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Abstract
A further debatable issue in the treatment of varicocele is which men would benefit from
a varicocelectomy. Despite the increasing interest in Machine Learning (ML) in urology,
there have been limited studies on the detection and prediction of varicocelectomy using
artificial intelligence. We aimed to develop a model to predict the improvement in
semen parameters after varicocelectomy using ML.The data for male patients who had
clinical varicocele, abnormal semen parameters (low sperm concentration, reduced total
motile sperm count, decreased progressive motility, and/or poor sperm morphology)
and had received a varicocelectomy were recorded retrospectively. Demographic,
anthropometric variables, physical examination findings, hematological, radiological,
and semen analysis parameters were evaluated. The patients were separated into two
groups according to the improvement in total motile sperm count postoperatively as
improvement (Group 1) and no improvement (Group 2). The Extra Trees Classifier,
Light Gradient Boosting Machine Classifier, eXtreme Gradient Boosting Classifier,
Logistic Regression, and Random Forest Classifier techniques were used as ML
algorithms.41 males were included in the study. 31 (75.6%) and 10 (24.4%) patients
were classified as Group 1 and 2, respectively. The Extra Trees Classifier algorithm
was found to be the best ML technique for predictions, according to the accuracy rates
(92.3%) with an Area Under Curve of 0.92. We have shown for the first time in the
literature that basic laboratory and semen analysis findings can be used to select patients
who will benefit from varicocelectomy with the use of five ML methods. ML models
could be identified as a new prediction tool for selecting the patients who will benefit
from varicocelectomy. More detailed ML studies will be needed a larger number of
patients.
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1. Introduction

Varicocele, defined as the abnormal dilation of the veins within
the spermatic cord, is a common condition among men and is
known to contribute to various andrological issues, including
infertility and testicular discomfort [1]. It is thought to affect
fertility through several mechanisms, but the exact mechanism
has not yet been described. Another issue is whether all men
with varicocele should receive the treatment. The guidelines
suggest that a man with a subclinical varicocele or a man
with a clinical varicocele and a normal semen analysis do not
need a varicocelectomy [2]. A further debatable issue in the
treatment of varicocele is which men would benefit from a
varicocelectomy. Several studies, meta-analyses, and reviews
have been carried out in the literature on the success and
failure rate of this procedure [3–5]. Researchers have explored
the use of preoperative laboratory and radiological findings
as clinical predictors to estimate the likelihood of achieving

normal semen analysis results following surgery [6–8].
Machine Learning (ML), a subset of artificial intelligence

(AI), has begun to be used in medicine during the last decade,
with applications showing great potential in assisting and im-
proving care. ML is going to be more useful in surgical
systems where large-scale data is a limited resource, such
as in low- and middle-income countries [9]. Reinforcement
learning in surgical decision-making, predictive analytics, and
preoperative risk stratification are other areas where ML can
be applied [10]. These new technologies have been in use
in the field of urology for some time and the publication rate
has been increasing recent years [11]. Despite the increasing
interest in ML in urology, to the best of our knowledge, there
have been only 2 studies on the detection and prediction of
varicocelectomy using AI [12, 13].
In this study, we aimed to establish an ML model for pre-

dicting patients who will benefit from varicocelectomy using
basic laboratory, scrotal Doppler ultrasound findings (SDU),
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and semen analysis findings.

2. Material method

2.1 Data source and study workflow
After obtaining ethical approval, the medical records of pa-
tients who had received a varicocelectomy due to both hav-
ing clinical varicocele and impaired semen parameters at the
Eskisehir City Hospital Department of Urology between Jan-
uary 2019 and July 2023 were evaluated retrospectively. The
inclusion criteria were: aged ≥18 years, having had at least
two semen analyses given at different times showing impaired
semen quality in at least one of the following semen parame-
ters: sperm concentration, total sperm count, total motility or
morphology (where the recorded value was under the reference
limits of World Health Organization (WHO 2021), a complete
blood count (CBC), and a scrotal Doppler ultrasonography
(SDU) performed preoperatively, and a semen analysis carried

out 6 months after the varicocelectomy. Exclusion criteria
were: azoospermia, where all semen parameters above the ref-
erence limits of WHO 2021 preoperatively, low semen volume
(less than 1.5 mL), abnormal genetics, history of any type of
testicular or genitourinary tract or pelvic surgery, recurrent or
subclinical varicocele, cryptorchidism, small-sized testis (nor-
mal testicular volume is 12.5–19 mL), treated cancer, vascular
problem, hematologic illness, systemic disease, genitourinary
system infection or hormonal problems (Fig. 1).

The age, body mass index (BMI), reason for visiting the
clinic, physical examination findings, semen analysis, CBC
and SDU results of the patients were recorded. To standardize
the varicocele examination and scrotal Doppler ultrasound,
the protocol previously published by Foroughi was considered
and implemented [14]. We utilized several components of the
Complete Blood Count (CBC) as parameters to predict the
outcomes of varicocelectomy. These included hemoglobin,
neutrophils, lymphocytes, monocytes, platelets, red cell

FIGURE 1. Flow chart of the study. WHO: World Health Organization. *A more than 50% increase in total progressive
motile sperm count or 100% increase in a patient with a total progressive motile sperm count <5 million.
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distribution width (RDW), mean platelet volume (MPV),
plateletcrit (PCT), as well as the neutrophil-to-lymphocyte
ratio (NLR), monocyte-to-lymphocyte ratio (MLR), and
platelet-to-lymphocyte ratio (PLR). The testicular volume
is automatically calculated by the ultrasound device using a
formula based on the measurements of the length, width, and
height of the testis. The device typically uses an ellipsoid
formula to estimate the volume, where volume = (length ×
width × height × π)/6. Varicocele was graded according
to the Dubin and Amelar classification (Grade 0: identifies
subclinical varicocele (not clinically detectable but diagnosed
by ultrasound), Grade 1: palpable only during the Valsalva
maneuver, Grade 2: detectable even without the Valsalva
maneuver, Grade 3: visible upon inspection) in the physical
examination [15]. The largest vein diameter and the reversal
blood flow of the pampiniform plexus of veins were measured
and classified during the SDU, which was performed using
a 14-megahertz probe (Siemens Acuson s1000, Germany)
[16, 17]. In the evaluation of varicocele, the vein diameter
is measured using Doppler ultrasound, typically during the
Valsalva maneuver to enhance venous dilation. A varicocele
is considered clinically significant if the diameter of the
affected vein exceeds 2–3 mm. The vein measurement is
taken at the level of the spermatic cord, usually at the point
of maximum dilation, which is often located just above the
testis or within the pampiniform plexus. These criteria are
used to classify and grade varicocele severity, contributing
to both diagnosis and treatment planning. To reduce bias,
both clinical and SDU grading were independently performed
by a single urologist and a single radiologist, each blinded
to the other’s assessments. Semen analyses within three
months before surgery were performed according to World
Health Organization (WHO) guidelines and all analyses,
sperm concentration (106/mL), total sperm count (106), total
motility (% motile), and morphology (% normal forms), were
recorded. The total progressive motile sperm count (TMSC)
(×106) was also obtained by multiplying the volume of the
ejaculate by the sperm concentration, and by the proportion of
the progressive motile sperm divided by 100 [18]. Given the
timeline of data collection (from January 2018 to July 2023),
we re-evaluated all sperm test results conducted prior to 2021
in accordance with the updated WHO 2021 semen analysis
standards as the principles of the reproducible and reliable
data based about the semen results and examination [19]. The
subinguinal varicocelectomy procedures were performed with
a standardized subinguinal varicocelectomy as previously
described [20].
In our study, we initially evaluated 22 potential parameters

to assess their contribution to predicting postoperative sperm
improvement in patients undergoing varicocelectomy. Among
these, five parameters were identified as important variables
based on their relevance to the clinical outcomes observed
in the model. These variables included lymphocyte, platelet,
varicocele vein diameter, red cell distribution width (RDW),
and hemoglobin levels. The selection of these parameters was
made using the machine learning algorithm, which assessed
their relationship to the TMSC improvement after surgery. It
is important to note that these parameters were not arbitrarily
chosen; they were identified because they reflect key physi-

ological and clinical factors that can influence sperm quality
and varicocele severity. For example, lymphocyte and platelet
counts can be indicative of inflammatory processes, while
RDW is often associated with oxidative stress, both of which
have been shown to play a role in male fertility. In contrast,
other semen parameters such as sperm concentration, total
sperm count, total motility, and morphology, although com-
monly used in clinical practice to evaluate male fertility, were
not selected as important features by the model. This finding
highlights the potential for machine learningmodels to identify
variables that may not align with conventional clinical thinking
but could still provide valuable insights into predicting post-
surgical sperm improvements. The absence of these variables
as important predictors might reflect their limited ability to
capture the underlying biological mechanisms that influence
TMSC improvement in varicocele patients, as opposed to
factors like inflammatory markers or vascular issues. As
shown in Fig. 2, the model ultimately focused on preoperative
TMSC as a key feature. This suggests that while conventional
semen parameters are critical in clinical practice, machine
learning models can help identify more nuanced predictors
that might be more closely associated with the underlying
mechanisms of varicocele-related infertility.

2.2 Data preprocessing
All 41 patients were regrouped according to the TMSC from
the postoperative semen analyses as in D’Andrea et al. [21].
We used this parameter to group the patients as it has been
shown to be a predictor parameter of spontaneous pregnancy
rate [22], and for the outcome of intracytoplasmic sperm injec-
tion [23] in cases of male factor infertility. If a patient hadmore
than a 50% increase in the TMSCor if a patient with a TMSCof
<5 million had an increase of >100%, we defined this patient
as having an improvement in semen parameters after surgery
and determined these as Group 1. If a patient had less than
a 50% increase in the TMSC or if a patient with a TMSC of
<5 million but did not have an increase of>100%, we defined
this patient as not having an improvement in semen parameters
after surgery and these were classified as Group 2.

2.3 Machine learning models
The study was structured based on the principles of ML.
Several ML algorithms were employed, including the
Extra Trees Classifier, Light Gradient Boosting Machine
(LightGBM) Classifier, eXtreme Gradient Boosting
(XGBoost) Classifier, Logistic Regression (LR) and Random
Forest Classifier. These models were selected due to their
widespread adoption, exceptional performance in predictive
tasks, and extensive application in healthcare research [24].
The Extra Trees, Random Forest, LightGBM and XGBoost

represent ensemble learning methods within ML. Ensemble
methods amalgamate the predictions of multiple models to
enhance performance and increase robustness. Two predomi-
nant ensemble techniques are bagging and boosting. Bagging,
implemented in Extra Trees and Random Forest, minimizes
variance by training multiple models on different subsets of
data in parallel. In contrast, boosting, applied in LightGBM
and XGBoost, builds models sequentially, with each new
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FIGURE 2. Impact factors of the variables. 1: Lymphocyte; 2: Platelet; 3: Varicocele Vein Diameter; 4: Red Cell
Distribution Width; 5: Hemoglobin; 6: Monocyte; 7: Varicocele Grade; 8: Total Progressive Motile Sperm Count; 9: Complaint;
10: Neutrophil-to-Lymphocyte Ratio; 11: Platelet-to-Lymphocyte Ratio; 12: Age; 13: Plateletcrit; 14: Mean Platelet Volume;
15: Varicocele Side; 16: Neutrophil.

model correcting the errors of the previous one, thereby im-
proving accuracy.
Logistic Regression (LR) is a supervised learning algorithm

primarily used for binary classification. It models the relation-
ship between input features and the probability of a specific
outcome by fitting a logistic function (S-curve) to the data [25].
In our analysis, we considered 22 parameters as

candidate explanatory variables to predict the outcomes
of varicocelectomy. These parameters included hemoglobin,
neutrophil count, platelet count, red cell distribution width
(RDW), mean platelet volume (MPV), and several ratios
such as the neutrophil-to-lymphocyte ratio (NLR), among
others. As part of the preprocessing steps for the machine
learning models, we applied scaling techniques to variables
that did not follow a normal distribution. This is a standard
practice in machine learning to ensure that all input variables
are on a comparable scale and do not disproportionately
affect the model due to differences in their distributions.
Specifically, normalization and standardization methods were
applied as needed to transform the data, allowing the model to
perform more effectively and accurately. Such preprocessing
techniques are essential to the performance and robustness of

machine learning algorithms [26, 27].

2.4 Performance metrics

The synthetic minority oversampling technique (SMOTE) was
used to create a balanced data set. After the SMOTE process,
the data set was balanced by adjusting the number of patients
in Group 1 to the same number as in Group 2, which was low
in this study. For ML, 80% of the data was used for training
and the remaining 20% for testing. In the tests conducted with
these models, the models’ success rates were determined based
on accuracy, sensitivity, and specificity values with confusion
matrix metrics and the area under curve (AUC) graph in the
receiver operating characteristic (ROC) curve analysis. Cross-
validation is a statistical method used to estimate the ability
of ML models that is widely used in applied ML to compare
and select a model for a given predictive modeling problem. A
confusion matrix contains information on actual and predicted
classifications performed by a classification system and the
performance of such systems is generally assessed using the
data in the matrix.
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2.5 Feature selection
Independent variables that significantly affect the increase in
the TMSC dependent variable were selected by the permuta-
tion feature importance method, which is based on a decrease
in the model score when a single variable value is randomly
shuffled. The Permutation Feature Importance Plot is given in
Fig. 2.
ML algorithm tests were performed using Python software

(Python Software Foundation, Wilmington, DE, USA. Python
Language Reference, version 3.5).

3. Results

Of the 117 patients who had received a varicocelectomy op-
eration at the Eskisehir City Hospital Department of Urology
between January 2019 and July 2023 only 41 patients were
included in the study after applying the inclusion and exclusion
criteria (Fig. 1). Of the 41 patients, 31 (75.6%) and 10 (24.4%)
were classified as Group 1 or 2, respectively, according to the
status of improvement in their TMSC after surgery (Table 1).

The ML algorithms used, namely the Extra Trees Classifier,
LGBM Classifier, XGB Classifier, Logistic Regression and

TABLE 1. The demographic and laboratory findings of the patients included the study.
The demographic and laboratory findings N = 41
Age (yr) (mean ± sd) 27.17 ± 6.28
BMI (kg/m2) (mean ± sd) 25.79 ± 3.68
Complaint of Patients (n, %)

Pain 11 (26.8%)
Infertility 23 (56.1%)
Scrotal Swelling 7 (17.1%)

Varicocele Side (n, %)
Right 0 (0.0%)
Left 35 (85.4%)
Bilaterally 6 (14.6%)

Varicocele Grade (n, %)
Grade 2 20 (48.8%)
Grade 3 21 (51.2%)

Varicocele Vein Diameter (median, min–max) 3.7 (2.4–7)
Preoperative Postoperative

Sperm concentration (106/mL) (median, min–max) 10.5 (0.3–72) 20.4 (0.8–106)
Total sperm number (106/ejaculate) (median, min–max) 33.5 (1.65–309.6) 78.0 (2.50–372.4)
Total progressive motility (%) (mean ± sd) 22.46 ± 17.24 31.27 ± 17.06
Total progressive motile sperm count (×106) (median, min–max) 5.695 (0–107.1) 19.200 (0–167.8)
Sperm morphology (normal forms, %) (median, min–max) 3 (1–8) 4 (1–10)
Improvement in semen parameters (n, %)

Yes* 31 (75.6%)
No** 10 (24.4%)

Hemoglobin (g/dL) (mean ± sd) 15.38 ± 1.01
Neutrophil (103/µL) (median, min–max) 3.650 (1.97–14.90)
Lymphocyte (103/µL) (mean ± sd) 2.45 ± 0.71
Monocyte (103/µL) (mean ± sd) 0.57 ± 0.17
Platelet (103/µL) (mean ± sd) 238.77 ± 61.73
RDW (%) (median, min–max) 12.200 (1.80–18.30)
MPV (fL) (mean ± sd) 9.68 ± 1.86
PCT 0.22 ± 0.05
NLR (median, min–max) 1.560 (0.82–8.56)
MLR (median, min–max) 0.234 (0.11–0.57)
PLR (mean ± sd) 102.81 ± 32.71
BMI: body mass index; RDW: red cell distribution width; MPV: mean platelet volume; NLR: neutrophil-to-lymphocyte ratio;
MLR: monocyte-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; PCT: plateletcrit; yr: year; sd standard deviation; min:
minimum; max: maximum.
*If a patient had more than a 50% increase in the TMSC or if a patient with a TMSC of <5 million had an increase of >100%.
**If a patient had less than a 50% increase in the TMSC or if a patient with a TMSC of <5 million but did not have an increase
of >100%.
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Random Forest Classifier, had an accuracy of 0.923, 0.462,
0.846, 0.769, 0.846, respectively, in the prediction of a TMSC
increase after the operation. The results of the algorithms
used are summarized in Table 2 and Fig. 3. The Extra Trees
Classifier algorithm was found to be the best ML technique
for predictions according to the accuracy rates, ROC-AUC,
sensitivity, and specificity (92.3%, 97.6%, 100% and 85.7%,
respectively).

4. Discussion

A varicocele and its main treatment, varicocelectomy, is still
a controversial topic in andrology [5]. It has been shown that
varicocele does not affect semen quality in all men, and not all
men with varicocele seek infertility treatment. Although the
current underlying mechanisms that could lead to a decline in
semen quality have not yet been defined, a varicocelectomy
is recommended for males who have clinical varicocele and
abnormal sperm parameters [28, 29]. The latest two meta-
analyses from the Global Andrology Forum showed that a
varicocelectomy had a positive effect on the recovery of the
conventional semen parameters [3, 30]. In our study, 75.6% of
the patients had an increase in TMSC after surgery, similar to
the results reported in the literature [31].
It is not well known how a varicocelectomy improves semen

quality and which men would benefit from this procedure. The
most important question in varicocele is which men would
be able to recover their sperm parameters after the operation,
excluding those without non-obstructive azoospermia, those
without cryptozoospermia, or those with normal semen anal-
ysis who have varicocele [32]. The answer to this question
is important because if the urologist could predict the success
rate of surgery with a high degree of certainty, unnecessary
or ineffective procedures could be avoided, and preoperative
counseling, which could be more effective, could be used.
There have been studies to identify the predictors of the suc-
cess of the operation in the literature [32]. Nomograms have
been formulated using the possible indicators for predicting
semen parameter improvement [33–36] and the spontaneous
pregnancy rate [36]. However, only the nomogram by Sam-
plaski [33] had an external validation study [37] and these
nomograms have not been used in urology clinical practice.
Although the literature suggests that varicocelectomy should
only be performed on infertile patients with abnormal sperm
quality [38], there is still a lack of evidence on the predictors of
the improvement in sperm quality. One of the reasons could be

that all of the studies in the literature have employed traditional
statistical methods to show the prediction of the parameters and
these predictive methods have limitations, such as assumption,
overfitting vs. underfitting, inappropriate hypothesis testing,
and not assessing the predictive power in the analysis, all of
which could have significantly affected the success of the mod-
els. It is well known that AI has advantages in detecting the
different patterns between parameters and making decisions
more accurately than statistical methods [39].
The ability of a urologist to predict whether sperm param-

eters will improve in a patient with varicocele before surgery
and to counsel the patient accordingly provides several clinical
benefits. Predicting the likelihood of improvement in sperm
parameters allows urologists to guide patients toward the most
appropriate treatment. Patients with a higher chance of benefit-
ing from surgery can be recommended for the procedure, while
those with lower chances may consider alternative treatments.
Knowing whether sperm parameters will improve after surgery
helps manage patient expectations. All these benefits ensure
that patients are realistically informed about the potential out-
comes of the surgery, and reduce the risk of disappointment as
well as preventing unnecessary surgical interventions where
success is unlikely. This not only protects patients from
unnecessary risks but also promotes the more efficient use of
healthcare resources. By providing information on whether
surgery will improve sperm parameters, the urologist helps
the patient make an informed decision. This transparency
enhances patient satisfaction and trust in the treatment process.
ML-based models can predict personalized varicocele surgery
outcomes more accurately and efficiently, which is beneficial
for both patients and physicians. ML models can analyze large
datasets of patient information to predict the effects of varic-
ocele surgery more accurately based on sperm parameters and
they can assess individual risk factors and health conditions to
offer personalized predictions about the potential benefits of
surgery.
The articles about the use of AI in andrology have been

reported, but the number of these articles is insufficient when
compared to other medical fields [40, 41]. In andrology,
several studies have leveraged unsupervised machine learning
to uncover novel insights. For instance, unsupervised clus-
tering algorithms like k-means or hierarchical clustering have
been used to categorize sperm morphology or semen quality
data, helping to identify distinct patient subgroups with similar
characteristics, often leading to more personalized treatments
[42, 43]. These techniques have been shown to identify un-

TABLE 2. Prognosis prediction results of different machine learning algorithms.
Model Name ROC-AUC Accuracy Precision Sensitivity Specificity Interval
XGB Classifier 0.857 0.846 1.000 0.667 1.000 0.650–1.000
Random Forest Classifier 0.929 0.846 0.750 1.000 0.714 0.650–1.000
Extra Trees Classifier 0.976 0.923 0.857 1.000 0.857 0.778–1.000
Logistic Regression 0.810 0.769 0.714 0.833 0.714 0.540–0.998
LGBM Classifier 0.500 0.462 0.462 1.000 0.000 0.191–0.733
LGBM: Light Gradient Boosting Machine; XGB: eXtreme Gradient Boosting; ROC-AUC: Receiver Operating
Characteristic-Area Under Curve.
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FIGURE 3. Receiver operating characteristic curve graphs. LGBM: Light Gradient Boosting Machine; XGB: eXtreme
Gradient Boosting; AVG: Average.

derlying correlations in semen parameters and biomarkers that
may not have been apparent using traditional methods.
There are only two studies about varicocele and AI, and only

one study in the literature on anML-based predictive model for
the improvement of semen parameters after varicocelectomy,
reported by Ory et al. [12]. The baseline follicle-stimulating
hormone (FSH) and the testosterone level, together with other
demographic characteristics and clinical findings, were deter-
mined in their dataset. Only the Random Forest model was
used to predict an upgrade in sperm concentration, and it was
found that this model accurately predicted an upgrade in 86.7%
(AUC 0.72). The authors did not give any information as to
why they did not choose other ML models for constructing a
prediction model. The second report was on a deep learning
model constructed to detect varicocele in the SDU and the
researchers concluded that the efficacy of the proposed system
had high accuracy for classified varicocele veins [13].
In our study, the parameters used most often in previous

reports were determined in the dataset, except for hormone
levels. Varicocele is known to negatively impact hormonal
production, particularly by altering testosterone levels and
increasing the levels of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). These hormonal imbalances are
thought to contribute to impaired spermatogenesis and may

influence male fertility outcomes. The pathophysiological ef-
fects of varicocele, including disrupted blood flow and testicu-
lar hyperthermia, could further exacerbate these hormonal im-
balances, leading to suboptimal semen quality and motility, as
reflected in the machine learning model’s variable selections.
While hormonal imbalances associated with varicocele are
known to affect spermatogenesis and male fertility outcomes,
the lack of consistent hormone data meant these parameters
could not be integrated into the model.

Given the growing interest in inflammatory markers in re-
productive health, CBC parameters could provide additional
insights into varicocelectomy outcomes. Although these fac-
tors may have a limited direct association with spermatoge-
nesis, they might still influence the outcome of varicocelec-
tomy through their role in the inflammatory processes linked
to varicocele pathology. This approach was supported by
prior research that emphasizes the relevance of inflammatory
markers in the context of male infertility [44]. Inflammation is
a known contributor to male infertility, and CBC parameters,
including neutrophil-to-lymphocyte ratio (NLR) and platelet-
to-lymphocyte ratio (PLR), have been suggested in previous
studies as potential markers of altered spermatogenic function
in varicocele patients. Elevated NLR and PLR, for instance,
have been associated with impaired semen quality and may
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reflect an underlying inflammatory response that affects fer-
tility [45]. In our study, the following variables were iden-
tified as important predictors of varicocelectomy outcomes:
lymphocyte count, platelet count, varicocele vein diameter, red
cell distribution width (RDW), and hemoglobin levels. While
these parameters were selected by the machine learning model,
it is essential to interpret their potential medical relevance
in the context of male reproductive health. The common
intersection between the parameters identified in the study lies
in their potential to reflect systemic health conditions such
as inflammation, oxidative stress, and vascular health, all of
which are crucial in male reproductive function.
Our study represents the first comprehensive effort to em-

ploy five distinct machine learning algorithms to predict the
improvement in TMSC after varicocelectomy. The Extra Trees
Classifier emerged as the top-performing model, achieving
an accuracy of 92.3% with an AUC of 0.976. We identified
several key parameters, including age, BMI, vein diameter,
TMSC, platelet count, and monocyte-to-lymphocyte ratio, as
significant predictors. This groundbreaking analysis under-
scores the potential of basic laboratory tests and semen analy-
sis, usingmachine learning, to effectively identify patients who
are likely to benefit from varicocelectomy, marking a novel
approach in the field. This study significantly contributes to the
existing literature by being the first to apply multiple machine
learning algorithms to predict TMSC improvement following
varicocelectomy. By identifying key parameters such as vein
diameter, platelet count, and monocyte-to-lymphocyte ratio,
our work demonstrates that machine learning models can be
used to predict post-surgical outcomes with high accuracy.
This approach not only advances the precision of patient selec-
tion for varicocelectomy but also introduces a novel method for
integrating basic laboratory and semen analysis data in clinical
decision-making.
This study has some limitations. We acknowledge that a

sample size of 41 patients is relatively small for statistical
comparison, especially when developing a machine-learning
model. However, we chose to proceed with this dataset be-
cause of the importance of exploring predictive methods for
counseling the patients who will or will not benefit from the
procedure before surgery. While this study aimed to focus on
the impact of varicocelectomy on fertility outcomes, several
exclusion criteria were applied to ensure a more homogeneous
study population. Conditions such as abnormal genetics and
low semen volume were excluded, as their effects on varic-
ocele outcomes are not well-established and could confound
the results. The exclusion of such conditions, though reducing
sample size, was necessary to minimize potential biases and
ensure that the fertility concerns were primarily related to
varicocele. The lack of a clear medical consensus on the
effectiveness of varicocelectomy in patients with abnormal
genetic factors further justified their exclusion. This approach,
however, limits the generalizability of the findings to a broader
patient population. We acknowledge that these exclusions may
reduce the diversity of the sample and could potentially limit
the external validity of the results. Future studies could ex-
plore the impact of varicocelectomy in a more diverse cohort,
including individuals with these excluded conditions. While
our sample size may be limited, our aim was to demonstrate

the feasibility of using ML in this context and to lay the
groundwork for future studies with larger and more diverse
datasets. In this study, we employed supervised machine
learning techniques to predict varicocelectomy outcomes. As
noted in prior research, machine learning methods generally
require larger sample sizes compared to traditional statistical
analyses to ensure reliable and generalizable results. This is
due to the complex nature of machine learning models, which
rely on high-dimensional feature spaces and require sufficient
data to avoid overfitting and produce robust predictions [27].
As supervised machine learning methods typically demand
sample sizes that can accommodate these intricacies, we recog-
nize the importance of ensuring adequate data to strengthen the
model’s predictive power. Consequently, the sample size used
in this studywas based on practical considerations, with a focus
on balancing statistical power with available data. While large
sample sizes typically lead to more robust and generalizable
results, studies like those by Topol [46] have demonstrated
how AI models can still deliver high accuracy in clinical
applications with relatively smaller datasets, provided the data
is well-processed and features are appropriately selected. We
also acknowledge that larger sample sizes may further improve
model accuracy and reduce variance in predictions. Future
studies with a larger cohort may provide more definitive con-
clusions on the robustness of these findings. ML models,
especially when properly tuned and validated, are capable of
extracting meaningful patterns from limited data, provided that
the data is of high quality and the feature set is appropriately
selected. We acknowledge that the number of individuals
in both groups is relatively small compared to other studies
using supervised machine learning. However, several factors
contributed to this decision. First, our study focused on a
specific population of patients undergoing varicocelectomy,
which naturally limits the sample size. Additionally, while
small sample sizes can be challenging, recent literature sug-
gests that supervisedmachine learningmodels can still perform
well with limited data, especially when appropriate methods
such as data augmentation, cross-validation, and regularization
techniques are employed [47, 48].
In our case, we utilized the Synthetic Minority Oversam-

pling Technique (SMOTE) to address class imbalance and en-
hance the dataset. While the small sample size does pose chal-
lenges, our model demonstrated robust performance metrics,
including high accuracy, sensitivity, and specificity, which are
often associated with reliable predictive models [49]. Fur-
thermore, recent studies indicate that machine learning models
can still provide meaningful insights from small datasets if the
model is well-regularized and cross-validation techniques are
used effectively [50]. We believe these strategies, along with
the model’s strong validation results, support the robustness
and reliability of our findings.
However, external larger validation data sets are needed to

boost our model’s accuracy. Lifestyle behaviors that affect a
man’s fertility (smoking, alcohol, caffeine consumption) were
not recorded during the clinic visit, so unhealthy lifestyle
behaviors could not be identified as exclusion criteria. While
having at least one abnormal sperm parameter has been used to
classify patients in the literature, we preferred to use the TMSC
as a group criterion as described previously [6, 32].
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The strengths of our study are that we used more ML
algorithms, conducted comparisons between the algorithms,
presented all accuracy rates of the models, and used a classifier
confusion matrix of the best model in terms of prediction accu-
racy. We employed techniques to mitigate the risks associated
with a small dataset, such as cross-validation, which helps
ensure that the model’s performance is not overly optimistic
and that it generalizes unseen data well. Furthermore, our
model demonstrated robust performance metrics that we be-
lieve validate its reliability even with the small sample size.
Thus, to the best of our knowledge, this study is the first
prediction model to use appropriate methods based on ML for
the improvement of semen parameters after varicocelectomy.

5. Conclusions

In conclusion, we recommend emphasizing the key findings,
particularly the significant improvement in TMSC following
varicocelectomy as predicted by machine learning algorithms.
Highlight the use of variables such as vein diameter, platelet
count, and monocyte-to-lymphocyte ratio in predicting these
outcomes. This reinforces the novelty of the study, show-
ing how machine learning models can integrate basic clinical
parameters to guide clinical decision-making. Furthermore,
suggest potential future research areas where these models can
be refined or expanded for broader clinical applications.
ML could provide a decision-making support system to

decide the need for surgery, predict the success rate, com-
plications, length of hospital stay, and re-admission rate to
hospital after surgery. In this pilot study, we report promising
preliminary results using ML to predict the success of varicoc-
electomy. This study’s results suggest that prospective studies
with larger, more diverse patient populations, and including
additional clinical parameters, such as hormonal profiles and
lifestyle risk factors, would provide a clear roadmap for build-
ing upon the current findings.
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