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Abstract

Purpose To identify whether follicular environment parameters are associated with mature oocyte quality, embryological
and clinical outcomes.

Methods This retrospective study examined 303 mature oocytes from 51 infertile women undergoing ICSI cycles between
May 2018 and June 2021. Exclusion criteria consisted of advanced maternal age (> 36 years old), premature ovarian failure,
obesity in women, or use of frozen gametes. Luteal granulosa cells (LGCs) were analyzed for mitochondrial DNA/genomic
(g) DNA ratio and vitality. The relationships between hormone levels in the follicular fluid and oocyte features were assessed.
Quantitative morphometric measurements of mature oocytes were assessed, and the association of LGC parameters and
oocyte features on live birth rate after single embryo transfer was examined.

Results Results indicated an inverse correlation between the mtDNA/gDNA ratio of LGCs and the size of polar body I (PBI).
A 4.0% decrease in PBI size was observed with each one-unit increase in the ratio (p=0.04). Furthermore, a 1% increase in
LGC vitality was linked to a 1.3% decrease in fragmented PBI (p =0.03), and a 1 ng/mL increase in progesterone levels was
associated with a 0.1% rise in oocytes with small inclusions (p =0.015). Associations were drawn among LGC characteristics,
perivitelline space (PVS) debris, cytoplasmic inclusions, PBI integrity, and progesterone levels. Certain dysmorphisms in
mature oocytes were associated with embryo morphokinetics; however, live birth rates were not associated with follicular
parameters and oocyte quality characteristics.

Conclusion Follicular markers may be associated with mature oocyte quality features.

Keywords Oocytes - Mitochondria - Granulosa cells - Estradiol - Progesterone

Introduction

The clinical pregnancy rates following intracytoplasmic
sperm injection (ICSI) continue to be around 30%, indicat-
ing that there is still room for advancement in this area [1,
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2]. Several systematic reviews and meta-analyses indicated
that the success rates of ICSI can vary based on the quality
of the oocyte used (e.g., abnormal first polar body size, cyto-
plasmic vacuoles, central cytoplasmic granularity) [3-5].

The quality of an oocyte is impacted by its own genome
as well as the microenvironment in which it matures [6].
Particularly, the oocyte, granulosa cells, and theca cells
form a complex and dynamic unit known as the ovarian
follicle [7, 8]. During the formation of the antral follicle,
granulosa cells differentiate into cumulus cells and mural
granulosa cells under the influence of gonadotropins and
oocyte-secreted factors. The bidirectional communication
of the oocyte and cumulus cells regulates oocyte maturation
and metabolism [7, 8]. Cumulus cells play a crucial role in
supplying the oocyte with vital small-molecule compounds
necessary for development, including essential nutrients
for energy production and factors governing meiotic con-
trol. In turn, oocytes release growth factors that regulate
various functions of cumulus cells, such as proliferation,
apoptosis prevention, and steroidogenesis. In addition,
these cells exhibit distinct carbohydrate metabolic profiles,
with cumulus cells metabolizing significantly more glucose
than oocytes due to the presence of high-affinity glucose
transporters and enriched glycolytic enzymes. Conversely,
oocytes prioritize pyruvate metabolism through the tricarbo-
xylic acid cycle and oxidative phosphorylation, consuming
notably higher oxygen levels [9] [10]. Therefore, cumulus
cells play a pivotal role in furnishing the oocyte with sub-
strates crucial for the tricarboxylic acid cycle and oxidative
phosphorylation during oocyte maturation [9] [10]. The
cumulus cells also produce hyaluronic acid (HA) leading to
extracellular matrix expansion, which helps with ovulation
and increases the chances of fertilization [7, 8, 11]. Moreo-
ver, mural granulosa cells regulate the COC expansion and
oocyte maturation by secreting paracrine factors [12]. In
parallel, mural granulosa cells produce estrogen during the
follicular phase, influencing oocyte quality by modulating
intracellular calcium homeostasis [8, 13, 14]. After the LH
surge, mural granulosa cells enlarge to form luteinized cells
and produce progesterone, regulating oocyte maturation [8,
15]. Estrogen and progesterone are both synthesized in the
mitochondria, and these sex steroid hormones may play a
role in regulating mitochondrial activity [16-20].

Given the crucial role of luteinized granulosa cells
(LGCs) in oocyte development and the maintenance of preg-
nancy, they are frequently utilized as a model for studying
various aspects of ovarian function. Furthermore, LGCs
are deemed valuable tools in reproductive biology studies,
thanks to their easy accessibility during assisted reproduc-
tion techniques [83]. Various studies showed that mito-
chondrial changes in LGCs can be influenced by various
factors, including reproductive aging, polycystic ovary syn-
drome (PCOS), and the presence of ovarian endometrioma
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[21-23]. These changes can result in decreased mitochon-
drial membrane potential, reduced adenosine triphosphate
(ATP) synthesis, and increased oxidative stress, potentially
affecting fertility through decreased steroidogenesis and
impairing oocyte quality [21, 22]. However, the relation-
ships between changes in LGCs quality and oocyte qual-
ity, such as the presence of cytoplasmic dysmorphisms and
extracytoplasmic dysmorphisms, remain unexplored and not
fully elucidated.

Nowadays, the shift towards transferring a single embryo
to reduce the risk of multiple pregnancies has heightened the
need for more effective methods of selecting oocytes and
embryos with the highest chance of leading to a success-
ful pregnancy, rather than relying solely on morphological
evaluation [24]. However, invasive methods for analyzing
oocytes are not practical as they hinder their use in assisted
reproduction. Hence, finding objective and non-invasive
ways to evaluate oocyte quality is crucial [25]. Time-lapse
screening of oocyte quality and embryo development is an
advanced version of the traditional method of morphologi-
cal evaluation as it provides a continuous analysis of the
early embryo development [26, 27]. However, its impact
on improving pregnancy rates is still controversial and not
widely accepted [28, 29]. In this regard, molecular markers
can serve as additional tools to support embryo selection
based on morphokinetics and morphodynamic features [24,
30].

Identification of markers in the follicular environment
that can positively or negatively affect the acquisition of
cytoplasmic and molecular oocyte maturity can provide
insights into patient embryological and clinical outcomes.
This information can help us understand the reasons behind
observed dysmorphisms in cohorts of oocytes collected from
patients and their subsequent compromised embryo devel-
opment. Understanding the mechanisms and effects behind
oocyte dysmorphisms can be incorporated into patient coun-
seling and managing expectations. Thus, the aim of this
study is to combine a multitude of assessments originating
from the follicular environment, including the morphol-
ogy of LGCs, vitality of LGCs, mitochondrial (mt)DNA/
genomic (g)DNA ratio in the LGCs, as well as estradiol and
progesterone levels in the follicular fluid, and link them to
oocyte features. Furthermore, we aim to relate the associa-
tion of different oocyte features with embryo morphokinetics
and clinical outcomes.

Materials and methods
Study design and ethical approval

This is a multicenter retrospective study conducted on cou-
ples (n=51) who received ICSI treatment at Azoury IVF
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Clinic, Hazmieh; Mount Lebanon Hospital, Hazmieh; and
Al Hadi Laboratory and Medical Center, Beirut, Lebanon
between May 2018 and June 2021. The study received an
ethical approval from Mount Lebanon Hospital, Hazmieh,
Lebanon (OBS-2018-002). All included patients signed
informed consent forms for the use of their data for research
purposes.

Participants

Exclusion criteria consisted of advanced maternal age
(> 36 years old) at the time of oocyte pickup (OPU), use of
frozen gametes, patients with poor ovarian response follow-
ing stimulation (<3 cumulus-oocyte complexes obtained),
couples undergoing ICSI with testicular biopsy/epididymal
sperm aspiration, and cases where a high spermatic DNA
fragmentation index (>30% as determined by the sperm
chromatin dispersion test) was identified [31]. Cases of
severe male factor infertility (<5 mil/ml sperm) were also
excluded from the study, as compromised sperm quality
characteristics may influence early embryo development
[31, 32]. Patients with no good quality embryos available
for transfer on day 4, as assessed by evidenced initiation of
compaction were also excluded.

Ovarian stimulation, oocyte pick up, ICSI, embryo
culture

Ovarian stimulation was performed using recombinant fol-
licle-stimulating hormone (FSH) (Gonal-f, Merck Serono,
Lebanon). A GnRH antagonist (0.25 mg/day, Cetrotide,
0.25 mg, Merck Serono, Lebanon) was administered to pre-
vent a premature luteinizing hormone (LH) surge. Once at
least three follicles reached 16 mm in diameter, ovulation
was triggered with human chorionic gonadotropin (hCG)
(Ovitrelle, Merck Serono, Lebanon) [32]. Thirty-four to
36 h after ovulation induction, cumulus-oocyte complexes
(COCs) were retrieved and incubated in culture medium cov-
ered with oil (Life Global, Ibra Haddad, Lebanon) at 37 °C,
and under 5% O,, and 5% CO, for 2-3 h [31].

On the same day of OPU, fresh semen samples were col-
lected from male partners and analyzed according to the
World Health Organization 2010 guidelines (WHO, 2010).
Semen samples were processed by density gradient centrifu-
gation using two-layered density gradient (80—40 gradient
layers, COOK Medical, EMEC, Lebanon). The sperm pellet
was washed with sperm medium (COOK Medical, EMEC,
Lebanon) prior to resuspension in 0.5 ml of sperm medium
(COOK Medical, EMEC, Lebanon) until ICSI. The prepared
sperm samples were placed in a 10% polyvinylpyrrolidone
(PVP) (Irvine Scientific, IV laboratory, Lebanon) solution
during ICSI procedure. ICSI was employed as the fertiliza-
tion method for all the included couples, where each mature

oocyte was injected with an immobilized spermatozoon
in HEPES medium (Life Global, Ibra Haddad, Lebanon)
under lite oil (Life Global, Ibra Haddad, Lebanon). The
injected oocytes were transferred to a 12-well pre-equili-
brated EmbryoSlide (Vitrolife, Biofert, Lebanon) containing
global® total® LP (CooperSurgical®) medium covered with
lite oil (Life Global, Ibra Haddad, Lebanon). The Embry-
oSlides were then placed in an Embryoscope chamber and
cultured for 4 days (37 °C, 5% O,, 5% CO,) [33]. Embryos
were graded on day 4 using embryo viewer and for each
patient, a single embryo transfer (SET) was performed on
day 4. Embryos deriving from normal morphology oocytes
were preferentially chosen for ET. For luteal support, daily
vaginal progesterone (Crinone 8%, Merck Serono) was used
[32, 34].

Data sources
Estradiol and progesterone levels

Follicular fluid, obtained through transvaginal ultrasound-
guided follicular puncture during routine oocyte harvest, was
pooled from each patient. The collected follicular fluid free
of COCs underwent visual inspection for the presence of red
blood cells (RBCs). RBCs have the ability to bind hormones,
such as estrogen, potentially influencing the accuracy of hor-
monal level measurements. Only follicular fluid samples free
of visible blood contamination were included for analysis.
Subsequently, the follicular fluid was purified through cen-
trifugation at 448 g for 10 min in order to minimize RBC
contamination in the follicular fluid [35-37]. The levels of
estradiol and progesterone were measured et al.-Hadi Labo-
ratory and Medical Center using commercially available kits
and following manufacturer instructions (Cobas e411; Roche
Diagnostics) [38].

LGC purification and assessment of their viability
and morphology

The luteal granulosa cells (LGC) aggregates were collected
from the follicular fluid free of cumulus-oocyte complexes
using a stereomicroscope (Olympus SZ61). For each case,
the collected cells were pooled and transferred into a conical
tube consisting of two layers of culture media with distinct
densities (80—40 gradient layers, COOK Medical, EMEC,
Lebanon), followed by centrifugation at 448 g for 10 min. A
ring-like layer formed at the interface of the density gradi-
ent was obtained and transferred to a round tube and mixed
with 1 ml of HTF (Human Tubal Fluid, Quinn’s Advantage
Medium with HEPES, Ibra Haddad, Lebanon) before cen-
trifugation for an additional 10 min at 161 g. The resulting
pellet was suspended in 1-ml HTF [39].
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«Fig. 1 Dysmorphic phenotypes in MII oocytes and their relationships
(a—d): Representative images of dysmorphic MII oocyte phenotypes.
(a) Fragmented polar body I (green circle) and debris in the perivi-
telline space (purple arrow). (b, ¢) Variation in the thickness of the
zona pellucida (red arrow). (c) MII oocyte with cytoplasmic inclu-
sions (aqua arrow). (d) MII oocyte displaying central cytoplasmic
granularity (black circle). (e—j): Stacked column charts showing the
relationships between mature oocyte dysmorphisms (categorical vari-
ables). (k, 1): Boxplots showing relationships between mature oocyte
dysmorphisms (continuous variables). (k) Boxplots comparing the
PVS size (um) in mature oocytes with and without debris in the PVS
(continuous variables). (1) Boxplots comparing the PBI size (um) in
mature oocytes with and without debris in the PVS (continuous vari-
ables). Statistical significance was considered when p <0.05

To assess cell viability, a mixture of Trypan blue (0.4%)
exclusion dye and cell suspension was created (v/v), incu-
bated at room temperature for 3 min, and then counted on a
hemocytometer. The cell viability was calculated by dividing
the number of live cells by the number of dead cells [39].

The morphology of the LGCs was also evaluated. A thin
smear slide was prepared from the cell suspensions and
stained using Wright-Giemsa. The slides were then exam-
ined by a clinical pathologist to identify the percentage of
LGCs with normal morphology [39]. For the assessment,
LGCs exhibiting a prominent dark-stained nucleus, a paler
cytoplasm with a foamy appearance, and an intact cell struc-
ture without any cytoplasmic shrinkage were recorded as
cytologically normal [39].

Mitochondrial DNA to genomic DNA ratio in LGCs

A commercial kit (Genomic DNA from tissue kit, Nucle-
ospin, Meato, Lebanon) was used to extract DNA from the
LGCs. Briefly, 10° cells were re-suspended in a mixture of
200-pl lysis buffer T1, 25-ul proteinase K, and 200-ul lysis
buffer B3 (containing guanidine hydrochloride a chaotropic
salt), which was then vortexed and incubated at 70 °C for
15 min. After adding 200 pl of 96% ethanol and vortex-
ing the solution again, it was loaded onto a nucleospin tis-
sue column. The DNA was eluted with 100-ul BE buffer
after being washed with 500 pl wash buffer BW (contain-
ing guanidine hydrochloride a chaotropic salt) and 600 pl
wash buffer B5 (wash buffer with 96-100% ethanol). Sub-
sequently, DNA was eluted from the column using 100 pl
of elution buffer (BE buffer). The extracted DNA was ana-
lyzed using electrophoresis on a 0.7% agarose gel (100 mV,
30 min) using a Bio-Rad Laboratories apparatus. As per the
guidelines provided by the manufacturer in the user manual
(Thermo Fisher Scientific), DNA amplification and library
preparation were executed employing the Ion Single Seq
96 Kit from the Ion ReproSeq PGS Kit, along with Ion 530
Chips. Subsequently, the libraries underwent sequencing
through next-generation sequencing (NGS) using an Ion S5
sequencer (Thermo Fisher Scientific). The data analysis was

conducted utilizing the Reproseq PGS w1.1 workflow on Ion
Reporter, applying standard parameters. The ratio of mito-
chondrial to genomic DNA (mtDNA/gDNA) was calculated
using the Ion Torrent system (Thermo Fisher, Lebanon) as
previously described [40, 41]. Specifically, the number of
mtDNA reads was divided by the number of reads attributed
to the nuclear genome, resulting in a quantitative assessment
of mtDNA content per cell [40].

Assessment of oocyte quality parameters

Immediately after the ICSI procedure, oocytes (n=303)
were transferred to an Embryoslide in the Embryoscope
chambers connected to the Embryo Viewer software. The
software’s imaging system was configured to take high-
definition images of each oocyte/embryo from seven dif-
ferent focal planes, at 15-min intervals. In the context of
identifying oocyte features, analysis of all seven available
imaging planes allowed comprehensive visualization of fea-
tures that may not be discernible in each individual plane.
For morphometric analysis of oocytes, all seven distinct
planes were examined, and the plane that best represented
the oocyte was selected for the follow-up analysis. Oocyte
quality parameters were objectively measured and recorded
by two embryologists who were blinded to the quality of
the luteal granulosa cells (Fig. 1). In this study, the criteria
for oocyte morphology were classified following the guide-
lines of the Istanbul Consensus Workshop on embryo assess-
ment. The categorization included the expansion of the
oocyte—corona—cumulus complex, extracytoplasmic param-
eters (such as variations in first polar body (PBI) size and
fragmentation, perivitelline space dimensions and debris,
and zona pellucida size), and intracytoplasmic anomalies
(including small cytoplasmic inclusions, central cytoplasmic
granulation, and cytoplasmic vacuoles measuring < 14 um)
[45, 46]. In this context, quantitative morphometric meas-
urements included the zona pellucida thickness, the size of
the PBI, size of the perivitelline space (PVS), and the size
of the vacuoles [42] (Fig. 1(a—d)). The thickness of the zona
pellucida and the size of the PVS were measured by drawing
several lines across each and calculating the average thick-
ness and size, respectively, in micrometers [43]. The diam-
eters of the PBI and the vacuoles were measured using the
elliptical measurement tool [44]. Additionally, the presence
of intracytoplasmic anomalies, such as PBI fragmentation;
the presence of debris in the perivitelline space (PVS); cyto-
plasmic inclusions like refractile bodies or lipofuscin bod-
ies; and central cytoplasmic granularity (also referred to as
highly concentrated central granularity) were individually
assessed for each mature oocyte using the Embryo Viewer
software [6, 46] (Fig. 1). Only oocytes with large vacuoles
(> 14 pm) were excluded from the study [45]. The pres-
ence of each anomaly was examined, and the percentage
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of each anomaly among the mature oocytes per patient was
also calculated. The cumulus-corona mass, which is typi-
cally described as expanded, “cloud-like” or fluffy due to the
secretion of hyaluronic acid by the cumulus cells, was also
evaluated [6, 46]. The percentage of the expanded cumulus
oocyte complexes per patient was also assessed.

Calculation of maturation and fertilization rates

Oocyte maturation rate was evaluated by dividing the num-
ber of metaphase II oocytes by the number of COC retrieved
per patient. An oocyte was categorized as mature when the
first polar body was extruded and visible in the PVS [6, 46,
47].

The fertilization rate was calculated from the number of
fertilized oocytes divided by the total number of inseminated
oocytes. Normally fertilized oocytes were defined as those
with two polar bodies and two pronuclei [6, 46].

Embryo morphokinetic parameters assessment

The embryo morphokinetic parameters were evaluated by
following established guidelines from previous publications
[48, 49]. The parameters assessed included the time for pro-
nuclear fading (tPNf), the time for division into two cells
(t2), and the subsequent division times for three cells (t3),
four cells (t4), five cells (t5), and eight cells (t8). Addition-
ally, the time for start compaction and full compaction were
measured. All of these morphokinetic events were meas-
ured in hours post-insemination (hpi), with the end of ICSI
considered as the time of insemination. Regarding embryo
morphokinetics, the utilization of various focal planes facili-
tated clearer identification of the precise time points for each
morphokinetic event.

Sample size calculation

The objective of this study was to examine several fac-
tors from the follicular environment such as the impact of
mtDNA/gDNA ratio in LGCs, estradiol levels, progester-
one levels, LGC morphology, and LGC viability on vari-
ous dependent variables (oocyte quality parameters). Given
that the dependent variables involved repeated measures,
the analysis was performed using a generalized linear mixed
model approach. The G-Power 3.1 software program was
used to calculate the necessary sample size for this study,
taking into account five independent predictors (mtDNA/
gDNA ratio in LGCs, estradiol levels, progesterone levels,
LGC morphology, and LGC viability). The parameters for
the sample size calculation were set as a power of 0.8, alpha
level of 0.05, and an effect size f* of 0.15. According to a
one-sample ¢ test family, the program calculated the desired
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sample size to be 43. To account for a possible 10% dropout
rate, the minimum sample size was determined to be 48.

Statistical analysis

The data was analyzed using SPSS version 25, where a
p value of less than 0.05 was considered statistically sig-
nificant. The Kolmogorov—Smirnov test was used to test
normality of continuous parameters. The data for nor-
mally distributed continuous parameters was presented as
mean =+ standard deviation (SD), while non-normally distrib-
uted continuous parameters were shown as median (mini-
mum-maximum or interquartile range) values. Additionally,
categorical variables were presented as number (percentage
(%). Student’s ¢ tests and Mann—Whitney U tests (for vari-
ables that did not follow a normal distribution) were con-
ducted for continuous data, and chi-square tests were used
for categorical data. Pearson and Spearman correlation tests
were employed to assess the relationship between the vari-
ables [50, 51].

Generalized linear mixed models

The primary focus of this study was to investigate the impact
of distinctive characteristics of LGCs and hormone levels
within the follicular fluid on the extra- and intra-cytoplasmic
dysmorphisms of mature human oocytes. The assessed dys-
morphisms included the size of the PVS (um), the percent-
age of oocytes showing debris within the PVS, the size of the
PBI (um), the percentage of oocytes exhibiting fragmented
PBI, and the percentages of oocytes displaying small vacu-
oles, small inclusions, and central granularity. Thus, seven
distinct generalized linear mixed models (GLMMs) were
implemented, with each model addressing one of the iden-
tified extra- or intra-cytoplasmic dysmorphisms of mature
human oocytes separately. In the GLMM models, the target
was related to the factors and covariates through a specified
link function. The log link function was employed for con-
tinuous variables. The distribution of each oocyte quality
parameter was used to determine which probability distribu-
tion should be employed in the model. The gamma distribu-
tion was used when the target contained only positive values
and was skewed towards larger values. It is worth mention-
ing that among the observed measurements, specific char-
acteristics, such as the percentages of oocytes with debris in
the PVS, fragmented PBI, small cytoplasmic vacuoles, small
cytoplasmic inclusions, and central cytoplasmic granularity,
were measured only once. As a result, the dataset comprised
51 individual measurements, each obtained from a different
patient. In contrast, other variables, namely, PVS size (um)
and PBI size (um), involved 12 repeated measurements per
patient, resulting in a total dataset of 612 measurements.
Consequently, GLMMs were employed to account for the
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repeated-measure structure of the data, leveraging the com-
prehensive 612 measurements for these specific variables.

Categorical principal component analysis

The categorical principal component analysis (CATPCA), a
statistical technique employed to discern patterns among cat-
egorical variables, was used. Unlike its counterpart, princi-
pal component analysis (PCA), which deals with continuous
variables, CATPCA is tailored to handle categorical data.
It involves converting the categorical variables into a set
of continuous variables through various encoding methods.
Subsequently, it applies the principles of PCA to reveal the
principal components that account for the most variance
within the data. This approach aids in uncovering intricate
relationships within the categorical variables in this dataset,
facilitating insightful interpretations and meaningful analy-
ses [52] [53].

Results
Population characteristics

Demographic details, sperm parameters, LGCs param-
eters, and progesterone and estradiol levels are displayed in
Table 1. The mean age of the women included in this study
was 29.98 +5.54 years, with a median age of their male part-
ners 36 years (25-54) (Table 1). The mean BMI for women
and men was 23.33 +3.24 kg/m® and 28.75 + 4.14 kg/m?,
respectively (Table 1).

Incidence of oocyte dysmorphisms and their
interrelationships

The percentage of expanded cumulus-oocyte complexes
(COC) was 64.29 (0-100). With regard to the extracel-
lular parameters, the median thickness of the zona pellu-
cida was 16.2 pm (3—-24 pm), the median size of PVS was
5.75 pm (1-14 pm), and the average size of the PBI was
354.4+117.17 pm. Furthermore, the percentages of oocytes
with fragmented PBI or debris in the PVS were 33.33%
(0-100%) and 82.86% (9.09—100%), respectively. In terms of
the intracellular parameters, the percentages of oocytes with
small cytoplasmic vacuoles, small cytoplasmic inclusions,
and central cytoplasmic granularity were 0% (0-83.3%),
100% (0-100%), and 0% (0-66.67%), respectively (Table 1).
None of the oocytes included in this study presented smooth
endoplasmic reticulum clusters (Table 1).

A chi-square test of independence was conducted to
investigate the relationship between different mature oocyte
dysmorphisms. The analysis revealed that the presence of
debris in the PVS was more likely to take place in oocytes

with fragmented PBI (p =0.02) (Fig. 1(e)). Furthermore, a
significant association was observed between oocytes with
fragmented PBI and the presence of small cytoplasmic
inclusions (p =0.03) (Fig. 1(f)). Likewise, a significant con-
nection was detected between the existence of small cyto-
plasmic inclusions and the presence of debris in the PVS
(p=0.03) (Fig. 1(g)).

In contrast, oocytes displaying central cytoplasmic granu-
larity had a lower occurrence of fragmented PBI (p =0.04)
(Fig. 1(h)). Conversely, oocytes without central cytoplasmic
granularity exhibited a notably higher percentage of small
cytoplasmic inclusions (p <0.0001) (Fig. 1(i)). Additionally,
a small proportion of oocytes had debris in the PVS when
central cytoplasmic granularity was present (p <0.0001)
(Fig. 1(j)). Simultaneously, the size of the PVS was found
to be larger in oocytes with debris in the PVS (p <0.0001)
(Fig. 1(k)). Furthermore, the size of PBI was smaller in
oocytes with debris in the PVS (p=0.04) (Fig. 1(1)). No
statistically significant associations were found between the
presence of small cytoplasmic vacuoles with other features
such as PBI integrity, presence of debris in the PVS, small
cytoplasmic inclusions, or central cytoplasmic granularity.

Exploring the relation between luteal
granulosa cells characteristics, estradiol level,
and progesterone level in the follicular fluid

To assess if there was a relationship between LGCs charac-
teristics (Fig. 2A, B), estradiol level, and progesterone level
in the follicular fluid, Spearman’s correlation coefficient test
was performed (Fig. 2C). The result of this test showed that
there was only a significant negative correlation between
mtDNA/gDNA ratio in luteal granulosa cells and percentage
of luteal granulosa cells vitality (R= —0.313, p=0.029).

The characteristics of luteal granulosa cells, along with
estradiol and progesterone levels in the follicular fluid, may
influence the extra- and intracytoplasmic dysmorphisms of
mature human oocytes.

PVS size and debris presence

The results of the GLMM indicated that the size of the PVS
(um) and the presence of debris in the PVS were not influ-
enced by the evaluated independent variables (Table 2),
including mtDNA/gDNA ratio in luteal granulosa cells,
estradiol level, progesterone level, percentage of luteal gran-
ulosa cells with normal morphology, and vitality of luteal
granulosa cells.

PB I size

The results of the GLMM indicated that the mtDNA/gDNA
ratio in LGCs may significantly affect the size of the PBI
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Table 1 Population characteristics

Values
Women Age (years) 29.98+5.54
Body mass index (BMI) (kg/mz) 23.33+3.24
PCOS (ratio (%)) 5/51 (9.8)
Endometrioma (ratio (%)) 1/51 (1.96)
Polypectomy (ratio (%)) 2/51 (3.92)
Primary infertility (ratio (%)) 37/51 (72.5)
Secondary infertility (ratio (%)) 14/51 (27.4)
Previous miscarriage(s)
0 (ratio (%)) 30/51 (58.8)
1 (ratio (%)) 9/51 (17.6)
2 (ratio (%)) 4/51 (7.8)
3 (ratio (%)) 5/51 (9.8)
4 (ratio (%)) 2/51 (3.92)
Previous ICSI attempts
0 (ratio (%)) 29/51 (56.8)
1 (ratio (%)) 13/51 (25.4)
2 (ratio (%)) 3/51 (5.88)
3 (ratio (%)) 2/51 (3.92)
4 and more (ratio (%)) 3/51 (5.88)
Family history of infertility (ratio (%)) 14/51 (27.45)
Current smoker (ratio (%)) 24/51 (47)
Current alcohol consumption (ratio (%)) 3/51 (5.8)
Men Age (men) (years) 36 (25-54)
Body mass index (BMI) (men) (kg/mz) 28.75+4.1
Varicocelectomy (%) 3/51 (5.88)
Orchidopexy (%) 4/51(7.84)
Inguinal hernia surgery (%) 2/51(3.92)
Current smoker (ratio (%)) 37/51 (60.7)
Current alcohol consumption (ratio (%)) 15/51(29.4)
Sperm concentration x 10%ml 20 (0.1-76)
Progressive motility (%) 25 (2-40)
Non-progressive motility (%) 30 (5-40)
Non-motile (%) 45 (30-90)
Luteal granulosa cells characteristics, estradiol level, and progesterone mtDNA/gDNA ratio in LGCs (x 107 4(1-9)
level in the follicular fluid LGCs normal morphology (%) 81 (53-96)
LGCs vitality (%) 80 (33-100)
Estradiol (x 10* (pg/ml) 154.506 +62.33
Progesterone (X 10% (ng/ml) 437+1.7
Number of COC recovered 11 (3-28)
Oocyte quality Percentage of expanded COC (%) 64.29 (0-100)
Zona pellucida thickness (um) 16.2 (3-24)
Percentage of oocytes with debris in PVS 82.86 (9.09-100)
PVS size (um) 5.75 (1-14)
First polar body (PBI) size (um) 3544+117.17
Percentage of oocytes with fragmented PBI (%) 33.33 (0-100)
Maturation rate (%) 75 (0-100)
Percentage of oocytes with small vacuoles (%) 0(0-83.33)
Percentage of oocytes with small inclusions (%) 100 (0-100)
Percentage of oocytes with central granularity (%) 0 (0-66.67)
Percentage of oocytes with smooth endoplasmic reticulum clusters (%) 0
Fertilization rate (%) 70.19+26.77

Data expressed as mean = standard deviation for normally distributed continuous variable, as median (minimum-maximum) for non-normally
distributed variable, and as percentage for categorical variable

PCOS polycystic ovary syndrome, mtDNA mitochondrial DNA, LGCs luteal granulosa cells, COC cumulus-oocyte complex, PVS perivitelline
space
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(p=0.04) (Table 2). The coefficient of —0.041 was exponen-
tiated to obtain a value of approximately 0.960. This indi-
cates that a one-unit increase in the mtDNA/gDNA ratio in
LGCs is expected to lead to an approximately 4.0% decrease
in PBI size (um), assuming all other variables remain con-
stant. This suggests that alterations in the mtDNA/gDNA
ratio in LGCs could potentially be associated with a signifi-
cant reduction in PBI size.

PBI fragmentation

The vitality of LGCs was observed to have a significant
influence on the percentage of oocytes with fragmented
PBI (»p =0.03) (Table 2), with a coefficient of —0.013.
When this coefficient is exponentiated, it results in a value
of approximately 0.987. This implies that a 1.3% decrease in
the percentage of oocytes with fragmented PBI is expected
for every 1% increase in the percentage of LGC vitality,
assuming all other variables remain constant.

Presence of small vacuoles

The GLMM results revealed that the percentage of oocytes
with small vacuoles was not affected by the assessed fac-
tors including mtDNA/gDNA ratio in LGCs, estradiol and
progesterone levels, the percentage of LGCs with normal
morphology, and the percentage of viable LGCs (Table 2).

Presence of small inclusions

The results of the present study indicate a significant asso-
ciation between progesterone levels and the percentage of
oocytes with small inclusions (p=0.015) (Table 2). The
coefficient of 0.001 suggests that for every one-unit (ng/mL)
increase in progesterone level, there is a corresponding 0.1%
increase in the percentage of oocytes with small inclusions,
assuming all other variables remain constant.

Presence of central granularity

The GLMM analysis indicated that the percentage of oocytes
with central granularity was not affected by the analyzed fac-
tors (Table 2).

Maturation rate and the number of cumulus-oocyte
complexes recovered

The GLMM results revealed that the assessed independ-
ent variables (Table 2), including the mtDNA/gDNA ratio
in luteal granulosa cells, estradiol and progesterone levels,
the percentage of luteal granulosa cells with normal mor-
phology, and the vitality of luteal granulosa cells, were

not associated with the maturation rate and the number of
cumulus-oocyte complexes recovered.

Identifying associations between mtDNA content,
vitality of LGCs, progesterone levels, and mature
oocyte dysmorphisms through CATPCA analysis

Since statistically significant relationships were observed
between mtDNA/gDNA ratio, progesterone levels, LGCs
vitality, PVS size, PVS debris, PBI size, PBI fragmenta-
tion, and small inclusions, a CATPCA was performed to
comprehensively analyze these relationships. Based on the
results obtained from the CATPCA analysis, the analysis
revealed the existence of three distinct dimensions (Fig. 2D,
E). Each dimension appeared to consist of specific variables
along with their corresponding factor loadings, as indicated
under dimensions 1, 2, and 3.

In dimension 1, the variables mtDNA/gDNA ratio, LGCs
vitality, PVS debris, and small cytoplasmic inclusion exhib-
ited factor loadings of —0.713, 0.707,—0.579, and — 0.445,
respectively. This suggests a strong association between
these variables within this dimension. The negative factor
loadings indicate that a decrease in LGCs viability tends to
increase mtDNA/gDNA ratio, debris in the PVS, and small
inclusions in the cytoplasm.

In dimension 2, the variable PVS size exhibited a factor
loading of 0.783 (Fig. 2E). The PVS size was positively
associated with the presence of debris in the PVS and nega-
tively associated with PBI size (Fig. 2D).

In dimension 3, the variables fragmented PBI, PBI size,
and progesterone level exhibited factor loadings of — 0.650,
0.455, and 0.605, respectively. The negative loading for
fragmented PBI and the positive loadings for PBI size and
progesterone level indicate an inverse relationship between
these variables within this dimension.

The impact of oocyte dysmorphisms on embryo
morphokinetics

PVS size and debris presence

The PVS size was found to be correlated with the time to
three cells (t3) (R= —0.018, p=0.016) and time to five
cells (t5) (R=0.16, p=0.023) (Supplementary Table 1).
Furthermore, the presence of debris in the PVS was associ-
ated with a shorter time to t2 (p =0.026) (Supplementary
Table 2).

PBI size and fragmentation

The PBI size was positively correlated with the time to
start compaction (R=0.18, p=0.034) (Supplementary
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«Fig. 2 Characterization of luteal granulosa cells and their association
with oocyte dysmorphisms. a Viable and dead cells were stained with
trypan blue, with dead cells appearing blue and viable cells appearing
transparent. b Granulosa cells exhibit a central nucleus (purple) and
foamy cytoplasm (light purple). ¢ Correlation matrix plot of all luteal
granulosa cell (LGC) variables assessed. The legend color represents
the correlation coefficients, with darker shades indicating stronger
correlations. Statistical significance was considered when p <0.05. d,
e Categorical principal component analysis (CATPCA) biplot show-
ing the component loadings of the most explanatory variables in
LGCs and oocyte dysmorphisms

Table 1). Additionally, a higher percentage of fragmented
PBI was found in non-fertilized oocytes compared to fer-
tilized oocytes (38.30% vs. 24%; p <0.05) (Supplementary
Fig. 1).

Small cytoplasmic inclusions

The presence of small cytoplasmic inclusions delayed the
t2 (p=0.024) and t7 (p =0.003) in embryos derived from
these oocytes compared to oocytes without small cytoplas-
mic inclusions (Supplementary Table 2).

Small cytoplasmic vacuoles

The presence of small cytoplasmic vacuoles was associated
with a delay in the tPNf (p=0.03) and an acceleration in the
t2 (p<0.01), t3 (p=0.006), t4 (p=0.03), and t5 (p=0.02)
compared to embryos derived from oocytes without small
cytoplasmic vacuoles (Supplementary Table 2).

Central cytoplasmic granularity

The presence of central cytoplasmic granularity was asso-
ciated with a delay in the tPNf (p =0.03), t2 (p =0.021),
and the start of compaction time (p =0.01) compared to
embryos derived from oocytes without central cytoplasmic
granularity (Supplementary Table 2).

The impact of LGC parameters and oocyte
dysmorphisms on live birth/single embryo transfer

There were no statistically significant differences between
women who achieved live birth/single embryo transfer and
those who did not, concerning mtDNA/gDNA ratio in LGCs
(p=0.56), normal LGC morphology (p =0.18), LGC vital-
ity (p=0.22), estradiol level (p =0.96), progesterone level
(p=0.4), maturation rate (p =0.18), percentage of expanded
COC (p=0.63), percentage of oocytes with debris in the
PVS (p=0.57), percentage of oocytes with fragmented
PBI (p=0.52), percentage of oocytes with small vacuoles
(p=0.72), percentage of oocytes with small cytoplasmic

inclusions (p =0.48), and percentage of oocytes with central
cytoplasmic granularity (p =0.49) (Supplementary Table 3).

Discussion
Principal findings

The current study indicated that certain oocyte dysmor-
phisms were more likely to occur together, such as a
decrease in PBI size, fragmentation of the PBI, the presence
of debris in the PVS, an increase in the size of the PVS, and
the presence of small cytoplasmic inclusions. Thereafter,
this study analyzed the association of various follicular fac-
tors on oocyte dysmorphisms. We found that mtDNA LGC
content, LGC vitality, and progesterone levels in the folli-
cular fluid were associated with the size and fragmentation
of the PBI, the size and presence of debris in the PVS, and
the presence of small cytoplasmic inclusions. Additionally,
this study showed that these oocyte dysmorphisms, in addi-
tion to central cytoplasmic granularity and small cytoplas-
mic vacuoles, were associated with preimplantation embryo
morphokinetic parameters.

Discussion of findings in the literature

In the present study, we observed an association among vari-
ous oocyte dysmorphisms linked to oocyte over-maturation
and aging (PBI fragmentation, presence of debris in the
PVS, size of the PVS, and presence of small cytoplasmic
inclusions). However, no association was found between
these parameters and central cytoplasmic granularity; the
latter may be indicative of cytoplasmic immaturity. Oocyte
maturation takes place during the luteinizing hormone (LH)
surge prior to ovulation and involves nuclear and cytoplas-
mic maturation. It entails nuclear maturation that results in
the extrusion of the PBI and meiotic arrest at metaphase 11
(MII) in the oocyte [54, 55] as well as cytoplasmic matu-
ration that results in the reorganization of organelles and
molecular maturation. Molecular maturation itself is respon-
sible for the storage of mRNAs, proteins, lipids, and tran-
scription factors necessary for fertilization and early pre-
implantation embryo development [56—-58]. However, the
ability of oocytes to undergo successful meiotic maturation
to the MII stage does not guarantee that cytoplasmic matura-
tion has also been completed successfully [59]. One example
of a sign of oocyte cytoplasmic immaturity is the presence
of central cytoplasmic granulation, which is an abnormal
accumulation of mitochondria and vesicles in the cytoplasm
of an oocyte [60, 61]. In contrast, over-maturation of oocytes
may lead to PBI fragmentation, an increase in the size of
the PVS, and the presence of debris in the PVS [6, 62, 63].
Furthermore, cellular aging can lead to the accumulation of
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metabolic waste materials in the oocyte. This accumulation
can lead to the appearance of small cytoplasmic circular
inclusions (refractile bodies), and subsequently may impair
embryo development. These inclusions form due to oxida-
tive stress and changes in lipid metabolism [5].

Analysis through GLMM and CATPCA, revealed that
certain oocyte dysmorphisms are associated with features
encountered in over-mature and aged oocytes, including a
higher percentage of oocytes with fragmented PBI, the pres-
ence of debris in the perivitelline space (PVS), and a higher
percentage of oocytes with small inclusions were observed
to increase as the percentage of luteal granulosa cell (LGC)
vitality decreased. Assessing the characteristics of LGCs
as well as hormone levels in the follicular fluid in conjunc-
tion with oocyte quality is important due to the pivotal role
of granulosa cells in steroid synthesis and communication
with the oocyte. Successful follicular development is crucial
for producing competent oocytes, and this process relies on
effective communication between follicular cells [64]. The
follicular fluid that surrounds the oocyte consists of signal-
ing molecules that circulate between granulosa cells and the
oocyte during folliculogenesis and oocyte maturation [65].
Supply of nutrients and metabolites from granulosa cells
to the oocyte is achieved by gap junctions, while granulosa
cells also secrete paracrine signals that regulate the oocyte
[66]. Gap junctions between the cumulus cells and oocyte,
between the mural granulosa cells, and between the mural
and cumulus cells are required for transmission of mole-
cules. Moreover, molecules produced by the mural granulosa
cells may travel to the oocyte through the follicular fluid
[67]. Thus, the lack of granulosa cells deprives the oocyte
of necessary nutrients, making it more susceptible to cell
death [68].

In this context, our study revealed a significant negative
correlation between the percentage of vital LGCs and the
mtDNA/gDNA ratio in LGCs. Indeed, mitochondria play
a pivotal role in the normal functioning of granulosa cells.
For instance, mitochondria provide energy, maintain redox
balance, facilitate metabolism, and calcium signaling for
different cellular activities. Particularly, cumulus cells are
highly glycolytic, generating pyruvate that can diffuse into
the oocyte to produce ATP through mitochondria. This met-
abolic coordination is crucial for oocyte maturation, to pre-
serve spindle/chromosome integrity, and prevent the deterio-
ration of oocyte quality [69, 70]. In parallel, as shown from
LGCs of young women, mitochondria are associated with
a physiologically appropriate level of energy production
[21, 71]. However, under certain conditions (such as aging,
PCOS, endometriomas, premature ovarian insufficiency,
impaired glycolytic metabolism, and psychological stress),
granulosa cells and oocytes may not have adequate energy
substrates [21, 22, 31, 72-74]. This can trigger compen-
satory responses in mitochondrial dynamics and function.

@ Springer

These responses may include changes in mitochondrial mor-
phology to maintain high energy production. Additionally,
an increase in mitochondrial biogenesis and changes in the
expression of oxidative phosphorylation (OXPHOS) com-
ponents may occur to meet the energy demands [21]. How-
ever, this compensatory response cannot sustain the energy
supply over an extended period of time. Instead, it leads
to the production of more reactive oxygen species (ROS)
due to oxidative phosphorylation (OXPHOS) dysfunction.
This creates a vicious cycle between oxidative stress and
mitochondrial damage, ultimately harming the oocyte and
leading to granulosa cell death [21, 22, 31, 68, 72-75].

Interestingly, in this study, the results of GLMM and
CATPCA revealed associations between factors in LGCs
(mtDNA content and vitality) and oocyte dysmorphisms
related to oocyte aging and over-maturation (including PBI
size, PBI integrity, presence of debris in the perivitelline
space (PVS), and presence of small cytoplasmic inclusions).
This could be supported by studies showing that optimal
growth and maturation of oocytes requires a well-balanced
and timed energy metabolism. Meiotic defects, organelle
dysfunction, and epigenetic alterations have been linked to
decreased levels of acid transport proteins, increased glu-
cose/lipid content, and elevated reactive oxygen species in
oocytes [9, 76]. Nonetheless, there is strong evidence in the
literature that the quality, quantity, and distribution of oocyte
mitochondria are essential in providing the amount of ATP
needed to undergo cytoplasmic maturation, fertilization, and
acquiring developmental competence [77-79]. Furthermore,
fragmented polar bodies likely reflect cytoplasmic incom-
petence [80]. However, in order to evaluate whether the
observed outcomes in terms of PBI size and integrity are
caused by the mtDNA/gDNA ratio in LGCs, the oocyte con-
stitution in terms of mitochondrial quantity and distribution
would also need to be taken into consideration.

Our study also suggested a potential link between ele-
vated progesterone levels and oocyte dysmorphisms related
to aging and over-maturation, such as compromised PBI
integrity and an increase in small cytoplasmic inclusions.
Beyond the cellular environment within the follicle, the
development of the oocyte is heavily influenced by the bio-
chemical environment of the follicular fluid [65] [84]. The
latter serves as a crucial mediator in facilitating commu-
nication between cells within the antral follicle, and also
functions to transport nutrients to the oocyte [84]. Following
the LH surge, preovulatory follicular fluid is dominated by
progesterone, a steroid hormone [84]. Progesterone has the
potential to regulate various biological processes within the
ovarian tissue and feto-maternal unit, such as the resump-
tion of meiosis, fertilization, embryonic development, and
implantation [84]. The level of progesterone may simply
indicate the quality of the follicle and the oocyte it con-
tains, but the exact mechanism by which progesterone affects
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oocytes is not fully comprehended [84]. Previous studies
have shown links of progesterone with fertilization and
oocyte maturation [84, 85].

To investigate the impact of oocyte dysmorphisms on
embryo development, we analyzed data on embryo mor-
phokinetics collected from the time-lapse incubator (TLI).
Our findings demonstrate that oocyte dysmorphisms such
as debris in the PVS, small cytoplasmic inclusions, cyto-
plasmic vacuoles, and central cytoplasmic granularity are
associated with the time it takes to reach the two-cell stage
(t2). Previous studies have shown that t2 is linked to embryo
blastulation and successful implantation [48]. Additionally,
our results indicate that the time to reach the three-cell stage
(t3) can be influenced by the size of the PVS and the pres-
ence of small cytoplasmic vacuoles, which are associated
with embryo implantation potential [48]. Moreover, the pres-
ence of small cytoplasmic vacuoles can impact the time it
takes to reach the four-cell stage (t4), which is also associ-
ated with embryo blastulation and successful implantation
[48]. It is worth mentioning that vacuolization is one of the
features associated with degeneration of the oocyte [86]
and has shown to be associated with impaired early embryo
development [45]. Our research further indicates that the
time it takes to reach the five-cell (t5) stage is associated
with the size of the PVS and small cytoplasmic inclusions.
Additionally, the time it takes to reach the seven-cell (t7)
stage is associated with central cytoplasmic granularity.
Previous studies have demonstrated that t5, t7, and t8 are
linked to blastulation and implantation rates [48]. Notably,
our findings suggest that PBI size is associated with the time
of morula starting compaction, which has been previously
associated with implantation rate [48]. Furthermore, our
results showed that the PBI integrity might affect the ferti-
lization potential of injected oocytes.

Our results did not show any correlation between the
assessed parameters, including granulosa cell characteris-
tics, hormone levels, mtDNA/gDNA ratio, and the rate of
specific dysmorphisms per patient oocyte cohort, with live
birth following the transfer of a single embryo. The limited
sample size and preferential selection of oocytes without
dysmorphisms precluded clinical outcome comparisons for
transferred embryos. In the literature, previous studies have
examined prevalence of specific oocyte dysmorphisms, with
clinical outcomes with conflicting outcomes. An association
between oocyte dysmorphisms and clinical outcomes was
demonstrated when more than 50% of dysmorphic oocytes
were present in repeated cycles with the same dimorphism,
despite 33% of transferred embryos being morphologi-
cally normal [89]. When it comes to specific oocyte dys-
morphism, high prevalence of central granulation has been
shown to be associated with reduced clinical outcomes [90],
while no significance in clinical outcomes after transfer of

embryos deriving from oocytes with central granulation has
been shown [61]. It has to be noted that embryos derived
from dysmorphic oocytes have been shown to exhibit good
embryonic development and embryo quality [91].

Limitations

This study is an observational investigation conducted
through a retrospective analysis of data. Due to the retro-
spective nature and conditions of clinical practice, follicular
fluid from individual follicles and direct links to individual
oocyte characteristics could not be assessed. Furthermore,
information about the total number and diameter of follicles
aspirated was not available. Retrospective manual annota-
tions of oocytes were carried out, which could potentially
increase the risk of bias. Even though strict exclusion crite-
ria were followed, the population consisted of 47% smokers
and 10% patients with PCOS and the outcomes therefore
may not be universally applicable to the infertile population
seeking fertility treatment. Furthermore, the small sample
size when assessing pregnancy outcomes, accompanied by
the fact that oocytes with dysmorphisms as assessed via the
embryo viewer software were deselected for ET, is a limit-
ing factor. The potential for improved generalization of the
findings could be substantiated through the implementation
of a prospective study.

In terms of methodological limitations, the study
employed LGCs obtained following transvaginal oocyte
retrieval, a process that involves penetrating vascularized
structures. The resulting cell population is heterogeneous,
comprising LGCs mixed with various cell types due to
contamination. The use of density gradient as a method of
purification might have led to an overestimation of cell vital-
ity. However, caution is advised when interpreting studies
lacking purified LGCs, as molecular and cell culture find-
ings may be influenced. To ascertain the specific role of
LGCs in follicle development and ovarian function, isola-
tion techniques are necessary to obtain a pure or nearly pure
cell population [83]. Future investigations employing LGCs
purification techniques could be based on the recognition of
specific cell markers. These approaches may yield increased
purity at the cost of a potentially lower LGCs recovery rate
when compared to the cell aggregation method utilized in
our study [83].

Data on cell vitality was acquired through the trypan blue
exclusion test. While this assay provides valuable insights into
cellular vitality, a necessity arises for more comprehensive and
profound analyses to further elucidate the intricate aspects of
granulosa cell vitality and metabolic dynamics. Subsequent
investigations could yield advantages by integrating an array
of complementary techniques to enrich our comprehension
of granulosa cell biology. Specifically, the integration of cell
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vitality fluorescent assays, such as propidium iodide or eth-
idium bromide, would facilitate the visualization and quan-
tification of cell viability based on membrane integrity [81].
Moreover, employing mitochondrial fluorescent probes could
assist in establishing a direct correlation between metabolic
activity and fluorescence intensity [82].

Perspectives and broader implications

Even though time-lapse systems have been routinely imple-
mented in clinical settings, their efficacy in terms of improv-
ing clinical outcomes is still questioned [27, 28]. Incorpora-
tion of an automatic or artificial intelligence-driven protocol
that evaluates oocyte morphology through analysis of hun-
dreds of thousands of existing time-lapse video recordings
with known implantation results and matching them with
oocyte morphology data could provide insights that could
facilitate improved embryo selection. This technology may
determine if there is a proven correlation between oocyte
morphology and pregnancy outcome, which could enhance
the value of embryo morphokinetic data. Previous research
has established linkage of oocyte morphology with cleavage
patterns in human embryos, such as uneven blastomeres,
reverse cleavage, and direct and arbitrary cleavages [5]. In
addition, future investigations could broaden their scope by
examining mtDNA/gDNA ratio within luteal granulosa cells
(LGCs) from each follicle, thereby exploring potential cor-
relations with oocyte outcomes. Furthermore, assessing the
levels of steroids in the follicular fluid of each follicle could
provide valuable insights into the intricate interplay between
the hormonal milieu and oocyte quality. Additionally, further
studies could explore the correlation between serum estra-
diol and progesterone levels and the assessed parameters
in this study, including the presence of debris in the PVS,
PVS size, and the percentage of mature oocytes with frag-
mented PBI. Altogether, these indicators may enhance our
understanding of both the optimal management of ovarian
stimulation and the ideal timing for triggering ovulation.
Expanding the sample size and thoroughly assessing the
implications for pregnancy outcomes would further enhance
our understanding of these complex relationships.

Conclusion

In conclusion, this study suggests that LGC parameters,
including the mtDNA/gDNA ratio, vitality, and follicu-
lar fluid progesterone levels, are important contributors to
oocyte quality. Upon verification, evaluation of these param-
eters could be embedded in clinical practice for categoriza-
tion of oocytes based on quality characteristics for use in
assisted reproductive technologies (ART). The association
of LGC vitality, mtDNA content, and progesterone levels

@ Springer

with several oocyte features and the relationship between
these features and preimplantation embryo development can
enable us to understand the potential causes of observed
dysmorphisms in cohorts of oocytes collected from patients
and the subsequent compromised development of embryos.
This comprehension can be applied in patient counseling to
effectively manage expectations. Ongoing research in this
area can focus on identifying lifestyle interventions that may
positively impact the metabolism and physiology of the body
systems in general, with a specific emphasis on the ovary.
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