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Delayed second polar body
extrusion increases abnormal
cleavage risk and impairs
embryonic developmental
potential: a retrospective time-
lapse study
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The purpose of this study was to elucidate the effect of second polar body (Pb2) extrusion time on
dynamic cleavage parameters and embryonic developmental potential. Data on a total of 398 cycles
from patients who underwent intracytoplasmic sperm injection (ICSI) treatment between September
2021 and May 2023 were retrospectively analysed. Our results revealed that the average Pb2 extrusion
time after ICSI was 3.13 +1.63 h and was negatively correlated with Day3 high-quality embryos

(odds ratio [OR]=0.857, Cl: 0.810-0.907, P<0.001) and the blastocyst formation (OR=0.806, Cl:
0.752-0.864, P <0.001) and high-quality blastocyst formation (OR=0.755, Cl: 0.669-0.851, P<0.001)
but was positively associated with direct cleavage (DC) (OR=1.081, Cl: 1.026-1.139, P=0.004) and
chaotic cleavage (CC) (OR=1.148, Cl: 1.081-1.220, P <0.001). The Day3 high-quality embryo rate

and blastocyst formation rate and high-quality blastocyst formation rate of the >5 h group were
significantly lower than those of the 0-3 h, >3-4 h and > 4-5 h groups (P <0.05), while the percentages
of DC and CC in the >5 h group were significantly greater than those in the 0-3 h group (P <0.05). As the
Pb2 extrusion time increased, other embryonic development parameters also significantly increased,
including time to pronuclear appearance (r=0.697, P<0.001), time to pronuclear fading (r=0.291,
P<0.001), time to the two cells (r=0.306, P<0.001), time to the four cells (r=0.203, P<0.001), time to
the eight cells (r=0.138, P <0.001), time to full blastocyst formation (r=0.128, P <0.001), and duration
of the time period from three cells to four cells (r=0.076, P<0.001). The results of fresh embryo transfer
revealed that the clinical pregnancy rate (CPR) and implantation rate (IR) were significantly lower in
the Pb2 extrusion delay group than in the Pb2 extrusion normal group (P <0.05). Overall, delayed Pb2
extrusion was significantly associated with reduced embryonic developmental efficiency, which may be
due to a slower speed of development and a significant increase in the incidence of abnormal cleavage.
Moreover, transfer of embryos with delayed Pb2 extrusion may impair pregnancy outcomes.

Keywords Embryonic development, Pregnancy outcome, Second Polar body, Time-lapse, Abnormal
cleavage

Infertility is a major reproductive health problem that affects 15% of couples of childbearing age worldwide!.
Currently, assisted reproductive technology (ART) is the most effective treatment method for infertile couples
seeking to conceive. To date, more than 10 million babies have been conceived via ARTZ However, although
ART has continued to undergo development in recent years, its rate of success has not significantly improved.
Indeed, today, more than half of ART cycles fail to result in pregnancy®. Therefore, a thorough understanding of
the mechanisms underlying early embryonic development is crucial.
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In recent years, time-lapse imaging has been widely used in the field of assisted reproduction as a noninvasive
method for assessing embryo quality. Uninterrupted recording of various physiological events during embryonic
development can be achieved by combining a culture system with imaging technology*. Numerous morphokinetic
parameters have been introduced for assessing embryonic development and predicting implantation success
to improve embryo selection®S. In addition to accurately monitoring related dynamic parameters, time-
lapse imaging can reveal specific dysmorphisms in embryonic development, such as abnormal cleavage and
multinucleation (MN)’, thus providing more valuable predictive indicators for in vitro embryonic development.

Research on early embryonic development has been receiving increased attention in recent years. Many studies
have shown that early embryonic morphokinetic events play a more critical role in embryonic development than
late morphogenetic events>®°. Among these, second polar body (Pb2) extrusion is a hallmark morphological
event observed after sperm activate oocyte, thereby marking the completion of the second meiotic division of
the oocyte. However, previous studies related to Pb2 have been overlooked. Our previous study revealed that Pb2
extrusion during intracytoplasmic sperm injection (ICSI) cycles can accurately predict fertilization outcomes.
Additionally, Jin et al. demonstrated that the Pb2 is involved in the regulation of embryonic fate!'!. Moreover, the
morphology of the Pb2 and the relative position between the first polar body and the Pb2 are closely related to
embryonic development!?!3. However, these observations contradict the viewpoints that the Pb2 is a tiny cell
that is unnecessary for embryonic development!*. Therefore, further exploration of the clinical applicability of
the Pb2 extrusion time in predicting embryonic development efficiency and clinical outcomes is warranted.

This study involved a retrospective analysis of the data of couples who underwent ICSI treatment cycles. Pb2
extrusion and embryonic development were dynamically monitored via time-lapse imaging, and embryonic
development indicators and clinical pregnancy outcomes were evaluated. The purpose of this study was to
explore the effects of Pb2 extrusion time on dynamic cleavage parameters and the developmental potential of
the embryo.

Materials and methods

Patients and study design

This was a retrospective study of the data of couples who underwent ICSI treatments between September 2021
and May 2023 at the People’s Hospital of Guangxi Zhuang Autonomous Region. The inclusion criteria were as
follows: (1) ICSI cycles monitored via time-lapse imaging, and (2) at least 2 MII oocytes available for ICSI. The
exclusion criteria were as follows: (1) oocyte thawing cycle; (2) artificial oocyte activation cycle; or (3) cycles
that occurred without observation of a surviving oocyte after injection. We divided the oocytes into four groups
according to the average Pb2 extrusion time observed after ICSI: the 0-3 h group, the >3-4 h group, the >4-5h
group and the >5 h group. In addition, to explore the relationship between the Pb2 extrusion time and clinical
pregnancy outcomes, we defined a Pb2 extrusion time > 3 h as delayed Pb2 extrusion; this time was chosen as the
average Pb2 extrusion time in this study was 3.13+£1.63 h.

Patients who underwent fresh embryo transfer were divided into three groups: (1) the Pb2 extrusion normal
group, in which all of the transferred embryos had a Pb2 extrusion time <3 h; (2) the Mix group, in which one
transferred embryo had a Pb2 extrusion time <3 h and the other embryo had a Pb2 extrusion time >3 h; and (3)
the Pb2 extrusion delay group, in which all of the transferred embryos had a Pb2 extrusion time >3 h.

Oocyte retrieval, ICSI fertilization and time-lapse monitoring

Controlled ovarian hyperstimulation was performed using one of several protocols, including those involving
gonadotropin releasing hormone (GnRH) agonists, GnRH antagonists, progestin-primed ovarian stimulation,
or mini-stimulation. Oocytes were retrieved via transvaginal aspiration under ultrasound guidance 36 h after the
injection of human chorionic gonadotropin (hCG). After the retrieved oocytes were precultured in G-IVF PLUS™
(10136, Vitrolife) for 3 h, the cumulus cells surrounding the oocytes were removed with 80 IU/ml hyaluronidase,
then the ICSI was performed. The MII oocytes were then transferred into G-1 PLUS™ (10128, Vitrolife) in a
Primo Vision dish (9-well or 16-well, Vitrolife) covered with mineral oil (Vitrolife) and subsequently cultured
in a Primo Vision incubator (Vitrolife, Budapest, Hungary) at 37 °C, 6% COz, and 5% 02. Primo Vision time-
lapse system was installed in the incubator and connected to the Analyzer image analysis software (Version:
4.4.1.01.010). The shooting interval was set to 10 min, and the scanning interval of 7 equidistant focal planes
was set to 60 min. We defined t0 as the mid-time point from when injection began and ended for that patient’s
cohort of oocytes!® and used a time-lapse method to record and analyse the time points of the following events:
time to Pb2 extrusion (tPb2); time to pronuclear appearance (tPNa) ; time to pronuclear fading (tPNf) ; time to
the two cells(t2), time to the four cells (t4) and time to the eight cells (t8); time to full blastocyst formation (tB);
time to the end of the expansion phase and initiation of the hatching process of the blastocyst (tHN); duration
from pronuclear fading to the five cells (t5-tPNf); duration from Pb2 extrusion to the two cells (CC1); duration
from the three cells to the four cells (S2); and duration from the five cells to the eight cells (S3). The time points
of all the above dynamic developmental parameters were double-checked and confirmed by two experienced
embryologists.

Embryo quality assessment and transfer

Fertilization status was evaluated at 16-18 h after ICSI; during this period, the observation of two pronuclei
and two polar bodies was defined as normal fertilization!®, On the third day, factors such as the number of
blastomeres, blastomere symmetry, and fragmentation rate were used as the basis for evaluating the quality of
the cleavage-stage embryos. Day3 embryos with more than 7 cells derived from normal fertilized oocytes and an
embryo grade of 1-2 were defined as high-quality embryos. On the fifth/sixth days, the quality of the blastocysts
was evaluated according to the Gardner scoring standard; specifically, blastocysts with scores of 4BB and above
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were defined as high-quality blastocysts, whereas those with scores better than 3BC or 3CB were defined as
available blastocysts.

The definitions of abnormal cleavage patterns were as follows”!”. Direct cleavage (DC) was defined as the
direct cleavage of an embryo from 1 cell to > 2 cells. Reverse cleavage (RC) was defined as the recombination of
two completely separate cells into one cell. Chaotic cleavage (CC) was defined as disordered cleavage behaviour,
resulting in unevenly sized blastomeres and numerous fragments. MN was defined as the appearance of
multiple pronuclei in any cell at the 2-cell or 4-cell stage. An embryo with multiple abnormal cleavage patterns
corresponding to at least two of DC, RC, CC and MN was defined as a mixed abnormal cleavage (Mix) embryo.

One or two embryos were transferred into the uterine cavity on the day of transfer. All cleavage-stage embryos
were transferred on the third day, and all blastocyst-stage embryos were transferred on the fifth day. Clinical
pregnancy was defined as the presence of one or more gestational sacs in the uterus and confirmation of a foetal
heartbeat via ultrasound examination on the 4th week after embryo transfer. Early miscarriage was defined as
miscarriage before 12 weeks. Live birth was defined as any birth event in which at least one baby was born alive
and survived for more than 1 month.

Statistical analysis

All of the statistical analyses were performed with SPSS 19.0 software (IBM, SPSS Statistics). Quantitative data
are presented as the means + standard deviations (Z+s), and categorical data are presented as percentages (%).
Spearman correlation analysis and binary logistic regression analysis were performed with Pb2 extrusion time
as the independent variable and embryo development efficiency indicators, time parameters and cleavage
pattern as the dependent variables to determine the association between the Pb2 extrusion time and embryonic
developmental potential. The Mann-Whitney U test was used to compare all data between the groups except
for rates, which were compared between the groups with the chi-square test. A P value <0.05 indicated that the
corresponding difference was statistically significant.

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in accordance with the ethical standards
of the Declaration of Helsinki. All enrolled patients signed an informed consent form. The study was approved
by the Ethics Committee of Guangxi Zhuang Autonomous Region People’s Hospital (Approval No: LL-KY-
SY-2021-16).

Results

In total, 398 ICSI cycles were included in this study. The average age of the females was 32.27 +4.64 years, and
the average age of the males was 35.15+6.13 years. In total, 4913 oocytes were collected, among which 3931 MII
oocytes underwent ICSI, with a fertilization rate of 79.85% (3139/3931) (Table 1). In total, 3118 MII oocytes
demonstrated Pb2 extrusion. The 2PN fertilization rate of these oocytes was 94.71% (2953/3118), whereas that of
oocytes without Pb2 extrusion was 2.46% (20/813). The average Pb2 extrusion time after ICSI was 3.13+1.63 h.
The distributions of the Pb2 extrusion times were as follows: 0-3 h (54.94%), >3-4 h (29.41%), >4-5 h (9.62%)
and >5h (6.03%) (Fig. 1).

Figure 2 shows the binary logistic regression results between Pb2 extrusion time and embryonic
developmental outcomes and abnormal cleavage patterns. Our results revealed that Pb2 extrusion time was
significantly associated with various embryonic development parameters and abnormal cleavage patterns.
Specifically, the Pb2 extrusion time was negatively associated with the embryonic 2PN fertilization (odds ratio
[OR] =0.987, 95% CI: 0.850-0.946, P<0.001), 2PN cleavage (OR=0.867, 95% CI: 0.760-0.989, P=0.034), Day3
high-quality embryos (OR=0.857, 95% CI: 0.810-0.907, P<0.001), blastocyst formation (OR=0.806, 95% CI:

Group ICSI cycles

No. of cycles (n) 398

Female age (years) 32.27+4.64
Female BMI (kg/m?) 21.91+3.28
Infertility duration (years) 3.80+2.74

AMH (ng/ml) 3.93+2.30

AFC (n) 15.95+8.20

Male age (years) 35.15+6.13

Male BMI (kg/m?) 24.33+3.47

No. of retrieved oocytes (n) 12.34+5.11

MII oocyte rate (%) 80.01 (3931/4913)
Pb2 extrusion rate (%) 79.32(3118/3931)
Fertilization rate (%) 79.85 (3139/3931)
2PN fertilization rate (%) 75.63 (2973/3931)
Average time of Pb2 extrusion (h) | 3.13£1.63

Table 1. Baseline characteristics of patients across the 398 total ICSI cycles. BMIbody mass index, AMH anti-
Miillerian hormone, AFCantral follicle count.
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Fig. 1. Left, column chart showing the fertilization status of oocytes in which Pb2 extrusion did and did not
occur. Right, pie chart showing the proportions of different Pb2 extrusion times.

Dependent Variable Odds ratio(95% CI) OR(95%CI)  P-value
]
Fertilization? : 0.952(0.829,1.094) 0.491
2PN fertilization '—0—: 0.987(0.850,0.946) <0.001
2PN cleavage 1 '—°—': 0.867(0.760,0.989) 0.034
Day3 high-quality embryo 1 g : 0.857(0.810,0.907) <0.001
blastocyst formation 1 o : 0.806(0.752,0.864) <0.001
high-quality blastocyst formation] — »ost : 0.755(0.669,0.851) <0.001
available blastocyst formation P : 0.800(0.739,0.866) <0.001
|
[
'
|

Abnormal cleavage? Pt 1.088(1.037,1.142) 0.001
DCH ——t 1.081(1.026,1.139) 0.004
RC ————t 1.033(0.942,1.134) 0.486
CC | —— 1.148(1.081,1.220) <0.001
MN- — 0.890(0.795,0.996) 0.043
Mix3 — 1.007(0.920,1.102) 0.883
0.6 0.8 1.0 12 1.4

Fig. 2. Binary logistic regression results of the effects of Pb2 extrusion time on embryonic developmental
outcomes and abnormal cleavage patterns. DCdirect cleavage, RCreverse cleavage, CC chaotic cleavage,

MN Multinucleation, Mix mixed abnormal cleavage. A P value <0.05 indicates that the difference is statistically
significant.

0.752-0.864, P<0.001), high-quality blastocyst formation (OR=0.755, 95% CI: 0.669-0.851, P<0.001) and
available blastocyst formation (OR=0.800, 95% CI: 0.739-0.866, P<0.001) but was positively associated with
abnormal embryo cleavage (OR=1.088, 95% CI: 1.037-1.142, P=0.001), DC (OR=1.081, 95% CI: 1.026-1.139,
P=0.004) and CC (OR=1.148, 95% CI: 1.081-1.220, P<0.001).

Figure 3 shows the results of Spearman correlation analysis between the Pb2 extrusion time and embryonic
development and time parameters. Our results revealed that as the Pb2 extrusion time increased, the number
of Day3 blastomeres significantly decreased (r=-0.136, P<0.001), and the Day3 embryo grade increased
(r=0.069, P<0.001). In addition, the Pb2 extrusion time was also correlated with various temporal embryonic
developmental parameters. Specifically, as the Pb2 extrusion time increased, the tPNa (r=0.697, P<0.001),
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Fig. 3. Results of Spearman correlation analysis between Pb2 extrusion time and embryonic development and
time parameters. tPNatime to pronuclear appearance, tPNftime to pronuclear fading, t2time to the two cells,
t4time to the four cells, t8time to the eight cell, tBtime to full blastocyst formation, tHN time to the end of the
expansion phase and initiation of the hatching process of the blastocyst, CC1 =t2-tPb2; S2 =t4-t3; S3=1t8-t5. A
P value <0.05 indicates that the difference is statistically significant.

tPNf (r=0.291, P<0.001), t2 (r=0.306, P<0.001), t4 (r=0.203, P<0.001), t8 (r=0.138, P<0.001), tB (r=0.128,
P<0.001), and S2 (r=0.076, P<0.001) significantly increased.

Table 2 shows the results of the comparison of embryonic developmental outcomes and abnormal cleavage
patterns among the four groups. The 2PN fertilization rate in the >5 h group was significantly lower than
that in the 0-3 h group, >3-4 h group and >4-5 h group (85.11% vs. 94.86%, P<0.001; 85.11% vs. 96.29%,
P<0.001; 85.11% vs. 95.00%, P<0.001; respectively). The Day3 high-quality embryo rates in the >3-4 h group
and >5 h group were significantly lower than those in the 0-3 h group (51.94% vs. 58.36%, P=0.002; 40.76%
vs. 58.36%, P<0.001; respectively). Additionally, the Day3 high-quality embryo rate in the >5 h group was
significantly lower than that in the >3-4 h group and >4-5 h group (40.76% vs. 51.94%, P<0.001; 40.76% vs.
52.82%, P<0.001, respectively). The blastocyst formation rates of the >3-4 h group, >4-5 h group and >5 h
group were lower than those of the 0-3 h group (57.95% vs. 65.86%, P=0.001; 52.36% vs. 65.86%, P<0.001;
39.34% vs. 65.86%, P<0.001; respectively). Moreover, the blastocyst formation rate of the >5 h group was
significantly lower than that of the >3-4 h group and >4-5 h group (39.34% vs. 57.95%, P<0.001; 39.34% vs.
52.36%, P=0.025, respectively). The high-quality blastocyst formation rates of the >3-4 h group, >4-5 h group
and >5 h group were lower than those of the 0-3 h group (12.01% vs. 19.25%, P<0.001; 10.99% vs. 19.25%,
P=0.006;4.10% vs. 19.25%, P<0.001, respectively). In addition, the high-quality blastocyst formation rate of the
>5 h group was significantly lower than that of the >3-4 h group and >4-5h group (4.10% vs. 12.01%, P<0.010;
4.10% vs. 10.99%, P=0.031, respectively). The abnormal cleavage rates of the >3-4 h group and > 5 h group were
significantly greater than those of the 0-3 h group (39.98% vs. 34.79%, P=0.010; 43.95% vs. 34.79%, P=0.022;
respectively). The percentage of DC in the >5 h group was significantly greater than that in the 0-3 h group
and >3-4 h group (21.66% vs. 12.46%, P=0.001; 21.66% vs. 12.87%, P=0.004, respectively). Furthermore, the
percentages of CC in the >3-4 h group and >5 h group were significantly greater than those in the 0-3 h group
(5.81% vs. 3.82%, P=0.023; 8.92% vs. 3.82%, P=0.003, respectively).

Table 3 shows the results of the comparisons of embryonic development and time parameters among the four
groups. The average number of blastomeres on Day3 in the >3-4 h group, >4-5 h group and >5 h group was
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Pb2 extrusion time
Group 0-3h >3-4h >4-5h >5h
Fertilization rate (%) 99.07 (1697/1713) | 99.24 (910/917) | 98.00 (294/300) | 98.40 (185/188)
2PN fertilization rate (%) 94.86 (1625/1713)° | 96.29 (883/917)° | 95.00 (285/300) | 85.11 (160/188)
2PN cleavage rate (%) 99.75 (1621/1625)¢ | 99.43 (878/883) | 99.65 (284/285) | 98.13 (157/160)

Day3 high-quality embryo rate (%) 58.36 (946/1621)* | 51.94 (456/878)¢ | 52.82 (150/284)" | 40.76 (64/157)
Blastocyst formation rate (%) 65.86 (739/1122)%¢ | 57.95 (357/616)¢ | 52.36 (100/191) | 39.34 (48/122)
High-quality blastocyst formation rate (%) | 19.25 (216/1 122)%¢ | 12.01 (74/616)¢ | 10.99 (21/191)f | 4.10 (5/122)

Available blastocyst formation rate (%) 43.23 (485/1122)%¢ | 33,60 (207/616)¢ | 30.89 (59/191) 21.31(26/122)

Abnormal cleavage patterns

Abnormal cleavage rate (%) 34.79 (564/1621)* | 39.98 (351/878) | 39.08 (111/284) | 43.95 (69/157)
DC (%) 12.46 (202/1621)° | 12.87 (113/878)¢ | 16.55 (47/284) | 21.66 (34/157)
RC (%) 4.19 (68/1621) 4.78 (42/878) 4.93 (14/284) | 3.82(6/157)
CC (%) 3.82 (62/1621)* 5.81 (51/878) 4.58 (13/284) | 8.92(14/157)
MN (%) 8.64 (140/1621)° | 9.57 (84/878)° | 6.69 (19/284) | 3.82(6/157)
Mix (%) 5.66 (92/1621) 6.95 (61/878) 6.34 (18/284) | 5.73 (9/157)

Table 2. Comparison of embryonic developmental outcomes and abnormal cleavage patterns among the
four groups. DCdirect cleavage, RCreverse cleavage, CC chaotic cleavage, MN Multinucleation, Mix mixed
abnormal cleavage. *Represents P<0.05, compared with the >3-4 h group. "Represents P<0.05, compared
with the >4-5 h group. “Represents P< 0.05, compared with the > 5 h group. “Represents P<0.05, compared
with the >4-5 h group. ® fRepresents P<0.05, compared with the > 5 h group.

Pb2 extrusion time
Group 0-3h >3-4h >4-5h >5h
Development parameters
Day3 average blastomeres number | 7.52+2.06%¢ | 7.09£2.05° | 7.10£2.057 | 6.43£1.96
Day3 average embryo grade 2.44+0.71% 2.54+0.74¢ 2.49+0.77F 2.69+0.82
Time parameters (h)
tPb2 2.30+£0.50¢ | 3.45+0.28% | 4.43+0.28° 7.53+4.02
tPNa 5.86+1.17% | 6.98+1.64% |8.06+1.61 11.08+4.20
tPNFf 23.70+3.97%¢ | 25.08+4.67% |25.86+3.757 |27.98+5.02
t2 25.98+3.73%¢ | 27.29+3.95% |28.11+3.52F |30.24+4.55
t4 37.85+6.36* | 39.21+6.95% |39.91+6.63' |42.75+9.51
t8 58.14+9.74%¢ | 60.29+11.08° | 60.95+9.87 | 63.64+11.33
tB 114.13+9.98%¢ | 116.95+10.67 | 117.63+10.33 | 117.87+11.17
tHN 119.48+10.20 | 121.53+10.42 | 119.93£9.85 | 127.10+7.22
t5-tPNf 24.92+6.74 25214819 |2492+821 |25.16+7.81
CCl1 23.67+3.72 23.84+3.94° |23.69+3.48 |2321+3.71
) 2.54+4.27% 3.13+4.52 29144511 |3.61+5.61
S3 10.27+8.63* 11374939 | 11444922 [ 12.03+9.40

Table 3. Comparison of embryonic development and time parameters among the four groups. tPb2time to
Pb2 extrusion, tPNatime to pronuclear appearance, tPNftime to pronuclear fading, t2time to the two cells,
t4time to the four cells, t8time to the eight cells, tBtime to full blastocyst formation, tHNtime to the end of
the expansion phase and initiation of the blastocyst hatching process; CC1 =t2-tPb2; S2 =t4-t3; S3 =t8-t5.
*Represents P<0.05, compared with the >3-4 h group. "Represents P<0.05, compared with the >4-5 h group.
“Represents P<0.05, compared with the > 5 h group. Represents P<0.05, compared with the >4-5 h group.

& Represent P<0.05, compared with the > 5 h group.

significantly lower than that in the 0-3 h group (P<0.001, P=0.001, and P<0.001, respectively). The average
number of blastomeres on Day3 in the >5 h group was significantly lower than that in the >3-4 h group and
>4-5 h group (P<0.001 and P=0.002, respectively). The average Day3 embryo grades in the >3-4 h group
and >5 h group were significantly greater than those in the 0-3 h group (P=0.002 and P<0.001, respectively).
Moreover, the average Day3 embryo grade in the >5 h group was significantly greater than that in the >3-4 h
group and the >4-5 h group (P=0.032 and P=0.009, respectively). The values of the time parameters (tPb2,
tPNa, tPNf, t2, t4, and t8) of the >3-4 h group, >4-5 h group and >5 h group were significantly greater than
those of the 0-3 h group (all P<0.001). Moreover, the tB values in the >3-4 h group, >4-5 h group and >5h
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group were significantly greater than those in the 0-3 h group (P<0.001, P=0.005, and P=0.005, respectively).
The S2 values in the >3-4 h group and >5 h group were significantly greater than those in the 0-3 h group
(P=0.002 and P>0.001, respectively). The differences in tHN, tPNf-t5, CC1 and S3 among the groups were not
significant (P> 0.05).

In total, 261 fresh embryo transfer cycles were performed, and the differences in average age, body mass index
(BMI), infertility duration, anti-Miillerian hormone (AMH) level, average number of retrieved oocytes and
endometrial thickness on the day of hCG administration were not significant (P>0.05) (Table 4). Additionally,
the clinical pregnancy rate (CPR) of the Pb2 extrusion delay group was significantly lower than that of the Pb2
extrusion normal group (48.44% vs. 67.74%, respectively; P=0.015). The implantation rates (IRs) of the Mix
group and Pb2 extrusion delay group were significantly lower than those of the Pb2 extrusion normal group
(36.06% vs. 47.65%, P=0.023; 31.62% vs. 47.65%, P=0.007; respectively). Furthermore, the differences in the
early miscarriage rate (EMR) and live birth rate (LBR) among the three groups were not significant (P>0.05)
(Fig. 4).

Discussion

The main purpose of this study was to explore the relationship between the Pb2 extrusion time, as monitored via
time-lapse, and the dynamic patterns of embryonic cleavage and developmental potential. Our results revealed
that Pb2 extrusion time was significantly associated with embryonic developmental efficiency, developmental
speed and abnormal cleavage pattern. Delayed extrusion of Pb2 significantly reduced embryonic developmental
efficiency, possibly due to the slower developmental speed and the significant increase in abnormal cleavage
observed for the corresponding groups. In addition, delayed Pb2 extrusion may negatively affect clinical
pregnancy outcomes following embryo transfer.

During fertilization, sperm enter the oocyte cytoplasm and induce Ca?* oscillations to activate the oocyte,
complete the second meiotic division, and cause Pb2 extrusion!®. Therefore, Pb2 extrusion is a hallmark
morphological event observed after sperm activate oocyte and may be closely related to fertilization and early
embryonic development. The results of this study revealed that the normal fertilization rate of oocytes exhibiting
Pb2 extrusion was as high as 94.71%, whereas the normal fertilization rate of oocytes that did not exhibit Pb2
extrusion was only 2.46%, which are consistent with the results of a previous study'. These findings confirmed
that Pb2 extrusion is a valuable predictor for assessing fertilization early.

In our study, we observed a significant correlation between Pb2 extrusion time and both embryonic
developmental speed and markers of embryonic developmental potential. An earlier Pb2 extrusion time
corresponded to earlier points in time at which each physiological event in the embryonic developmental
process can be monitored. In addition, the developmental efficiency of embryos exhibiting earlier Pb2 extrusion
times was greater than that of embryos exhibiting later Pb2 extrusion times. Previous study has demonstrated
that delayed oocyte activation can prolong the fertilization time and affect embryonic development?’. Oocytes
are activated earlier to complete the second stage of meiosis, and thus sperm-derived chromatin and oocyte-
derived chromatin form male and female pronuclei, respectively, which is not only conducive to the timely
initiation of mitosis but also prevents the negative effects of oocyte ageing in vitro. However, oocyte activation
is a complex and regulated process, and it is generally believed that the Ca?* oscillation is the key to successful
oocyte activation?""*2, Studies have shown that defects in sperm quality can lead to abnormal Ca?* oscillation
patterns in oocytes, thereby affecting the fertilization process?*?*. During the ICSI cycles, the time at which
the sperm entered the oocyte cytoplasm was essentially the same. Additionally, delayed extrusion of the Pb2
potentially indicated disordered sperm activation, thus leading to problems in the oocyte activation process.

Group Pb2 extrusion normal group | Mix group Pb2 extrusion delay group
Embryo transfer cycles (n) 93 104 64

Female age (years) 32.35+5.01 33.32+4.37 32.45+4.45
Male age (years) 35.20+6.34* 37.04+6.37¢ 34.39+5.64
Female BMI (kg/m?) 22.13+£3.22 22.12+3.75 21.78+3.04
Infertility duration (years) 3.77+2.94 3.90+2.60 3.48+2.96
AMH (ng/ml) 3.87+£2.22 3.47+1.97 3.39+2.19
AFC (n) 16.16£8.16 14.39+8.10 15.17£8.27
Average number of retrieved oocytes 11.01+3.97 10.61+3.60 11.73+4.11
Endometrial thickness on the day of hCG injection (mm) | 11.20+2.57 11.31+2.28 11.23+2.19
No. of fresh transferred embryos (n) 170 208 117

Average no. of transferred embryos (n) 1.83+£0.38* 2.00+0.00¢ 1.83+0.38
Clinical pregnancy rate (%) 67.74 (63/93)° 54.81 (57/104) | 48.44 (31/64)
Implantation rate (%) 47.65 (81/170)® 36.06 (75/208) | 31.62 (37/117)
Early miscarriage rate (%) 12.90 (12/93) 13.46 (14/104) | 7.81 (5/64)
Live birth rate (%) 54.84 (51/93) 41.35 (43/104) | 40.63 (26/64)

Table 4. Comparison of clinical pregnancy outcomes among the Pb2 extrusion normal group, mix group
and Pb2 extrusion delay group. *Represents P<0.05, compared with the >3-4 h group. "Represents P<0.05,
compared with the >4-5 h group. ‘Represents P<0.05, compared with the >5 h group.
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Fig. 4. Comparisons of clinical pregnancy outcomes among the Pb2 extrusion normal group, mix group, and
Pb2 extrusion delay group. CPR clinical pregnancy rate, IR implantation rate, EMR early miscarriage rate, LBR
live birth rate. A P value<0.05 indicates that the difference is statistically significant.

Moreover, sperm factors are also important for determining embryonic developmental potential. In human
embryos, after maternal genome controls are transformed at the 8-16-cell stage, the paternal genome begins
to be transcriptionally activated and participates in regulating the embryonic developmental process?. These
findings may partially explain why the blastocyst formation rate in the group with the longest Pb2 extrusion
times was significantly lower than that in the other groups in this study.

Interestingly, in this study, we observed a significant positive correlation between the Pb2 extrusion time and
the risk of abnormal embryo cleavage, especially that of the DC or CC patterns. Moreover, previous studies have
demonstrated that abnormal cleavage is an important factor leading to decreased embryonic developmental
efficiency”-2°. This may explain the significantly impaired embryonic developmental potential observed in this
study. Regarding the underlying mechanism, we speculate that it may involve defects in oocyte and sperm quality.
Delayed Pb2 extrusion may indicate underlying functional deficiencies in either the oocyte or sperm, leading
to delayed activation of oocyte. In addition, study has shown that compromised oocyte quality contributes to
the formation of abnormal spindles, resulting in abnormal cleavage27. Furthermore, sperm factors, such as
centriole defects and high sperm DNA fragmentation levels, can also significantly increase the risk of abnormal
cleavage??. Nevertheless, the exact mechanisms remains to be elucidated through further fundamental
experimental investigations in future work.

It is worth noting that we also found that delayed Pb2 extrusion significantly impaired embryonic implantation
potential. Although fewer embryos were transferred in the Pb2 extrusion normal group, the CPR and IR were
obviously greater than in the Pb2 extrusion delay group. This was consistent with our previous observation that
delayed Pb2 extrusion led to increased abnormal cleavage and decreased efficiency of blastocyst development.
What's remarkable is that some embryos exhibiting delayed Pb2 extrusion in this study still achieved pregnancy.
This may be attributed to the embryo’s self-correction ability. Study has demonstrated that embryos with severe
abnormal cleavage can result in live births once they form full blastocysts®’. This suggests that culturing embryos
with delayed Pb2 extrusion to the blastocyst stage for further screening before transfer may serve as a viable
strategy to improve pregnancy outcomes.

Currently, many morphokinetic parameters have been incorporated algorithms and AI models, which
have been proven to effectively improve embryo selection strategies®'~>%. Therefore, our findings provide more
references for integrating Pb2 extrusion time into embryo selection algorithms and AI, which may improve ART
success rates.

However, this study has several limitations. First, this study involved a retrospective analysis, and the
included embryo transfer cycles were not strictly controlled to ensure single-embryo transfers. Therefore, further
multicentre, prospective, randomized controlled trials should be conducted in the future to verify these findings.
Second, this study included only infertile patients who underwent ICSI treatments because the cumulus-oocyte
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complexes (COCs) were attached to the zona pellucida of oocytes fertilized via IVF; thus, Pb2 extrusion could
be dynamically monitored only for preremoved COCs during the ICSI cycles.

Conclusion

The results of this retrospective, time-lapse study confirmed that the Pb2 extrusion time is a valuable indicator
for predicting the dynamic pattern of embryonic cleavage and embryonic developmental potential. A slower
developmental speed and increased risk of abnormal embryonic cleavage may be indicators of reduced
developmental efficiency in embryos with delayed Pb2 extrusion. In addition, delayed Pb2 extrusion may
negatively impact clinical pregnancy outcomes after embryo transfer. In general, Pb2 extrusion which represents
the hallmark morphological indicator after sperm cells activate oocyte may be closely related to embryonic
developmental potential, warrants further study.

Data availability
The original data supporting the conclusions of this article are available from the corresponding author upon
reasonable request.
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