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Abstract

Objective To explore the optimal models for predicting the formation of high-quality embryos in Poor Ovarian
Response (POR) Patients with Progestin-Primed Ovarian Stimulation (PPOS) using machine learning algorithms.

Methods A retrospective analysis was conducted on the clinical data of 4,216 POR cycles who underwent in vitro
fertilization (IVF) / intracytoplasmic sperm injection (ICSI) at Sichuan Jinxin Xinan Women and Children’s Hospital from
January 2015 to December 2021. Based on the presence of high-quality cleavage embryos 72 h post-fertilization, the
samples were divided into the high-quality cleavage embryo group (N=1950) and the non-high-quality cleavage
embryo group (N=2266). Additionally, based on whether high-quality blastocysts were observed following full
blastocyst culture, the samples were categorized into the high-quality blastocyst group (N=124) and the non-high-
quality blastocyst group (N=1800). The factors influencing the formation of high-quality embryos were analyzed
using logistic regression. The predictive models based on machine learning methods were constructed and evaluated
accordingly.

Results Differential analysis revealed that there are statistically significant differences in 14 factors between high-
quality and non-high-quality cleavage embryos. Logistic regression analysis identified 14 factors as influential in
forming high-quality cleavage embryos. In models excluding three variables (retrieved oocytes, MIl oocytes, and

2PN fertilized oocytes), the XGBoost model performed slightly better (AUC=0.672, 95% Cl=0.636-0.708). Conversely,
in models including these three variables, the Random Forest model exhibited the best performance (AUC=0.788,
95% Cl1=0.759-0.818). In the analysis of high-quality blastocysts, significant differences were found in 17 factors.
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C1=0.741-0.884).

Logistic regression analysis indicated that 13 factors influence the formation of high-quality blastocysts. Including
these variables in the predictive model, the XGBoost model showed the highest performance (AUC=0.813, 95%

Conclusion We developed a predictive model for the formation of high-quality embryos using machine learning
methods for patients with POR undergoing treatment with the PPOS protocol. This model can help infertility patients
better understand the likelihood of forming high-quality embryos following treatment and help clinicians better
understand and predict treatment outcomes, thus facilitating more targeted and effective interventions.

\Keywords Poor ovarian response, Progestin-primed ovarian stimulation, High-quality embryo, Machine learning

Introduction

In vitro fertilization and embryo transfer (IVF-ET), as
the primary method for treating infertility, offers hope
to the majority of infertile couples to conceive their own
children. With the advancement of assisted reproductive
technology, the success rate of IVF-ET treatments has
significantly improved. Research indicated that trans-
ferring high-quality embryos can enhance clinical preg-
nancy and live birth rates [1-5], whereas low-quality
embryos may increase the risk of miscarriage [6]. Embryo
quality also had a significant impact on the implantation
success rates of natural cycle in vitro fertilization (NC-
IVF) [5]. Furthermore, the transplantation of non-opti-
mal embryos was associated with a higher incidence of
ectopic pregnancy [7]. Therefore, transferring high-qual-
ity embryos can improve clinical pregnancy outcomes.

In the process of ovarian stimulation during IVE-
ET, poor ovarian response (POR) is a primary cause for
adverse pregnancy outcomes. POR is characterized by
high cycle cancellation rates, increased gonadotropin
(Gn) dosage, fewer eggs retrieved, suboptimal oocyte
quality, and lower clinical pregnancy rates. According to
the Poseidon criteria, based on age, antral follicle count
(AFC), and anti-Miillerian hormone (AMH), patients
are divided into two main categories: ‘unexpected’ poor
responders (groups 1 and 2) and ‘expected’ poor respond-
ers (groups 3 and 4). POR limits the success of treatment
with assisted reproductive technologies (ART) [8], espe-
cially for patients in POSEIDON Groups 3 and 4, these
patients face a high risk of not producing high-quality
embryos suitable for transfer, often leading to multiple
ovarian stimulation attempts. This not only increases the
physical and emotional strain but also escalates the finan-
cial burden [9]. The Progestin Primed Ovarian Stimula-
tion (PPOS) regimen has been clinically confirmed to
effectively suppress the luteinizing hormone (LH) peak,
with no adverse effect on the quality of eggs and embryos,
making it a safe and effective protocol [10-12]. Thus,
as controlled ovarian hyperstimulation(COH) trends
towards simplification and individualization, the PPOS
protocol has gained widespread clinical application.

Machine learning (ML), a subset of artificial intelli-
gence technologies, employs algorithms that adapt and

enhance performance by continuously processing tasks
and accumulating experience, thereby adjusting parame-
ters automatically without explicit programming [13]. ML
encompasses various methodologies, including Logistic
Regression (LR), Support Vector Machines(SVM), Deci-
sion Trees, Random Forests(RF), Neural Networks(NN),
and Naive Bayesian learning. Some studies have con-
firmed that machine learning approaches can achieve
better predictive performance than traditional statistical
methods [14, 15]. As ML technology evolves, it promises
to enhance IVF success rates by aiding clinical decision-
making and predicting reproductive outcomes [16, 17].

However, research remains limited on the factors
influencing the formation of high-quality embryos in
POSEIDON ‘expected’ patients undergoing the PPOS
protocol. This study aims to explore these factors and uti-
lize machine learning techniques to establish a predictive
model for ovulation induction outcomes based on indi-
vidual patient characteristics.

Materials and methods

Patients

This was a retrospective cohort study conducted at
Sichuan Jinxin Xinan Women and Children’s Hospi-
tal (China). All the fresh IVF cycles performed in infer-
tile couples from January 2015 to December 2021, were
reviewed for possible inclusion. Inclusion criteria: (1) in
accordance with the criteria of POSEIDON’s expected
low prognosis: AFC<5 and AMH<1.2 ng / ml, (2) the
ovulation inducing formula was PPOS regimen. Exclu-
sion criteria: (1) the presence of reproductive or endo-
crine system disorders such as endometriosis, uterine
fibroids, adenomyosis, polycystic ovary syndrome, and
thyroid function abnormalities; (2) use of donor eggs or
no eggs retrieved; (3) chromosomal abnormalities of one
or both couples; (4) missing data. The discussion con-
cerning high-quality cleavage embryos is confined to
4,216 cycles. The analysis of high-quality blastocysts is
solely restricted to 1,924 cycles who had all their embryos
cultured to the blastocyst stage (Fig. 1).
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“Expected”Poor Ovarian Response cycles
underwent PPOS Protocol between 2015 to 2021
(N=6591)

Exclusion criteria:

(1) the presence of reproductive or endocrine system di
sorders such as endometriosis, uterine fibroids, adeno
myosis, polycystic ovary syndrome, and thyroid functi
on abnormalities;

(2) use of donor eggs or no eggs retrieved;

(3) chromosomal abnormalities of one or both couples;
(4) missing data.
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High-quality cleavage embryo analysis sample

High-quality blastocysts analysis sample

(N=4216)

(N=1924)

Inclusion criteria:

(5:1)

all embryos were cultured for blastocyst.

(5:1)

Validation set
(N=844)

Training set
(N=3372)

Fig. 1 Patient inclusion flowchart

Variables

Gathering clinical information from patients, which
includes the duration of infertility, type of cycle (initial
or repeated), nature of infertility (primary or secondary),
age, body mass index (BMI), basal follicular-stimulating
hormone (FSH), basal estradiol (E2) ,basal progesterone
(P), basal LH, FSH/LH, AFC, AMH, FSH on human cho-
rionic gonadotropin (HCG) day, LH on HCG day, P on
HCG day, E2 on HCG day, number of follicles >14 mm on
HCG day, total dose of gonadotropin (Gn), dosing days
of Gn, the number of oocytes retrieved, MII oocytes and
2PN fertilized oocytes. In addition to the aforementioned
variables, we have also incorporated delta FSH, delta LH,
delta P, and delta E2, which represent the changes in hor-
monal levels from the initiation day to the day of HCG
day. In the analysis of high-quality blastocysts, we also
collected data on the number of cleavage embryos and
high-quality cleavage embryos.

Clinical protocol

Patients [18, 19] received oral administration of medroxy-
progesterone acetate (MPA, Xianju Pharmaceutical,
Zhejiang, China) at a dosage of 6—10 mg/day from the
2nd to the 5th days of the menstrual cycle. On the same
days, FSH (Urofollitropin, Lizhu Pharmaceutical Group,
Shanghai, China) was injected at a dosage of 150-300 IU
per day. During the ovarian stimulation period, follicle
development and serum levels of LH and E2 were moni-
tored to adjust the dose of Gn. When at least one folli-
cles reached a diameter of 217 mm, an injection of HCG
(Merck Serono, Switzerland or Lizhu Pharmaceutical,

Validation set
(N=385)

Training set
(N=1539)

China) and/or a GnRH agonist (Ferring Pharmaceutical,
Switzerland) was used as the trigger. Oocyte retrieval was
then performed 34-36 h later.

Embryo quality assessment

For cleavage embryos, embryos were assigned a subjec-
tive score based on the regularity or symmetry of blasto-
mere size, the quality of the cytoplasm, and the degree of
embryonic fragmentation in accordance with the specifi-
cations of Cummins et al [20]. Thus, a badly fragmented,
irregularly cleaved embryo with a patchy or grainy cyto-
plasm would be assessed as grade IV, whereas an embryo
of the highest quality would be assessed as grade I. In the
present study, grade I and II embryos were defined as
high quality; grade III and IV were defined as low qual-
ity. For blastocyst evaluation, we use the Gardner [21]
criteria to grade blastocysts into six categories based on
the size of the blastocoel, the development of the inner
cell mass, and the trophectoderm. Grades 1-3 represent
lower quality, while grades 4—6 indicate higher quality.

Statistical analysis

All statistical analyses and model building were con-
ducted using R software (version 4.3.1), utilizing packages
such as randomForest, nnet, xgboost, e1071, rpart, caret,
pROC, and ggplot2. The data set of the patients was ran-
domly divided into the training set and the validation set
(5:1). Descriptive statistics of quantitative and qualitative
data were presented as mean (SD) and numbers (percent-
ages), respectively. Based on the data, the T-test was con-
ducted for normally distributed continuous variables, the
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Mann-Whitney U test was conducted for non-normally
distributed continuous variables, and the Chi-squared
test was conducted for classified variables. Univariate and
multivariate logistic regression analysis was conducted
to identify factors influencing the formation of high-
quality embryos in patients. Statistical significance was
considered at P<0.05. Subsequently, predictive models
were constructed using LR, RF, NN, XGBoost, SVM, NB,
Decision Trees, and K-Nearest Neighbors (KNN). Model
training involved the use of ten-fold cross-validation and
grid search to determine the optimal parameters for each
algorithm, aiming to enhance model performance. The
performance of each model was evaluated using the area
under the receiver operating characteristic curve.

Results

High-quality cleavage embryos

Analysis of baseline information

From January 2015 to December 2021, 4,216 cycles who
used the PPOS protocol and met the POSEIDON cri-
teria for the expected POR group were included in this
study. These cycles were allocated into either training set
(N=3372) or validation set (N=844) for model establish-
ment and validation. The baseline characteristics were
shown in Table 1. In the training set, 1555 cycles (46.1%)
achieved high-quality cleavage embryos. There were no

Table 1 Baseline characteristics of study population

Characteristics Validation  Trainingset P
set (N=3372) value
(N=844)

Cycle Type 0.780

First Cycle 352 (41.7%) 1386 (41.1%)

Repeat Cycle 492 (58.3%) 1986 (58.9%)

Type of infertility 0.782

Primary infertility 265 (31.4%) 1078 (32.0%)

Secondary infertility 579 (68.6%) 2294 (68.0%)

Duration of infertility (years) 529+463 5234462 0.721

Age (years) 37.8+557 37.5+5.59 0.153

BMI 224+2.79 223+2.87 0.159

Basal FSH (mIU/mL) 13.1+7.58 128+7.38 0.265

Basal LH (mIU/mL) 517+4.64 501+448 0.361

FSH/LH 3071167 329+831 0.165

Basal P (ng/mL) 091+203 092+1.75 0.932

Basal E2 (pg/mL) 712+134 69.3+84.5 0.698

AFC 2.72+1.03 2.75+1.03 0484

AMH (ng/mL) 049+0.30 051+0.31 0.368

High-quality cleavage embryo 0.750

formation

No 449 (53.2%) 1817 (53.9%)

Yes 395 (46.8%) 1555 (46.1%)

Continuous variables are expressed as meanzSD, categorical variables as
absolute frequencies, n (%)

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing
hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-
Miillerian hormone
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statistically significant differences in the cycle type, infer-
tility type, duration of infertility, age, BMI, basal FSH,
basal LH, FSH/LH, basal P, basal E2, AFC, AMH, and the
formation of high-quality cleavage embryos between the
training set and the validation set (P>0.05).

Differences in fourteen factors between high-quality and
non-high-quality cleavage embryo groups

The participants were divided into two groups based on
the acquisition of high-quality cleavage embryos: the
high-quality cleavage embryo group (N=1950) and the
non-high-quality cleavage embryo group (N=2266). In
the high-quality cleavage embryo group, the AFC, AMH,
P on HCG day, E2 on HCG day, delta E2, and the num-
ber of follicles>14 mm on HCG day were significantly
higher compared to the non-high-quality embryo group
(P<0.05). Women who obtained high-quality cleav-
age embryos used more Gn for longer durations and
retrieved more oocytes, M II oocytes, and 2PN fertilized
oocytes (P<0.05). These findings suggest that patients in
the high-quality cleavage embryo group exhibit higher
ovarian responsiveness and better ovarian reserve
(Table 2).

Fourteen factors are associated with the formation of high-
quality cleavage embryos

The overall rate of obtaining high-quality cleavage
embryos was 46.3%. In the univariate logistic regression
analysis, fourteen factors were associated with the forma-
tion of high-quality cleavage embryos: basal FSH, basal
LH, AFC, AMH, LH on HCG day, E2 on HCG day, delta
LH, delta E2, number of follicles>14 mm on HCG day,
total dose of Gn, dosing days of Gn, number of retrieved
oocytes, MII oocytes, and 2PN fertilized oocytes
(P<0.05). After adjusting for confounding factors, basal
LH, delta LH, number of retrieved oocytes, and 2PN fer-
tilized oocytes were identified as independent predictors
of obtaining high-quality cleavage embryos (P<0.05)
(Table 3).

Construction and evaluation of the prediction model

The factors significantly associated with the formation
of high-quality cleavage embryos were selected for the
construction of a predictive model. In the initial phase of
constructing our predictive model, we did not include the
number of retrieved oocytes, M II oocytes, and 2PN fer-
tilized oocytes (Table 7). The performance evaluation and
ROC curves of different models are available in Table 8;
Fig. 2. In M1, the AUC values for all models were not very
satisfactory, with the XGBoost model performing slightly
better than others (AUC=0.672, 95% CI=0.636-0.708).
In M2, although the performances of the models were
comparable, the RF model exhibited superior perfor-
mance (AUC=0.788, 95% CI=0.759—-0.818). Additionally,
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Table 2 Comparison between the high-quality cleavage

embryo group and the non-high-quality cleavage embryo group

Characteristics Non-high-qual- High-quality P value
ity cleavage cleavage
embryo group embryo group
(N=2266) (N=1950)
Cycle Type 0.784
First Cycle 939(41.44%) 799(40.97%)
Repeat Cycle 1327(58.56%) 1151(59.03%)
Type of infertility 0.331
Primary infertility 737(32.52%) 606(31.08%)
Secondary infertility 1529(67.48%) 1344(68.92%)
Duration of infertility ~ 5.30+4.57 5.16+4.69 0.043
(years)
Age (years) 37.62+561 37.44+556 0.278
BMI 22.27+285 22.36+2.86 0.192
Basal FSH (mIU/mL) 13.10£7.78 12.62+6.98 0.140
Basal LH (mIU/mL) 527+530 4.78+335 0.157
FSH/LH 3211723 3.28+7.74 0.563
Basal P (ng/mL) 093+1.88 091+1.74 0.300
Basal E2 (pg/mL) 69.88+79.84 69.53+112.95 0.182
AFC 271+£1.03 2.78+1.02 0.020
AMH (ng/mL) 048+0.30 0.54+031 7.18E-10
FSH on HCG day 19.21£6.16 19.12+5.77 0.909
(mlU/mL)
LHon HCG day (mlU/  343%2.75 2.84+2.38 4.71E-13
mL)
P on HCG day (ng/mL) 0.76+0.60 0.80+0.82 0.047
E2 on HCG day (pg/ 936.56+60529 1171.06+772.61 1.02E-29
mL)
Delta FSH 9.76+6.73 9.83+648 0497
Delta LH -091£3.12 -133£277 2.37E-06
Delta P 0.04+0.87 0.06+1.64 0.135
Delta E2 862.70+613.65 1101.97+774.65 1.85E-31
Number of fol- 225+142 296+1.85 1.09E-46
licles>14 mm on
HCG day
Total dose of Gn (IU) 1701.17+83245 182558+764.52 1.59E-10
Dosing days of Gn 8.31£3.09 8.74+2.98 4.90E-08
(day)
Retrieved oocytes 1.97+1.35 2.93+2.00 1.46E-80
MIl oocytes 1.73+£1.23 273+184 1.03E-100
2PN fertilized oocytes  1.07+1.04 2.24+150 3.79E-204

Continuous variables are expressed as mean+SD, categorical variables as
absolute frequencies, n (%)

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing
hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-
Miillerian hormone; Gn, gonadotropin; HCG, human chorionic gonadotropin

in both M1 and M2, the performance of the KNN model
was significantly below the expected standards.

High-quality blastocysts

Analysis of baseline information

Cycles who underwent culture of all embryos to the blas-
tocyst stage were included in the study (N=1924). These
cycles were divided into a training set (N=1539) or a

Page 5 of 11

validation set (N=385) for the development and valida-
tion of the model. Baseline characteristics are shown
in Table 4. In the training set, 97 cycles (6.3%) obtained
high-quality blastocysts. There were no statistically sig-
nificant differences between the training and validation
sets in terms of cycle type, infertility type, duration of
infertility, age, BMI, baseline FSH, baseline LH, FSH/LH
, basal P, basal E2, AFC, AMH, and the formation of high-
quality blastocysts (P>0.05).

Differences in seventeen factors between high-quality and
non-high-quality blastocyst groups

The participants were divided into two groups based on
the acquisition of high-quality blastocyst: the high-qual-
ity blastocyst group (N=124) and the non-high-quality
blastocyst group (N=1800). In the high-quality blas-
tocyst group, basal P, AFC, AMH, FSH on HCG day, P
on HCG day, E2 on HCG day, delta FSH, delta E2, num-
ber of follicles>14 mm on HCG day, retrieved oocytes,
MII oocytes, 2PN fertilized oocytes, cleavage embryos,
and high-quality cleavage embryos were all significantly
higher compared to the non-high-quality blastocyst
group. Conversely, age, BMI, and LH on HCG day were
significantly lower in the high-quality blastocyst group
(P<0.05) (Table 5).

Thirteen factors are associated with the formation of high-
quality blastocysts

The overall rate of obtaining high-quality blastocysts
was 6.40%. AFC, E2 on HCG day, delta E2, number of
follicles>14 mm on HCG day, retrieved oocytes, MII
oocytes, and 2PN fertilized oocytes are not only influenc-
ing factors for high-quality cleavage embryos but also for
high-quality blastocysts (P<0.05). In addition, age, BMI,
basal P, delta FSH, number of cleavage embryos, and
high-quality cleavage embryos are also influencing fac-
tors for high-quality blastocysts (P<0.05). After adjusting
for confounding factors, age, AFC, number of 2PN fertil-
ized oocytes, cleavage embryos, and high-quality cleav-
age embryos were identified as independent predictors
for the formation of high-quality blastocysts (P<0.05)
(Table 6).

Construction and evaluation of the prediction model

Factors significantly associated with the formation of
high-quality blastocysts were used to construct the mod-
els (Table 7). The performance of each model and the
ROC curves can be seen in Table 8; Fig. 2. Similar to the
models predicting high-quality cleavage embryos, the
KNN model performed far below the acceptable range.
Among the other models, XGBoost achieved the best
performance (AUC=0.813, 95% CI=0.741-0.884).
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Table 3 Univariate and multivariate logistic regression analysis
Characteristics Univariate Multivariate

OR (95%(Cl) Pvalue OR (95%Cl) Pvalue
Cycle Type 1.019(0.901-1.153) 0.760
First Cycle
Repeat Cycle
Type of infertility 1.069(0.939-1.218) 0315
Primary infertility
Secondary infertility
Duration of infertility (years) 0.993(0.981-1.007) 0327
Age (years) 0.994(0.983-1.005) 0.278
BMI 1.011(0.990-1.033) 0.303
Basal FSH (mIU/mL) 0.991(0.983-0.999) 0.037 1.010(0.999-1.021) 0.073
Basal LH (mIU/mL) 0.974(0.959-0.989) 0.001 0.972(0.952-0.992) 0.006
FSH/LH 1.001(0.993-1.009) 0.766
Basal P (ng/mL) 0.995(0.963-1.029) 0.785
Basal E2 (pg/mL) 1.000(0.999-1.001) 0.907
AFC 1.073(1.012-1.138) 0.019 0.952(0.889-1.020) 0.160
AMH (ng/mL) 1.923(1.574-2.350) 1.630E-10 1.201(0.940-1.534) 0.143
FSH on HCG day (mIU/mL) 0.998(0.987-1.008) 0.631
LH on HCG day (mIU/mL) 0.908(0.885-0.932) 8.275E-13 0.986(0.949-1.025) 0479
P on HCG day (hg/mL) 1.082(0.986-1.186) 0.096
E2 on HCG day (pg/mL) 1.001(1.000-1.001) 7.035E-26 1.000(0.999-1.001) 0.730
Delta FSH 1.002(0.993-1.011) 0.727
Delta LH 0.952(0.933-0.973) 5.284E-06 0.969(0.940-1.000) 0.048
Delta P 1.011(0.963-1.061) 0.656
Delta E2 1.001(1.000-1.001) 1.753E-26 1.000(0.999-1.001) 0.608
Number of follicles > 14 mm on HCG day 1.321(1.268-1.376) 4.804E-41 0.967(0.890-1.050) 0422
Total dose of Gn (IU) 1.000(1.000-1.000) 6.165E-07 1.000(1.000-1.000) 0.400
Dosing days of Gn (day) 1.048(1.026-1.069) 8.04489E-06 1.016(0.974-1.059) 0.460
Retrieved oocytes 1.442(1.381-1.505) 1.716E-62 0.805(0.701-0.925) 0.002
MIl oocytes 1.591(1.515-1.671) 2.515E-77 1.001(0.855-1.173) 0.986
2PN fertilized oocytes 2372(2213-2.542) 3.198E-132 3.086(2.759-3.452) 1.202E-86

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-Mdllerian
hormone; Gn, gonadotropin; HCG, human chorionic gonadotropin

1- Spestaty

Sonsivty

Fig.2 (A) ROC curve of the M1; (B) ROC curve of the M2; (C) ROC curve of the M3

Discussion

Selecting high-quality embryos is crucial for successful
pregnancy. In our study, we established three predictive
models: M1 and M2 are designed to predict the forma-
tion of high-quality cleavage embryos, M3 is aimed at
predicting the formation of high-quality blastocysts. The

performance of these models demonstrates that they
have predictive value for the formation of high-quality
cleavage embryos or blastocysts. However, all mod-
els in M1 performed poorly, with AUC values below
acceptable levels. This could be attributed to the com-
position of our cohort or possibly the factors included.
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Table 4 Baseline characteristics of study population

Characteristics Validation Training set P

set (N=1539) value

(N=385)
Cycle Type 0.308
First Cycle 147 (382%) 634 (41.2%)
Repeat Cycle 238 (61.8%) 905 (58.8%)
Type of infertility 0434
Primary infertility 132 (34.3%) 493 (32.0%)
Secondary infertility 253 (65.7%) 1046 (68.0%)
Duration of infertility (years) 510+4.18 530+4.60 0.399
Age (years) 3794559 377555 0.560
BMI 221+282 223+2.86 0.362
Basal FSH (mIU/mL) 135+8.78 133+7.77 0.560
Basal LH (mIU/mL) 543+5.59 530+5.14 0.677
FSH/LH 3.07+1.68 3.27+8.67 0.386
Basal P (ng/mL) 0.80+1.29 0.95+2.01 0.082
Basal E2 (pg/mL) 7234915 7104823 0.796
AFC 271+1.03 270+1.03 0.944
AMH (ng/mL) 047+0.29 047+0.29 0.677
High-quality blastocysts 0.695
formation
No 358 (93.0%) 1442 (93.7%)
Yes 27 (7.01%) 97 (6.30%)

Continuous variables are expressed as mean+SD, categorical variables as
absolute frequencies, n (%)

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing
hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-
Millerian hormone

By incorporating three additional variables—retrieved
oocytes, MII oocytes, and 2PN fertilized oocytes—into
M2, the model’s performance significantly improved,
with a notable increase in AUC. This suggests that these
variables play a crucial predictive role in the formation of
high-quality cleavage embryos.

Our research has found that indicators such as age,
AMH, AFC, FSH, and LH are associated with the forma-
tion of high-quality embryos. Previous research [22] has
revealed that with the increase in women’s age, the inci-
dence of aneuploidy in embryos and oocytes, as well as
the decline in embryo quality, increase. These changes
result in a reduced number of viable embryos and an
increased risk of miscarriage. Some studies [22-33] indi-
cated that as women age and baseline ovarian markers
change, such as lower AMH and AFC, along with higher
basal FSH, the prognosis was observed to worsen. High
E2 levels are common during COH, and elevated E2 may
affect embryo quality and further affect pregnancy out-
comes in IVF [34-37]. The results of a study [34] showed
that a decline of more than 30% in donor serum E2 levels
during the ovarian stimulation process adversely affected
the quality of recipient embryos. A decrease in E2 lev-
els adversely impacts embryo quality, leading to reduced
clinical pregnancy rates, ongoing pregnancy rates, and an
increased rate of early miscarriage [38]. Our study aligns
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Table 5 Comparison between the high-quality blastocyst group
and the non-high-quality blastocyst group

Characteristics Non-high- High-quality P value

quality blas- blastocyst

tocyst group group (N=124)

(N=1800)
Cycle Type 0.875
First Cycle 732(40.67%) 49(39.52%)
Repeat Cycle 1068(59.33%) 75(60.48%)
Type of infertility 0.301
Primary infertility 579(32.17%) 46(37.10%)
Secondary infertility 1221(67.83%) 78(62.90%)
Duration of infertility ~ 5.28+4.51 5.06+4.56 0317
(years)
Age (years) 37.87+557 3539+487 6.51E-07
BMI 2231£287 2154+245 0.020
Basal FSH (mIU/mL) 13.35+£8.02 1283+747 0.360
Basal LH (mIU/mL) 528+497 6.06+8.14 0.508
FSH/LH 3.25+8.03 293+2.10 0.175
Basal P (ng/mL) 0.89+1.82 1.32+2.69 0.017
Basal E2 (pg/mL) 7047 +80.01 82.46+130.57 0433
AFC 2.68+1.03 3.03+0.95 0.0002
AMH (ng/mL) 047+0.30 0.52+0.28 0.037
FSH on HCG day 19.19£6.26 20.13£547 0.020
(mIU/mL)
LHon HCG day (mIU/  3.54+2.76 3.11+£2.86 0.009
mL)
P on HCG day (ng/mL) 0.77+0.65 0.80+044 0.036
E2on HCGday (pg/  89746+593.19  114806+751.30 3.36E-06
mL)
Delta FSH 9.66+6.81 10.99+6.55 0.006
Delta LH -0.86+£3.17 -1.02+3.39 0.180
Delta P 0.05+0.87 0.07+0.46 0.558
Delta E2 820.94+£599.70  1082.54+759.60 1.97E-06
Number of fol- 214141 272+1.51 7.48E-07
licles>14 mm on
HCG day
Total dose of Gn (IU) 1686.66+843.79 1740.12+69821 0.136
Dosing days of Gn 8.27+3.16 841+257 0.148
(day)
Retrieved oocytes 1.82+1.27 247+1.68 8.34E-07
MIl cocytes 1.59£1.19 231+1.56 2.56E-09
2PN fertilized oocytes  0.90+1.03 144+1.28 3.42E-07
Cleavage embryo 1.07+1.06 200+1.21 1.40E-19
High-quality cleavage 0.03+0.36 0.27+0.64 7.72E-25

embryo

Continuous variables are expressed as mean*SD, categorical variables as
absolute frequencies, n (%)

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing
hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-
Mdillerian hormone; Gn, gonadotropin; HCG, human chorionic gonadotropin

with previous findings, observing that for both high-
quality cleavage embryos and blastocysts, the parameters
of AFC, AMH, E2 on HCG day, and delta E2 are signifi-
cantly higher in high-quality embryos compared to non-
high-quality embryos. While age shows no significant
difference between the high-quality and non-high-quality
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Table 6 Univariate and multivariate logistic regression analysis
Characteristics Univariate Multivariate

OR (95%Cl) Pvalue OR (95%ClI) Pvalue
Cycle Type 1.049(0.723-1.522) 0.801
First Cycle
Repeat Cycle
Type of infertility 0.804(0.551-1.173) 0.258
Primary infertility
Secondary infertility
Duration of infertility (years) 0.989(0.949-1.031) 0.599
Age (years) 0.924(0.894-0.955) 2.02E-06 0.918(0.884-0.954) 9.178E-06
BMI 0.903(0.843-0.967) 0.004 0.936(0.869-1.008) 0.080
Basal FSH (mIU/mL) 0.991(0.967-1.016) 0489
Basal LH (mIU/mL) 1.021(0.995-1.048) 0.115
FSH/LH 0.951(0.844-1.071) 0404
Basal P (ng/mL) 1.073(1.010-1.140) 0.023 1.052(0.985-1.124) 0.129
Basal E2 (pg/mL) 1.001(1.000-1.003) 0.131
AFC 1.426(1.178-1.727) 0.0003 1.396(1.132-1.721) 0.002
AMH (ng/mL) 1.789(0.978-3.270) 0.059
FSH on HCG day (mIU/mL) 1.023(0.996-1.051) 0.102
LH on HCG day (mIU/mL) 0.937(0.867-1.011) 0.095
P on HCG day (ng/mL) 1.071(0.836-1.372) 0.588
E2 on HCG day (pg/mL) 1.000(1.000-1.001) 1.799E-05 0.999(0.995-1.002) 0.500
Delta FSH 1.027(1.002-1.053) 0.035 1.021(0.992-1.051) 0.165
Delta LH 0.984(0.928-1.042) 0.577
Delta P 1.022(0.817-1.277) 0.851
Delta E2 1.000(1.000-1.001) 9.871E-06 1.001(0.998-1.005) 0420
Number of follicles > 14 mm on HCG day 1.238(1.119-1.369) 3.37E-05 0.906(0.727-1.129) 0.380
Total dose of Gn 1.000(1.000-1.000) 0.490
Dosing days of Gn 1.014(0.958-1.073) 0.632
Retrieved oocytes 1.296(1.168-1.439) 1.115E-06 0.659(0.424-1.023) 0.063
MIl oocytes 1.378(1.233-1.541) 1.781E-08 0.98(0.581-1.653) 0.940
2PN fertilized oocytes 1.393(1.218-1.593) 1.223E-06 0.665(0.509-0.868) 0.003
Cleavage embryo 1.705(1.486-1.957) 2.8E-14 3.244(2.234-4.709) 6.17E-10
High-quality cleavage embryo 2.070(1.449-2.957) 6.344E-05 1.574(1.030-2.406) 0.036

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-Mullerian

hormone; Gn, gonadotropin; HCG, human chorionic gonadotropin

cleavage embryo groups, there is a notable difference
in the blastocyst groups. This suggests that for older
patients with expected POR, the decision to culture all
embryos to the blastocyst stage should be made with
caution.

The two-cell theory suggested that normal follicular
growth and maturation require both LH and FSH, and
that the levels and ratios of these hormones are critical
at different points in the menstrual cycle [39]. The fluc-
tuations in LH levels during the follicular phase signifi-
cantly impact the morphological and functional changes
of the oocytes, thereby affecting their meiotic state and
the fertilization capability of the zygote [40]. A prospec-
tive study [41] indicated that a decrease in LH levels dur-
ing controlled ovarian stimulation was associated with a
decline in oocyte and embryo quality. Previous studies on
long and antagonist protocols [42, 43] indicated that LH

levels below 0.5 IU/L or 1.0 IU/L on the day of trigger-
ing are associated with reduced oocyte retrieval rates and
fewer high-quality embryos. In contrast, our study shows
that the average LH levels in all four groups of patients
were significantly higher than these thresholds, and our
protocol was the PPOS protocol. This might explain the
different outcomes observed in our study. Additionally,
research had demonstrated that basal FSH levels are cor-
related with overall ovarian responsiveness [44]. Our
study results showed that although there was no signifi-
cant statistical difference in basal FSH levels between the
high-quality cleavage/blastocyst group and the non-high-
quality group, basal FSH was significantly associated
with the formation of high-quality cleavage embryos in
the univariate logistic regression analysis. This discrep-
ancy may be due to our target population consisting of
expected POR rather than unexpected POR patients.
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Table 7 Factors included in model construction

Characteristics Model1  Model2  Model
3

Age (years) Y

BMI Y

Basal FSH (mIU/mL) Y Y

Basal LH (mIU/mL) Y Y

Basal P (ng/mL) Y

AFC Y Y Y

AMH (ng/mL) Y Y

LH on HCG day (mIU/mL) Y Y

E2 on HCG day (pg/mL) Y Y Y

Delta FSH Y

Delta LH Y

Delta E2 Y Y Y

Number of follicles > 14 mm on HCG Y Y Y

day

Total dose of Gn (IU) Y Y

Dosing days of Gn (days) Y Y

Retrieved oocytes Y Y

MIl oocytes Y Y

2PN fertilized oocytes Y Y

Cleavage embryo Y

High-quality cleavage embryo Y

M1 and M2 for predicting high-quality cleavage embryos, M3 for predicting
high-quality blastocysts

BMI, body mass index; FSH, follicular-stimulating hormone; LH, luteinizing
hormone; P, progesterone; E2, estradiol; AFC, antral follicle count; AMH, anti-
Miillerian hormone; Gn, gonadotropin; HCG, human chorionic gonadotropin

Table 8 Performance of three predictive models

M1 M2 M3
Logistic 0.662 0.770 0.707
Regression (0.626-0.698) (0.739-0.801) (0.600-0.814)
Random Forest 0.635 0.788 0.780
(0.598-0.672) (0.759-0.818) (0.682-0.878)
Neural Network  0.636 0.778 0.755
(0.599-0.673) (0.747-0.808) (0.645-0.864)
Support Vector 0.671 0.768 0.654
Machine (0.635-0.708) (0.737-0.799) (0.520-0.787)
Naive Bayes 0.653 0.719 0.760
(0.616-0.690) (0.684-0.754) (0.668-0.852)
XGBoost 0.672 0.786 0.813
(0.636-0.708) (0.756-0.816) (0.741-0.884)
Decision Tree 0615 0.767 0.710
(0.582-0.647) (0.738-0.795) (0.610-0.810)
K-Nearest 0.583 0.583 0523
Neighbors (0.545-0.621) (0.545-0.622) (0.407-0.639)

M1(Predicting high-quality cleavage embryos): basal FSH, basal LH, AFC, AMH,
LH on HCG day, E2 on HCG day, delta LH, delta E2, number of follicles>14 mm
on HCG day, total dose of Gn, Dosing days of Gn

M2(Predicting high-quality cleavage embryos): basal FSH, basal LH, AFC, AMH,
LH on HCG day, E2 on HCG day, delta LH, delta E2, number of follicles>14 mm
on HCG day, total dose of Gn, Dosing days of Gn, retrieved oocytes, Ml oocytes,
2PN fertilized oocytes

M3(predicting high-quality blastocysts): age, BMI, basal P, AFC, E2 on HCG day,
delta FSH, delta E2, number of follicles>14 mm on HCG day, retrieved oocytes,
MII oocytes, 2PN fertilized oocytes, cleavage embryo, high-quality cleavage
embryo

Page 9 of 11

Ovarian stimulation inducing multi-follicular growth
can lead to the collection of multiple oocytes. Several
studies had suggested that a higher number of retrieved
oocytes was associated with improved outcomes [45—
47], whereas contrasting research has posited that an
increase in the number of retrieved oocytes was cor-
related with a decline in oocyte quality, subsequently
leading to embryos with reduced developmental poten-
tial [48]. Our results indicate that the number of oocytes
retrieved in the high-quality cleavage/blastocyst groups
was significantly higher than in the non-high-quality
groups, suggesting that a greater number of retrieved
oocytes increases the likelihood of obtaining high-qual-
ity embryos. However, multivariate logistic regression
indicates that an increased number of retrieved oocytes
is an independent risk factor for high-quality cleavage
embryos (OR=0.805, 95% CI=0.701-0.925). There-
fore, there may be an optimal range of oocyte numbers
that can enhance embryo quality and optimize live birth
rates. It is well-known that the number of 2PN fertil-
ized oocytes reflects, to a certain extent, the quality of
oocytes, laboratory culture conditions, and operational
techniques. High-quality embryos originate from a good
ovarian response, and the number of 2PN fertilized
oocytes can effectively reflect the quality of both sperm
and oocytes, significantly influencing the formation of
high-quality embryos [49]. Therefore, clinicians should
thoroughly evaluate ovarian reserve function before
treating patients, administer ovarian stimulation medica-
tions, and strive to improve oocyte quality and increase
the number of 2PN fertilized oocytes to enhance the rate
of high-quality embryo formation.

ML enables the interpretation of data and the construc-
tion of prediction models, has been increasingly utilized
in clinical settings, particularly within complex systems
involving multiple variables [50, 51]. Our study is the
first to employ various machine learning methods, utiliz-
ing patient clinical characteristics and laboratory data, to
establish a predictive model for high-quality embryo for-
mation in expected POR patients undergoing PPOS pro-
tocol. Regardless of whether it was M1, M2, or M3, the
models built using the KNN method consistently under-
performed compared to other machine learning tech-
niques, suggesting that our data might not be suitable for
the KNN method. In contrast, XGBoost performed well
across Models M1, M2, and M3. XGBoost is a tree-based
algorithm that predicts by constructing multiple decision
trees. It has natural robustness to outliers, which means
that outliers are less likely to significantly impact the
choice of split points in the model. This robustness could
be a critical factor in its superior performance across var-
ious models.

Several limitations of this study warrant attention.
First, it is a retrospective study based on data from a
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single center, there is a certain risk of bias, and the col-
lected data inevitably contain human errors. Second, the
study included a limited set of clinical features and did
not conduct stratified analyses of factors such as male
semen quality, thus presenting certain limitations. Future
efforts will aim to expand the range of predictive factors
screened to further optimize the model. Additionally, this
model was developed based on patients with POR and
may not be applicable to other groups. Finally, although
the formation of high-quality embryos can reflect embryo
quality, it does not fully represent pregnancy outcomes.
Future studies could expand the sample size and under-
take prospective, multicenter research to provide refer-
ences for the clinical treatment of infertility.

Conclusion

In summary, our study identified basal LH, delta LH, the
number of retrieved oocytes, and 2PN fertilized oocytes
as independent factors influencing high-quality cleav-
age embryos, while age, AFC, the number of 2PN fertil-
ized oocytes, cleavage embryo, and high-quality cleavage
embryo were independent factors for high-quality blas-
tocysts. Additionally, we integrated readily available pre-
dictive variables such as E2 on HCG day, delta E2, delta
LH, retrieved oocytes, MII oocytes, and 2PN fertilized
oocytes to construct predictive models. These models are
used to forecast the formation of high-quality cleavage
embryos and blastocysts in women with POR undergoing
treatment with the PPOS protocol.

Acknowledgements
We would like to acknowledge all the patients included in our study and the
medical staff for their contribution to this work.

Author contributions

YX: study design, data analysis and original draft preparation. YH: data
analysis and manuscript revision. XL, LH, LG: critical discussion in design,
data collection and writing the manuscript. PL, YD: critical review and final
manuscript approval. CN: supervision and final manuscript approval.

Funding

This study was funded by the Chongging Health Commission and Science
and Technology Bureau (No. 2024MSXM105), the National Key Research and
Development Program of China (No. 2023YFC2705900), the Natural Science
Foundation of Chongging Municipality of China (No: CSTB2022NSCQ-
LZX0062), and Open Fund of Chongging Maternal and Child Disease Control
and Public Health Research Center (No: CQFYSJ01001).

Data availability

The data used in this article were obtained from the Sichuan Jinxin Xinan
Women and Children’s Hospital by request. Upon data request, the
corresponding author would obtain permission from Sichuan Jinxin Xinan
Women and Children’s Hospital before sharing them.

Declarations

Ethical approval

The study was performed in accordance with the ethical standards of the
Declaration of Helsinki (1964) and its subsequent amendments. The study
protocol involved human participants was approved by the Ethics Committee
of Chongging Medical University (number: 2021060). Due to the retrospective

Page 10 of 11

nature, written informed consent was waived by the Ethics Committee of
Chongging Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Chongging Medical University, Chongqing 400016, China
Department of Laboratory, Chongging General Hospital,

Chongqing 401121, China

*Department of Obstetrics and Gynecology, Women and Children’s
Hospital of Chongging Medical University, Chongging 401147, China
“The Reproductive Center, Sichuan Jinxin Xinan Women and Children’s
Hospital, Chengdu, Sichuan 610011, China

5Department of Pharmacology, Academician Workstation, Changsha
Medical University, Changsha 410219, China

Received: 13 March 2024 / Accepted: 27 June 2024
Published online: 10 July 2024

References

1. Wei YL, Huang B, Ren XL, et al. High-quality cleavage embryo versus
low-quality blastocyst in frozen-thawed cycles: comparison of clinical
Outcomes[J]. Curr Med Sci. 2020,40(5):968-72.

2. ZouH,Kemper JM, Hammond ER, et al. Blastocyst quality and reproductive
and perinatal outcomes: a multinational multicentre observational study[J].
Hum Reprod (Oxford England). 2023;38(12):2391-9.

3. GuntherV, Dasari-Mettler A, Mettler L, et al. Is blastocyst culture responsible
for higher pregnancy rates? A critical analysis of the day of optimal embryo
transfer and embryo Quality[J]. Volume 26. JBRA assisted reproduction; 2022.
pp.492-9. 3.

4. SunY,LiE Feng G, et al. Influence of cleavage-stage embryo quality on the
in-vitro fertilization outcome after single embryo transfer in fresh cycles[J].
Taiwan J Obstet Gynecol. 2020;59(6):872-6.

5. TomicV, Kasum M, Vucic K. Impact of embryo quality and endometrial
thickness on implantation in natural cycle IVF[J]. Arch Gynecol Obstet.
2020;301(5):1325-30.

6. Xial, ZhaoS, XuH, et al. Miscarriage rate is high with frozen-thawed blasto-
cysts arising from poor-quality cleavage stage Embryos[J]. Front Endocrinol.
2020;11:561085.

7. Anzhel S, Makinen S, Tinkanen H, et al. Top-quality embryo transfer is associ-
ated with lower odds of ectopic pregnancy[J]. Acta Obstet Gynecol Scand.
2022;101(7):779-86.

8. Badawy A, Wageah A, El Gharib M, et al. Prediction and diagnosis of poor
ovarian response: the dilemma[J]. J Reprod Infertility. 2011;12(4):241-8.

9. Esteves SC, Carvalho JF, Martinhago CD, et al. Estimation of age-dependent
decrease in blastocyst euploidy by next generation sequencing: develop-
ment of a novel prediction model[J]. Panminerva Med. 2019,61(1):3-10.

10.  Zhang S,Yin Y, Li Q, et al. Comparison of cumulative live birth rates between
GnRH-A and PPOS in Low-Prognosis patients according to POSEIDON Criteria:
a cohort Study[J]. Front Endocrinol. 2021;12:644456.

11. LinY, Chen Q, Zhu J, et al. Progestin-primed ovarian stimulation with Clo-
miphene Citrate Supplementation May be more feasible for Young Women
with diminished Ovarian Reserve compared with standard progestin-primed
ovarian stimulation: a retrospective Study[J]. Volume 15. Drug Design, Devel-
opment and Therapy; 2021. pp. 5087-97.

12. Huang H, Itaya Y, Samejima K, et al. Usefulness of random-start progestin-
primed ovarian stimulation for fertility preservation[J]. J Ovarian Res.
2022;15(1):2.

13. Mouridsen K, Thurner P, Zaharchuk G. Artificial Intelligence Applications in
Stroke[J]. Stroke. 2020;51(8):2573-9.

14. BelstiY, Moran L, Du L, et al. Comparison of machine learning and conven-
tional logistic regression-based prediction models for gestational diabetes
in an ethnically diverse population; the Monash GDM Machine learning
model[J]. Int J Med Informatics. 2023;179:105228.

15. Ranjbar A, Montazeri F, Farashah MV, et al. Machine learning-based approach
for predicting low birth weight[J]. BMC Pregnancy Childbirth. 2023;23(1):803.



Xiao et al. Reproductive Biology and Endocrinology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

(2024) 22:78

Jiang VS, Bormann CL. Artificial intelligence in the in vitro fertilization
laboratory: a review of advancements over the last decade[J]. Fertil Steril.
2023;120(1):17-23.

Chow DJX, Wijesinghe P, Dholakia K, et al. Does artificial intelligence have a
role in the IVF clinic?[J]. Volume 2. Reproduction & Fertility; 2021. pp. C29-34.
3.

Li XF, Zhang YJ, Yao YL et al. The association of post-embryo transfer SARS-
CoV-2 infection with early pregnancy outcomes in in vitro fertilization: a
prospective cohort study[J]. American Journal of Obstetrics and Gynecology,
2024,230(4): 436.e1-436.212.

Wang Q Tang X, Lv X, et al. Age at menarche and risk of ovarian hyperstimu-
lation syndrome in women undergoing IVF/ICSI cycles: a retrospective cohort
study[J]. BMJ open. 2024;14(2):e076867.

Cummins JM, Breen TM, Harrison KL, et al. A formula for scoring human
embryo growth rates in in vitro fertilization: its value in predicting pregnancy
and in comparison with visual estimates of embryo quality[J]. J vitro Fertiliza-
tion Embryo Transfer: IVF. 1986,3(5):284-95.

Gardner DK, Vella P, Lane M, et al. Culture and transfer of human blastocysts
increases implantation rates and reduces the need for multiple embryo
transfers[J]. Fertil Steril. 1998;69(1):84-8.

Zhang B, Meng Y, Jiang X, et al. IVF outcomes of women with discrepancies
between age and serum anti-Mllerian hormone levels[J]. Volume 17. Repro-
ductive biology and endocrinology: RB&E; 2019. p. 58. 1.

Ribeiro S, Sousa M. In Vitro Fertilisation and intracytoplasmic sperm injection
predictive factors: a review of the effect of female age, ovarian reserve, male
age, and male factor on IVF/ICSI treatment outcomes[J]. JBRA Assist Reprod.
2023;27(1):97-111.

Scheffer JB, de Carvalho RF, Aguiar AP, de S, et al. Which ovarian reserve
marker relates to embryo quality on day 3 and blastocyst; age, AFC, AMH?[J].
JBRA Assist Reprod. 2021;25(1):109-14.

Lin WQ, Yao LN, Zhang DX, et al. The predictive value of anti-mullerian
hormone on embryo quality, blastocyst development, and pregnancy rate
following in vitro fertilization-embryo transfer (IVF-ET)[J]. J Assist Reprod
Genet. 2013,30(5):649-55.

Melado Vidales L, Ferndndez-Nistal A, Martinez Ferndndez V, et al. Anti-Mil-
lerian hormone levels to predict oocyte maturity and embryo quality during
controlled ovarian hyperstimulation[J]. Minerva Ginecol. 2017,69(3):225-32.
Kotanidis L, Asimakopoulos B, Nikolettos N. Association between AMH,
oocyte number and availability of embryos for cryopreservation in IVF[J]. Vivo
(Athens Greece). 2013;27(6):877-80.

Barad DH, Weghofer A, Gleicher N. Comparing anti-Mllerian hormone (AMH)
and follicle-stimulating hormone (FSH) as predictors of ovarian function[J].
Fertil Steril. 2009;91(4 Suppl):1553-5.

Ebner T, Sommergruber M, Moser M, et al. Basal level of anti-Mllerian hor-
mone is associated with oocyte quality in stimulated cycles[J]. Hum Reprod
(Oxford England). 2006;21(8):2022-6.

Gleicher N, Kushnir VA, Sen A, et al. Definition by FSH, AMH and embryo
numbers of good-, intermediate- and poor-prognosis patients suggests pre-
viously unknown IVF outcome-determining factor associated with AMH[J]. J
Translational Med. 2016;14(1):172.

Scott RT, Elkind-Hirsch KE, Styne-Gross A, et al. The predictive value for

in vitro fertility delivery rates is greatly impacted by the method used to
select the threshold between normal and elevated basal follicle-stimulating
hormone[J]. Fertil Steril. 2008;89(4):868-78.

Bancsi L F J M M, Broekmans FJM, Eijkemans MJC, et al. Predictors of poor
ovarian response in in vitro fertilization: a prospective study comparing basal
markers of ovarian reserve[J]. Fertil Steril. 2002;77(2):328-36.

Abdalla H, Thum MY. An elevated basal FSH reflects a quantitative rather than
qualitative decline of the ovarian reserve[J]. Hum Reprod (Oxford England).
2004;19(4):893-8.

Cobo A, Bosch E, Alvarez C, et al. Effect of a sharp serum oestradiol fall before
HCG administration during ovarian stimulation in donors[J]. Reprod Biomed
Online. 2007;15(2):169-74.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Page 11 of 11

Ben-Rafael Z, Kopf GS, Blasco L, et al. Follicular maturation parameters associ-
ated with the failure of oocyte retrieval, fertilization, and cleavage in vitro[J].
Fertil Steril. 1986;45(1):51-7.

Sarkar P, Gandhi A, Plosker S, et al. Does supraphysiologic estradiol level dur-
ing IVF have any effect on oocyte/embryo quality? A sibling embryo cohort
analysis of fresh and subsequent frozen embryo transfer[J]. Minerva Ginecol.
2018;70(6):716-23.

Imudia AN, Goldman RH, Awonuga AO, et al. The impact of supraphysiologic
serum estradiol levels on peri-implantation embryo development and early
pregnancy outcome following in vitro fertilization cycles[J]. J Assist Reprod
Genet. 2014;31(1):65-71.

Cheng J,Yang S, Ma H et al. Estradiol (E 2) Reduction Adversely Affect the
Embryo Quality and Clinical Outcomes of In Vitro Fertilization and Embryo
transfer (IVF-ET)[J]. Journal of Healthcare Engineering, 2022, 2022: 2473876.
Su NJ, Huang CY, Liu J, et al. Association between baseline LH/FSH and
live-birth rate after fresh-embryo transfer in polycystic ovary syndrome
women[J]. Sci Rep. 2021;11(1):20490.

Raju GAR, Chavan R, Deenadayal M, et al. Luteinizing hormone and follicle
stimulating hormone synergy: a review of role in controlled ovarian hyper-
stimulation[J]. J Hum Reproductive Sci. 2013,6(4):227-34.

Dragotto J, Buzzaccarini G, Etrusco A, et al. Effects of low LH serum levels on
oocyte retrieval, fertilization rate and embryo quality during controlled ovar-
ian stimulation: results from a prospective cohort analysis[J]. Gynecologic
and Obstetric Investigation; 2023.

Benmachiche A, Benbouhedja S, Zoghmar A, et al. Low LH Level on the day
of GnRH agonist trigger is Associated with reduced ongoing pregnancy and
live birth rates and increased early miscarriage Rates following IVF/ICSI treat-
ment and fresh embryo Transfer[J]. Front Endocrinol. 2019;10:639.

Meyer L, Murphy LA, Gumer A, et al. Risk factors for a suboptimal response to
gonadotropin-releasing hormone agonist trigger during in vitro fertilization
cyclesJ]. Fertil Steril. 2015;104(3):637-42.

Del Gallego R, Lawrenz B, Ata B, et al. Association of normal early follicular
FSH concentrations with unexpected poor or suboptimal response when
ovarian reserve markers are reassuring: a retrospective cohort study[J].
Reprod Biomed Online. 2024;48(3):103701.

Baker VL, Brown MB, Luke B, et al. Association of number of retrieved oocytes
with live birth rate and birth weight: an analysis of 231,815 cycles of in vitro
fertilization[J]. Fertil Steril. 2015;103(4):931-e9382.

Magnusson A, Kallen K, Thurin-Kjellberg A et al. The number of cocytes
retrieved during IVF: a balance between efficacy and safety[J]. Human Repro-
duction (Oxford, England), 2018, 33(1): 58-64.

Vaughan DA, Leung A, Resetkova N, et al. How many oocytes are optimal to
achieve multiple live births with one stimulation cycle? The one-and-done
approach[J]. Fertil Steril. 2017;107(2):397-e4043.

Valbuena D, Martin J, De Pablo JL, et al. Increasing levels of estradiol are
deleterious to embryonic implantation because they directly affect the
embryo[J]. Fertil Steril. 2001;76(5):962-8.

LiM, Dang Y, Wang Y, et al. Value of transferring embryos derived from mono-
pronucleated (1PN) zygotes at the time of fertilization assessment[J]. Zygote
(Cambridge England). 2020;28(3):241-6.

Jovi¢ S, Miljkovi¢ M, Ivanovi¢ M, et al. Prostate Cancer Probability Prediction
by Machine Learning Technique[J]. Cancer Invest. 2017;35(10):647-51.

Deo RC. Machine learning in Medicine[J]. Circulation. 2015;132(20):1920-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The construction of machine learning-based predictive models for high-quality embryo formation in poor ovarian response patients with progestin-primed ovarian stimulation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients
	﻿Variables
	﻿Clinical protocol
	﻿Embryo quality assessment
	﻿Statistical analysis

	﻿Results
	﻿High-quality cleavage embryos
	﻿Analysis of baseline information
	﻿Differences in fourteen factors between high-quality and non-high-quality cleavage embryo groups
	﻿Fourteen factors are associated with the formation of high-quality cleavage embryos
	﻿Construction and evaluation of the prediction model


	﻿High-quality blastocysts


