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Abstract

Background: Male infertility is a critical factor in the success of in vitro fertilization (IVF), yet a comprehensive predictive model for
assessing its risk remains lacking. This study aimed to explore the factors affecting the high-quality embryo rate inmale infertility patients,
as well as to develop targeted intervention measures. Methods: A retrospective analysis was performed using clinical data from 373
infertility couples who underwent IVF treatment, and the couples were grouped based on a high-quality embryo rate of≥45% and<45%
for statistical analysis. We developed an outcome prediction model and a causal effect estimation model to evaluate the impact of different
intervention measures, based on the results of univariate logistic regression analysis. Results: The results demonstrated significant
differences in Antral Follicle Count (AFC), spermDNA fragmentation index (DFI), male height, male weight, and mycoplasma infection.
Further univariate logistic regression analysis identified that AFC, basal luteinizing hormone (LH), sperm DFI, male height, male weight,
and mycoplasma infection significantly affected the high-quality embryo rate, all showing negative correlations. The dataset was divided
into a training set (80%) and a test set (20%) for the construction and validation of the outcome prediction model and the causal effect
estimation model. The causal effect estimation model for mycoplasma infection demonstrated that treating mycoplasma infection could
increase the high-quality embryo rate. The causal effect estimation model for sperm DFI revealed that reducing sperm DFI could increase
the high-quality embryo rate. The causal effect estimationmodel for male weight demonstrated that being overweight can reduce the high-
quality embryo rate. Conclusions: Reducing sperm DFI levels, weight loss, and treating mycoplasma infection are effective methods
for improving the high-quality embryo rate in male infertility.

Keywords: male infertility; high-quality embryo rate; intervention measures; predictive model; sperm DNA fragmentation index; my-
coplasma infection; overweight

1. Introduction
Male infertility is a significant global factor affect-

ing couples’ fertility, with its incidence on the rise due to
changes in lifestyle and environmental influences. Approx-
imately 10% to 20% of couples face infertility issues, with
male factors accounting for up to 50% of these cases [1].
With the aid of Assisted Reproductive Technology (ART),
many infertile couples have been able to fulfill their desire
to have children. Despite remarkable advancements in in
vitro fertilization (IVF) techniques, the rate of high-quality
embryos remains a critical limiting factor, directly impact-
ing the success rate of IVF and the health of the resulting
infants. Therefore, exploring the factors that influence the
rate of high-quality embryos is not only scientifically mean-
ingful for understanding and improving male infertility but
also holds significant clinical value for enhancing the suc-
cess rates of assisted reproductive technologies.

In recent years, research has found that in addition to
the quality of a woman’s eggs, the quality of a man’s sperm
is also one of the key factors determining the rate of high-
quality embryos [2,3]. Sperm DNA Fragmentation Index
(DFI), as an important indicator for assessing the integrity
of sperm DNA, has been found to be closely related to the
rate of high-quality embryos [4,5]. However, due to the
influence of experimental design and detection methods,
its predictive value for pregnancy outcomes is limited [5].
Ziouziou et al. [2] conducted a narrative review and meta-
analysis of literature on sperm DNA fragmentation pub-
lished over the past 5 years, indicating that an increase in
sperm DFI has a negative impact on natural pregnancy and
ART outcomes. DFI testing may be particularly important
in the assessment of male infertility in cases of varicocele,
idiopathic or unexplained infertility, recurrent miscarriage,
or previous ART failure. Additionally, factors such as the
male partner’s body weight [6,7] and mycoplasma infec-
tions [8] may also affect the formation of high-quality em-
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bryos. Lifestyle factors such as smoking, alcohol consump-
tion, drug use, environmental exposure, and genetic factors
are all significant determinants of male fertility [9–11].

Previous studies have covered multiple key factors
of male infertility, such as lifestyle, environmental expo-
sure, and genetic factors [2–11]. These studies all indicate
that male infertility is a complex multifactorial issue that
requires a comprehensive consideration of various poten-
tial influencing factors to develop effective prevention and
treatment strategies. However, these studies also have some
shortcomings. Firstly, most studies are observational, mak-
ing it difficult to establish causal relationships. Secondly,
there are differences in the design, samples, and methods
of different studies, which limit the comparability and re-
producibility of the results. Additionally, few studies have
considered the interactive effects of multiple factors, which
may limit our understanding of the complex pathophysio-
logical mechanisms of male infertility. Currently, there is
a lack of a comprehensive predictive model to assess the
risk of male infertility, which restricts our ability to con-
duct personalized diagnosis and treatment in clinical prac-
tice. Therefore, this study aims to construct a comprehen-
sive predictive model to assess the risk of male infertility by
systematically analyzing multiple potential influencing fac-
tors and their interactive effects. This will help to more ac-
curately identify high-risk populations and provide a scien-
tific basis for personalized diagnosis and treatment, thereby
improving the overall success rate of assisted reproductive
technology. This not only helps to promote the reproduc-
tive health of patients but also provides new perspectives
and research directions for related basic scientific research.

2. Material and Methods
2.1 Patient Selection

A retrospective analysis was conducted on the clini-
cal data of 373 couples who underwent IVF treatment at
the Reproductive Medicine Center of Affiliated Hospital of
Nantong University from January 1, 2021, to June 30, 2024.
The data were collected from medical records. Inclusion
criteria: (1) Failure to conceive after 1 year or more of regu-
lar, unprotected intercourse with the same partner; (2) Male
with normal or abnormal sperm parameters (according to
World Health Organization [WHO], 2010 [12]: concentra-
tion, motility, and morphology, exclusion of azoospermia)
and no andrological history of concern (cryptorchidism, hy-
pogonadotropic hypogonadism, genetic abnormalities such
as Klinefelter’s syndrome or Y-chromosomemicrodeletion,
drug abuse, cancer treatment, or other iatrogenic factors);
Exclusion criteria: Factors affecting egg quality in women
were excluded, such as age (selecting women under 38
years old), polycystic ovary syndrome, diminished ovar-
ian reserve (selecting patients with Follicle-Stimulating
Hormone [FSH] <10 mIU/mL, Anti-Mullerian Hormone
[AMH] >0.12 ng/mL, Antral Follicle Count [AFC] >5
ng/mL), endometriosis, chromosomal abnormalities, and

other factors affecting egg quality. The study protocol was
approved by the Ethics Committee of Affiliated Hospital of
Nantong University (2025-K037-01).

2.2 IVF/ICSI Procedures

We used controlled ovarian stimulation, using a
gonadotropin-releasing hormone antagonist and recombi-
nant follicle-stimulating hormone/human menopausal go-
nadotropin. Once the 3 dominant follicles reached a mean
diameter of at least 17 mm, we injected 250 µg of re-
combinant human chorionic gonadotropin (hCG) version
SJ20130091 (Ovidrel, Serono, Geneva, Switzerland) and
retrieved oocytes using transvaginal ultrasound guidance 36
hours later. We then incubated the oocytes in G-IVFTM ver-
sion 10136 (Vitrolife, Gothenburg, Sweden) and performed
IVF or intracytoplasmic sperm injection (ICSI) 4–6 hours
after retrieval. Normal fertilization was determined by the
presence of 2 pronuclei 16–20 hours after insemination.
Embryonic development was monitored at 48 and 72 hours
after retrieval and graded at 72 hours based on the number
of cells, level of fragmentation, and cell size variation [13].
High-quality embryos were defined as grade I and II and
reserved for later embryo transfer. The study examined the
number of 2 pronuclei (2PN) (which indicated normal fer-
tilized zygote or embryo), identified the day after IVF. The
number of cleaved embryos with 2 or more blastomeres,
occurred 2 days after IVF. The embryo quality grading was
determined 3 days (D3) after IVF and divided into good
quality (grade 1 and 2) and poor quality (grade 3 and 4)
[14].

2.3 Semen Analysis and DNA Fragmentation Assay

On the day of oocyte retrieval, semen samples were
collected by masturbation after 2 to 7 days of abstinence
and each sample was incubated at 37 °C to liquefy for a
maximum of 60 min. After the liquefaction, conventional
semen analysis (sperm concentration and motility) was car-
ried out according to the WHO guidelines , 2010 [12] by
using a Computer-Assisted Sperm Analyzer (WLJY-9000,
Weili, Beijing, China). Semen samples for fertilization
were treated with density-gradient centrifugation (DGC)
version 10102 (SpermGrad, Vitrolife, Gothenburg, Swe-
den) and swim up. This discontinuous density gradient cen-
trifugation consisted of 2 (90% and 45%) 1 mL layers of
SpermGrad, and 2 mL of semen was deposited on the 45%
layer. The gradient was then centrifuged at 300 g for 20
minutes. After centrifugation, the seminal plasma super-
natant was discarded, and the sperm pellet was washed with
1 mL of embryo culture medium version 10136 (Vitrolife,
Gothenburg, Sweden). After centrifugation for 10 minutes,
the pellet was suspended with 1 mL culture medium for
sperm to swim up.

All men underwent a routine sperm chromatin dis-
persion (SCD) test 1 month prior to IVF procedure. SCD
test version 20152401259 (ShenZhen Huakang Co., Ltd.,
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Shenzhen, Guangdong, China) was carried out according
to the manufacturer’s instructions as described in our pre-
vious study [15]. In brief, semen samples were diluted
with phosphate-buffered saline to a concentration of 5–10×
106/mL, the prepared spermatozoa were mixed with melted
agarose, then pipetted onto pre-coated slides and covered
with a coverslip (22 mm× 22 mm). The slide was placed in
the refrigerator at 4 ℃ for 4 min to allow the agarose to so-
lidify with sperm cells embedded. The coverslip was gently
removed and the slide was incubated in an acid solution for
7 min, and then in lysis buffer for 20min. After washing the
slide for 3 minutes with washing buffer, the slide was dehy-
drated in increasing concentrations of ethanol (70%, 90%,
100%, each for 2 min) and air-dried. After Wright-Giemsa
staining, at least 200 spermatozoa per sample were scored
under a 400 objective of the microscope for holes. Sperm
with a small halo (similar to/smaller than a third of the mi-
nor diameter of the nucleus) or no halo was considered to
have significant DNA fragmentation. DFI = sperms with
DNA fragmentation/total sperms counted × 100%.

2.4 Model Construction and Validation
The dataset was divided into 80% for training and

20% for testing, resulting in the construction of a predictive
model for outcomes and a causal effect estimation model.
The outcome prediction model utilized the Random Forest
algorithm, whichwas selected after parameter optimization.
The causal effect estimation model employed a double ma-
chine learning (DML) approach to analyze the rate of high-
quality embryos. Model validation included assessments
using Mean Square Error (MSE), Root Mean Square Error
(RMSE) andMeanAbsolute Error (MAE), as well as SHap-
ley Additive exPlanations (SHAP, a unified framework for
interpreting machine learning models) methods for analyz-
ing feature importance and creating marginal causal effect
plots.

2.5 Intervention Strategy Development
Based on the potential outcomes framework and

causal effect estimation, personalized intervention strate-
gies have been formulated. These strategies take into ac-
count modifiable male factors that significantly impact the
rate of high-quality embryos in univariate logistic regres-
sion, such as pharmacological treatment for mycoplasma
positivity, improving sperm quality, and weight reduction,
all being evaluated in conjunction with clinical practice.

2.6 Statistical Methods, Software, and Tools
Statistical analysis was performed using the SPSS sta-

tistical package version 26.0 (IBM Corp., Armonk, NY,
USA). Prior to the analysis, all continuous data underwent
normality tests, including the Shapiro-Wilk test and the
Kolmogorov-Smirnov test. Data that conform to a nor-
mal distribution were expressed as the mean plus or minus
the standard deviation, while data that do not conform to a

normal distribution were represented using quartiles. Inter-
group comparisons of continuous data were performed us-
ing the Wilcoxon rank-sum test. For categorical data, the
chi-square test was used without continuity correction, as
all theoretical frequencies in our dataset were greater than
5. The significance level was set at α = 0.05. Variable
selection was carried out using univariate and multivari-
ate logistic regression analysis. Model development was
based on Python version 3.9 (Python Software Foundation,
Wilmington, DE, USA), with the predictive model utilizing
the scikit-learn package version 1.0.2 (scikit-learn commu-
nity, Paris, France) and causal effect estimation employing
the EconML package version 0.15.1 (Microsoft Research,
Redmond, WA, USA).

3. Results
3.1 The Comparison of Male and Female Characteristics
Between the 2 Groups

A total of 373 infertile couples were initially enrolled
in this study. Participants were categorized into 2 groups
based on their D3 high-quality embryo rate: a control group
(high-quality embryo rate <45%, n = 106) and an obser-
vational group (high-quality embryo rate ≥45%, n = 267).
The grouping criterion is established based on the expert
consensus on key quality control indicators in human ART
embryology laboratories in China, which is also consistent
with Italian Society of Fertility and Sterility [16]. Sig-
nificant differences were observed between the 2 groups
in terms of several characteristics, including female AFC,
spermDFI, male height, male weight andmalemycoplasma
levels. In male characteristics, sperm DFI and male weight
were found to be lower in the observational group compared
to the control group. In the group with a higher rate of high-
quality embryos, the proportion of mycoplasma-negative
individuals is higher (Table 1). This suggests that the pres-
ence of mycoplasma infection may have a negative impact
on embryo quality, which is an important consideration in
the field of assisted reproductive technology.

3.2 Factors Affecting the Rate of High-Quality Embryos
Univariate logistic regression analysis was first per-

formed on the baseline data presented in Table 1 to identify
potential factors associated with the high-quality embryo
rate. Table 2 shows the results of factors with p< 0.5 in uni-
variate logistic regression. It can be seen that female AFC,
basal LH levels, sperm DFI, male height, male body weight
and mycoplasma infection all have significant impacts on
the high-quality embryo rate, and all are negatively corre-
lated (Table 2). Taking the high-quality embryo rate as the
dependent variable, and incorporating variables with p <

0.1 from the univariate analysis into the multivariate model,
a bidirectional stepwise logistic regression was performed.
The results revealed that factors significantly affecting the
rate of high-quality embryos included mycoplasma infec-
tion, basal LH levels and male body weight (Table 3).
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Table 1. Baseline characteristics comparison between control group (D3 high-quality embryo rate <45%) and observation
group (D3 high quality embryo rate ≥45%).

Variable
Overall Control group Observation group

p
(n = 373) (n = 106) (n = 267)

Female
Female age (years) 30.08 ± 3.29 30.00 ± 3.40 30.00 ± 3.24 0.396
Infertility duration (years) 2.00 [1.00, 5.00] 2.30 [1.00, 4.00] 2.00 [1.00, 5.00] 0.860
Female BMI (kg/m2) 22.31 [20.50, 24.22] 22.35 [20.78, 24.02] 22.31 [20.30, 24.43] 0.838
AFC 18.00 [13.00, 27.00] 19.00 [15.00, 30.00] 18.00 [13.00, 26.00] 0.034
AMH 4.07 [2.88, 5.95] 4.24 [3.10, 6.78] 4.03 [2.80, 5.70] 0.237
Basal FSH levels (IU/L) 6.89 [5.95, 8.02] 6.78 [6.02, 8.02] 6.92 [5.90, 7.99] 0.668
Basal LH levels (IU/L) 4.25 [3.10, 5.66] 4.49 [3.32, 5.66] 4.19 [3.01, 5.57] 0.116
Basal E2 levels (pg/mL) 31.00 [24.00, 40.00] 32.00 [24.00, 38.00] 31.00 [24.00, 41.00] 0.767
LH of hCG day (IU/L) 2.40 [1.48, 3.71] 2.22 [1.56, 3.54] 2.43 [1.48, 3.77] 0.621
E2 of hCG day (pg/mL) 2588.00 [1736.00, 4362.00] 2945.00 [1766.25, 4727.50] 2547.00 [1695.50, 4088.00] 0.186
P of hCG day (ng/mL) 1.21 [0.87, 1.66] 1.20 [0.83, 1.71] 1.21 [0.88, 1.63] 0.848
No. of oocytes retrieved 8.00 [7.00, 12.00] 9.00 [6.25, 12.00] 8.00 [7.00, 12.00] 0.518
MII oocytes retrieved 8.00 [6.00, 11.00] 9.00 [6.00, 11.00] 8.00 [6.00, 11.00] 0.845
Total gonadotropin dose (IU) 1800.00 [1575.00, 2100.00] 1800.00 [1537.50, 2025.00] 1800.00 [1575.00, 2100.00] 0.409
No. of days of stimulation (days) 8.00 [8.00, 9.00] 8.00 [8.00, 9.00] 8.00 [7.00, 9.00] 0.847
Male
Male age (years) 30.81 ± 4.02 30.00 ± 4.05 30.00 ± 4.01 0.507
Sperm DFI 12.00 [6.00, 22.00] 16.25 [10.25, 25.75] 10.00 [5.00, 20.00] <0.001
Male height (cm) 173.51 ± 4.92 174.59 ± 4.87 173.08 ± 4.89 0.007
Male weight (kg) 74.60 ± 10.70 76.85 ± 10.76 73.70 ± 10.57 0.007
Male BMI 24.75 ± 3.00 25.17 ± 2.97 24.58 ± 3.01 0.087
Sperm volume before DGC (mL) 2.50 [2.00, 3.50] 2.55 [2.00, 3.50] 2.50 [2.00, 3.50] 0.796
Sperm concentration before DGC (×106/mL) 75.00 [48.00, 108.00] 72.00 [48.25, 106.75] 76.00 [48.00, 108.00] 0.634
Progressive motility before DGC (%) 44.00 [36.00, 52.00] 44.00 [35.00, 53.50] 44.00 [36.00, 52.00] 0.923
Total sperm before DGC (×106) 182.00 [110.00, 285.00] 184.00 [118.50, 286.00] 176.00 [105.00, 278.00] 0.670
Total motile sperm count before DGC (×106) 78.94 [45.00, 125.19] 82.72 [52.26, 120.96] 76.14 [42.28, 125.42] 0.558
Sperm volume after DGC (mL) 1.00 [0.80, 1.00] 1.00 [0.85, 1.00] 1.00 [0.80, 1.00] 0.960
Sperm concentration after DGC (×106/mL) 10.65 [10.00, 11.60] 10.55 [9.90, 11.66] 10.70 [10.10, 11.57] 0.475
Progressive motility after DGC (%) 98.00 [98.00, 98.00] 98.00 [98.00, 98.00] 98.00 [98.00, 98.00] 0.600
Total sperm after DGC (×106) 10.85 [7.76, 12.60] 10.88 [7.76, 12.79] 10.80 [8.16, 12.53] 0.900
Total motile sperm count after DGC (×106) 10.63 [7.53, 12.35] 10.66 [7.53, 12.53] 10.58 [8.00, 12.28] 0.871
Sperm extraction yield (%) 11.91 [8.00, 17.89] 12.74 [6.82, 17.68] 11.69 [8.15, 18.20] 0.237
Male uric Acid (µmol/L) 410.00 [351.00, 456.00] 414.50 [365.45, 449.00] 410.00 [350.50, 459.00] 0.491
Male GGT (U/L) 31.00 [21.00, 47.00] 32.50 [23.25, 47.75] 30.00 [21.00, 47.00] 0.303
Male cholinesterase (U/L) 9.67 [8.45, 10.84] 9.68 [8.54, 10.83] 9.64 [8.41, 10.82] 0.915
Male FBG (mmol/L) 5.38 [5.20, 5.40] 5.38 [5.10, 5.40] 5.38 [5.20, 5.40] 0.810
Infertility Types 0.633
Primary Infertility 218.00 (58.45) 64.00 (60.38) 154.00 (57.68)
Secondary Infertility 155.00 (41.55) 42.00 (39.62) 113.00 (42.32)
Fertilization Technique 0.464
IVF 267.00 (71.58) 73.00 (68.87) 194.00 (72.66)
ICSI 106.00 (28.42) 33.00 (31.13) 73.00 (27.34)
Mycoplasma <0.001
Negative 275.00 (73.73) 52.00 (49.06) 223.00 (83.52)
Positive 98.00 (26.27) 54.00 (50.94) 44.00 (16.48)
BMI, Body Mass Index; AFC, Antral Follicle Count; AMH, Anti-Mullerian Hormone; FSH, Follicle-Stimulating Hormone; LH, Luteinizing
Hormone; E2, Estradiol; hCG, Human Chorionic Gonadotropin; P, Progesterone; MII, Metaphase II; DFI, DNA Fragmentation Index; DGC,
Density-Gradient Centrifugation; GGT, Gamma-glutamyl transferase; FBG, Fasting Blood Glucose; IVF, in vitro fertilization; ICSI, intracy-
toplasmic sperm injection.
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Table 2. Factors affecting the rate of high-quality embryos (univariate logistic regression analysis).
Variable β p OR (95% CI)

Female age (years) 0.03 0.430 1.03 (0.96, 1.10)
Male age (years) –0.03 0.381 0.98 (0.92, 1.03)
AFC –0.02 0.039 0.98 (0.96, 1.00)
AMH –0.06 0.164 0.94 (0.87, 1.03)
Basal LH levels (IU/L) –0.08 0.048 0.93 (0.86, 1.00)
E2 of hCG day (pg/mL) 0.00 0.124 1.00 (1.00, 1.00)
No. of oocytes retrieved –0.03 0.249 0.97 (0.92, 1.02)
MII oocytes retrieved –0.02 0.422 0.98 (0.92, 1.04)
Total gonadotropin dose (IU) 0.00 0.322 1.00 (1.00, 1.00)
Sperm DFI –0.02 0.027 0.98 (0.97, 1.00)
Male height (cm) –0.05 0.020 0.95 (0.90, 0.99)
Male weight (kg) –0.02 0.020 0.98 (0.96, 1.00)
Male BMI –0.06 0.116 0.94 (0.88, 1.01)
Sperm concentration before DGC (×106/mL) 0.00 0.293 1.00 (0.99, 1.00)
Total sperm before DGC (×106) 0.00 0.263 1.00 (1.00, 1.00)
Sperm volume after DGC (mL) 0.20 0.353 1.22 (0.81, 1.89)
Total sperm after DGC (×106) 0.01 0.422 1.01 (0.98, 1.05)
Total motile sperm count after DGC (×106) 0.02 0.400 1.02 (0.98, 1.05)
Sperm extraction yield (%) 0.02 0.169 1.02 (1.00, 1.05)
Fertilization Technique –0.18 0.464 0.83 (0.51, 1.37)
Mycoplasma –1.66 0.000 0.19 (0.11, 0.31)

Table 3. Factors affecting the rate of high-quality embryos (multivariate logistic regression analysis).
Variable β Standard Error Z p OR (95% CI)

Intercept 3.60 0.89 4.04 <0.001 36.43 (6.36, 208.57)
Basal LH levels (IU/L) –0.08 0.04 –1.99 0.046 0.92 (0.85, 0.99)
Male weight (kg) –0.02 0.01 –2.08 0.046 0.98 (0.96, 0.99)
Mycoplasma –1.66 0.26 –6.42 <0.001 0.19 (0.11, 0.32)

Table 4. Comparison of prediction performance for different machine learning models.
Evaluation Indicators SVM Decision Tree Random Forest

MSE 0.12 0.13 0.10
RMSE 0.35 0.35 0.32
MAE 0.28 0.28 0.26
The average results of randomly splitting the training set and validation
set 100 times. SVM, Support Vector Machine; MSE, Mean Square Error;
RMSE, Root Mean Square Error; MAE, Mean Absolute Error.

3.3 The Process of Formulating Intervention Strategies
Based on Causal Effect Estimation

Based on the causal effect estimation, we have devel-
oped a personalized intervention strategy for male infertil-
ity patients to improve their high-quality embryo rates and
determine the most effective intervention. This is a coun-
terfactual prediction problem, where we are interested in
knowing the potential increase in high-quality embryo rates
if the patient receives a certain intervention. To achieve
this, we constructed a predictive model for outcomes and
a causal effect estimation model for counterfactual predic-
tions.

First, we preprocessed the collected patient data, in-
cluding imputing missing values of continuous variables
with mean values and excluding outliers. Then, we divided
the dataset into a training set (80%) and a test set (20%) for
building and validating the outcome prediction model and
the causal effect estimation model. We evaluated the pre-
dictive model using common regression model evaluation
metrics such as MSE, RMSE, and MAE. Each model un-
derwent parameter optimization, testing 3 commonly used
machine learning models: Support Vector Machine (SVM),
Decision Tree, and Random Forest. Table 4 shows the eval-
uation results of each model after running 100 times. It can
be observed that the Random Forest model outperformed
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Table 5. Performance evaluation of different causal effect estimation models.
Evaluation Indicators Causal Forest DML NonParam DML Linear DML

MSE 0.07 0.07 0.08
RMSE 0.27 0.27 0.27
MAE 0.23 0.22 0.23
DML, double machine learning.

the other 2 models in predictive performance, hence we se-
lected the Random Forest model as the final outcome pre-
diction model (Table 4). The evaluation of the causal effect
model mainly involved analyzing model features through
the SHAP method and plotting marginal causal effect di-
agrams to confirm clinical consistency. By analyzing the
high-quality embryo rates through the predictive model and
the causal effect estimation model, targeted intervention
measures were formulated. The causal effect estimation
employed a DMLmethod, which is a method for estimating
heterogeneous intervention effects. We compared 3 com-
monly used DML methods, and the results are shown in
Table 5. It can be observed that the non-parametric model
(NonParam DML) performed the best. Compared to the
outcome prediction model, there was a certain improve-
ment in performance, which also confirms that causal mod-
els are more stable and reliable. We selected modifiable
male factors significantly affecting the high-quality embryo
rate from the univariate logistic regression analysis, namely
sperm DFI, male body weight, and mycoplasma infection,
and constructed causal effect estimation models with these
indicators as intervention variables. First, the high-quality
embryo rate was predicted based on these indicators, and
the need for intervention was determined according to the
magnitude of the high-quality embryo rate. When interven-
tion is needed, the causal effects of potential intervention
strategies, that is, the changes in the high-quality embryo
rate, are assessed one by one based on the causal effect es-
timation model, providing a reference for clinicians to for-
mulate targeted intervention measures (Fig. 1).

3.4 Test Results for Intervention Variable of Mycoplasma

The rate of high-quality embryos is significantly
higher in mycoplasma-negative individuals than in
mycoplasma-positive individuals (75.0% vs 33.3%, p
= 0.000, Fig. 2A). When the intervention variable is
mycoplasma and the outcome variable is the rate of high-
quality embryos, the heterogeneity-adjusted covariates
include modifiable indicators among male factors, such
as sperm concentration before DGC, progressive motility,
sperm volume, total sperm count, total motile sperm count,
sperm DFI, sperm extraction yield, fertilization technique,
and other female factors, as well as other covariates among
male factors that cannot be changed in the short term. In
the collected data, 23.3% of patients underwent treatment
for mycoplasma positivity, meaning their mycoplasma test
results changed from positive to negative after intervention,

and this group was used to validate the accuracy of the
model’s causal effect estimation. The results showed that
sperm DFI, the proportion of PR sperm before DGC, and
male weight are the 3 factors that have a greater impact
on the intervention effect, with sperm DFI and male
weight generally having a negative correlation with the
intervention effect of mycoplasma, and the proportion
of PR sperm before DGC generally having a positive
correlation with the intervention effect of mycoplasma
(Fig. 2B). Fig. 2C shows the marginal causal average effect
for mycoplasma-positive patients in the test set, which are
almost all negative values, indicating that when patients
change from mycoplasma-positive to negative, the rate of
high-quality embryos increases.

3.5 Test Results for Intervention Variable of Sperm DFI

We further analyzed the relationship between sperm
DFI and the rate of high-quality embryos and found no clear
linear relationship (Fig. 3A). When the intervention vari-
able is sperm DFI, the factors that have a significant im-
pact on the intervention effect include the total sperm before
DGC, sperm extraction yield, and male weight (Fig. 3B).
Fig. 3C shows the marginal effect for patients in the test set
with DFI >25, indicating that there are differences in the
marginal effects among different patients, but the vast ma-
jority are negative values, meaning that reducingDFIwould
increase the rate of high-quality embryos. However, the im-
provement in the high-quality embryo rate from reducing
sperm DFI is minimal, with the maximum increase being
only 0.3% (Fig. 3B). This finding is consistent with the re-
sults of the multivariate logistic regression analysis, which
attenuated the impact of sperm DFI on the high-quality em-
bryo rate.

3.6 Test Results for Intervention Variable of Male Weight

We analyzed the relationship between male weight
and the rate of high-quality embryos, and observed no clear
linear relationship. However, it was noted that patients
with higher body weights tend to have relatively lower rates
of high-quality embryos (Fig. 4A). When the intervention
variable is male weight, the factors that significantly impact
the intervention effect are sperm extraction yield, sperm
DFI, and total motile sperm count before DGC (Fig. 4B).
Fig. 4C illustrates the marginal causal effect of body weight
for patients who are overweight (>80 kg), showing that for
the majority, the effect values are negative, indicating that
being overweight reduces the rate of high-quality embryos.
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Fig. 1. Intervention strategy formulation process.

4. Discussion

In IVF cycles, female factors play a significant role in
embryo development, particularly the impact of egg quality
on embryo development. The influence of male factors and
sperm quality on embryo development has been less stud-
ied. Pellegrini et al. [17] found the relationship between

male sperm quality and embryo quality in donor egg IVF is
that poor sperm quality is associated with changes in mor-
phokinetic parameters of embryos on day 3 after donor egg
IVF, emphasizing the important role of sperm in embryo de-
velopment. Our study aimed to explore male factors affect-
ing the rate of good embryos and to develop intervention
strategies based on causal effect estimation. Through the
analysis of data from 373 infertile couples, we found that
male factors such as sperm DFI, male height, weight, and
mycoplasma infection status are all significantly correlated
with the rate of good embryos.

Firstly, we observed that in the group with a higher
rate of good embryos, the sperm DFI in males was lower.
SpermDFI, as an important indicator of sperm genetic qual-
ity, is associated with improved embryo quality when re-
duced. This is consistent with previous research findings.
Jiang et al. [18] found that DFI and sperm morphology af-
fect the blastocyst formation rate and the rate of good blas-
tocyst formation on day 6. A meta-analysis by Kaiyal et al.
[5] also found that the fertilization rate and embryo cleav-
age rate in the groupwith high spermDFIwere significantly
lower than those in the low DFI group. Our results show
that the weight of males in the high-quality embryo group
was lower. Liu et al. [19] studied 6569 first fresh in vitro
fertilization-embryo transfer (IVF-ET) cycles and found
that the number of available embryos and high-quality em-
bryos was significantly reduced in the overweight/obese fe-
male group and the mixed overweight/obese male and fe-
male group compared to the normal weight group. A recent
meta-analysis indicated that male obesity has a negative im-
pact on basic sperm parameters, such as sperm count, con-
centration, and motility, increasing the incidence of infer-
tility and reducing pregnancy rates [6] . Although there is
controversy in human studies [6,19] due to significant het-
erogeneity between studies and the use of body mass index
as an indicator of obesity, the relationship between male
obesity and sperm DNA damage is controversial, but evi-
dence from rodent models clearly shows that male obesity
increases sperm DNA damage [20]. A meta-analysis indi-
cated that being overweight and/or obese is associated with
lower sperm quality, such as sperm volume, sperm count
and concentration, sperm motility, total motility and nor-
mal morphology [21]. Additionally, there is an increased
proportion of sperm with low mitochondrial membrane po-
tential (MMP) in obese men, and the proportion of DNA
fragments and abnormal morphology has also increased [6].
These all suggest that obesity may affect pregnancy out-
comes by affecting sperm DFI. Genital tract mycoplasma
can affect the health of fetuses and newborns. However,
the sperm optimization process in current ART treatments
cannot ensure the eradication of mycoplasma. It is bene-
ficial to avoid using semen contaminated or infected with
mycoplasma in ART treatments, and routine screening for
mycoplasma before ART treatment is advisable. Our re-
sults show that the proportion of positive mycoplasma in
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Fig. 2. Patients with positive mycoplasma have a lower rate of high-quality embryos, and treating mycoplasma infections can
improve the rate of high-quality embryos. (A) High-quality embryo rate in patients with different mycoplasma test results (75.0% vs
33.3%, p = 0.000). (B) Causal estimation model: SHAP explanation diagram of the impact of each covariate on the intervention effect.
(C)Marginal causal effect of intervention in patients withmycoplasma positive. DFI, DNAFragmentation Index; DGC, Density-Gradient
Centrifugation; SHAP, SHapley Additive exPlanations.

the low-quality embryo group was significantly increased.
In a study of 306 couples undergoing IVF treatment, 32% of
semen samples were found to have ureaplasma urealyticum
infection, with similar infection rates at the prostate and
seminal vesicle levels, and a significant decrease in preg-
nancy rates after embryo transfer in the infected group [22].
In couples infected with mycoplasma who received specific
antibiotic treatment to eradicate the infection, improve-
ments in semen quality and better ART outcomes were also
observed [23]. Therefore, routine screening for genital tract
mycoplasma can improve semen quality, thereby simplify-
ing IVF procedures and increasing the success rates of em-
bryo implantation and pregnancy [8]. Secondly, our uni-
variate logistic regression analysis showed that male sperm
DFI, male height, weight, and mycoplasma infection were
all negatively correlated with the rate of high-quality em-

bryos. The identification of these factors provides poten-
tial targets for further intervention. However, further mul-
tivariate logistic regression analysis found that while sperm
DFI was significant in the univariate analysis, it was not
significant in the multivariate analysis. This may be due to
collinearity between spermDFI and other variables (such as
mycoplasma positivity), or its effect being diminishedwhen
considering other variables. In contrast, mycoplasma infec-
tion andmale weight were significant in both univariate and
multivariate analyses, indicating that they have an indepen-
dent significant impact on the high-quality embryo rate. In
particular, a negative status of mycoplasma infection is as-
sociated with a higher rate of high-quality embryos, which
further suggests the importance of screening and treatment
of infection status in infertility treatment.
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Fig. 3. Reducing DFI would increase the rate of high-quality embryos. (A) Correlation between sperm DFI and high-quality embryo
rate. (B) SHAP explanation diagram of the causal effect model with intervention factor as sperm DFI. (C) Marginal causal effect of
intervention in patients with sperm DFI >25.

Causal effect estimation is a science based on obser-
vational data to perform counterfactual estimation and ana-
lyze the causal relationship between interventions and out-
comes. It attempts to answer who is the cause and who
is the effect, and how much of an effect the cause will
have. In practical applications, causal effect estimation can
help us understand the extent to which specific interven-
tions affect outcomes [24]. Therefore, based on the above
results, we constructed an outcome prediction model and
a causal effect estimation model to evaluate the effects of
different intervention measures according to Aaron Baum’s
method [25]. By comparing 3 commonly used machine
learning models (SVM, Decision Tree, and Random For-
est), we found that the Random Forest model outperformed
the other 2 models in predictive performance. Therefore,

we chose the Random Forest model as the final outcome
prediction model. At the same time, we also used the two-
machine learning method to estimate heterogeneous inter-
vention effects and identified modifiable male factors that
have a significant impact on the rate of good embryos.
In medical research, the same treatment may have signif-
icantly different effects on populations with different char-
acteristics, that is, there is heterogeneity in treatment ef-
fects. Causal forest analysis can effectively address the
limitations of traditional analysis methods in testing treat-
ment effect heterogeneity and provide more accurate het-
erogeneity assessment. Through this analysis, researchers
can identify the response of different patient groups to spe-
cific treatments, thereby providing more customized treat-
ment plans for patients [26]. We found through causal for-

9

https://www.imrpress.com


Fig. 4. Being overweight reduces the rate of high-quality embryos. (A) Relationship between male weight and high-quality embryo
rate. (B) SHAP explanation diagram of the causal effect model with intervention factor as male body weight. (C) Marginal causal effect
of intervention in patients over 80 kg.

est analysis that sperm DFI, male weight, and mycoplasma
infection are modifiable factors that significantly affect the
rate of high-quality embryos. This finding provides a ba-
sis for targeted interventions for clinicians. In the interven-
tion analysis of mycoplasma infection, we found that the
rate of high-quality embryos in the mycoplasma-negative
population was significantly higher than that in the positive
population. In addition, sperm DFI, the proportion of PR
sperm before DGC, and male weight are factors that have a
greater impact on the intervention effect. These results in-
dicate that treating mycoplasma infections can increase the
rate of high-quality embryos, which is of great significance
for clinical practice. In the intervention analysis of sperm
DFI, we found that reducing DFI can increase the rate of
high-quality embryos. This finding is consistent with ex-
isting literature on the relationship between sperm DFI and
embryo quality [27]. However, the effect of reducing sperm
DFI on improving the high-quality embryo rate is minimal.
This may be because sperm DFI is often tested before ART

and may not truly reflect the sperm DFI levels on the day of
fertilization. Further analysis of sperm on the day of fertil-
ization is needed to determine the true impact of sperm DFI
on the high-quality embryo rate. Moreover, we found that a
decrease in male weight is also associated with an increase
in the rate of high-quality embryos, further emphasizing the
importance of lifestyle interventions in infertility treatment.

5. Conclusion
In summary, our research results emphasize the im-

portance of assessing male factors in infertility treatment.
By identifying and intervening in key factors such as sperm
DFI, male weight, andmycoplasma infection status, the rate
of high-quality embryos can be increased, thereby increas-
ing positive fertility outcomes for infertile couples. How-
ever, it should be noted that this study only analyzed a
specific group of infertile couples, and further studies are
needed in the future to verify the applicability of these find-
ings in other populations, as well as to further explore the
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intervention strategies of these factors and how they interact
with other factors not considered in this study. Our study
was conducted at a single center, which may introduce se-
lection bias and limit the generalizability of our results. A
multi-center design should be considered to account for po-
tential variations in patient populations and treatment pro-
tocols. In conclusion, this study provides clinicians with
a process for formulating intervention strategies based on
causal effect estimation, which helps to improve the rate of
good embryos in infertile patients.
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