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Objective: To characterize and evaluate the variation in serum concentrations of oocyte-secreted growth differentiation factor 9 (GDF9)
and bone morphogenetic protein 15 (BMP15) throughout the menstrual cycle in women from young to advanced reproductive ages.
Design: Cross-sectional, observational, and exploratory study.
Setting: Multicenter university-based clinical practices and laboratories.
Patient(s): Serumwas collected every 1–3 days throughout the menstrual cycle from 3 cohorts of healthy, ovulatory women: menses to
late luteal phase (21–29 years of age; n ¼ 16; University of Otago) and across one interovulatory interval (18-35 years of age; n ¼ 10;
and 45–50 years of age; n ¼ 15; University of Saskatchewan).
Intervention(s): None.
Main Outcome Measure(s): To detect the changes in serum GDF9 and BMP15 across the cycle, mean concentration and variance were
statistically modeled using a generalized additive model of location, shape and scale (GAMLSS). Follicle-stimulating hormone,
luteinizing hormone, estradiol, progesterone, and anti-M€ullerian hormone were also assessed.
Result(s): GDF9 and BMP15 were detectable in 54% and 73% of women and varied 236-fold and 52-fold between women,
respectively. Across the menstrual cycle, there were minimal changes in GDF9 or BMP15 within a woman for all cohorts, with no
significant differences detected in the modeled mean concentrations. However, modeled variances were highest in the luteal phases
of all women for BMP15 immediately after ovulation, regardless of age.
Conclusion(s): Serial changes in GDF9 or BMP15 concentrations across the cycle were not statistically detected and are likewise similar
across the reproductive lifespan. Further research is required to fully elucidate the utility of these oocyte biomarkers at diagnosing
fertility potential and/or disease. (Fertil Steril� 2021;-:-–-. �2021 by American Society for Reproductive Medicine.)
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T he menstrual cycle in healthy, ovulatory women of
reproductive age is characterized by changes in the pi-
tuitary and reproductive hormones, responsible for

regulating folliculogenesis, ovulation, corpus luteum forma-
tion, and ovarian reserve (1, 2). Serum concentrations of
pituitary-derived hormones, follicle-stimulating hormone
(FSH) and luteinizing hormone (LH), and ovarian hormones,
estradiol, progesterone, inhibin A, and inhibin B, are used to
clinically predict stages of the menstrual cycle, assess female
fertility, and guide the treatment of reproductive disorders.
Dynamic hormonal interactions are altered as a woman ap-
proaches the late reproductive phase. As the growing pool
of oocytes declines with age, pituitary FSH and LH increase
because of a reduction in the negative feedback factors (pri-
marily inhibin B and estradiol) produced by the ovarian follic-
ular granulosa cells (3–6). Further, serum concentrations of
anti-M€ullerian hormone (AMH, a protein within the
transforming growth factor-b superfamily), produced by the
granulosa cells from preantral and antral follicles, also
decline (5–7). AMH is considered a useful indirect
biomarker of the ovarian reserve because it dramatically
declines with age, in parallel with the decline in antral
follicle count (AFC). Small changes in serum AMH across
the menstrual cycle have been identified after multiple
sampling, with the highest levels observed during the
midfollicular phase, decreasing at approximately the time of
ovulation (8); however, the overall changes across the cycle
appear limited and, at present, do not detract from its
clinical application as a marker of AFC. Nonetheless, AMH
as well as inhibin B and estradiol, are produced by
granulosa cells and do not provide an assessment of oocyte
quality. Currently, there is no clinically available serum
biomarker of the oocyte itself for assessment of oocyte
developmental potential or ovarian reserve. If an oocyte-
secreted product could be measured reliably in serum it could
prove valuable as a biomarker of ovarian reserve, ovarian dis-
ease, and/or oocyte quality.

Growth differentiation factor 9 (GDF9) and bonemorpho-
genetic protein 15 (BMP15) are 2 proteins of the transforming
growth factor-b superfamily that are predominantly pro-
duced by the oocyte (9). These oocyte-secreted factors have
pivotal roles in regulating mammalian folliculogenesis and
fecundity (10–12). These characteristics make GDF9 and
BMP15 ideal candidates as potential diagnostic biomarkers
of oocyte function. They are paracrine growth factors that
regulate early follicular growth and development, granulosa
cell proliferation, and prevention of luteinization, and they
determine cumulus cell lineage differentiation and function
before ovulation (10, 12–14). GDF9 and BMP15 act as
homodimers, and likely as heterodimers, to elicit these
effects; however, their primary bioactive forms in vivo are
unknown (15, 16). In humans, GDF9 and BMP15 mRNA are
expressed throughout nearly all stages of folliculogenesis.
GDF9 is highly expressed in oocytes from primordial,
primary, secondary, antral, and preovulatory follicles, and
in MII oocytes. By comparison, BMP15 expression is
observed in oocytes of follicles R75 mm, increasing in
expression throughout folliculogenesis, and highest in
oocytes from antral and preovulatory follicles, and in MII
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oocytes (17–23). In humans, mutations in these oocyte-
secreted factors have been linked to ovulation defects,
premature ovarian insufficiency, twinning, and subfertility
([24–27], as reviewed by Persani et al. [13]). Although
mRNA expression profiles have been characterized
throughout folliculogenesis, protein levels of GDF9 and
BMP15 in oocytes or biological fluids are less well-
characterized, principally due to assay limitations to date.
For example, it is unknown if oocyte expression or secretion
of these proteins changes throughout the menstrual cycle in
women or if they are affected by changes in the ovarian-
pituitary axis that accompany reproductive aging. We postu-
lated that the levels of GDF9 and BMP15 may vary within a
subject across the menstrual cycle, as these growth factors
are critically important for cumulus expansion and ovulation
(reviewed by Richani and Gilchrist [28] and Russell et al. [29]),
and there are periovulatory changes in BMP15 mRNA and
protein levels in rodents (30–32).

Despite being intrafollicular paracrine growth factors,
low concentrations (pg/mL) of GDF9 and BMP15 have been
detected in the serum of women. Analysis of concentrations
of GDF9 and BMP15 relative to other reproductive hormones
measured on day 2 of menses found no correlation with AMH
or FSH (33). However, GDF9 and BMP15 have not been as-
sessed in healthy, ovulatory women across the menstrual cy-
cle, or in relation to other reproductive hormones, such as LH,
estradiol, and progesterone. This study aimed to determine
whether serum GDF9 and BMP15 vary across the menstrual
cycle in healthy, ovulatory women of reproductive and
advanced reproductive age, as a first step toward assessing
whether these oocyte-secreted growth factors could be useful
biomarkers of ovarian function and/or oocyte quality.
MATERIAL AND METHODS
Study Participants

Healthy, ovulatory women of reproductive age with a history
of regular menstrual cycles were recruited as part of 2 inde-
pendent, prospective, cross-sectional studies at the Univer-
sity of Saskatchewan, Canada, and the University of
Otago, New Zealand, as described previously (6, 34). Studies
were approved by the Biomedical Research Ethics Board at
the University of Saskatchewan and the Strategic Priorities
Planning Committee of the Saskatoon Health Region, and
the University of Otago Human Ethics Committee (Health),
respectively. Exclusion criteria included pregnancy, lacta-
tion, medical conditions, or use of medications known or
suspected to interfere with reproductive or endocrine func-
tion (including hormonal contraceptives) for at least 3
months before study participation, and body mass index
(BMI) <18 or >35 kg/m2. From these previously recruited
women, 3 cohorts of women were selected to examine the
serum GDF9 and BMP15: early reproductive age (ERA) –
Otago, 21–29 years (n ¼ 16); mid reproductive age (MRA)
– Saskatchewan, 18–35 years (n ¼ 10); and advanced repro-
ductive age (ARA) – Saskatchewan, 45–50 years (n ¼ 15;
Table 1). Eligible women aged 18–44 years (ERA and MRA
cohorts) had a history of regular menstrual cycles (21–35
days), and women 45–50 years (ARA cohort) were eligible
VOL. - NO. - / - 2021



TABLE 1

Participant demographics, cycle characteristics, and mean/baseline endocrine concentrations between cohorts.

ERA MRA ARA P value Post-hoc

Origin Otago, New Zealand Saskatchewan, Canada Saskatchewan, Canada
No. of participants 16 10 15
Demographics
Age range, y (mean � SD) 21–29 (24.8 � 2.3) 18–35 (27.0 � 6.2) 45–50 (48.0 � 1.9) < .0001* ERA vs. ARA P< .0001

MRA vs. ARA P< .0001
BMI, kg/m2 (mean � SD) 24.7 � 2.8 27.5 � 4.0 26.0 � 3.6 .157

Cycle characteristics
Cycle length/IOI, days median,

(range) Mean � SD
30 (26–33) 29.3 � 2.3 27.5 (23–35) 28.0 � 3.4 26 (17–41) 26.9 � 5.2 .044* ERA vs. ARA P< .05

AFC
>6 mm, mean � SD N/A^ 8.00 � 3.74 2.50 � 1.17 < .001*
2–10 mm, mean � SD N/A^ 53.2 � 18.0 19.8 � 9.37 < .001*

GDF9
Proportion detectable, % 50 (8/16) 60 (6/10) 53 (8/15) .883
Baseline (early FP) pg/mL, median

[95% CI] (mean � SD)
16.0 [15.4, 23.2] (19.7 � 6.4) 36.3 [15.4, 55.3] (392.3 � 1140) 32.6 [15.4, 76.3] (85.2 � 177.0) .175

Follicular phase, median [95% CI] 16.7 [15.4, 24.9] 35.6 [15.4, 73.9] 39.1 [15.4, 73.7] .300 ERA vs. ARA P< .05
Luteal phase, median [95% CI] 15.4 [15.4, 23.6] 37.1 [15.4, 66.0] 44.8 [15.4, 95.5] .020*
FP vs. LP, P value P¼ .160 P¼ .156 P¼ .067

BMP15
Proportion detectable, % 69 (11/16) 60 (6/10) 86 (12/14) .346
Baseline (early FP) pg/mL, median

[95% CI] (mean � SD)
48.2 [23.0, 90.9] (67.61 � 60.5) 46.5 [23.0, 298.1] (184.3 � 361.4) 62.1 [33.7, 127.8] (73.3 � 43.5) .598

Follicular phase, median [95% CI] 49.5 [25.3, 108.8] 34.9 [23.0, 305.6] 60.5 [43.8, 114.0] .430
Luteal phase, median [95% CI] 56.4 [27.2, 88.7] 45.2 [23.0, 160.7] 61.7 [31.6, 93.7] .913
FP vs. LP, P value P¼ .473 P¼ .148 P¼ .326

Note: Age, bodymass index (BMI), and proportion detectable were normally distributed and analyzed by one-way ANOVA. Cycle characteristics, antral follicle count (AFC) and GDF9/BMP15 concentration differences were analyzed by non-parametric Kruskal-Wallis tests.
^N/A: AFC not determined in the ERA cohort. ARA ¼ advanced reproductive age; CI ¼ confidence interval; ERA ¼ early reproductive age; FP ¼ follicular phase; IOI ¼ interovulatory interval; LP ¼ luteal phase; MRA ¼ mid reproductive age; SD ¼ standard deviation.
* Significant difference.

Riepsamen. GDF9 and BMP15 across the menstrual cycle. Fertil Steril 2021.
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if they had regular menstrual cycles or<12 months of amen-
orrhea (i.e., had not reachedmenopause), as well as exhibited
2 subsequent ovulatory cycles during the study (as deter-
mined by ultrasonographic documentation of a corpus lu-
teum and a rise in serum progesterone during the luteal
phase). To approximate the minimum statistical power of
this analysis, G*Power 3.1.9.2 (35) was used to perform a po-
wer calculation for a repeated measures analysis of variance
(ANOVA) with 10 subjects (the smallest group in our anal-
ysis), 10 time points, and a type I error rate of 5%. This
showed that the sample provides >75% power to detect an
effect size of f ¼ 0.4, which is considered a large effect by
Cohen’s suggested conventions (36).
Sampling Regimen

Venous blood samples were collected throughout the men-
strual cycle, and serum stored frozen as described previously
(6, 34).

Early reproductive age cohort (21–29 years). Serial blood
samples from individual women were collected across the
menstrual cycle, on days 3, 7, and 11, then daily for a
maximum of 7 days or until 2 days after a positive result on
daily urinary LH strip tests (Baby 4 You, Auckland, New Zea-
land), to capture hormone changes around the LH surge. Mid-
luteal and late luteal samples were collected 7 and 11 days
after the positive LH strip test, respectively. In the absence
of a positive LH, luteal phase samples were taken on days
21 and 35 of the cycle. Urinary LH results were confirmed
subsequently by quantitative serum LH immunoassays.
Ovulation was defined as a peak midcycle LH surge
>20 IU/L and luteal phase progesterone >15 nmol/L.

Mid reproductive age (18–35 years) and advanced repro-

ductive age (45–50 years) cohorts. To investigate hormone
dynamics across an entire cycle, blood samples were collected
from individual women every Monday, Wednesday, and
Friday across a complete interovulatory interval (IOI; from
one ovulation to the subsequent ovulation). In addition,
transvaginal ultrasound scans were performed at each visit
to evaluate follicular growth ofR2 mm (described by Vanden
Brink et al. [6]). Once a dominant follicle reached R14 mm,
scans were performed daily to determine follicle fate. Ovula-
tion was defined as the disappearance of a dominant follicle
and subsequent appearance of a corpus luteum ultrasono-
graphically occurring in association with a rise in serum pro-
gesteroneR15.9 nmol/L. AFC across the cycle was quantified
further as described by Vanden Brink et al. (6).
GDF9 and BMP15 Assays

We previously developed and validated an enzyme-linked
immunosorbent assay (ELISA) for detecting BMP15 in human
serum (33) using the monoclonal antibody (mAb) 28A (37)
supplied by the Oxford Brooks University (Oxford, United
Kingdom) and recombinant promature human BMP15 protein
supplied by Associate Professor Craig Harrison at Monash
University (Clayton, Australia). As described by Riepsamen
4

et al. (33), the BMP15 sandwich ELISA uses mAb 28A as the
capture antibody and biotinylated (biot)-mAb 28A as the
detection antibody, such that it detects homodimers of
BMP15. Monoclonal antibody 28A is directed to an N-termi-
nal peptide of the mature region of human BMP15 (SAEV-
TASSSKHSGPENNQC) (38). The BMP15 ELISA was
optimized for detecting low abundance proteins in complex
biological samples (33). For example, to offset assay matrix
effects, an equivalent volume of non-immunoactive male
serum was added to the BMP15 standard and preincubated
for 1 hour before assay. Further, to counter the interference
effects of heterologous antibodies present in serum, non-spe-
cific mouse IgG was added to all samples and standards dur-
ing this preincubation. For the assay procedure, in brief,
microtiter plates were coated with mAb 28A, washed, and
stored in a blocking buffer. Preincubated standards or serum
samples were added to the MAb-coated plate and incubated
overnight. The plate was washed, biot-mAb was added and
then incubated for 2 hours. The plate was again washed,
streptavidin–horseradish peroxidase (HRP) was added and
then incubated for 45 minutes. The plate was washed and a
substrate for HRP (tetramethylbenzidine) was added to enable
a color reaction, which was stopped with 1 M H2SO4, and the
absorbance was read at 450 nm. A cubic spline-fitting trans-
formation was used to fit the binding curve (39). This ELISA
was used to measure serum concentrations of BMP15 in the
serum samples, assayed in duplicate. The BMP15 assay sensi-
tivity (23 pg/mL), or limit of quantification (LOQ), was defined
as the dose of standard preparation corresponding to 2 times
standard deviation absorbance units above the assay blank
value. The intraassay variation across 7 experiments was
3.7% and interassay variation was 8.7%.

Serum concentrations of GDF9 were determined using a
new commercially available ELISA for GDF9 in accordance
with the manufacturer’s protocol, assayed as singletons
(AL-176; Lot No. 041619; Ansh Laboratory, Webster, TX,
USA). This sandwich ELISA uses antibodies directed at the
mature region of GDF9 and cross-reacts with promature
and mature GDF9, and cumulin, the heterodimer of GDF9
and BMP15 (40). The GDF9 assay sensitivity was 15.4 pg/
mL, with an intraassay variation of 2.4%. Cross-reactivity
of recombinant promature human BMP15 protein (supplied
by Associate Professor Craig Harrison at Monash University,
Clayton, Australia) was assessed in the GDF9 ELISA. BMP15
was assayed at 12,000 pg/mL; three-fold higher than the
highest dose of recombinant GDF9 calibrator. There was
limited cross-reactivity (0.07%), calculated as (observed con-
centration/estimated concentration) x 100. Using the quality
control I and II provided, the interassay variation across 9
experiments was 7.9% and 3.3%, respectively. Using an
in-house quality control of pooled female serum samples,
the interassay variation was 10.3%. For GDF9 and BMP15,
serum samples from individual women were assayed within
a plate. Samples below the LOQ were assigned the sensitivity
of the assay (15.4 and 23.0 pg/mL for GDF9 and BMP15,
respectively), except where concentrations were modeled us-
ing a maximum likelihood framework.
VOL. - NO. - / - 2021
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Other Reproductive Hormone Assays

Serum concentrations of other reproductive hormones were
previously measured by immunoassay in all samples and
assay characteristics reported (e.g., intraassay coefficients
and LOQ) as described for the ERA cohort (34) and the MRA
and ARA cohorts (6). In brief, FSH, LH, estradiol, and proges-
terone were measured by ELISA in all samples for the ERA
cohort. For the MRA and ARA cohorts, FSH and LH were
measured by ELISA, and estradiol and progesterone were
measured by radioimmunoassay. AMH was measured in all
samples from the ERA cohort (Gen II AMH, Beckman Coulter).
For the MRA and ARA cohorts, an ultrasensitive pico-AMH
assay was used to measure AMH in all samples, which previ-
ously has confirmed AMH values reported using the Gen II
AMH, Beckman Coulter assay, but with 15-fold increased
sensitivity (r ¼ 0.9 [41]).
Statistical Analysis

Statistical analyses were performed using GraphPad Prism
version 8.3.1 (39) and R version 4.0.0 (42). For the analysis
of changes in GDF9 and BMP15 across the menstrual cycle,
data were analyzed by 2 methods; initially for an observa-
tional comparison of binned cycle stages and subsequently
using statistical modeling to account for the different sam-
pling regimes between cohorts, different cycle lengths be-
tween women, and a large proportion of values below the
LOQ. First, serum concentrations were binned into 3-day
categories and analyzed as repeated measures data either by
one-way ANOVA with Geisser-Greenhouse correction, or
for hormones with missing data, by a mixed-effects analysis.
Data that were not normally distributed were log-transformed
for analysis. Second, serum concentrations were modeled to
estimate changes in mean and variance across the cycle. All
values were included by rescaling the data to a 28-day cycle
using the observed dates of ovulation (one day after the LH
surge for the ERA cohort, and using the transvaginal ultra-
sound observations for the MRA and ARA cohorts) and
menstruation for each woman as landmark time points. Of
the 16 study participants recruited in the ERA cohort, the
LH assay values of 4 women displayed no surge during a
limited sampling period (4–7 consecutive days from men-
strual day 11); however, all women demonstrated a subse-
quent progesterone rise in the midluteal or late luteal phase
(sampled on day 21 or 35, respectively). In these cases, the
day of ovulation was estimated using the reported length of
the menstrual cycle and assuming a 14-day luteal phase. Q-
Q plots suggested that a log-normal distribution provided a
good fit to the observed GDF9 and BMP15 concentrations, af-
ter accounting for left-censoring due to the LOQ for each
assay (43). A generalized additive model for location, shape
and scale (GAMLSS) (44) with adaptive cyclic penalized cubic
regression splines (45) was applied to model the mean and
variance of the hormone concentrations across the menstrual
cycle. In addition, the model included fixed effects to account
for cohort differences, random intercepts to account for dif-
ferences between individuals, and a continuous autocorrela-
tion structure (46) for the within-individual serial
measurements. Serum AMH concentrations were relatively
VOL. - NO. - / - 2021
stable across the cycle, with concentrations highest in the
midfollicular phase and decreasing at ovulation/immediately
after the LH surge, supporting this modeling approach for
analyzing dynamic hormone changes across the cycle
(c.f. 8, 34, 47). We used this model to estimate the intraclass
correlation coefficient (48) to assess the within-person vari-
ance for each hormone throughout the cycle as the ratio of
the estimated random effect variance to the estimated total
variance.

RESULTS
Participant Demographics and Cycle
Characteristics

Participant demographics and menstrual cycle features were
compared for the 3 cohorts of women: ERA–Otago, 21–29
years (n ¼ 16); MRA–Saskatchewan, 18–35 years (n ¼ 10);
and ARA–Saskatchewan, 45–50 years (n ¼ 15; Table 1). As
expected, there were differences in age (P< .0001) and AFC
(P< .001) between the cohorts, but no evidence of differences
in BMI. The overall cycle length was significantly longer in
the ERA cohort compared with the ARA (P< .05) cohort.
Greater variability in the cycle length was detected in women
of ARA compared with the younger cohorts (ERA and MRA).
Serum GDF9 and BMP15

GDF9 and BMP15 ELISAs were applied to serum samples
across the menstrual cycle. Concentrations of these oocyte-
secreted factors were in the pg/mL range, with 50%–86% of
women having samples above the LOQ of the assays among
all 3 cohorts (Table 1). There were no differences in the pro-
portion of detectable samples among the 3 cohorts (Table 1).
Baseline concentrations in the early follicular phase (men-
strual days 2–4) were not significantly different between the
cohorts for GDF9 or BMP15. Further, there were no differ-
ences in the mean follicular phase concentrations or luteal
phase concentrations between the cohorts for BMP15. How-
ever, the luteal phase GDF9 concentrations were significantly
different between cohorts (P¼ .02), with significantly higher
median GDF9 in the women of the ARA cohort (45–50 years;
44.8 pg/mL; 95% CI 15.4, 95.5) than the ERA cohort (21–29
years; 15.4 pg/mL; 95% CI 15.4, 23.6; P< .05). Therefore,
for analyses of cyclical variations, each cohort was assessed
separately.
GDF9 and BMP15 Across the Menstrual Cycle

For each cohort, changes in GDF9 and BMP15 throughout the
cycle were analyzed by 2 methods. First, serum concentra-
tions were binned into 3-day categories and analyzed as
repeated measures data either by one-way ANOVA or by
mixed-effects analysis (for data with missing values)
(Fig. 1). Second, the outcomes were centralized relative to
the day of ovulation and the start of menses and normalized
to a 28-day cycle, for statistical analyses appropriate for left-
censored, repeatedmeasures data (Fig. 2). A comparison of the
established reproductive hormones, progesterone, estradiol,
and AMH showed expected changes across the cycle, demon-
strating the cyclicity of the cohorts and samples, and the
5



FIGURE 1

Mean serum GDF9, BMP15, progesterone, and estradiol concentrations across the menstrual cycle in women from 3 cohorts. (A–E) Early and Mid reproductive age (ERA 21–29 years (y), n¼ 14; DMRA
18–35 years, n¼ 8), (F–H) Advanced reproductive age (ARA 45–50 years, n¼ 14). Serum samples were binned into 3-day categories: menses (MENS), early follicular (EFP), midfollicular (MFP), late follicular
(LFP), and very late follicular (VLFP) phases, ovulation (OVUL), early luteal (ELP), midluteal (MLP), late luteal (LLP), and very late luteal (VLLP) phases. Sera were sampled fromMENS to LLP for the ERA cohort,
and from ovulation to the subsequent ovulation for the MRA and ARA cohorts with groupings arranged in order of MENS to VLLP for visual comparison. Data are mean with standard error of the mean
error bars, with 2 women excluded from all figures because of outlier GDF9 or BMP15 concentrations for all samples. Gray shading indicates ovulation. Dashed horizontal lines indicate the limit of
quantification (LOQ). Repeated measures data were analyzed by one-way ANOVA or mixed-effects analysis (where data were missing); time points that share letters were not significantly different.
Riepsamen. GDF9 and BMP15 across the menstrual cycle. Fertil Steril 2021.
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FIGURE 2

Estimated low, average, and high serum concentrations across the menstrual cycle using a generalized additive model of location, shape and scale
(GAMLSS). Estimated serum GDF9 (A), BMP15 (B), and AMH (C) concentrations for individuals from each of the 3 cohorts: early reproductive age
(ERA, 21–29 years, n¼ 16), mid reproductive age (MRA, 18–35 years, n¼ 10), and advanced reproductive age (ARA, 45–50 years, n¼ 15). The gray
line represents themodeled ‘average’ individual for that cohort, and the orange and blue lines represent individuals whose average concentration is
þ1 and -1 standard deviation (SD) from the mean, respectively. Shaded areas indicate the within-individual variance across the cycle, showing
where 50%, 75%, and 95% of the measurements would be expected. Expected concentrations were modeled using GAMLSS. Serum
concentrations for each woman were constrained to be equal at the first and last days of the cycle (menses, M). Thus, where no differences
were observed across the cycle, the subject response was a straight line. Due to the high between-subject variation, the change in serum
patterns in individuals �1 SD from the mean are also presented. As seen with serum BMP15 (but not GDF9), the profile exhibits high variance
after midcycle, suggesting large intercycle variability compared with the beginning of the cycle. Dotted vertical lines indicate ovulation (Ov).
Dashed horizontal lines indicate the limit of quantification.
Riepsamen. GDF9 and BMP15 across the menstrual cycle. Fertil Steril 2021.
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FIGURE 3

Representative individual hormone profiles for serumAMH, BMP15, GDF9, estradiol (E2), LH, and progesterone (P4) across themenstrual cycle. (A–
D) Hormone profiles from 2 women from the ERA cohort from Otago (A) 25 and (B) 26 years old, and 2 from the MRA and ARA cohorts from
Saskatchewan (C) 22 (MRA) and (D) 50 (ARA) years old. Limits of quantitation (LOQs) for the GDF9 and BMP15 assays were 15.4 pg/mL and 23
pg/mL, respectively. Shaded areas indicate ovulation (day 0).
Riepsamen. GDF9 and BMP15 across the menstrual cycle. Fertil Steril 2021.
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appropriateness of the modeling methods (Fig. 1C–E and H–J,
Fig. 2C).

Overall, there were no statistically significant changes in
average serum GDF9 or BMP15 concentrations across the
menstrual cycle in any cohort (Figs. 1 and 2). In descriptive
terms, Figure 1 shows GDF9 and BMP15 highest in the mid-
follicular to late follicular phases and a tendency for a decline
along with the LH surge at ovulation for all cohorts (Fig. 1A,
B, and G), except for women of ARA where GDF9 concentra-
tions tended to be highest in the luteal phase (Fig. 1F) and
were significantly higher than luteal phase levels in women
of the ERA cohort (Table 1). Overall, these distributions across
the cycle were not statistically significant when analyzed by a
mixed-effects analysis of repeated measures data. A notable
proportion of the samples were below the LOQ of both assays
(Table 1). Therefore, a means to account for such left-censored
data was applied (43), as we have done previously for serum
GDF9 and BMP15 (33). This analysis revealed no changes in
mean GDF9 or BMP15 across the cycle in any cohort
(Fig. 2A and B). In the ERA cohort, 89 of 157 observations
(57%) were below the LOQ for GDF9, and 8 of 16 individuals
had >90% of their observations below the LOQ, suggesting
that the average values are below the LOQ for GDF9. This
resulted in the estimated mean GDF9 values below the LOQ
of the GDF9 assay (Fig. 2A). Supporting the statistical
modeling analyses, the expected midcycle decline in AMH
was detected (Fig. 2C). There were differences in variance
across the cycle for BMP15 and AMH, but not for GDF9
(Fig. 2). The variance for BMP15 was highest in the luteal
phase immediately after ovulation, until 3–4 days after
ovulation when variance decreased (Fig. 2b). Nonetheless,
this accounted for a small proportion of the total variance,
relative to the large differences between individual women
and the natural within-individual variations. The intraclass
correlation coefficients were high across the cycle in all co-
horts, ranging from 0.91–0.99 for GDF9, 0.84–0.93 for
BMP15, and 0.81–0.95 for AMH, indicating high similarity
between values within a woman.

Representative serum GDF9 and BMP15 profiles during
the ovarian cycle (Fig. 3) demonstrate the interindividual
and intraindividual variations across the cycle, relative to
LH, FSH, estradiol, progesterone, as well as AMH.
DISCUSSION
This study provides the first description of serum GDF9 and
BMP15 concentrations across the menstrual cycle in healthy,
ovulatory women. As oocyte products, GDF9 and BMP15
were at low circulating concentrations, with GDF9 and
BMP15 detectable in only 54% and 73% of women, respec-
tively. Suggestions of possible changes in GDF9 and BMP15
profiles across the cycle were observed; however, statistical
differences were not detected with the number of observa-
tions in this study. These findings are consistent with our pre-
vious analyses showing that, in infertile women undergoing
in vitro fertilization treatment, GDF9 and BMP15 serum con-
centrations are unchanged with exogenous FSH administra-
tion during ovarian stimulation, despite significant changes
in other ovarian and pituitary reproductive hormones (33).
VOL. - NO. - / - 2021
The relative uniformity of GDF9 and BMP15 throughout the
menstrual cycle may reflect that these serum concentrations
are associated with the total population of oocytes within a
woman’s ovaries, similar to AMH. However, our previous
study of 140 women found no association between serum
AMH and either GDF9 or BMP15 serum concentrations (33).
In humans, GDF9 is expressed abundantly in oocytes from
primordial through to preovulatory follicles, and BMP15 is
expressed in oocytes from secondary through to preovulatory
follicles (19, 20). In contrast, changes in estrogen across the
cycle are due to the production from follicles at late antral
stages of development only, and progesterone is a reflection
of luteal growth, which occurs after the ovulation of late
antral stage follicles. Thus, serum GDF9 and BMP15 concen-
trations do not appear to reflect the oocytes of FSH-dependent
follicles recruited during the follicular phase, despite BMP15
being known to regulate granulosa cell sensitivity to FSH (49).

GDF9 and BMP15 are principally regarded as oocyte-
secreted growth factors (20), and therefore, may be expected
to decline in women of ARA compared with the younger co-
horts. However, we did not observe this, in fact, luteal phase
GDF9 concentrations were significantly higher in the women
of ARA compared with the ERA cohort. Although unexpected,
these findings are consistent with our previous analyses
showing that GDF9 and BMP15 do not decline appreciably
with age in women of reproductive age and that GDF9 (but
not BMP15) persists in postmenopausal serum (33). These
findings are notable in that the current study and the previous
study by Riepsamen et al. (33) were conducted using different
GDF9 assays, but the same BMP15 assay. The current study
used a newly available GDF9 ELISA (Ansh Labs), whereas pre-
viously, we used an in-house developed ELISA (33). The 2
GDF9 assays use differing monoclonal antibody pairs, each
directed at differing portions of the mature domain of
GDF9. Despite these assay differences, both assays have de-
tected GDF9 in the serum of perimenopausal women, which
is an unexpected finding given the low number of oocytes re-
maining in these women, suggesting that the GDF9 detected
in these women is likely to be of non-oocyte origin. Extensive
databases of high-throughput gene expression studies of
normal human tissues (50) allow comparison of the expres-
sion profiles of GDF9 and BMP15 in various human tissues.
This shows that GDF9 and BMP15 mRNA are massively en-
riched in the ovaries and testes compared with other tissue
types. Nonetheless, mRNA expression has been reported in
the pituitary, testis, and other tissues of some species, indi-
cating that these factors do not have actions exclusive to
the ovary (9, 49, 51–53).

A small decline in BMP15may be apparent along with the
midcycle LH surge. In addition, increased variance in BMP15
was detected in the early luteal phase for all cohorts. Oocyte-
secreted GDF9 and BMP15 have well-characterized roles in
the regulation of ovulatory events, including enabling the
LH-induced EGF-like peptide cascade and cumulus cell muci-
fication, as well as the terminal granulosa/cumulus cell
differentiation (28, 29). In rodents, ovulation leads to rapid
export of promature and mature BMP15 proteins from the
oocyte into the extracellular space of the follicle and a
concomitant decline in oocyte expression of Bmp15 and
9
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Gdf9 mRNA (30–32). Regulation of BMP15 in the mouse is
known to be different from that of monovular species.
Nonetheless, these studies showed that there is evidence of
periovulatory regulation in BMP15, which may account for
the possible decrease in serum BMP15 over the
periovulatory period in the current study. The serum BMP15
profile appears similar to AMH, with a decline observed
around the time of ovulation. Nonetheless, the serum
concentrations measured here may reflect only part of the
physiology of GDF9 and BMP15 within the ovary, because
it is unknown at this stage if the molecular forms of GDF9
and BMP15 present in serum and detected by the ELISAs
represent the bioactive forms acting as paracrine factors
within the follicle.

A limitation of this study was the large proportion of
samples below the limit of detection for the GDF9 and
BMP15 assays, despite the assay sensitivities being in the
pg/mL range. Further, this study combined 3 cohorts from 2
independent previously published studies with different sam-
pling regimes. Therefore, it was necessary to apply statistical
modeling that could account for such observations. In this
study, the statistical models for GDF9 and BMP15 were
similar to those suggested by Zhang et al. (54, 55) and Roy
et al. (56) for cyclical hormones (e.g., spline regression and
mixed models), but fit using maximum penalized likelihood
under the GAMLSS framework. This provided the ability to
handle observations below the LOQ, and to incorporate adap-
tive smoothness that allows for the modeling of, for example,
either slow or fast changes in the response variable over time
(45). Other approaches for cyclical hormonemodeling, such as
functional data analysis (57), could be adapted to be used for a
similar analysis. Another limitation is that the number of in-
dividuals in each cohort was small. However, the large num-
ber of repeated measurements from each subject ensured that
there was sufficient power to detect medium-to-large changes
in hormone concentrations over time. An assessment of
small-to-medium changes across the cycle and their biolog-
ical relevance and assessment of the high variance in
BMP15 around ovulation would require more frequent
sampling in a large population of women, as shown for
AMH (8). However, in a clinical setting, it is unknownwhether
such minor changes in GDF9 and BMP15 would be conse-
quential, as seen with AMH where measurement is done irre-
spective of the day of the menstrual cycle, despite small
changes across the cycle (58).
CONCLUSION
GDF9 and BMP15 are the first oocyte-secreted biomarkers
with the potential clinical application as markers of oocyte
quality and quantity. However, no studies have been conduct-
ed to assess if they are altered across the menstrual cycle, and
if the assessment should be confined to specific stages of the
cycle. Our preliminary analyses show that serum concentra-
tions of GDF9 and BMP15 vary significantly between women,
but may be relatively unchanged across themenstrual cycle in
women of reproductive age and ARA. Further research efforts
in this area using more sensitive assays can be expected to
reveal whether these essential oocyte-secreted growth factors
10
prove useful diagnostic biomarkers of female fecundity,
ovarian dysfunction, and/or oocyte quality.
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