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Abstract
Purpose To investigate the effectiveness of a biphasic IVM culture strategy at improving IVM outcomes in oocytes from small
follicles (< 6 mm) compared with routine Standard IVM in patients with polycystic ovaries.
Methods This prospective pilot study was performed in 40 women with polycystic ovaries whose oocytes were randomized to
two IVM culture methods. Patients received a total stimulation dose of 450 IU rFSH. Cumulus-oocyte complexes (COCs) from
follicles < 6 mm and ≥ 6 mm were retrieved and cultured separately in either a prematuration medium with c-type natriuretic
peptide followed by IVM (CAPA-IVM), or STD-IVM. Primary outcomes were maturation rate, embryo quality, and the number
of vitrified day 3 embryos per patient.
Results Use of the CAPA-IVM system led to a significant improvement in oocyte maturation (p < 0.05), to a
doubling in percentage of good and top-quality day 3 embryos per COC, and to an increased number of vitrified
day 3 embryos (p < 0.001), compared to STD IVM. Oocytes from follicles < 6 mm benefited most from CAPA-
IVM, showing a significant increase in the amount of good and top-quality embryos compared to STD IVM.
CAPA-IVM yielded significantly (p < 0.0001) less GV-arrested oocytes and larger oocyte diameters (p < 0.05) than
STD IVM.
Conclusions CAPA-IVM brings significant improvements in maturation and embryological outcomes, most notably to
oocytes from small antral follicles (< 6 mm), which can be easily retrieved from patients with a minimal ovarian
stimulation. The study demonstrates the robustness and transferability of the CAPA-IVM method across laboratories
and populations.
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Introduction

In vitro oocyte maturation (IVM) is a mild-approach–assisted
reproductive technology (ART). The technology has mostly
been applied in patients with polycystic ovaries [1]. Because
of its simplicity, the more favorable financial implications
(reduced cost) for patients, and the lower health risk profile
of IVM compared to controlled ovarian stimulation (COS) in
polycystic ovary syndrome (PCOS) patients, the use of IVM
in selected patients may gain an increasing interest. Besides its
application in patients with polycystic ovaries, IVM technol-
ogy may have a role in fertility preservation, where young
girls and adult women are facing infertility due to gonadotoxic
chemotherapeutic treatment [2–4].

While IVM is being increasingly adopted in fertility clinics,
its main challenge is still to overcome the reduced efficacy in
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terms of live birth rates in comparison to COS [5–7]. This is
related to the fact that clinical and laboratory IVM protocols
vary notably between fertility centers [8]. Up to date, follow-
ing a short course of gonadotropin treatment to support follic-
ular growth, many centers use hCG triggering prior to oocyte
retrieval [8–10]. This strategy is a variant of the IVM protocol,
referred as “hCG triggered IVM or truncated IVF” [11].
Exposure of follicles < 12 mm to an ovulatory hCG trigger
results in a heterogeneous cohort of in vivo–matured meta-
phase (MII)-stage, MI-stage oocytes, and germinal-vesicle
(GV)-stage oocytes [8] hampering standardization of IVM
culture conditions.

A more homogenous cohort of oocytes can be retrieved
after a short course of FSH [12] or highly purified (HP)-
hMG stimulation without any hCG triggering [13]. With this
strategy, compact cumulus-oocyte complexes (COCs)
enclosing oocytes at the immature GV-stage are consistently
retrieved from small and mid-antral follicles (2 to 10 mm) to
be matured in vitro under standard conditions. In PCOS wom-
en, smaller follicles (< 6 mm) are abundant at the time of
retrieval (~ 70–80%) and the oocytes from these have matu-
ration rates lower than 50% [14, 15]. Previous characterization
of the non-maturing population of oocytes arrested at the GV-
stage revealed their nuclear and cytoplasmic immaturity [16].
This observation led to important adaptations of the IVM cul-
ture methodology with the aim to improve the developmental
potential of oocytes from small follicles [15]. The overall in-
tention of developing such advanced IVM culture methodol-
ogies is to eventually achieve the goal of developing a zero-
stimulation IVM strategy, as has already been realized in an-
imals [17].

Translational research in the field of oocyte maturation in
livestock animals had indicated a prematuration culture strategy
aiming to sustain synchronization of oocyte nuclear and cyto-
plasmic maturation [17]. The use of molecular compounds for
in vitro modulation of cAMP levels within the cumulus-oocyte
complex has been vital when using this new strategy [18–24].
High cAMP levels are required to maintain oocytes under mei-
otic arrest [25–28] for a sufficient length of time in appropriate
media, to acquire developmental capacities. Under this premise,
major improvements in the IVM approach have recently been
reported and involve a longer culture period (pre-maturation or
“capacitation” — CAPA — culture) in the presence of C-type
natriuretic peptide (CNP), followed by IVM (CAPA-IVM), to
induce the stage-dependent maturation features in the oocytes
retrieved from small antral follicles [15, 29] and large antral
follicles [30]. The principle components to develop a better
pre-maturation culture system (i.e., CNP, E2, insulin, FSH,
and AREG), were studied in an ovarian stimulation–free sys-
tem that generated an increased yield of good quality embryos
after IVM, by using COCs from juvenile mice [29]. Following
translation of the mouse-model methodology into the human
fertility clinic in a prospective (sibling) pilot study, significantly

higher rates of oocyte maturation and yield of good quality
embryos with a high euploidy rate have been accomplished
[15].

In order to endorse this novel IVM methodology as a safe
fertility treatment, complementary studies showed no impact
on imprinted gene DNA methylation or mRNA expression in
blastocysts produced following the CAPA-IVM system in
comparison to conventional COS followed by ICSI in age-
matched PCOS patients [31].

The current prospective study focuses on the efficiency of
CAPA-IVM at improving IVM outcomes in oocytes from
small antral follicles (< 6 mm) compared with STD-IVM in
PCOS patients.

Materials and methods

Prospective study design and patient characteristics

This study was carried out at My Duc hospital, Ho Chi Minh
City, Vietnam, which has one of the largest IVM practices in
the world with more than 500 patients treated yearly [10]. This
also allowed us to validate the transferability of the CAPA-
IVM system to another ART center. The current prospective
study was performed on 40 infertile patients with polycystic
ovaries who were referred to the clinic (My Duc Hospital, Ho
Chi Minh City, Vietnam) to receive infertility treatment and
were invited to participate if they fulfilled the inclusion
criteria. All participants provided informed consent.

Inclusion and exclusion criteria and patient characteristics
were as follows: patients < 38 years with polycystic ovarian
morphology: at least 25 follicles (2–9 mm) per ovary and/or
increased ovarian volume (> 10 ml) [32]. No major uterine or
ovarian abnormalities. Exclusion criteria: medical contra-
indication for pregnancy, high (> grade 2) grade endometri-
osis, and cases with extremely poor sperm quality.

Baseline patient characteristics are described in Table 1.
Patients with polycystic ovaries involved in the study had no
previous history of recurrent failure of ART (including recur-
rent miscarriages). Enrolments took place between March and
June 2017. Patients were randomized to receive CAPA-IVM
or standard IVM (STD IVM). The STD IVM protocol (non-
hCG–primed) is one of the current clinical IVM protocols
employed at My Duc Hospital and the objective of the study
was to determine if CAPA-IVM is more or less efficient than
the current STD IVM protocol. In total, 40 patients were in-
volved (20 in each group, CAPA-IVM and STD IVM).

Treatment regime

The stimulation protocol is presented in Fig. 1. Patients re-
ceived three doses of r-FSH (150 IU daily) starting on day 1 to
3 after spontaneous menses or on day 5 after discontinuing
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oral contraceptives. A pelvic ultrasound scan was performed
in the morning of the third stimulation day. The final injection
of r-FSH was administered around 14:00 h and the oocyte
retrieval (OR) was scheduled 2 days later, between 8:00 and
9:00 h (usually between 42 and 46 h after last r-FSH injec-
tion), without hCG trigger.

Oocyte retrieval and culture procedure

Cumulus-oocyte complexes (COCs) were retrieved 42–46 h
after the last rFSH injection. Follicle size was measured before

OPU by means of ultrasound scan. Larger follicles (≥ 6 mm)
were punctured first, then the needle was flushed and the small-
er follicles (< 6 mm) were punctured. COCs from two size
ranges < 6 mm (smaller follicles) and ≥ 6 mm (larger follicles),
were collected in separate tubes. In the laboratory, these two
groups of COCs were processed and cultured separately.

For the STD IVM protocol, follicular aspirates were col-
lected in Global collect medium (without heparin) and filtered
through a cell strainer (Falcon®, 70 μm mesh size, BD
Biosciences). After collection, COCs were washed and trans-
ferred to a four-well dish (Nunc, Denmark) containing IVM

Table 1 Basal patient
characteristics and
hormonal values on the
day of oocyte retrieval

CAPA-IVM STD IVM P value

No of patients 20 20 –

BMI (kg/m2) 21.1 ± 2.7 21.1 ± 1.9 0.857

Age (y) 29.1 ± 3.4 28.8 ± 2.9 0.952

Gonadotropin priming: Puregon Puregon –

Total injection dose (IU) 450 450 –

Days of stimulation 3.1 ± 0.2 3.0 ± 0.0 –

AMH (μg/L) 10.4 ± 1.9 11.1 ± 2.2 0.527

AFC (last ultrasound) 41.9 ± 18.3 34.6 ± 11.8 0.317

Total mean follicle size (mm), on last ultrasound 5.9 6.2 0.243

Proportion of COCs from follicles < 6 mm 77% 70% –

Proportion of follicles ≥ 6 mm 23% 30% –

Mean number of COCs per treatment 15.2 ± 8.0 12.0 ± 6.9 0.193

Hormones on day of OR

E2 (ng/L) 1006 ± 987.5 1214 ± 1354 0.753

Prog (μg/L) 0.77 ± 1.3 0.54 ± 0.36 0.713

FSH (IU/L) 6.6 ± 1.2 6.6 ± 1.2 0.828

LH (IU/L) 6.2 ± 2.9 6.4 ± 2.9 0.995

Values are mean ± SD

AFC antral follicle count, AMH anti-Müllerian hormone, OR oocyte retrieval

Fig. 1 Representative scheme
showing the clinical protocol
applied and the key steps
following oocyte retrieval. The
stimulation protocol used was
similar for the two different
groups of IVM systems
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medium (IVM System, Medicult; Origio, Denmark) supple-
mented with 75 mIU/ml rFSH (Merc, Switzerland), 100 mIU/
ml hCG (MSD, USA), 1 IU/mL Growth Hormone (Merck
Switzerland), and 10 mg/ml human serum albumin (HSA)
(SAGE, Denmark). Cumulus-oocytes-complexes were cul-
tured for 30 h (and reassessed also at 32 h), 10 COCs/well
in 500 μl IVMmediumwith oil overlay (Lite Oil, Life Global,
Canada) at 37 °C under 6% CO2 in air.

The CAPA-IVM protocol was reported previously [15].
COCs were collected in Global collect medium (without hep-
arin) containing 10 mg/ml HSA, 50 nM CNP (Tocris
Bioscience; Abingdon, UK), and 20 nM Estradiol (Sigma;
Schnelldorf, Germany). After collection, COCs were washed
and transferred to a four-well dish, containing CAPA medium
(IVM System, Medicult, Origio) supplemented with 1 mIU/
ml rFSH (Puregon MSD, Australia), 5 ng/ml Insulin, 10 nM
estradiol (E2) (both from Sigma; Schnelldorf, Germany),
10 mg/ml HSA (Vitrolife, Göteborg, Sweden), and 25 nM
CNP (Tocris Bioscience; Abingdon, UK). COCs were cul-
tured in 500 μl of CAPA medium, 10 COCs/well under oil
for 24 h at 37 °C, 6% CO2 in air.

Following 24 h of incubation in CAPA media, COCs were
thoroughly washed and transferred into Medicult IVM medium
containing 5 ng/ml insulin, 10 nM E2, 100 ng/ml human recom-
binant amphiregulin (rhAREG; Tocris Bioscience), and 100
mIU/ml recombinant FSH. Cumulus-oocytes-complexes were
cultured in IVM medium for 30 h (and reassessed also at 32 h).

In both STD IVM and CAPA-IVM protocols, oocytes
without any surrounding corona-cumulus were not considered
for further culture. Following follicle aspiration, COCs from
follicles < 6 mm or ≥ 6 mm diameter were cultured separately
after collection, each with the two IVM methods.

Fertilization, embryo culture, and embryo vitrification

Following IVM culture, oocytes were mechanically and enzy-
matically denuded from their cumulus layers under a stereo-
microscope and oocyte maturation was assessed under the
inverted microscope. Oocytes were classified as maturating
to the metaphase II (MII) stage by the presence of the first
polar body. Matured oocytes were fertilized using
intracytoplasmic sperm injection (ICSI) and cultured at
37 °C under 5% CO2 and 5% oxygen. Fertilization was eval-
uated 16–18 h post-ICSI by the presence of two pronuclei.
Embryos were cultured until day 3 in Global Total LP (Life
Global, Canada) in groups of 2–3 embryos in one 30-μL
microdroplet. Embryos that fulfilled the criteria for cryopres-
ervation were vitrified (Cryotech, Japan) as cleaving day 3
embryos. Embryos of extremely poor quality (Istanbul con-
sensus on embryo quality assessment) defined as fragmenta-
tion > 30%, < 6 cells, and multinucleation were not vitrified
[33]. A total of 80 embryos were vitrified in the CAPA-IVM
group and 44 embryos were vitrified in the STD IVM group.

Assessment of diameter in germinal vesicle (GV)
–arrested oocytes

Oocytes at the GV-stage were measured (at 20× magnifica-
tion) following the removal of cumulus cells post-IVM.
Oocyte size was the average of the maximum and minimum
oocyte diameter, without the zona pellucida.

Considering the previous report [16] on the heterogeneity of
GV-stage oocyte size and the relationship between diameter and
meiotic competence, our results were interpreted based on the
three size categories considered earlier: small oocytes, measur-
ing < 105 μm; medium oocytes, measuring ≥ 105 μm, and <
110 μm; and large oocytes, measuring ≥ 110 μm.

Study outcomes

The primary outcomes were oocyte maturation, embryo qual-
ity, and the number of vitrified Day 3 embryos of good mor-
phology, per patient. Secondary outcomes were, fertilization,
percentage, and diameter of GV-arrested oocytes post IVM.

Statistical analysis

Differences in oocyte maturation rate, fertilization rate, and
embryology between CAPA-IVM and STD-IVM, and in a
subgroup of samples categorized by their follicular size < 6
versus ≥ 6 mm were recorded. For each outcome variable, a
generalized linear mixed model for binary data using a logit
link with patient as random factor was used to model the data.
The fixed effects coefficients, variance-covariance matrix, and
degrees of freedom of this model were used to compare treat-
ment for each follicle size group separately and to compare
follicle size groups for each treatment group. A correction for
simultaneous hypothesis testing according to Sidak was
applied.

Differences in diameter of GV-arrested oocytes (post
IVM), hormone values, and the patient characteristics (BMI,
AMH, AFC, mean follicle size, mean number of COCs) be-
tween CAPA-IVM and STD IVMwere compared by applying
a Mann-Whitney U test.

Values of p < 0.05 were considered statistically significant.
Statistical analysis was performed using GraphPad Prism ver-
sion 8.00 software (GraphPad, San Diego, CA, USA).

Results

Demographics

There were no significant differences in basal patient character-
istics between the CAPA-IVM or the STD IVM groups
(Table 1). In general, the mean age was 28.9 ± 3.1 years, mean
body mass index was ~ 21.2 ± 2.3 kg/m2, and patients had high
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AMH levels of ~ 10.7 ± 2.2 μg/L (on average). There was a
weak but significant positive correlation between AMH levels
and AFC on the day of the last ultrasound (r = 0.368).

The hormonal profiles on the day of oocyte retrieval
showed high interpatient variability but without significant
difference between the two groups (Table 1). No relationship
between the fold differences of any of the hormones in the
individual patients measured and the embryology outcomes
could be evidenced.

Oocyte retrieval

Follicle size was measured before OPU by standard ultrasound
scan. COCs from two size ranges < 6mm (smaller follicles) and
≥ 6 mm (larger follicles), were retrieved in separate tubes for
IVM culture. Overall, the mean follicle size was around 6 mm.
A larger proportion (~ 73%) of COCs from follicles < 6 mm
could be retrieved in comparison to follicles ≥ 6 mm. An aver-
age of 38 follicles per patient was counted on ultrasound on the
day of oocyte retrieval. The average number of COC in each
follicle class was similar in the two culture methods.

Oocyte maturation and embryology outcomes

Figure 2 gives a view on how the COC developed in the two-
step culture system as a representative example. A total of 238
COCs underwent STD IVM culture, whereas 305 COCs were
incubated in CAPA-IVM culture.

Maturation and embryology outcomes are shown in
Table 2. The MII (maturation) rate was significantly higher
in CAPA-IVM vs Standard IVM (62% vs 48%; p = 0.034).
Rates of fertilization per mature oocyte and usable embryos
per fertilized oocyte were similar among the groups. However,
the rates of good quality embryos (EQ 1 + EQ 2) per mature
oocyte or per cumulus-oocyte-complex (COC) were signifi-
cantly higher in CAPA-IVM vs Standard IVM (38% vs 24%;
p = 0.045, 24% vs 12%, p = 0.018, respectively). A similar
trend was observed in the rate of good quality embryos per
fertilized oocytes (p = 0.051). Likewise, the percentage of top-
quality embryos on day 3 (EQ. 1) per COC was also

significantly higher in the CAPA-IVM group (9.1% vs
3.9%, p = 0.028; Table 2). This resulted in a remarkable in-
crease (1.8-fold higher) in the mean number of usable embry-
os (per patient), in CAPA-IVM vs Standard IVM (4.2% vs
2.2%; p = 0.0002, Table 2).

Effect of CAPA-IVM on competence of oocytes derived
from different follicle sizes or variable COC
morphology

Asmentioned above, COCs were divided into two follicle size
ranges < 6 mm and ≥ 6 mm.

In general, the analysis of the main outcomes demonstrated
that in comparison to Standard IVM, CAPA-IVM system
seemed to bring real benefit to COCs from follicles < 6 mm.
CAPA-IVM led to a clear trend (p = 0.055) towards an in-
crease (1.4-fold) in oocyte maturation rate and a doubling
(p < 0.05) in the proportion of good and top-quality embryos
per COC, with a 2.7-fold increase in top-quality embryos per
COC (p < 0.05) (Table 3). Notably, none of these measures of
improved outcomes from CAPA-IVM versus Standard IVM
were evident in COCs from follicles ≥ 6 mm.

Regarding COC morphology at time zero, the majority of
cumulus-oocyte complexes cultured in both CAPA-IVM and
STD IVM derived from intact COCs, where oocytes were
fully surrounded by cumulus cells. However, in both groups,
a small fraction of oocytes was only partially surrounded by
cumulus cells at retrieval (Fig. 3). Although the two COC
types were not cultured separately in the current pilot study,
it could be traced back that a proportion of the partially
surrounded oocytes ended up totally isolated from their sur-
rounding corona layer following the IVM culture step, which
was more apparent in the CAPA-IVM group (Fig. 3).

Analysis of oocytes arrested at the germinal vesicle
(GV)-stage

The use of CAPA-IVM culture yielded significantly (p < 0.0001)
less GV-arrested oocytes compared to Standard IVM (~ 50%
reduction, Table 4). The average diameters of oocytes that

Fig. 2 Representative images of cumulus-oocyte complexes immediately
after oocyte retrieval (left panel) and after undergoing the CAPA-IVM
system. The figure shows a group of COCs < 6 mm from a single patient

exposed to 24 h CAPA culture (post CAPA, middle panel) followed by
30 h IVM (post CAPA-IVM, panel on the right). Scale bar 200 μm
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remained arrested at the GV-stage after IVMweremeasured. GV
arrested oocytes in the CAPA-IVM group were significantly
larger (by 3 μm, p= 0.019) than those in the STD IVM group
(Table 4). A significantly (p = 0.002) larger proportion of oocytes
in the CAPA-IVM group had oocytes ≥ 105 μm, whereas in the
STD IVM group a significantly (p= 0.002) larger proportion of
GV-arrested oocytes had remained small in diameter (< 105μm).

Discussion

The successful application of IVM in a clinical setting de-
pends on progress of translational research which explores
culture conditions that simulate the physiological environment
where the oocyte acquires meiotic and developmental poten-
tial. In recent years, notable advances contributing to the re-
finement of IVM settings have been published first in different
animal models [22–24, 29, 34] and later in human, by

introducing a prematuration step into the clinical IVM proto-
col [15]. The prematuration step, named “capacitation”
(CAPA) followed by IVM culture (CAPA-IVM), is based on
the use of physiologically relevant components: c-type natri-
uretic peptide (CNP) in the prematuration step and EGF-like
peptides in the second IVM phase. CAPA-IVM has delivered
remarkable positive results on oocyte maturation and embryo
yield in mouse and human [15, 29, 30]. The current study
focused on the efficacy of CAPA-IVM, at improving IVM
outcomes in oocytes from small (< 6 mm) versus medium-
size follicles (≥ 6 mm) and compared to routine STD-IVM
in patients with polycystic ovaries.

Effect of CAPA-IVM on meiotic and developmental
competence

The advantageous effect of the CAPA-IVM protocol on oo-
cyte maturation rates in Vietnamese patients with polycystic

Table 2 Main culture and
embryology outcomes Oocyte developmental outcomes CAPA-IVM

N = 20

STD IVM

N = 20

P value

Number of COCs 305 238 –

Maturation (MII) rate, % (n) 62 (189) 47.9 (114) 0.034

Fertilization rate per ICSI, % (n) 85.7 (162) 78.1 (89) 0.244

EQ1 + EQ2 rate per fertilized, % (n) 43.8 (71) 30.3 (27) 0.051

EQ1 + EQ2 rate per metaphase II, % (n) 37.8 (71) 24.1 (27) 0.045

EQ1 + EQ2 rate per COCs, % (n) 24 (71) 11.7 (27) 0.018

EQ1 rate per fertilized, % (n) 16.7 (27) 10.1 (9) 0.169

EQ1 rate per metaphase II, % (n) 14.4 (27) 8 (9) 0.116

EQ1 rate per COCs, % (n) 9.1 (27) 3.9 (9) 0.028

Vitrified d3 embryos of good morphological quality, mean (± SD) 4.2 ± 0.5 2.2 ± 0.2 0.0002

Values are presented as percentages and total numbers, unless stated otherwise

COC cumulus-oocyte complex, MII metaphase II, EQ1 embryo quality 1 (top quality), EQ2 embryo quality 2

Table 3 Main culture and embryology outcomes from follicles < 6 mm and ≥ 6 mm

Oocyte developmental outcomes CAPA-IVM < 6 mm
N = 20

STD IVM
< 6 mm
N = 20

p value CAPA-IVM
≥ 6 mm
N = 14

STD-IVM
≥ 6 mm
N = 15

p value

Number of COCs 236 178 – 69 60 –

Maturation (MII) rate, % (n) 61 (144) 44.4 (79) 0.055 65.2 (45) 58.3 (35) 0.517

Fertilization rate per ICSI, % (n) 86.1 (124) 84.8 (67) 0.912 84.4 (38) 62.9 (22) 0.118

EQ1 + EQ2 rate per fertilized, % (n) 43.5 (54) 29.9 (20) 0.138 44.7 (17) 31.8 (7) 0.573

EQ1 + EQ2 rate per MII, % (n) 37.5 (54) 25.3 (20) 0.173 37.8 (17) 21.2 (7) 0.388

EQ1 + EQ2 rate per COCs, % (n) 23.7 (54) 11.2 (20) 0.033 25 (17) 13.2 (7) 0.456

EQ1 rate per fertilized, % (n) 16.9 (21) 9 (6) 0.258 15.8 (6) 13.6 (3) 0.258

EQ1 rate per MII, % (n) 14.7 (21) 7.6 (6) 0.241 13.3 (6) 9.1 (3) 0.810

EQ1 rate per COCs, % (n) 9.2 (21) 3.4 (6) 0.049 8.8 (6) 5.7 (3) 0.764

Values are presented as percentages and total numbers

COC cumulus-oocyte complex, MII metaphase II, EQ1 embryo quality 1 (top quality), EQ2 embryo quality 2
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ovaries was consistent with a previous report in which sibling
oocytes from Caucasian patients with PCOS were exposed to
CAPA or STD-IVM [15]. A gain in meiotic competence was
revealed in oocytes cultured with CAPA-IVM protocol: oo-
cytes showed a more synchronized meiosis resumption. All
MII oocytes (except two oocytes) from the CAPA-IVM
group, reached MII within 30 h post IVM (60% MII rate);
whereas in the standard protocol, only 40% of oocytes were
MII at 30 h, and at the second assessment time of 32 h, the
denuded oocytes had reached a final maturation rate of 50%.
A 50% increase in MII rate was achieved by using the CAPA-
IVM protocol. While it is known that similar high rates have
been reported in IVM systems using patient serum in the cul-
ture medium and/or when oocytes are derived from larger
follicles, i.e., 10–12 mm [35, 36], the improvement reported
in this study is substantial in the context of the long history of
IVM using serum-free conditions, as the low MII rate of the
human oocyte using standard IVM has stubbornly remained at
~ 50% for > 50 years [37] and is even lower for COCs from
small antral follicles (~ 40%).

Fertilization rate was similar in the two IVM protocols,
however, improvements in embryology outcomes measured
by a significant increase in the number of usable embryos
per patient and in embryo quality (especially top quality —
EQ1 — embryos) were evident in the CAPA-IVM compared
to the STD IVM protocol. In the current study, a particular

emphasis was on oocytes from the smallest antral follicles (<
6 mm group). A clear benefit of CAPA-IVM in this subgroup
was demonstrated, further translating into a significant in-
crease of top-quality embryos. Similarity in the current ap-
proach and that reported by Dieci et al. [38] in the bovine
shows that a tailored culture system for oocytes from small
follicles increases developmental competence of oocytes at an
earlier stage of differentiation. Meticulous characterization at
the cellular and molecular level of both bovine [38] and hu-
man [16] oocytes was crucial before fine-tuning culture con-
ditions that enhance developmental competence of immature
oocytes from small follicles. Nevertheless, the fact that no
benefit was apparent in oocytes from ≥ 6 mm follicles in the
current study needs to be interpreted cautiously since this
group was underrepresented, as a smaller fraction (max.
30%) of COCs were derived from follicles ≥6 mm.
Furthermore, different to large animal research models where
COCs are mostly retrieved from ovaries collected at an abat-
toir, several days of gonadotropin stimulus applied to the pa-
tient affects follicle recruitment and is likely to influence the
initial developmental status of oocytes placed in culture.

Overall, the tangible gain of oocyte meiotic and develop-
mental competence, leading to higher maturation rates, higher
embryo yield, and the generation of embryos of superior qual-
ity, point to key improvements in IVM outcomes by using this
biphasic IVM protocol. This led to adopting the term

Table 4 Proportion and size of
GV-arrested oocytes post IVM CAPA-

IVM
STD IVM P value

Proportion of GV-arrested oocytes (n) 17% (53) 34% (80) p < 0.0001

Oocytes < 105 μm 22% (8) 54% (27) p = 0.002

Oocytes ≥ 105 < 110 μm 54% (20) 22% (11) p = 0.002

Oocytes ≥ 110 μm 24% (9) 24% (12) p = 0.972

Oocyte diameter (μm), mean ± SD 107.5 ± 4.9 104.7 ± 6.2 p = 0.019

Values are presented as percentages and total numbers unless stated otherwise. Oocyte diameter wasmeasured in a
total of 37 GV-arrested oocytes post CAPA-IVM and in 50 oocytes post STD IVM

Ooocyte Retrrieval PPost CAPAA 24h Po

and 

ost CAPA-

A released o
a clump of cu

-IVM 30h

oocyte 
mulus cells

Fig. 3 Representative example of a pool of COCs after retrieval (left
panel), with an oocyte that is only partially surrounded by cumulus
cells (arrow). In the middle panel are COCs after CAPA culture. In the

right panel a fully expanded COC is shown and an oocyte that has
become totally disconnected from cumulus cells (arrow) after incubation
in CAPA-IVM
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“capacitation” [39] in the current methodology, i.e., endowing
oocytes with “capacity” during this extended prematuration
culture period of supporting meiotic and developmental com-
petence. An in-depth analysis of clinical outcomes after
CAPA-IVM and STD IVM is part of a larger cohort study
(Vuong et al. 2019, manuscript under review), however, pre-
liminary results show that for the population presented in this
study, clinical pregnancy rates after first embryo transfer are
58% (11/19) in CAPA-IVM and 35% (7/20) in STD IVM.

Analysis of GV-arrested oocytes demonstrates oocyte
growth and acquisition of meiotic competence
in vitro

In a previous study using STD-IVM [16], characterization of
non-maturing oocytes following IVM culture revealed that the
number of oocytes arrested at the GV stage and their oocyte
diameter are important indicators of oocytematurity and could
be used as a post-hoc marker of the type of IVM method to
apply for a certain class of follicles. In the present pilot study, a
significant reduction by 50% in the proportion of oocytes
remaining arrested at the GV-stage post IVM was observed
in the CAPA-IVM group compared to STD-IVM.
Furthermore, the CAPA-IVM culture conditions appear to
support oocyte growth during culture; significantly larger di-
ameters of GVarrested oocytes were observed in oocytes cul-
tured under CAPA-IVM system compared to oocytes cultured
in STD-IVM medium.

These data on GV-arrested oocytes suggest that CAPA-
IVM culture conditions support acquisition of oocyte meiotic
and/or developmental competence, consistent with an increase
in oocyte size in vitro. On the contrary, the higher proportion
of GV-arrested oocytes following STD-IVM, which in addi-
tion, showed smaller diameters (majority < 105 μm) suggest
that a single maturation incubation system is not capable of
rescuing oocytes which are still at the very immature stage and
still need to gain meiotic competence.

Status of cumulus-oocyte complexes at oocyte
retrieval

A condition for CAPA-IVM to be supportive of oocyte growth
and acquisition of oocyte maturation is to have an aspiration
procedure which is non-disruptive for the cumulus-oocyte
connections. CNP is a key component of the capacitation cul-
ture medium, and therefore, the generation of cGMP by cu-
mulus cells via CNP/NPR2 system, and its diffusion into the
oocyte via gap junctions is crucial to maintain oocytes under
meiotic arrest [40, 41]. In the present report, most COCs cul-
tured in CAPA-IVM and STD-IVM were intact GV oocytes
fully surrounded by cumulus cells. Nevertheless, there was a
minor fraction of COCs which were only partially surrounded
by cumulus cells at retrieval. These partially surrounded

COCs were cultured together with fully surrounded intact
COCs with the intention that a larger mass of cumulus cells
could aggregate with partially surrounded COCs during
prematuration culture to further support oocyte-cumulus com-
munication and meiotic arrest. In spite of this, such partially
cumulus-connected oocytes becamemost often totally discon-
nected from their cumulus cells, but only after the IVM step. It
is likely that oocytes poorly surrounded by cumulus cells may
have insufficient cGMP to firmly maintain meiotic arrest
throughout the pre-IVM period and may explain their release
from the cumulus-oocyte complex during the second IVM
culture step. In this study, individual culture of COCs was
not done, and so, the impact of oocyte release on embryolog-
ical outcomes could not be precisely recorded. Nonetheless,
fast disconnection of the oocyte from the somatic compart-
ment during maturation is non-physiological and is expected
to be detrimental to future embryo development. Given the
low incidence of these cases, we could not yet attribute oocyte
release to a specific factor. A rescue strategy to compensate
the low amount of somatic cells in the event of partially
surrounded COCs at retrieval still requires further study.

Overall, the results of this study revealed an IVM method
improving embryo quality and laid the basis for a large pro-
spective randomized trial (My Duc Hospital at Ho Chi Minh
City) to compare effectiveness of CAPA-IVM to current stan-
dard superovulation and IVF in patients with a high antral
follicle count [42]. Follow-up of children born following the
CAPA-IVM technique (Vuong et al. 2019, manuscript under
review) is indispensable and is currently performed atMyDuc
Hospital (Ho Chi Minh city) to further evaluate the epigenetic
safety of the technique by study of placenta, blood, and buccal
smears. A study on the development of the children is also
underway.

Conclusions

In conclusion, the use of CAPA-IVM resulted in a higher
rate of oocyte maturation and translated into a higher
number of good quality embryos per patient. CAPA-IVM
was instrumental in maturing the oocytes from the
smallest antral follicles (< 6 mm), which are the largest
group in PCOS patients receiving minimal ovarian stimu-
lation. This study proves also robustness and transferability
of the CAPA-IVM method. Confirmation of the results on
larger patient numbers could validate the CAPA-IVM strat-
egy as a valuable first-line treatment in patients with a
high follicle count.
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