cmitch66@jh.edu 80% in women carrying a BRCAI or BRCA2 mutation
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Ashkenazi Jewish) women, and 0.7% [4] of Canadian
women.

There are four theories that biologically connect BRCA1/2
with ovarian reserve. BRCA genes, primarily BRCA, play a
role in the maintenance of double-stranded DNA breaks and
telomere length [6]. BRCA1/2 mutations may thus impair
ovarian reserve via (1) accumulated DNA damage secondary
to inadequate double-strand DNA repair, which may cause
accumulated lethal damage to oocyte DNA [7]; (2) impair-
ment of embryogenesis [8, 9]; (3) failure to maintain telomere
length [10-12]; and (4) decreased follicular pool in carriers
[13-17]. It has been noted that the underlying biology of can-
cer and infertility is both driven by a “fundamental dysregu-
lation of cellular renewal and differentiation” [18]. Although
the quantity of oocytes is finite and declines from birth until
menopause, this cell line must tightly regulate its transcription
in order for embryogenesis to occur.

Markers of ovarian reserve are parameters which are aimed
at estimating the number of primordial follicles remaining in a
woman’s individual follicular pool, in order to predict ovarian
function and/or future fertility potential [19]. Measures of
ovarian reserve include day 2 or 3 antral follicle counts seen
on ultrasound, day 2 or 3 circulating follicle-stimulating hor-
mone (FSH) levels, and, more recently, circulating anti-
Mullerian hormone (AMH) levels [19]. AMH is a member
of the TGF-f3 superfamily of growth factors and is secreted
by primary, secondary, and small antral follicles (<4 mm) in
the ovaries (reviewed in [20]). It is considered to be fairly
constant over the course of the menstrual cycle, making it a
popular marker of ovarian reserve. AMH has been successful-
ly utilized in predicting response to controlled ovarian hyper-
stimulation (COH) and for dosing of gonadotropins during
COH, although it is less clearly predictive of pregnancy out-
comes, particularly live birth [20]. In addition to assessing
hormonal markers of ovarian reserve such as AMH, ovarian
function can be assessed using COH/IVF outcomes such as
number of oocytes retrieved, number of blastocysts achieved,
and clinical pregnancy rates. These markers can all be affected
by myriad factors in addition to the patient’s ovarian reserve,
and thus must be considered within the context of the patient
and clinical scenario in which they are measured. Clearly,
ovarian reserve is important for selecting the most appropriate
clinical protocols for fertility management and for overall pa-
tient guidance/recommendations by the clinicians.

Existing research on the association between BRCA muta-
tions and ovarian reserve and/or function is conflicting and the
study designs are heterogencous. Therefore, we performed a
systematic literature review and meta-analysis as a clinical
update on current knowledge about markers of ovarian reserve
and/or indicators of ovarian function among women with
BRCA /2 mutations, with a particular focus on epidemiolog-
ical differences in study design as a means of interpreting
conflicting results. The goals were to identify any
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consistencies in the literature, evaluate potential explanations
for any differences, and offer suggestions for future research.

Methods
Search strategy

This was a systematic literature review with summary meta-
analyses where possible with currently available published
data. This study began with a structured approach to identify
and review articles. The PubMed database was searched for
publications on ovarian reserve—related outcomes (specifical-
ly, AMH and results of COH for IVF) that were reported in
relation to BRCAI and/or BRCA2 mutation carrier status. The
search was run in January 2019 and subsequently updated in
May 2019. The dates of available literature in the PubMed
database were from 1950 through the current available at that
time. The search terms used for PubMed are shown below and
in Fig. 1. These search results were subsequently restricted to
humans.

((ovarian reserve) OR (diminished ovarian reserve) OR
AMH OR (anti Mullerian hormone[MeSH Terms]) OR
(Mullerian inhibiting hormone[MeSH Terms]))

AND (BRCA1 OR BRCA2 OR (BRCA mutation carri-
er) OR (breast cancer mutation carrier))

AND (women OR female OR woman)

The terms “BRCA mutation carrier” and “breast cancer
mutation carrier” did not add any additional articles and, thus,
were subsequently deemed irrelevant for the search strategy.
This PubMed strategy yielded 43 citations, of which 10 were
classified as reviews by PubMed (Fig. 1).

In order to identify potentially relevant articles in open
access journals that are not indexed in PubMed, we repeated
a similar strategy in PubMed Central (PMC) in January 2019,
and subsequently updated in May 2019. The search terms
used for PMC were as follows:

((ovarian reserve) OR (diminished ovarian reserve) OR
AMH OR (anti Mullerian hormone) OR (Mullerian
inhibiting hormone))

AND (BRCAI1[Abstract] OR BRCA2[Abstract])

AND (women OR female OR woman)

Readers will note differences in the two strategies. The
authors discovered that they needed to limit BRCAI and
BRCA?2 to the abstract, because otherwise there were 684 ci-
tations as of January 2019, most of which were ineligible due
to having basic science and/or animal model study designs.
With the search terms as displayed, 89 citations were
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Fig. 1 Search strategy and article
flow

Search Strategy and Article Flow

Search Terms

(“OR™ used within each group)

Number of Articles
Meeting Criteria
Excluding Reviews

Final Count Original
Articles After
Duplicates Removed

Number of
Articles in Total

PubMed:

ovarian reserve; diminished ovarian
reserve: AMH: anti mullerian 43 articles 14 articles (8
hormone[MeSH Terms]; mullerian 1 (including 10 (- overlap with box ——
inhibiting hormone[MeSH Terms] J reviews) below)

AND
BRCA1; BRCA2; BRCA mutation carrier;
breast cancer mutation carrier

AND H 16 articles
Women; female; woman [Filter:
humans]

100 articles Sl
(including 3 || overlap with box (——
R above)
PubMedCentral: reviews)

ovarian reserve; diminished ovarian +
reserve; AMH; anti mullerian hormone;
mullerian inhibiting hormone

AND
BRCA1[Abstract]; BRCA2[Abstract] 1 article

AND identified from (-
Women; female; woman reference list

identified from PMC initially (increased to 100 citations by
May 2019). There were 8 overlapping relevant publications in
the 2 strategies (excluding review articles) [7, 14, 15, 21-25].
The PMC search identified one additional citation included in
the tables by Choi et al. [26]. One final article [27] was iden-
tified through the citations of another included article [28]
(Fig. 1).

Abstracts of all identified articles were reviewed for eligi-
bility independently by two authors (LP and BM). Eligibility
required measurement and analysis of human female AMH
levels and/or response to COH protocols, a case group that
was restricted to women who carried the BRCAI and/or
BRCA2 mutation, and was published in English. Any discrep-
ancies were resolved by discussion until consensus was
achieved. Those publications not immediately deemed ineli-
gible were read in their entirety for further eligibility review.
Sixteen publications met our criteria [7, 14, 15, 21-33].

Data collected from each article included the following:
study design and analysis methods, study sample characteris-
tics with special attention to any feature that might explain
variability within the body of research on this topic, and the
primary findings relevant to ovarian reserve. The literature
was reviewed multiple times by the authors (LP, BM, EF,
CNCM) as the tables and fields to be reported were further

defined and refined. Selected article features were entered into
a spreadsheet, and subsequently re-designed into its final form
of tables for this manuscript. Summary observations of the
findings from the body of research on these ovarian reserve
outcomes were primarily made by CNCM and LP.

Forest plots and summary effect measures (Review
Manager 5.3 [34]) were created for outcomes within the rele-
vant AMH literature and separately for the COH/IVF reports,
subject to limitations on the published data required for
graphing purposes and summary effect size calculations. The
most common data reported were means; therefore, that mea-
surement was selected for summarization. Three articles [21,
30, 31] reported medians rather than means. Means and stan-
dard deviations (SD) were estimated for the reported median,
range, and/or interquartile range values from those three arti-
cles using Wan et al. [35] (scenario 3 for the Lambertini report
[31] and the Derks-Smeets report [21], scenario 1 for the van
Tilborg report [30]). For the articles without data reported that
could be used in the meta-analysis, the corresponding author
was contacted and unpublished means/SD were obtained from
two authors [14, 24]. Unit conversion from picomole per liter
to nanogram per milliliter was performed as required using an
online calculator for AMH values (www.unitslab.com/node/
155). The AMH analyses were originally run as fixed effects
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models; however, the heterogeneity tests indicated that there
was great variability in the findings and associated confidence
intervals across publications (I statistics >75%) [36]. In
response, we changed to a random effects model, which
subsequently used a relatively constant weight of the
publications (as opposed to weighting based on sample size
and variance with the fixed effects model). This was also true
for the COH/IVF literature (7 statistics > 78%).

Results

Studies of anti-Mullerian hormone levels
and BRCA1/2 mutations: (1) Study designs
and methodologic differences

The majority of studies assessing markers of ovarian reserve
in women with BRCA /2 mutations utilized AMH as a prima-
ry outcome variable (Table 1). Specifically, nine studies [14,
15, 22, 24, 25, 28-31] assessed AMH levels in BRCA muta-
tion carriers in six countries between 2013 and 2019 (five
studies were conducted in the USA and one each was con-
ducted in Australia, the Netherlands, Israel, and Belgium). In
total, 852 BRCA-positive cases (484 BRCAI+, 318 BRCA2+,
5 both BRCA+ and BRCA2+, and 41 unspecified) were com-
pared with 1887 controls. The sample size within each report
ranged from 19 to 319 cases and from 54 to 600 controls
(Tables 2 and 3).

These studies differed methodologically in several re-
spects. Most notably, the control groups varied widely
among studies (Tables 2 and 3). The definition of these
comparison groups fell into four categories: (a) test-
negative family members [24]; (b) test-negative breast
cancer patients [25, 28, 31]; (c) test-negative women
at high risk for breast cancer, but not relatives of the
cases [14, 22, 28, 30]; and (d) unrelated women at low
risk for breast cancer [29]. The report by Johnson et al.
[15] used a control group that combined the latter two
definitions. The second major methodologic difference
among studies evaluated was in BRCA mutation carrier
(i.e., case) eligibility criteria. Specifically, some studies
included patients with a personal history of cancer [15,
28, 31], while others did not [14, 22, 24, 25, 29, 30]
(Tables 2 and 3). Any cases or controls in the Johnson
et al. [15] or Gunnala et al. [28] reports with a personal
history of cancer were untreated at the time of their
study participation. Thirdly, the populations studied
have different ethnic backgrounds; for example, the pro-
portion of study subjects with Ashkenazi or any Jewish
heritage varied across the reports (e.g., 18-33% of cases
and 8-12% of controls [15], 70% overall [22], and oth-
er reports noted the geographic area had a high propor-
tion of Jewish residents [28, 29]) (Tables 2 and 3).
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Finally, some investigators adjusted their findings for
potential confounders (varying factors considered, as
noted in Table 1), while others did not report any ad-
justment [25, 31].

Among the nine publications on BRCA1/2 mutation car-
riers and AMH levels, there was some disparity in the reported
data. As detailed in “Methods,” this summary analysis re-
quired conversion from medians into means for three articles,
and direct contact with other study teams to obtain unpub-
lished data. Of note, a tenth article [26] studied the correlation
between serum AMH levels and the expression of BRCAI
mRNA in ovarian tissue; this study is included in Table 1,
but not in any of the summary measures due to the major
differences in the study designs.

Studies also varied in the reporting of outcome variables by
BRCA mutation type (Table 1). Specifically, several publica-
tions [15, 22, 24] reported results for BRCAI and BRCA2
individually, but not for BRCA/2 as a combined group.
There are, therefore, only 5 studies included in the summary
measure for BRCAI/2 and AMH (Fig. 2) [25, 28-31]. There
are a total of eight and seven studies included in the summary
measures for the individual BRCAI mutation (Fig. 3) and
BRCA?2 mutation (Fig. 4), respectively.

Finally, the AMH assays utilized varied among stud-
ies (Table 1). Three utilized the Beckman Coulter AMH
Elisa kit using frozen serum samples [14, 22, 30], one
used a picoAMH ELISA using a dried bloodspot [15],
and one used the Elec automated system using frozen
samples [24]. One report used AMH levels reported
through usual clinical care lab orders [28], as commu-
nicated directly from the author (21 May 2019). Three
studies did not specify which assay was utilized [25, 29,
31].

Studies of anti-Mullerian hormone levels
and BRCA1/2 mutations: (2) Comparison
of the reported findings

The meta-analysis indicated that BRCAI/2+ was not as-
sociated with a lower AMH level as compared with
controls (Z overall test effect non-significant, p =0.45;
Fig. 2), based on five reports [25, 28-31]. Similarly,
BRCAI+ was not associated with a lower AMH (Z
overall test effect non-significant, p =0.93; Fig. 3),
based on eight reports [14, 15, 22, 24, 25, 28, 30,
31]. Finally, for BRCA2 cases alone, the summary mea-
sures indicate that BRCA2+ is also not associated with a
lower AMH (Z overall test effect, p=0.56; Fig. 4),
based on seven reports [15, 22, 24, 25, 28, 30, 31].
For all three of these analyses, there was a high degree
of variability across the publications (heterogeneity mea-
sure I* ranged from 72 to 93%).
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Table 1 Key characteristics of the publications reporting AMH levels with BRCA1/2 mutations
First author, year, Population Did Hormonal Findings Adjusted for AMH
country enrollment  outcome sample/
criteria allow assay details
women with
a personal
history of
cancer
Phillips, 2016, Age: 25-45 years No AMH BRCAL1+ had, on average,  Age at blood draw, Sample
Australia Cases: 172 BRCAl+, 147 level 25% (95% CI 5-41%, BMI, smoking, HC type:
BRCA2+ (no personal p<0.02) lower AMH use, plasma,
history of cancer, retained concentrations than post-menopausal, frozen
both ovaries and not non-carriers and were unknown Duration of
pregnant or breastfeeding) more likely to have AMH menopausal status freezing:
Controls: 216 BRCA1- from concentrations in the mean
BRCA1+ families, 158 lowest quartile for age (OR storage
BRCA2- from BRCA2+ 1.84,95% CI 1.11-303, 11 years
families (no personal p<0.02). There was no without
history of cancer, retained evidence of an association any
both ovaries and not between AMH thaws
pregnant or breastfeeding) concentration and BRCA2 Assay: Elec
mutation status (p < 0.94) system
(automat-
ed)
Johnson, 2017, Age: 18-45 years Yes AMH BRCA2+ had AMH levels Age, HC use, Sample
USA Cases: 55 BRCAl+, 50 level that were 33% lower than menstrual regularity,  type:
BRCA2+ (with a uterus controls and an increased African American dried
and both ovaries) odds of having AMH race bloodsp-
Controls: 26 BRCA—, 64 <1 ng/mL ot
low-risk (with a uterus and BRCAI+ and BRCA— Duration of
both ovaries) women had similar AMH freezing:
levels to controls N/A
When analysis was restricted Assay:
to regularly menstruating pico-A-
women younger than 40, MH
BRCA2+ continued to ELISA
demonstrate significantly run by
lower AMH levels and Ansh labs
increased likelihood of
low AMH. Also, in this
restricted group, BRCA—
women demonstrated
AMH levels that were
42% lower than controls.
No difference in AMH
was observed among
BRCA1+
van Tilborg, 2016,  Age: 18-45 years No AMH BRCA1/2+ cases do not Age, smoking, current Sample
Netherlands Cases: 66 BRCAIl+, 57 level show a lower serum AMH HC use (cases were type:
BRCA2+, 1 BRCA1/2+ level in comparison with more likely to be frozen
(no personal history of proven non-carriers, after younger, be plasma
breast cancer or PCOS) adjustment for potential nulliparous, and Duration of
Controls: 131 BRCA1/2— confounders. The median have a history of freezing:
AMH levels: BRCA+ infertility) ~3 years
1.90 pg/L vs BRCA— Assay:
1.80 pg/L. Adjusted linear Beckman
regression analysis Coulter
revealed no reduction in Gen 11
AMH level in the carriers. AMH
Sensitivity analysis ELISA
stratifying by gene kit
suggested possible
differences in BRCA1+ vs

BRCA- (p=0.08), and no
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Table 1 (continued)

Did
enrollment
criteria allow
women with
a personal
history of
cancer

First author, year,

country

Population

Hormonal

outcome

AMH
sample/
assay details

Findings Adjusted for

Choi, 2018, South
Korea

Age: 25-40 years

Cases: 38 stage 3/4
endometriosis patients (no
personal history of cancer)

Controls: 31 undergoing
laparoscopic surgery for
benign conditions

Giordano, 2016,
USA

Age: 18-45 years

Cases: 68 BRCA1+ (no
personal history of cancer,
ovarian surgery, or
exposure to chemotherapy)

Controls: 56 BRCA1-

No

Michaelson-Cohen, No

2014, Israel

Age: 26-40 years

Cases: 41 BRCA1/2+ (no
personal history of cancer)

Controls: general population
normogram (n =324)

Wang, 2014, USA  Age: 18-45 years. Mean age No
BRCAI1+ 35.5+5.2 years,
BRCA2+ 35.6 £ 6.2 years,

controls 39.7 + 3.7 years

@ Springer

AMH
level,
plus
BRC-
Al2
mRNA
expres-
sion

AMH
level

AMH
level

AMH
level

difference in BRCA2+ vs
BRCA— (p=0.64)

Endometrial expression of
BRCAI1 mRNA in ovarian
tissue proved significantly
lower in the endometriosis
group vs controls, as did
ovarian expression of
BRCAI1 and BRCA2
mRNA

Serum AMH concentration
showed a significant
correlation with BRCA1
mRNA expression in
ovarian tissue of women
with endometriosis
(p=0.03)

Women > 35 with BRCA1+ Age, BRCAl+,
had a lower AMH, and obesity, duration of
hence ovarian reserve, HC, smoking,
than BRCA— women. gravity, parity
BRCA1+ had a significant
decline in AMH with age
(p=0.0011)

BRCA1+ > 35 years had 10
times the odds of a low
AMH (< 0.5 ng/mL)
compared with women
<35 years AMH

With adjustment for BMI, ELISA
duration of BC, smoking, kit
gravidity, parity, and age
>35, BRCA1+ was still
strongly associated with a
low AMH (p=0.037)

The AMH levels of healthy
BRCA1/2+ cases are
similar to those of
non-carrier women
matched for age; therefore,
their ovarian reserve is
comparable. The AMH
levels for most carriers
were 2.71 £0.59 ng/m
(approximately 50th
percentile of
normograms). These
levels were similar to those
in the control group, in
which the AMH levels
were 2.02+0.12 ng/mL
(p=0.27)

BRCA1+ had a significant
decrease in AMH levels
compared with controls

Not
described

No adjustment; (cases
more likely to have
lower BMI than
controls)

Sample
type:
frozen
serum

Duration of
freezing:
not
described

Assay:
Beckman
Coulter

Not
described

Age, AMH
normograms

Age (mean age of
control group was
significantly higher

Sample
type:
frozen
serum



J Assist Reprod Genet (2020) 37:1037-1055 1043
Table 1 (continued)
First author, year, Population Did Hormonal Findings Adjusted for AMH
country enrollment outcome sample/
criteria allow assay details
women with
a personal
history of
cancer
Cases: 62 BRCAIl+, 27 after adjusting for age and than case groups),  Duration of
BRCA2+ (no personal BMI (p=0.026) BMI freezing:
history of breast cancer) BRCAI1+ had a 4-fold higher ~
Controls: 54 women who odds of having AMH 14 years
tested negative for < 1 ng/mL compared with Assay:
BRCA1/2 mutations controls (OR =4.22, 95% Beckman
CI 1.48-12.0, p=0.012) Coulter
There was no difference in Gen II
AMH levels between AMH
BRCA2+ and controls ELISA
(OR = 1.38 for having kit
AMH < 1 ng/mL, 95% CI
0.39-4.80, p=0.499)
Titus, 2013, USA  Age: 1842 years No AMH DNA double-strand break No adjustment Not
Cases: 15 BRCAI1+, 9 level, (DSB) repair is a cause of described
BRCA2+ with breast plus aging human oocytes.
cancer DSB DSBs accumulate in
Controls: 60 BRCA— with repair primordial follicles with
breast cancer gene age. Expression of
expres- BRCALI, but not BRCA2,
sion declines in human oocytes.
AMH was lower in
BRCA+
(1.22+0.92 ng/mL)
compared with controls
(2.23+1.56 ng/mL,
p=0.0001). Stratifying by
mutation, AMH was lower
in BRCA1+
(1.12+0.73 ng/mL,
»<0.0001) but not in
BRCA2+
(1.39+1.20 ng/mL,
p=0.127) compared with
controls
Lambertini, Age: mean age for cohort Yes AMH Lower but not significant No adjustment; (there Not
Belgium, 2018 31 years (IQR 28-33, no level AMH in BRCA+ (median was no difference in  described
difference between cases 1.8 ug/L) vs BRCA— age between cases
and controls) (median 2.6 ug/L, and controls)
Cases: 19 BRCAl+, 10 p=0.109)
BRCA2+ with newly No difference in AMH
diagnosed early breast between BRCA 1+ and
cancer BRCA2+ mutated patients
Controls: 72 BRCA— with was observed (p > 0.6)
newly diagnosed breast Proportion with low AMH
cancer (defined as < ug/L) not
different between BRCA+
(32%) and BRCA— (20%,
p=0.235)
Gunnala (cohort 1), Age: mean at cycle start was  Yes AMH Cancer cohort: no difference Age, BMI (age Sample
2019, USA 32.443.6 years for cases, level, in AMH (adjusted p=1.0)  significantly type:
35.5+4.3 years in controls day 3 for BRCA+ vs non—breast differed between fresh
Cases (cohort 1): 38 FSH cancer malignancy study groups) serum
BRCA1/2+ breast cancer level controls; however, FSH Duration of
patients prior to was borderline freezing:
gonadotoxic therapy significantly lower in N/A
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Table 1 (continued)

First author, year, Population Did Hormonal Findings Adjusted for AMH
country enrollment outcome sample/
criteria allow assay details
women with
a personal
history of
cancer
(excluded medical non—breast cancer Assay:
conditions associated with malignancy controls vs Beckman
diminished ovarian BRCA+ after adjustment Coulter
reserve, or >3 months of (p=0.06) Gen II
hormone suppression, or No difference in AMH or AMH
> 40 years of age with a FSH between BRCA+ and ELISA
history of ovarian BRCA—- (p=1.0) kit
malignancy, or prior Non-breast cancer
oophorectomy). Mutations malignancy controls had
in combined cohorts: higher E2 (p <0.001) and
31/57 BRCAIl+, 18/57 shorter stimulation length
BRCA2+, 4/57 compound (p=0.024) than the
heterozygous BRCA1/2+, BRCA+ cases (not
4/57 had mutation of controlled for in the
unknown significance analysis)
Controls (cohort 1): 53
BRCA- breast cancer
patients and 85 non—breast
cancer patients prior to
gonadotoxic therapy
Gunnala (cohort 2), Age: mean 31.7+3.1 years No See Cancer-free cohort: neither ~ See Gunnala above See
2019, USA Cases (cohort 2): 19 Gunnal- AMH nor FSH was not Gunnala
BRCA1/2+ without cancer a above statistically different above
(excluded those w/ medical between the cancer-free
conditions associated with BRCA+ and the controls
DOR, or >3 months of (adjusted p = 0.40 and
hormone suppression, or 0.24, respectively)
> 40 years of age with a Controls had higher E2
history of ovarian (p=0.015) and shorter
malignancy, or prior stimulation length
oophorectomy). Mutations (p=10.039) than the
as above BRCA+ non-cancer cases
Controls (cohort 2): 600 (not controlled for in the
women undergoing analysis)
elective oocyte
cryopreservation
Gunnala (sensitivity Sensitivity analysis of n =31 BRCA1+ vs See No difference in FSH See Gunnala above See
analysis), 2019, n=18 BRCA2+ Gunnal-  (adjusted p =0.6) for Gunnala
USA a above BRCAI+ vs BRCA2+; above

however, AMH was
borderline significantly
lower in BRCA 1+ (mean
24+1.7) vs BRCA2+
(3.6 £2.4) (adjusted
p=0.07)

Studies of controlled ovarian hyperstimulation

response and BRCA1/2 mutations: (1) Study designs

and methodologic differences

There were six studies assessing response to COH (in
preparation for IVF) as a marker of ovarian reserve in
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women with BRCAI/2 mutations (Table 4) [7, 21, 27,

28, 31, 32]. These reports spanned 2010-2019 in five

countries (USA, Netherlands, Israel, Belgium, and
Turkey). In total, 205 BRCA-positive women (reported

separately by BRCAI and BRCA2 mutations in half of
the reports) were compared with 1159 control women.
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Table 2 Case and control definitions for AMH studies

Author Country Year No. of No. of BRCAI BRCA2 BRCAI Either % Ashkenazi Jewish for BRCA+ pts
cases  controls only only and 2
Phillips Australia 2016 319 374 172 147 Not reported
Johnson USA 2017 105 64 low risk + 55 50 BRCA1/2+: 18-33% Jewish
26 BRCA- Controls: 8-12% Jewish
van Tilborg Netherlands 2016 124 131 66 57 1 Not reported
Giordano USA 2016 68 56 68 Not reported
Michaelson-Cohen Israel 2014 41 324 41  Not reported
Wang USA 2014 89 54 62 27 BRCA1/2+ and controls combined: 70%
Ashkenazi Jewish

Titus USA 2013 24 60 15 9 Not reported
Lambertini Belgium 2018 25 60 with 15 10 Not reported

AMH

results
Gunnala (cohort 1) USA 2019 38 53+85 31 18 4 Not reported, but author communication

indicated the geographic region had
“significant percentage” Jewish patients

Gunnala (cohort 2) 19 600 See Gunnala above

Total 852 1887 484 318 5 41

MIN 19 54 15 9 1 41

MAX 319 600 172 147 4 41

The sample size ranged from 10 to 62 cases and from The studies in this section of the analysis were, overall,
19 to 600 controls (Tables 2, 3 and 5). methodologically similar. In contrast to the AMH studies,

Table 3  Case and control definitions for COH studies

Author Country Year No. No.of BRCAl BRCA2 BRCAl Either % Ashkenazi Jewish for BRCA+ pts
of controls only only and 2
cases
Oktay USA 2010 12 68 12 “Alarge population of people in our geographic area are
of Ashkenazi Jewish origin”
Shapira Israel 2015 62 62 62  Yes. “In the present study, a high local prevalence of

BRCA1/2+ (2.5% among Ashkenazi Jews),
combined with an easy access to and increased
demand for IVF among carriers, allowed us to
evaluate a relatively large group of both non-cancer-
and cancer-affected BRCA mutation carriers, under-
going IVF treatment for PGD and fertility preserva-

tion.”
Lambertini Belgium 2018 10 19 5 5 Not reported
Derks-Smeets Netherlands, 2017 43 175 20 23 Not reported
Belgium
Gunnala USA 2019 38 53+85 31 18 4 Data not reported, but author communication indicated
(cohort 1) the geographic region had “significant percentage”
Jewish patients
Gunnala USA 2019 19 600 See Gunnala above
(cohort 2)
Turan Turkey/USA 2018 21 97 21 Not reported
Total 205 1159 56 46 4 95
MIN 10 19 5 5 4 12
MAX 62 600 31 23 4 62
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BRCA1/2 Combined Controls Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Wang 2014 0 0 0 111 1.05 54 Not estimable 2014
Michaelson-Cohen 2014 2.71 0.59 41 2.02 012 324 18.6% 0.69 [0.51, 0.87] 2014 -
van Tilborg 2016 * 5.68 3.67 124 348 191 131 16.6% 2.20[1.48,2.92] 2016 —
Titus 2016 1.22 0.92 24 223 1.56 60 17.5% -1.01 [-1.55, -0.47] 2016 —
Lambertini 2017 * 1.83 1.34 25 273 197 60 16.6% -0.90 [-1.62, -0.18] 2017 e
Gunnala 2019 (non-cancer cohort) 3.2 2.2 19 23 22 600 151% 0.90 [-0.10, 1.90] 2019 T
Gunnala 2019 (br cancer only) ** 2.6 21 38 24 24 53 15.5% 0.20[-0.73, 1.13] 2019 I
Total (95% Cl) 271 1228 100.0% 0.33 [-0.54, 1.21]

Heterogeneity: Tau? = 1.07; Chi? = 70.70, df =5 (P < 0.00001); I = 93%
Test for overall effect: Z = 0.75 (P = 0.45)

Fig. 2 Studies of AMH (ng/mL) for BRCAI and/or BRCA2 mutation
carriers vs controls. *Mean/SD calculated based upon reported median/
interquartile range. **Control population with breast cancer history used
for this meta-analysis. Contributing studies are ordered by ascending year
of publication and relative weight (%) of study. By individual study, the

most of the COH/IVF studies (five of the six publications)
enrolled mutation carriers (cases) with a personal history of
cancer. Exceptions included one of the cohorts in the Gunnala
et al. report [28], and Derks-Smeets [21]. Also, in contrast to
the AMH articles, all except one of the COH/IVF reports [31]
did adjust their findings for potential confounders (varying
factors considered, as noted in Table 4; age and BMI were
frequently controlled for).

Studies of controlled ovarian hyperstimulation
response and BRCA1/2 mutations: (2) Comparison
of the reported findings and potential confounding
by the medication protocol

Among studies investigating women with BRCA1/2 mu-
tations and their response to COH—either for fertility
preservation or for IVF with preimplantation genetic
testing for monogenic disease (PGT-M)—four studies
were supportive of an association between BRCAI/2
mutations and a reduced response to COH/IVF [7, 21,
27, 31], while two did not definitively confirm this as-
sociation [28, 32]. Supportive study no. 1 reported few-
er median mature oocytes retrieved in BRCAI/2 muta-
tion patients overall (adjusted p =0.04, n =174

B el .

4

4

2 0 2
Favors Controls Favors BRCA1/2

mean difference in AMH levels between cases and controls is illustrated
by a small green square and horizontal line (difference and 95% confi-
dence interval (CI) estimate, respectively) using an inverse variance (IV)
statistical method; relative weights of individual studies are illustrated by
the area of the green squares

controls), with a subgroup analysis demonstrating that
this difference was specific to BRCAI mutation carriers
(adjusted p =0.02, n =20), but not to BRCA2 mutation
carriers (adjusted p =0.50, n =23; Netherlands and
Belgium) [21]. Supportive study no. 2 reported a similar
association in a combined BRCAI/2 case group (33%
low ovarian response in n =12 BRCA+ vs 3% in n
33 non-carriers; USA) [7]. Supportive study no. 3 re-
ported a non-significant reduced response to COH for
oocyte cryopreservation, and a greater likelihood to
have fewer than four oocytes retrieved among BRCAI/
2 mutation carriers (n = 10) versus non-carriers (n =19)
in Belgium (p <0.15) [31]. Supportive study no. 4 re-
ported fewer total and mature oocytes retrieved in
BRCA1/2 mutation carriers with breast cancer as com-
pared with test-negative controls with breast cancer (ad-
justed p values <0.01, n =21 cases; USA and Turkey)
[27]. Non-supportive study no. 1 (Israel) [32] found no
difference in response to COH for IVF between BRCA1/
2 mutation carriers and non-carriers (n = 62/62). Finally,
ambiguous results were reported by Gunnala et al. [28];
there was a significant difference noted in the number
of mature oocytes retrieved (adjusted p =0.01), but not
in the total number of oocytes retrieved (adjusted p =

BRCA1 Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Wang 2014 1.07 1.02 62 1.11 1.05 54 15.6% -0.04 [-0.42, 0.34] 2014 1
Phillips 2016 ** 214 218 172 218 203 216 153% -0.04 [-0.46, 0.38] 2016 -
Giordano 2016 358 4.2 68 349 42 56  7.5% 0.09 [-1.40, 1.58] 2016 N —
Titus 2016 1.12 0.73 15 223 1.56 60 14.5%  -1.11[-1.65,-0.57] 2016 —_
van Tilborg 2016 * 5.78 4.02 66 348 191 131 10.6% 2.30[1.28,3.32] 2016 e —
Johnson 2017 (low risk controls) 3.26 2.83 55 3.2 262 64 10.9% 0.06 [-0.93, 1.05] 2017 I
Lambertini 2017 * 1.83 1.39 15 273 197 60 11.9%  -0.90[-1.76,-0.04] 2017 -
Gunnala 2019 (cancer plus non-cancer cohorts) 24 17 31 24 24 738 13.8% 0.00 [-0.62, 0.62] 2019 - T
Total (95% CI) 484 1379 100.0% -0.02 [-0.57, 0.52] ?

Heterogeneity: Tau? = 0.46; Chi? = 38.11, df = 7 (P < 0.00001); I> = 82%
Test for overall effect: Z=0.08 (P = 0.93)

Fig. 3 Meta-analysis of AMH (ng/mL) for BRCAI mutation carriers vs
controls. *Mean/SD calculated based upon reported median/interquartile
range. **Converted from pmol/L. Contributing studies are ordered by
ascending year of publication and relative weight (%) of study. By indi-
vidual study, the mean difference in AMH levels between cases and

@ Springer
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BRCA2 Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% Cl Year 1V, Random, 95% CI
Wang 2014 1.33 1.1 27 111 1.05 54 19.2% 0.22[-0.28,0.72] 2014 I
Phillips 2016 ** 224 19 147 234 26 158 19.1% -0.10 [-0.61, 0.41] 2016 .
van Tilborg 2016 * 533 3.9 57 348 191 131 13.1% 1.85[0.79, 2.91] 2016 e
Titus 2016 139 1.2 9 223 1.56 60 15.1% -0.84 [-1.72, 0.04] 2016 |
Lambertini 2017 * 213 2.67 10 273 197 60 7.9% -0.60 [-2.33, 1.13] 2017 —
Johnson 2017 (low risk controls) 2.72 3.08 50 3.2 262 64 13.1% -0.48 [-1.55, 0.59] 2017 - =1
Gunnala 2019 (cancer plus non-cancer cohorts) 36 24 18 24 24 738 125% 1.20[0.08, 2.32] 2019 I —
Total (95% CI) 318 1265 100.0% 0.18 [-0.42, 0.78]

Heterogeneity: Tau? = 0.43; Chi? = 21.06, df = 6 (P = 0.002); I> = 72%
Test for overall effect: Z=0.58 (P = 0.56)

Fig. 4 Meta-analysis of AMH (ng/mL) for BRCA2 mutation carriers vs
controls. *Mean/SD calculated based upon reported median/interquartile
range. **Converted from pmol/L. Contributing studies are ordered by
ascending year of publication and relative weight (%) of study. By indi-
vidual study, the mean difference in AMH levels between cases and

0.12) in BRCAI/2 mutation carriers as compared with
non-carriers in both a cancer patient cohort and a non-
cancer patient cohort (57 total carriers and 738 total
controls; USA).

The meta-analysis could only include four of the six
studies with comparable outcomes for analysis (means/
SD or medians). For both outcomes analyzed (i.e., total
number of retrieved oocytes, Fig. 5; and number of
mature oocytes retrieved, Fig. 6), the summary measures
indicate non-significantly fewer total oocytes and fewer
mature oocytes retrieved among BRCA/ and/or BRCA2
mutation carriers, as compared with controls, with over-
all test effects of Z=0.85 (p=0.40) and Z=059 (p=
0.56), respectively. For both COH/IVF meta-analyses,
there was a high degree of variability across the publi-
cations (heterogeneity measure /° ranged from 79 to
83%).

Of note, the stimulation protocol used for COH in the
studies assessed here did vary in two respects. First, in
terms of the IVF stimulation protocols, two studies utilized
a GnRH agonist protocol [7, 21], two used a GnRH antag-
onist protocol [27, 31], and two used a mix of the two [28,
32]. Additionally, cancer patients in all studies assessed
were treated with medication during their stimulation to
lower overall estradiol levels. Of these, 2/2 studies using
a GnRH agonist protocol reported that BRCA mutations are
associated with decreased oocyte yield [7, 21], while 2/2
studies using a GnRH antagonist protocol reached the op-
posite conclusion [27, 31]. The two studies using mixed
protocols yielded no association between BRCA mutations
and decreased IVF yield [28, 32].

As discussed by Gunnala et al. [28], the use of
estradiol-lowering agents in cancer patients could also
confound results when comparing with non-cancer pa-
tients. Of the five studies that involved patients with can-
cer, four treated all cancer patients with an estradiol-
lowering agent. Three studies employed letrozole [7, 28,
31], and one used tamoxifen [32]. Half of these studies
reported an association between BRCA mutations and

»

2 0 2 4
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4

controls is illustrated by a small green square and horizontal line (differ-
ence and 95% confidence interval (CI) estimate, respectively) using an
inverse variance (IV) statistical method; relative weights of individual
studies are illustrated by the area of the green squares

decreased oocyte yield [7, 31] and half did not [28, 32].
One study assessed the use of letrozole versus not in pa-
tients with BRCA-associated breast cancers, as well as
other cancers [27]. In contradiction to all of the other
studies assessed here, this group reported a higher oocyte
yield in the letrozole group.

Other studies of ovarian reserve and BRCA1/2
mutations

Two additional studies utilized alternative methods of
assessing ovarian reserve not accessible in clinical prac-
tice: assessment of pathological specimens after oophorec-
tomy. These two studies both reported reduced follicle
counts in women with BRCA /2 mutations. Follicle counts
were significantly lower among both women undergoing
oophorectomy for ovarian cancer (n=20) and women un-
dergoing risk-reducing oophorectomy for a genetic dispo-
sition to cancer (n=35, of whom n=15 had a BRCAI
mutation), as compared with those having this surgery for
benign conditions (n=35) (USA) [33]. Ovaries from
BRCAI and BRCA2 mutation carriers (n = 18) had lower
primordial follicle densities than those from controls (n =
12, 11 vs 44 follicles/mm®; p =0.0002; USA) [23].
Subgroup analyses upheld this finding for BRCAI and
BRCA? individually.

Discussion

Here, we present a systematic review of the existing
literature exploring indicators of ovarian reserve among
women with detrimental BRCAI and/or BRCA2 muta-
tions. Most studies on this topic compared AMH levels
and/or response to COH for IVF. Based on the existing
publications, there does not appear to be a significant
association between BRCA[/2 mutation status and AMH
levels, although readers should be aware of the multiple
types of methodological differences in the AMH articles
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Table4 Key characteristics of the publications reporting response to controlled ovarian hyperstimulation to IVF in women with BRCA1/2 mutations

First author, Population Did Outcome Findings Adjusted for
year, country enrollment
criteria allow
women with
a personal
history of
cancer
Oktay, 2010,  Age: <38 years Yes Oocyte yield, incidence of  In BRCA+ patients, low Age, total FSH dose, BMI
USA Cases: 12 BRCA1/2+ breast low response to ovarian ovarian response rate was
cancer patients stimulation (retrieval of significantly higher
undergoing four or fewer oocytes) compared with BRCA—
oocyte/embryo cryopres- patients (33.3 vs 3.3%;
ervation (no prior ovarian p=.014) and with
surgery) BRCA-untested women
Controls: 33 BRCA1/2— 2.9%; p=.012)
and 35 BRCA unknown All BRCA+ low responders
breast cancer patients had BRCA1 mutations,
undergoing but low response was not
oocyte/embryo cryopres- encountered in women
ervation (no prior ovarian who were only BRCA2+
surgery) Compared with controls,
BRCAI1+ women (but
not BRCA2+ women)
produced lower numbers
of eggs (7.4 [95% CI, 3.1
to 17.7] vs 12.4 [95% CI,
10.8 to 14.2]; p=.025)
and had as many as 38.3
times the odds ratio of
low response (95% CI,
4.11t0353.4; p=.001)
Shapira, 2015, Age: average Yes Oocyte yield, poor response  Number of stimulation days, BRCA+ cases were
Israel 32+3.58 years rate, number of zygotes, total stimulation dose, matched with BRCA—
Cases: 62 BRCA1/2+ breast pregnancy rates number of zygotes, controls by age, IVF
cancer patients prior to fertilization rates, and protocol, IVF unit, and
chemotherapy conception rates were cancer disease status.
Controls: 62 matched comparable between Possible confounders
BRCA1/2— breast cancer carriers and non-carriers (e.g., number of
patients prior to Their cycles resulted in stimulation days and
chemotherapy comparable oocyte yield stimulation dosage) were
(13.75vs 14.75;p=0.49)  adjusted in the
and low response rates multivariate models
(8.06% vs 6.45%;
p=0.73)
Both healthy and
cancer-affected BRCA+
carriers demonstrated
normal ovarian response
in IVF cycles
Lambertini, Age: mean age for cohort  Yes Oocyte cryopreservation Reduced reproductive No adjustment
2018, 31 years (IQR 28-33, no outcomes (ex. no. of potential and
Belgium difference between cases oocytes) performance of
and controls) Ovarian tissue cryopreservation
Cases: 19 BRCAI+, 10 cryopreservation strategies was observed

@ Springer

BRCA2+ newly
diagnosed early breast
cancer patients
Controls: 72 BRCA1/2—
newly diagnosed early
breast cancer patients

outcomes (ex. no. of
oocytes per mm?)

in BRCA+ breast cancer
patients

BRCA+ pts retrieved (6.5 vs
9; p=.145) and
preserved (3.5 vs 6;
p=0.12) fewer oocytes,
had higher poor response
rates (4 vs 2; p=0.15),
and had fewer oocytes
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Table 4 (continued)

First author,
year, country

Population

Did
enrollment
criteria allow
women with

Outcome

Findings

Adjusted for

a personal
history of
cancer
with ovarian tissue
cryopreservation (9 vs
28; p=0.15)
No difference between
BRCA1+ and BRCA2+
cases was observed
Derks-Smeets, Age: <43 years No No. of mature oocytes Response to stimulation Age, BMI, treatment center,
2017, Cases: 20 BRCA1+, 23 (adjusted median no. of type of gonadotropin
Netherlands BRCA2+ (invasive mature oocytes) was administered (FSH or
& Belgium (breast) cancer up to reduced in BRCA1+ (vs hMGQ), total dose of
2 years prior to [IVE/PGD controls, p=0.02) butnot  gonadotropin
treatment, ovarian in BRCA2+ (vs controls, administered
surgery, chemotherapy, p=0.50); the combined
pelvic radiation, PCOS, case group had reduced
and known reduced ovar- response to stimulation vs
ian reserve) controls (p =0.04)
Controls: 174 couples who Although oocyte yield was
underwent PGT-M for an in correspondence to a
autosomal dominant or normal response in all
recessive disorder not sub-groups, this finding
known to be associated points to a possible
with decreased ovarian negative influence of the
reserve BRCAL gene on ovarian
reserve
Gunnala Age: mean at cycle start was  Yes AFC, no. of mature oocytes, Cancer cohort: no difference Age, BMI; (age
(cohort 1), 32.4+3.6 years for no. of total harvested in AFC, total no. of significantly different:
2019, USA cases, 35.5+4.3 years in oocytes. Secondary harvested oocytes andno. ~ The mean age at the start
controls endpoints: starting of mature cryo oocytes of the cycle was 31.7
Cases (cohort 1): 38 gonadotropin dose, peak between BRCA+ and non-cancer BRCA+ vs
BRCA1/2+ breast cancer E2 levels during either control group 36.6 elective oocyte
patients prior to stimulation, total p=1.0) freezing (p <0.001))
gonadotoxic therapy gonadotropins use and ~ Non-breast cancer
(excluded medical days of stimulation malignancy controls had
conditions associated higher E2 (95% CI,
with diminished ovarian —1364.1 to —728.6;
reserve, or >3 months of »<0.001) and shorter
hormone suppression, or stimulation length (95%
> 40 years of age with a CL 0.3t0 2.1; p=0.024)
history of ovarian than the BRCA+ cases
malignancy, or prior (not controlled for in the
oophorectomy). analysis)
Mutations in combined
cohorts: 31/57 BRCA1+,
18/57 BRCA2+, 4/57
compound heterozygous
BRCA1/2+, 4/57 had
mutation of unknown
significance
Controls (cohort 1): 53
BRCA- breast cancer
patients and 85
non-breast cancer pa-
tients prior to
gonadotoxic therapy
Age: mean 31.7+3.1 years No See Gunnala above Cancer-free cohort: See Gunnala above

cancer-free BRCA+ had a
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Table 4 (continued)

First author, Population Did Outcome Findings Adjusted for

year, country enrollment

criteria allow
women with
a personal
history of
cancer

Gunnala Cases (cohort 2): 19 higher AFC and higher
(cohort 2), BRCA1/2+ without no. of mature cryo oo-
2019, USA cancer (excluded those w/ cytes than the controls

medical conditions asso- (adjusted p =0.025 and
ciated with DOR, or 0.49, respectively), while
>3 months of hormone there was no difference in
suppression, or > total no. of harvested oo-
40 years of age with a cytes between cancer-free
history of ovarian BRCA+ and controls
malignancy, or prior oo- (95% CI,—13105.9;
phorectomy). Mutations p=0.20)
as above Controls had higher E2
Controls (cohort 2): 600 (95% CI, 104.2 to 968.6;
women undergoing p=0.015) and shorter
elective oocyte stimulation length (95%
cryopreservation CL 0.05t0 1.8; p=0.039)
than the BRCA+
non-cancer cases (not
controlled for in the anal-
ysis)

Gunnala Sensitivity analysis of Yes See Gunnala above No difference in AFC See Gunnala above
(sensitivity n=31 BRCAl+ vs (adjusted p = 0.66), total
analysis), n=18 BRCA2+ no. of harvested oocytes
2019, USA (adjusted p =0.57) and

no. mature Cryo oocytes
(adjusted p =0.84)
between BRCA1+ vs
BRCA2+

Turan, 2018,  Age: <40 years Yes No. of oocytes, no. of In women with breast Age, BMI
Turkey and  Cases: 21 BRCA1/2+ breast mature oocytes, cancer undergoing
USA cancer patients fertilization rate, no. of fertility preservation, the

Controls: 97 BRCA— or embryos frozen presence of BRCA+ is
BRCA unknown breast associated with lower

cancer patients

oocyte yield (11 vs 16.4;
p=0.002 [95% CI,
—10.6 to —2.5]), embryo
yield (5.1 vs 8.2; p=.003
[95% CI, — 7.1 to —1.5])
and fertilization rate (74
vs 79.3; p=.053 [95%
CIL, —20.1t0 0.2])

and future studies may yield different conclusions.
Overall, the existing literature suggests that oocyte yield
is not significantly lower in BRCAI/2 mutation carriers.
We propose that some of the variability in study find-
ings can be attributed to epidemiological differences in
study design and populations studied. We will also sug-
gest that only certain mutations in the BRCAI or
BRCA?2 alleles may be associated with decreased ovari-
an reserve and/or function, and that some of those may

@ Springer

be held by individuals of Ashkenazi Jewish ancestry,
specifically.

Summary comments regarding BRCA1/2 mutations
and AMH levels

We propose that some of the differences in study findings with
respect to AMH levels can be attributed to differences in the
populations studied. As mentioned earlier, among the nine
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BRCA1/2 Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Shapira 2015 13.75 7.6 62 14.75 8.8 62 21.2% -1.00 [-3.89, 1.89] 2015 - 1
Turan 2018 1 8 21 164 7.7 97 19.0%  -5.40[-9.15,-1.65] 2018 — =
Lambertini 2018 * 55 3.4 10 9 64 19 19.5% -3.50 [-7.07, 0.07] 2018 e R
Gunnala 2019 (breast cancer BRCA+ vs BRCA-) 17 9.7 38 163 11 53 17.6% 0.70 [-3.58, 4.98] 2019 R
Gunnala 2019 (cancer-free cohort) 158 5 19 126 76 600 22.6% 3.20[0.87, 5.53] 2019 -
Total (95% CI) 150 831 100.0% -1.07 [-4.27, 2.12]

Heterogeneity: Tau? = 10.35; Chi? = 19.31, df = 4 (P = 0.0007); I> = 79%
Test for overall effect: Z = 0.66 (P = 0.51)

Fig. 5 Meta-analysis of BRCA1/2 cases vs controls for number of total
retrieved oocytes after controlled ovarian hyperstimulation. *Mean/SD
calculated based upon reported median/interquartile range. Contributing
studies are ordered by ascending year of publication and relative weight
(%) of study. By individual study, the mean difference in oocyte count

studies assessing AMH levels in BRCA 1/2+ patients, we iden-
tified four different types of control groups across studies.
Only one group assessed AMH levels among women with
detrimental BRCA mutations as compared with their test-
negative blood relatives [24]. This would control for family
effects. In that study, the authors reported reduced AMH levels
among BRCAI+ family members as compared with their
BRCAI mutation—negative relatives (by 25% (95% CI 5—
41%, p <0.02)). A similar finding was observed for BRCA?2.
Four studies included cancer patients in their case defi-
nition. Lambertini et al. [31] compared baseline AMH
levels between unrelated BRCA-positive and BRCA-nega-
tive women with newly diagnosed breast cancer. In this
study, the BRCA+ group included both BRCA1/2 together.
No difference was found between BRCA mutation carrier
and non-carrier cancer patients. Similarly, Gunnala et al.
[28] compared AMH levels between breast cancer patients
with and without BRCA /2 mutations and found no differ-
ences between unrelated BRCA-positive and BRCA-nega-
tive cancer patients. This group also compared AMH levels
between these two groups and BRCA+ women without
cancer, finding again a lack of association between lower
AMH levels in women with BRCA1/2 mutations without
cancer and lower AMH levels as compared with BRCA-
negative cancer patients. Of note, Johnson et al. [15] also
included patients with cancer (without prior chemotherapy

10 5 5
Favors controls  Favors BRCA1/2

10

between cases and controls is illustrated by a small green square and
horizontal line (difference and 95% confidence interval (CI) estimate,
respectively) using an inverse variance (IV) statistical method; relative
weights of individual studies are illustrated by the area of the green
squares

or radiation) in their case definition, although only nine
subjects (4.6%) had a cancer diagnosis.

In contrast to Lambertini et al. [31] and Gunnala et al. [28],
Titus et al. [25] compared AMH levels between BRCA-posi-
tive and BRCA-negative patients with breast cancer, and did
report a significant difference in AMH levels between com-
bined BRCA1/2-positive versus BRCA1/2-negative women.
However, when subdivided by mutation, a significantly lower
AMH level was seen only in BRCAI+ women as compared
with BRCA I— women.

A third group of studies compared BRCAI/2-positive
women with unrelated BRCA-negative women at high risk
of breast cancer (i.e., based on a family history of BRCA mu-
tations or family cancer history). Similar to previous studies,
two of three of these studies reported that BRCA/ mutations
were associated with a lower AMH levels as compared with
high-risk BRCA-negative controls [14, 22], and two of two
studies assessing BRCA2 mutations showed no difference in
AMH levels with controls [22, 30]. Finally, similar to
Lambertini et al. and Gunnala et al. [28, 31], two of two
studies comparing BRCA I/2 mutation carriers as a whole to
non-carrier high-risk individuals showed no difference in
AMH levels [28, 30].

Finally, two studies compared BRCA+ women with low-
risk, unrelated control groups. Michaelson-Cohen et al. [29]
found no difference in AMH levels between healthy BRCA1/2

BRCA1/2 Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% ClI
Derks-Smeets 2017 6.7 3.8 43 83 37 175 238%  -1.60[-2.86,-0.34] 2017 e
Turan 2018 74 57 21 106 51 97 19.8% -3.20 [-5.84, -0.56] 2018 e
Lambertini 2018 * 45 43 10 7 3.2 19 18.5% -2.50 [-5.53, 0.53] 2018 .
Gunnala 2019 (cancer-free cohort) 13.2 47 19 9.6 6.2 600 21.3% 3.60[1.43,5.77] 2019 -
Gunnala 2019 (breast cancer BRCA+ vs BRCA-) 144 91 38 131 84 53 16.5% 1.30[-2.37,4.97] 2019 N e —
Total (95% Cl) 131 944 100.0% -0.50 [-3.02, 2.02] ’
Heterogeneity: Tau? = 6.51; Chiz = 22.96, df = 4 (P = 0.0001); I2 = 83% =_10 5 3 5 10’

Test for overall effect: Z = 0.39 (P = 0.70)

Fig. 6 Meta-analysis of BRCAI/2 cases vs controls for number of total
number of mature oocytes retrieved after controlled ovarian
hyperstimulation. *Mean/SD calculated based upon reported median/
interquartile range. Contributing studies are ordered by ascending year
of publication and relative weight (%) of study. By individual study, the
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Favors controls Favors BRCA1/2

mean difference in oocyte count between cases and controls is illustrated
by a small green square and horizontal line (difference and 95% confi-
dence interval (CI) estimate, respectively) using an inverse variance (IV)
statistical method; relative weights of individual studies are illustrated by
the area of the green squares
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carriers as a whole and general population normograms.
Johnson et al. [15] compared BRCAI and BRCA2 carriers
separately with low-risk controls (in addition to BRCA-nega-
tive women, as described above). In contrast to previous stud-
ies, Johnson et al. [15] noted lower AMH levels in BRCA2
carriers, but not BRCA/ carriers, as compared with controls.

Thus, we observed both inconsistent findings between dif-
ferent types of control group, as well as discordant findings
among studies using similar control groups, indicating that the
comparison group (i.e., related, unrelated, cancer/no, high/low
risk of cancer) cannot explain all the variability in study find-
ings. In this review, we attempted to reconcile these differ-
ences using a random effects model. Overall, our summary
measures did not indicate that BRCAI or BRCA2 mutations
are associated with lower AMH levels.

Summary comments regarding BRCA1/2
and controlled ovarian hyperstimulation for IVF

Five studies assessed the response to controlled ovarian hy-
perstimulation during in vitro fertilization, often for fertility
preservation [21, 25, 31, 32, 37]. It is important to note that, in
these studies, COH and oocyte retrieval were performed either
for fertility preservation for a cancer diagnosis or for a known
BRCA1/2 mutation in a healthy woman. In the latter group,
one would presume that the subjects in question do not have
any known infertility, and thus, outcomes should be compara-
ble with fertile women, or with other healthy women who are
at risk of passing a genetic disease to their offspring—and thus
pursuing in vitro fertilization for purposes of performing pre-
conception genetic diagnosis (PGT-M) with selective transfer
of unaffected embryos.

In contrast to the studies assessing AMH levels, the publi-
cations assessing the response to COH more consistently sug-
gest that BRCA mutation carriers have significantly fewer oo-
cytes retrieved during IVF cycles, although this was not found
to be significant on meta-analysis summary statistics. Among
women undergoing fertility preservation for newly diagnosed
cancer, Lambertini et al. [31] observed fewer oocytes cryopre-
served, a higher poor response rate, and fewer oocytes in
ovarian tissue harvested for cryopreservation, among
BRCAI- and BRCA2-positive women (n=19 BRCAI, n=10
BRCA?2) as compared with BRCA 1/2— controls. This was also
reported among BRCA 1/2 mutation carriers without a cancer
diagnosis. For example, the number of mature oocytes re-
trieved was lower in those undergoing IVF with PGT-M for
BRCAI mutations, as compared with patients undergoing IVF
with PGT-M for other diseases [21]. Other studies report con-
flicting data. One study of BRCA-positive and BRCA-negative
women, most without, but some with, breast cancer, demon-
strated no differences in IVF outcomes between carriers and
healthy controls [32].

Despite the relative consistency in the literature regarding
response to COH in women with BRCA1/2 mutations, it is
prudent to consider potential differences within and between
studies on the specific COH protocol used. In the reports in-
cluded here, the type of protocol may have confounded dif-
fering conclusions. Specifically, studies employing solely
GnRH agonist protocols noted a decreased oocyte yield
among BRCA mutation carriers in IVF. In contrast, those
employing exclusively GnRH antagonist protocols reported
no difference in oocyte yield. Additionally, inconsistent find-
ings on this topic were reported by studies that used an
estradiol-lowering agent. Thus, it is possible that differences
in study findings are partially due to differing COH protocols.

Supportive findings with related outcomes

Although BRCA /2 mutations are not consistently associated
either with lower AMH or with less optimal COH outcomes
across all the existing literature in women, there are some
related clinical data of interest. First, two studies have assessed
ovarian reserve on pathologic specimens of BRCA1/2+ pa-
tients (Table Misc Rpts). Lin et al. [23] noted lower primordial
follicle density in BRCA1/2+ ovarian tissue specimens, as
well as higher double-stranded breaks in DNA, as compared
with controls. Similarly, Pavone et al. [33] found that individ-
uals with BRCA 1/2+ mutations undergoing risk-reducing oo-
phorectomies had lower follicle counts in ovary specimens as
compared with controls undergoing oophorectomy for non-
risk-reducing/oncologic reasons. Second, on a different note,
age at menopause, which can be considered a surrogate mark-
er for ovarian reserve, may differ in women with BRCA1/2
mutations. Specifically, five studies report an earlier age of
natural menopause in BRCAI/2 mutation carriers [13—17],
with sample sizes ranging from 81 [17] to 908 [13] carriers.

Potential influence of genetic variants

The qualifying studies in this review as a whole do not ac-
count for the diversity of BRCA1/2 mutations and the impor-
tance of considering the ethnic background of individuals
studied, in order to more clearly interpret results of these types
of investigations. To date, over 20,000 variants of the BRCA
genes have been identified [38], and there are multiple muta-
tions in the BRCAI and BRCA2 genes which are common
among individuals of different ethnic groups (e.g.,
Ashkenazi Jew, North African, Balkan, Russian) [39]; thus,
studies in different countries or of different groups may have
variable results because they are inherently comparing indi-
viduals with different variants in the BRCA/ and BRCA?2
alleles.

Notably, in studies in which the authors specifically note
that the population studied was predominately Ashkenazi
Jewish, the results do tend to indicate a difference in ovarian
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reserve as measured by AMH among BRCA /2 mutation
carriers—a finding not seen in the aforementioned studies of
more ethnically diverse populations of unrelated women. For
example, Wang et al. [22] reported that, in a population of
roughly 70% Ashkenazi Jewish women, BRCA/ mutations
were associated with AMH levels which were 0.52 ng/mL
lower than non-family BRCA-negative women, with a 4-fold
higher odds of having an AMH < 1 ng/mL in BRCA| carriers
(OR 4.22, CI 1.48-12.0, p=0.012). Similarly, a study of can-
cer patients undergoing fertility preservation, among whom “a
large proportion” were Ashkenazi Jews, reported a signifi-
cantly higher low ovarian response rate and fewer oocytes
produced among BRCA -positive patients [7]. In contrast, in
a study involving a less significant proportion of Ashkenazi
Jewish women (32.7% of BRCAI carriers and 18% of BRCA2
carriers), BRCA2 mutations were associated with a lower
AMH levels as compared with low-risk control women [15].
This latter study noted that the proportion of BRCA2 carriers
was higher than that in many previous studies, increasing
power to detect a difference, and that patients’ conditions such
as PCOS which may impact AMH levels were excluded.

Strengths, limitations, future directions,
and summary observations

Our study has several strengths. First, it provides a more re-
cent update to the Oktay et al. [37] review on the topic with a
new focus on epidemiological differences among studies, as
well as a clinical focus on the utility of AMH as a marker for
ovarian reserve in BRCA-positive patients. Our review high-
lights several new epidemiological explanations for the differ-
ences in findings within the literature regarding ovarian re-
serve markers and ovarian response in women with BRCA
mutations.

This systematic review and meta-analysis is limited primar-
ily by the methodological differences among studies
evaluated.

Future studies will be needed to follow individuals pro-
spectively to assess intraindividual AMH values over time,
to correlate AMH values with ovarian response, and to per-
haps assess alternative predictive factors for IVF response
and/or fecundability in this population of women. Clearly,
the use of specific COH protocols may influence the varying
reports of any differences in the response to ovarian stimula-
tion regimens by BRCA /2 mutation. Future research on po-
tential impact by specific BRCA1/2 variant may also shed light
on patient response to COH and/or their likely AMH levels.

Conclusions

In conclusion, our review indicates that the response to COH
protocols is not significantly lower in BRCA /2 mutation
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carriers in the existing literature, and there does not appear
to be a significant association between BRCAI/2 mutation
status and AMH levels (albeit there were important methodo-
logical differences in the AMH articles). Continued research
on both of these clinical parameters would be greatly benefi-
cial for counseling of these patients, given the limitations of
the current sample sizes and the wide variation in the AMH
study designs. BRCA, and less so BRCA2, mutation carriers,
and particularly those with a cancer diagnosis or Ashkenazi
Jewish heritage, may have impaired reproduction function.
Furthermore, it serves as a caution for providers in counseling
patients that AMH levels may not be predictive of ovarian
function or COH/IVF outcomes in all carriers of BRCA muta-
tions, as AMH levels appear to be only significantly different
among certain ethnic or genetically related subgroups.
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