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1  |  INTRODUC TION

Oocyte in vitro maturation (IVM) is an alternative approach to as-
sisted reproductive technology (ART) that has the advantage of 
minimal stimulation, resulting in reduced hormone- related side ef-
fects and risks, especially in women with polycystic ovary syndrome 

(PCOS).1 However, despite these benefits, the utilization of IVM is 
not widespread due to a perceived efficiency gap compared with 
conventional ART methods.

Oocytes retrieved for IVM procedures are derived from a diverse 
pool	of	 follicles	with	an	average	diameter	of	between	2	and	10 mm	
and are characterized by variable cellular and molecular attributes that 
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Abstract
Purpose: This study investigated the differences in the maturation rate of single ver-
sus grouped cumulus–oocyte complexes (COCs) culture methods for capacitation 
in vitro maturation (CAPA- IVM) in women with polycystic ovary syndrome (PCOS).
Methods: This study was performed at My Duc Phu Nhuan Hospital, Vietnam from 
October	1,	 2020	 to	October	24,	2021.	Women	aged	18–37 years	with	 a	diagnosis	
of PCOS were recruited. COCs from each woman were randomly divided into two 
groups: single or grouped culture during CAPA- IVM culture. The primary outcome 
was the maturation rate.
Results: A total of 322 COCs from 15 eligible women included were randomly as-
signed to the two study groups. The maturation rate was comparable between the 
single and grouped culture groups (61.3% vs. 64.8%; p = 0.56).	 There	were	 no	 sig-
nificant differences in the number of 2- pronuclei fertilized oocytes, number of day- 3 
embryos, and number of good- quality embryos in the two culture method groups. In 
the single culture group, COCs morphology was associated with the day- 3 embryo 
formation rate but not the maturation rate.
Conclusions: Comparable oocyte maturation and embryology outcomes between sin-
gle and grouped COCs culture utilizing sibling COCs derived from women with PCOS 
suggest the feasibility of both methods for CAPA- IVM culture.
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indicate their immature status.2 Therefore, the development of an IVM 
culture system that could enable and enhance the acquisition and syn-
chronization of meiotic and developmental competence prior to the 
meiotic resumption is essential for optimizing human IVM protocols.

A biphasic IVM with a pre- maturation step, known as capacitation- 
IVM (CAPA- IVM), has been shown to improve the competence 
of human oocytes matured in vitro and result in live births.3–5 The 
pre- maturation culture step of CAPA- IVM utilizes C- type natriuretic 
peptide (CNP), and maturation takes place in the presence of amphi-
regulin (AREG), both of which are physiological compounds that have 
been shown to prevent spontaneous meiotic resumption of oocytes 
(CNP) and enhance oocyte competence (AREG) during IVM.6–9

To date, the results of pilot studies have shown that CAPA- IVM 
increases the rates of oocyte maturation, good- quality embryos on 
day 3 and good- quality blastocysts compared with standard IVM.3,6 
Furthermore, CAPA- IVM blastocyst analysis indicated similar methyl-
ation and gene expression rates at genomic differentially methylated 
regions to conventionally matured oocytes, with a comparable ex-
pression of major epigenetic regulators.10 Additionally, the reported 
cumulative live birth rate after the use of CAPA- IVM and its non- 
inferiority to the cumulative live birth rate with standard in vitro fer-
tilization highlight the clinical utility and potential of this approach.5,11

So far, all CAPA- IVM studies have been completed using a 
grouped cumulus–oocyte complexes (COCs) culture approach.3–5 
On the other hand, monitoring the development of each oocyte 
individually throughout the culture in relation to the embryologi-
cal outcomes would be highly beneficial in identifying the markers 
for oocytes competence and adapting the strategies to improve 
the CAPA- IVM culture system. Therefore, this pilot study inves-
tigated the feasibility of applying a single COC culture strategy 
during CAPA- IVM in women with polycystic ovary syndrome 
(PCOS) through comparing it with the standard grouped COCs 
culture approach.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

This prospective sibling oocyte pilot study (NCT04562883) was con-
ducted at My Duc Phu Nhuan Hospital, Ho Chi Minh City, Vietnam 
from October 1, 2020 to October 24, 2021. The study was approved 
by the Institutional Ethics Committee at My Duc Hospital, Ho Chi 
Minh City, Vietnam (13/20/DD- BVMD, dated September 3, 2020) 
and conducted according to Good Clinical Practice and Declaration 
of Helsinki 2002 principles. All participants provided written in-
formed consent.

2.2  |  Study population

This	 study	 recruited	women	aged	18–37 years	with	polycystic	ovar-
ian	morphology,	defined	as	having	≥25	follicles	of	2–9 mm	in	diameter	
throughout the ovary and/or increased ovarian volume (>10 mL),12 

who	had	≥15	COCs	collected	during	oocyte	pick-	up	(OPU).	Exclusion	
criteria were high grade endometriosis (above grade 2) and cases with 
extremely poor sperm (concentration <1 million,	mobility	<10%, and 
sperms retrieved after percutaneous epididymal sperm aspiration/tes-
ticular sperm extraction [TESE]/microTESE). On the first visit, women 
were provided with information about the study and those who agreed 
to participate signed the consent form. After OPU, the collected COCs 
from each patient were randomly divided into two groups: single COC 
culture and grouped COCs culture during the CAPA- IVM steps.

2.3  |  Patient preparation

On the second day of the menstrual cycle, women had an ultrasound 
scan and levels of the following hormones were determined: anti- 
Müllerian hormone, sex hormone- binding globulin, testosterone, 
thyroid- stimulating hormone, 17- hydroxyprogesterone, and dehy-
droepiandrosterone	 sulfate.	 Women	 were	 treated	 with	 2 days	 of	
gonadotropins (Menopur®, Ferring Pharmaceuticals, Switzerland) 
150 IU/day	starting	on	day	2	of	a	spontaneous	menstrual	cycle.	OPU	
was	performed	42 h	after	the	last	injection	of	gonadotropins.	Before	
OPU, women had the last ultrasound scan to determine follicle 
count. The OPU procedure was the same for all women, as described 
previously.5 After aspiration, follicular fluid was transferred to the 
laboratory, where COCs were isolated using the sliding technique 
under a stereomicroscope.

2.4  |  IVM protocol

After OPU, all COCs were washed in a retrieval medium (global® 
Collect®, Life Global, USA).3,4 If the total number of COCs met the 
study	criteria	(≥15)	after	completion	of	the	aspiration	procedure,	they	
were included in the study and divided into the single or grouped 
culture group for the subsequent CAPA- IVM step. COCs morphol-
ogy after OPU was considered so that each group contained an equal 
number of completely covered COCs and partially covered COCs, 
as described in Figure 1. If there was an odd number of COCs, the 
odd COC was assigned to grouped culture. Oocytes without any sur-
rounding corona- cumulus were not considered for further culture.

In the pre- maturation step, COCs were cultured in a pre- 
maturation medium, including IVM medium (MediCult IVM System, 
ORIGIO, Denmark), supplemented with recombinant follicle- 
stimulating	 hormone	 (rFSH)	 1 mIU/mL	 (Puregon,	 MSD,	 Australia),	
insulin	5 ng/mL	 (Insulin	human,	 Sigma-	Aldrich,	Germany),	 estradiol	
10 nmol/L	 (Estradiol,	Sigma-	Aldrich,	Germany),	human	serum	albu-
min	10 mg/mL	(Human	Serum	Albumin,	SAGE,	Denmark),	and	CNP-	
22 25 nmol/L	(C-	type	natriuretic	peptide	1–22,	Tocris,	UK)	–	for	24 h	
at 37°C, 6% carbon dioxide and 20% oxygen, under oil.

For	 the	 single	 COC	 culture	 group,	 30 μL of individual drop-
lets	of	CAPA	media	were	prepared	 in	60 mm	Petri	dishes	 (Nunc™,	
ThermoFisher Scientific, USA) to culture one COC per droplet. In 
the	grouped	COCs	 culture	 group,	500 μL CAPA media was added 
to	one	well	of	a	4-	well	dish	(Nunc™,	ThermoFisher	Scientific,	USA)	
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for culturing 5–10 COCs, as previously described.3,5 In both groups, 
media were overlaid with oil (Liquid Paraffin, ORIGIO, Denmark) and 
equilibrated overnight at 37°C, 6% carbon dioxide and 20% oxygen.

After pre- maturation culture, COCs were washed and trans-
ferred into a maturation medium including IVM medium, supple-
mented	with	rFSH	100 mIU/mL,	insulin	5 ng/mL,	estradiol	10 nmol/L,	
and	 human	 recombinant	 AREG	 100 ng/mL	 (Recombinant	 Mouse	
Amphiregulin Protein, R&D Systems, USA) and incubated for a fur-
ther	30 h	at	37°C,	6%	carbon	dioxide	and	20%	oxygen,	under	oil.	The	
preparation of the IVM step for the two groups was similar to the 
CAPA	step	mentioned	above.	Hence,	30 μL per droplet of IVM media 
per	one	COC	in	single	COC	culture	group	and	5–10	COCs	per	500 μL 
IVM media in grouped COC culture group were applied.

2.5  |  Assessment of COCs morphology

The assessment of COCs morphology was performed after OPU and 
after CAPA- IVM culture, as previously described.3 Briefly, oocytes 
characterized by a minimum of three layers of cumulus cells fully en-
veloping them were categorized as “fully surrounded COCs”, whereas 
those with only partial cumulus cell coverage were designated as 
“partially surrounded COCs”. Oocytes that completely disconnected 
from cumulus cells after incubation in CAPA- IVM were classified as 
“released oocyte COCs”. The COCs morphologies, and the matura-
tion and embryology formation rate, within the single COCs culture 
group were based on following classification (Figure 1). The subgroup 
(A) included oocytes with fully surrounded COCs at OPU and CAPA- 
IVM culture; (B) with fully surrounded COCs at OPU and released oo-
cytes COCs after CAPA- IVM culture; and (C) with partially surrounded 
COCs at OPU and released oocytes COCs after CAPA- IVM culture.

2.6  |  Insemination and embryo culture

After	 30 h	 of	 IVM	 culture,	 oocytes	 were	 denudated	 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. MII oocytes were fertilized using in-
tracytoplasmic sperm injection (ICSI) and cultured in an incubator at 
37°C, 6% carbon dioxide and 5% oxygen, under oil. For both groups, 
20 μL medium (global® total® LP, Life Global, USA) per droplet was 
placed onto 12 wells of a GPS dish (μDrop GPS, LifeGlobal, USA) for 
embryo culture. Embryos were individually cultured using a time- 
lapse incubator (CCM- iBIS, Astec, Japan).

Fertilization	 check	 was	 performed	 16–18 h	 after	 insemina-
tion.	 Day-	3	 embryo	 evaluation	 was	 performed	 at	 66 ± 2 h	 after	
ICSI, based on the Istanbul consensus.13 Day- 3 embryos were 
vitrified with a maximum of two embryos per cryotec (Cryotec, 
Cryotech, Japan) based on the quality of embryos and each cou-
ple's preference.

2.7  |  Cumulus cell collection and gene 
expression analysis

The expression of five target genes was determined and compared 
between the single and grouped COCs culture strategy groups: 
amphiregulin (AREG), hyaluronan synthase 2 (HAS2), transient recep-
tor potential cation channel subfamily M Member 7 (TRPM7), gremlin 1 
(GREM1) and cell division cycle 42 (CDC42). The procedures for cumulus 
cell collection and gene expression analysis have been described pre-
viously.9 Primer sequences (Integrated DNA Technologies, Singapore) 
were designed in- house for five target genes and two housekeeping 

F I G U R E  1 Representative	examples	
from the single cumulus–oocyte 
complexes (COCs) culture group after 
oocyte pick- up (left panel) with an 
oocyte that is only partially surrounded 
by cumulus cells (arrow in C), and 
the morphology of each COC after 
capacitation in vitro maturation (CAPA- 
IVM)	culture	for	54 h	(right	panel).	
Representative examples are shown of 
one oocyte that was fully surrounded by 
cumulus cells (A) and two oocytes that 
were totally disconnected from their 
cumulus	cells	after	54 h	culture	(arrows	in	
B	and	C).	Scale	bar	200 μm
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genes (Table S1). The quantitative- polymerase chain reaction (qPCR) 
protocol was setup using the same process as previously.9

2.8  |  Study outcomes

The primary outcome was oocyte maturation rate (defined as the 
ratio of MII oocytes to the total oocyte count). Secondary outcomes 
were the rates of 2- pronuclei fertilized (2PN) oocytes, day- 3 em-
bryos, and good- quality embryos (defined as day- 3 embryos with a 
minimum of six blastomeres and <25% fragmentation). The correla-
tion between COCs morphology after OPU and CAPA- IVM culture 
and their respective maturation statuses and embryology outcome 
was also analyzed.

2.9  |  Statistical analysis

Baseline data are presented using descriptive statistics (mean and 
standard deviation for normally distributed variables, or median and 
interquartile range for skewed variables). Categorical data are pre-
sented as number (%). Between- group differences in primary and 
secondary outcomes were analyzed using nonparametric methods 
for paired samples or Fisher's exact test (categorical variables), re-
ported as relative risk (RR) and 95% confidence interval (CI) values. 
The differences between COCs morphology subgroups and matura-
tion and embryo formation rate were assessed using Fisher's Exact 
test. Log2 fold change was used for gene expression analysis, and 
differences between- group differences were determined using the 
bootstrap method. A p- value of <0.05 was considered statistically 
significant for all tests. Statistical analyzes were performed using 
GraphPad Prism (GraphPad Software, USA, www. graph pad. com) or 
R statistical program version 3.5.0.

3  |  RESULTS

3.1  |  Study population

A total of 15 women with PCOS were enrolled (mean age 
29.0 ± 3.2 years,	mean	body	mass	index	21.6 ± 2.6 kg/m2), and 322 
COCs from these participants were randomly divided into the study 
groups (160 and 162 in the single and grouped culture groups, re-
spectively) (Figure 2).	Mean	duration	of	infertility	was	4 years,	and	
half of the study population had primary infertility (Table 1).

3.2  |  Maturation and embryology outcomes

The maturation rates were comparable between the single and 
grouped COCs culture groups (61.3% vs. 64.8%; 95% CI 0.95 [0.8–
1.12], respectively; p = 0.56)	(Table 2). The numbers of 2PN oocytes, 
day- 3 embryos, and frozen embryos were also similar in the two 
groups (Table 2).

The mean numbers of COCs per patient were 10 in each group 
(Table 3). The median numbers of matured oocytes, day- 3 embryos 
and good- quality day- 3 embryos did not differ significantly between 
groups (Table 3). Although all patients had at least one embryo avail-
able from the oocytes in the grouped culture group, one patient had 
no embryos from the oocytes in the single culture group. The num-
bers of partially surrounded COCs after OPU were similar between 
the two groups (15 per group).

3.3  |  COCs morphology and embryology outcomes

There was no significant difference in the oocyte maturation rate 
between the three subgroups based on COCs morphology, but the 
day- 3 embryo formation rate was significantly different among sub-
groups (Table 4).

3.4  |  Cumulus cell gene expression analysis

Of all the cumulus cell samples, 70 from the single culture group 
and 12 from the grouped culture group were successfully ampli-
fied. After the exclusion of samples with low RNA concentration, 

F I G U R E  2 Study	flowchart.	CAPA-	IVM,	capacitation	in	vitro	
maturation; COCs, cumulus–oocyte complexes; D3, day 3; ICSI, 
intracytoplasmic sperm injection; IVM, in vitro maturation.

http://www.graphpad.com
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gene expression results were available from a total of 41 samples 
(Table S2). There were no significant differences in the expression 
of the five evaluated genes between the single and grouped culture 
groups (Figure 3).

4  |  DISCUSSION

This prospective pilot study showed no significant difference in 
the maturation rate and embryology results between single versus 
grouped culture of COCs during CAPA- IVM in women with PCOS. 
These findings suggested that both culture methods could effec-
tively support oocyte maturation and subsequent embryo develop-
ment during CAPA- IVM. Moreover, the results provided valuable 
insights into the feasibility of implementing the CAPA- IVM system 
using different cultural approaches. This is important because the 
time- lapse incubators offer added value to investigations but require 
single unit culture setup.

The comparable embryology results in the current study are con-
sistent with previous investigations into the efficacy of the CAPA- IVM 
system with respect to embryo development and pregnancy out-
comes.3,5,11 Day- 3 good- quality embryo rates per COCs in the current 
study (24.4% and 22.8% in the single and grouped culture groups, re-
spectively) were also similar to the 24% rate reported by Sanchez et al.3 
Numbers of day- 3 embryos and frozen embryos were similar to those 
in our previous sibling oocyte study,9 at approximately four per group. 
Furthermore, the maturation rate was consistent across our current 
study and four previous studies, ranging from 62% to 64.3%.3,5,9,11

To the best of our knowledge, this is the first study to compare 
the effectiveness of a single versus grouped culture strategy in 
CAPA- IVM. Until now, there was only one study that investigated 
whether single COCs culture influenced the quality of mice oocytes 
after one- step IVM.14 In that study, the authors used three experi-
mental	groups:	control	(control:	20	COCs	per	100 μL medium), cul-
ture	drop	 (CD-	1:	 one	COC	per	100 μL medium), and hanging drop 

TA B L E  1 Patient	characteristics	and	cycle	parameters	at	
baseline.

Characteristic Participants (n = 15)

Age, years 29.0 ± 3.2

Body mass index, kg/m2 21.6 ± 2.6

Anti- Müllerian hormone, ng/mL 9.0 ± 3.0

Duration of infertility, years 4 [2; 5]

Type of infertility, n (%)

Primary 7 (46.7)

Secondary 8 (53.3)

Hormonal profile at first visit

Testosterone, nmol/L 1.4 [1.1; 2.0]

Sex hormone binding globulin, 
nmol/L

32.1 [18.8; 42.3]

Thyroid- stimulating hormone, μIU/
mL

2.2 [1.7; 3.6]

Dehydroepiandrosterone sulfate, 
μg/mL

2.4 [2.0; 2.9]

17- Hydroxyprogesterone, ng/mL 1.1 [1.0; 1.2]

Number of follicles at last ultrasound 47 [36; 70]

Note:	Values	are	mean ± standard	deviation,	median	[quartile	1;	quartile	
3], or number of patients (%).

TA B L E  2 Embryology	outcomes	per	cumulus–oocyte	complex.

Single COC culture 
(n = 160)

Grouped COCs culture 
(n = 162) RR (95% CI) p- Value

MII oocytes, n (%) 98 (61.3) 105 (64.8) 0.95 (0.8–1.12) 0.56

2- pronuclei fertilized oocytes, n (%) 70 (43.8) 81 (50.0) 0.88 (0.69–1.11) 0.27

Day- 3 embryos, n (%) 54 (33.8) 57 (35.2) 0.96 (0.71–1.3) 0.82

Good- quality embryos, n (%) 39 (24.4) 37 (22.8) 1.07 (0.72–1.58) 0.79

Frozen embryos, n (%) 52 (32.5) 52 (32.1) 1.01 (0.74–1.39) 0.95

Abbreviations: CI, confidence interval; COC(s), cumulus–oocyte complex(es); MII, metaphase II; RR, relative risk.

Single COC culture 
(n = 15)

Grouped COCs 
culture (n = 15) p- Value

COCs, n 10 [8; 11] 10 [8; 12] 0.83

MII oocytes, n 6 [5; 8] 7 [5; 8] 0.51

2- pronuclei fertilized oocytes, n 5 [3; 6] 5 [4; 6] 0.1

Day- 3 embryos, n 3 [2; 5] 4 [3; 5] 0.78

Good- quality embryos, n 2 [1;4] 3 [1;3] 0.82

Frozen embryos, n 3 [2;4] 4 [3;5] 0.08

No embryo, n (%) 1 (6.7) 0 –

Note: Values are median [quartile 1; quartile 3] or number of patients (%).
Abbreviations: COC(s), cumulus–oocyte complex(es); MII, metaphase II.

TA B L E  3 Embryology	outcomes	per	
patient.
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(HD-	1:	one	COC	per	10 μL medium), and the results showed that the 
maturation rate for COCs in the CD- 1 and HD- 1 groups was lower 
than that in the control group. However, an improvement in blasto-
cyst quality was observed with the HD- 1 method. In contrast, our 
study did not show significant differences in either maturation or 
embryo formation rates between single and grouped COCs cultures.

Another mouse study found no significant difference in devel-
opmental competence and quality between the group that used 20 
COCs	per	100 μL	and	the	group	that	used	five	COCs	per	200 μL.15 
Interestingly, the findings did show that five or fewer COCs in the 
IVM culture could produce blastocysts.15 In the grouped culture 
group	of	our	study,	there	were	about	5–10	COCs	per	500 μL medium 
for	each	CAPA-	IVM	step	and	one	COC	per	30 μL medium in the sin-
gle culture group, both of which provided appropriate culture condi-
tions for the development of the COCs, as shown by the comparable 
embryology outcomes in the two groups.

Grouping of COCs culture during IVM technique allows for para-
crine between COCs, which can influence maturation and devel-
opmental outcomes.16 The exchange of paracrine signals between 
cumulus cells, and the release of endocrine substances into the matu-
ration medium, can provide crucial regulatory signals for follicular de-
velopment and oocyte maturation.16 However, multiple COCs within 
the medium may result in competition for resources and nutrients. 
Additionally, the variability in the developmental stage and qual-
ity of COCs within a grouped culture setting may affect the overall 
outcomes because some COCs may be more advanced or of better 
quality than others. However, culturing a single COC in its own drop-
let, provides several exciting possibilities in IVM. In natural follicu-
lar growth, each developing oocyte is encapsulated within a follicle, 
which provides a nurturing environment and facilitates communica-
tion between the oocyte and its surrounding cumulus cells.17 This 
microenvironment plays a crucial role in oocyte maturation, ensuring 
proper gene expression, metabolic support, and regulatory signaling. 
Our single culture approach could allow for more precise evaluation 
and manipulation of individual oocytes, offering the potential for non- 
invasive molecular analysis of cells and conditioned medium and hav-
ing a precise link with embryo assessment and pregnancy outcome.

In the context of CAPA- IVM, it is crucial for oocyte growth and 
maturation that the aspiration procedure preserves the integrity of cu-
mulus–oocyte connections.3 Central to this process is the role of CNP 
as a vital component in the capacitation culture medium. The CNP/
NPR2 (natriuretic peptide receptor 2) system, which involves cumu-
lus cells generating cyclic guanosine monophosphate (cGMP) and its 

subsequent diffusion into the oocyte through gap junctions, is essential 
for maintaining oocytes in a state of meiotic arrest.18 A previous study 
reported a small fraction of COCs that were only partially surrounded 
by cumulus cells at OPU.3 The authors noted that these partial cumu-
lus oocytes typically disconnected from their cumulus cells but, nota-
bly, this occurred only after the IVM step. They deduced that oocytes 
with limited cumulus cell coverage probably lacked sufficient cGMP to 
effectively sustain meiotic arrest during pre- IVM culture, which may 
explain their release from the COC during IVM culture. Our findings 
were consistent with this, with a small number of COCs having partially 
surrounded morphology at OPU (30/322; 15 per culture group).

We also investigated the effect of COCs morphology after CAPA- 
IVM on the maturation ability and embryology outcome of individ-
ual oocytes in the single culture group. Approximately 26% of COCs 
(42/160) showed the phenomenon of released oocytes. Interestingly, 
COCs morphology before and after CAPA- IVM culture was associ-
ated with the day- 3 embryo rate but not the maturation rate. These 
results support the hypothesis proposed earlier3 that the rapid dis-
sociation of the oocyte from its somatic cells during the maturation 
process is inherently non- physiological and is expected to have det-
rimental effects on subsequent embryonic development. Our study 
could not investigate the potential impacts of group COCs culture 
on these parameters due to the co- culturing of partially surrounded 
COCs with fully surrounded COCs. Furthermore, it was challenging to 
determine the morphology of the released oocyte COCs because they 
could be obscured by the expansion of larger COCs after the IVM step. 
Therefore, it was not possible to determine whether the group culture 
strategy could be beneficial for these partially surrounded COCs.

The use of cumulus biomarkers, specifically gene expression 
analysis, provides valuable insights into the underlying molecular 
processes associated with oocyte maturation and subsequent em-
bryo development.9 This study analyzed the expression levels of five 
target genes AREG, HAS2, TRPM7, GREM1, and CDC42. These genes 
were selected based on their known roles in cumulus cell health and/
or relation to oocyte quality.19–21 Our results showed no significant 
differences in the expression of these five genes between the single 
and grouped COCs culture methods (Figure 3).

AREG is a critical growth factor that mediates the luteinizing 
hormone signal driving cumulus expansion and oocyte matura-
tion.22–24 Our previous study showed that the presence of AREG 
in the IVM medium positively affects oocyte maturation in the 
CAPA- IVM system.9 HAS2, located downstream of AREG, is a reg-
ulator of hyaluronic acid synthesis, which is important for cumulus 

TA B L E  4 Embryology	outcomes	in	subgroups	based	on	cumulus–oocyte	complex	morphology	(single	culture	group	only).

COC morphology subgroups A (118 COCs) B (27 COCs) C (15 COCs) p- Value A vs B p- Value A vs C
p- Value B 
vs C

Maturation rate, n (%) 77 (65.3) 14 (51.9) 7 (46.7) 0.270 0.169 0.950

Day- 3 embryos, n (%) 47 (39.8) 5 (18.5) 2 (13.3) 0.045 0.050 0.950

Note: p- Value was calculated using a post- hoc test for Fisher's exact test. A, Fully surrounded cumulus–oocyte complexes (COCs) at oocyte pick- up 
(OPU) and after capacitation in- vitro maturation (CAPA- IVM) culture; B, fully surrounded COCs at OPU but oocyte extruded from COC by end of 
CAPA- IVM culture; C, partially surrounded COCs at OPU and oocyte extruded from COC by end of IVM culture (as described in Figure 1).
Abbreviation: COC(s), cumulus–oocyte complex(es).
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cell expansion during ovulation.25 We have also shown that TRPM7, 
as a cumulus cell biomarker in IVM, was positively correlated with 
rates of total embryos and good- quality embryos per mature 

oocytes.9 This finding is supported by the results of the current 
study, with comparable good- quality embryo rates between the 
two study groups. Cumulus cell health is crucial for establishing 

F I G U R E  3 Cumulus	cell	gene	expression	analysis.	The	analysis	was	performed	on	the	log2 fold change analysis (top panels A–E) and 
the mean differences between the two groups were analyzed using the bootstrap method (lower panels A–E), where the solid vertical line 
indicates the observed mean difference and the dotted vertical line indicates the 5% and 95% quartiles of the mean difference. There were 
no significant differences in the expression of the five evaluated genes between the single and grouped culture groups. AREG, amphiregulin; 
CDC42, cell division cycle 42; COC, cumulus–oocytes complex; GREM1, gremlin 1; HAS2, hyaluronan synthase 2; TRPM7, transient receptor 
potential cation channel subfamily M member 7.
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oocyte competence due to the essential bi- directional communi-
cation between oocytes and cumulus cells. However, the results 
showed no difference in embryo outcomes between the two cul-
ture methods. Moreover, comparable levels of apoptotic regula-
tory gene CDC42 indicate that cumulus cell health during single 
COCs culture is not affected by the lack of paracrine signals that 
are present during grouped COCs culture.26 GREM1 expression 
in cumulus cells is positively correlated with oocyte maturation, 
fertilization rates, embryo development, and pregnancy success 
in women undergoing IVF.27–29 However, comparable clinical out-
comes between the two study groups suggest an additional role 
for GREM1 within the oocyte maturation context.

Some points limited the gene expression analysis in this study 
and need to be mentioned. First, our selection of cumulus cell sam-
ples exclusively from MII oocytes in the single COC culture group for 
comparison with oocytes from the grouped COCs culture group may 
appear imbalanced, given that cumulus cell samples were drawn from 
groups comprising MII, metaphase I (MI), and germinal vesical (GV) 
oocytes. However, it was not feasible to isolate GV and MI oocytes for 
cumulus cell collection within this group. Moreover, it is important to 
note that group culture of COCs is a standard practice in our CAPA- 
IVM protocol. Additionally, the objective was to compare the gene 
expression of mature oocytes in the single culture, which may better 
represent in vivo oocyte development, with our routine practice of 
group culture strategy. Second, it is possible that the limited number 
of cells collected or the collection method prevented us from ana-
lyzing all cumulus cell samples acquired in this study. Therefore, we 
were not able to include an analysis of the correlation between gene 
expression levels and embryological outcomes. Future studies could 
include additional molecular analyzes in a larger sample to assess the 
specific regulatory mechanisms and pathways involved in signaling 
the expression of these genes during single COCs culture.

There are also several other limitations of the current study that 
should be acknowledged. First, the sample size was relatively small 
and included individuals from Vietnam only, which may limit the gen-
eralizability of the findings. Second, the study focused on women 
with PCOS, and therefore caution should be exercised when extrap-
olating the findings to other patient populations. Furthermore, there 
was a lack of data on clinical outcomes after transferring of embryos 
from the study. Finally, the study did not include the analysis of gene 
expression from individual cumulus cells in the COC and its associa-
tion with oocyte maturation and subsequent embryo outcomes, and 
future research including this analysis is needed to facilitate better 
understand of gene expression in individual cumulus cells on oocyte 
maturation and embryology outcomes.

In conclusion, data from this preliminary study showed no sig-
nificant differences in the maturation and embryology outcomes 
between single and grouped COCs culture utilizing sibling COCs 
derived from women with PCOS. These findings indicate that both 
methods could be effectively utilized for CAPA- IVM culture. This 
opens up the possibility of studying the relationship between modu-
lation of the culture environment of the COC retrieved from a small 
follicle and the quality of the resulting blastocyst using time lapse 
monitoring. The potential implications of gene expression analysis 

for adapting the culture milieu of the COC, and for helping the em-
bryologist to determine embryo quality remains to be explored.
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