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Abstract

The purpose of this retrospective study was to investigate the
trend of semen quality over time and develop Atrtificial Intelligence
(Al) models to identify parameters that may determine the quality
of semen samples. We combined 10,480 semen analyses carried
out at one fertility clinic in Florida, USA over 24 years, using the
same methodology and under the supervision of one laboratory di-
rector. We conducted one-way ANOVA and post-hoc comparison
to compare Concentration, Total Count, Motility, Total Motile Count,
Forward Progression, and Morphology of spermatozoa from 2000
to 2023. We then created regression and classification Al models
to determine which sperm parameters could predict and classify se-
men quality. We found a significant decline over time for Motility and
Morphology. However, despite a significant decline from 2000-2003
to 2016-2019 for Concentration, Total Count, Total Motile Count, and
Forward Progression, we found a significant increase from 2016-
2019 to 2020-2023. We also found that the Volume and Concentra-
tion of samples were most effective in predicting Motility, Morphology
and Forward Progression of spermatozoa.

Decline in sperm quality has been observed worldwide and male
infertility is now known to be important in the need for Assisted Re-
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productive Technology procedures. However, the life-long produc-
tion of spermatozoa makes the improvement of sperm quality a
possibility with lifestyle adjustments. Although Al techniques have
revolutionized dataset analysis in many scientific fields, little use of
Al has been observed in andrology. Investigating sperm quality has
major implications for helping patients going through fertility treat-
ment and finding ways to increase their chances of success.

Keywords: Artificial intelligence; Improved semen quality; Male in-
fertility; Semen analysis

Highlights

* Increase of sperm Concentration, Total Count, Total Motile Count,
and Forward Progression from 2016 to 2023

* Developed Al predictive models to determine critical semen pa-
rameters

Introduction

Human infertility, defined as a failure to establish a clinical preg-
nancy after 12 months of regular, unprotected sexual intercourse [1],
has been rapidly increasing worldwide in the past decades and affects
more than 15% of couples [2]. Previously thought to be attributed to
societal factors, such as industrialization or women’s participation in
the workforce, it is now clear that infertility is associated with biolog-
ical parameters as well [3]. Assessing the causes of patient infertility
is necessary to help increase success rates and achieve pregnancies
through Assisted Reproductive Technologies (ART). ART is defined
as any clinical intervention that includes the in-vitro handling of hu-
man oocytes, spermatozoa, or embryos for the purpose of reproduc-
tion [1]. One of the major factors predicting successful fertilization
and ART outcomes is the use of normal, healthy spermatozoa.

Male infertility and reproductive health have largely been over-
looked for decades. The focus of infertility research for Reproductive
Endocrinology and Infertility (REI) physicians has been on treating
female patients [4]. However, the high demand for fertility treatment
can be explained by an increased number of couples with male in-
fertility factors, ranging from 20-70% [5,6]. Male factors encompass
abnormal semen parameters or function, anatomical, endocrine, ge-
netic, functional or immunological abnormalities of the reproductive
system, chronic illness, or sexual conditions incompatible with the
ability to deposit semen in the vagina [1,3]. Understanding sperm
quality has major implications in helping patients going through nat-
ural conception or fertility treatment because spermatozoa exhibiting
optimal parameters improve embryo quality, pregnancy rate and live
birth rate. An evaluation of semen and sperm parameters is needed
prior to engaging in any clinical treatment of infertility. The World
Health Organization (WHO) has published six manuals since 1980
to standardize procedures and methods for the evaluation of human
semen. WHO also publishes the lower reference limit for normality
around the world [7-9]. The 2" to 4™ editions’ lower limits were em-
pirical reference values, whereas the 5" and 6™ editions’ were based
on published population-based analyses using 1,953 patients from
eight countries on four continents and using 3,589 patients from 12
countries on five continents respectively [10,11]. The lower reference
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s N
Concentra- Total Motile Forward Pro-
Year # analyses Age Abstinence oH Volume tion(million/ Totaf C.ount Motility Count (mil- gression Morphology (%
(years) (days) (ml) ml) (million) (%) Jion) () Normal)
2000 142 37.07 4.10 8.2 3.12 73.85 203.15 58.42 143.21 46.75 25.72
2001 183 38.42 3.82 8.2 2.86 69.65 199.41 59.72 145.25 47.82 27.68
2002 180 36.81 391 8.2 3.16 70.80 207.96 65.06 157.98 5431 29.44
2003 216 37.32 4.00 8.2 291 63.81 169.58 62.60 129.74 49.96 28.60
2004 201 37.17 3.88 8.3 2.89 83.96 223.28 67.03 176.53 54.77 17.88
2005 244 38.25 4.00 8.2 2.98 64.22 188.30 64.19 144.47 51.81 10.20
2006 241 37.76 4.02 8.1 3.01 57.73 172.33 60.27 132.60 51.04 10.39
2007 206 37.18 3.80 8.1 2.68 71.88 175.44 60.95 127.02 50.74 10.66
2008 227 37.78 3.95 8.1 3.09 74.91 210.66 61.42 157.99 52.19 11.50
2009 213 37.80 4.01 8.1 2.87 62.63 174.76 63.11 127.49 50.37 8.96
2010 270 37.81 4.14 8.1 2.97 68.73 196.83 60.45 140.17 48.79 8.93
2011 694 36.64 4.21 8.0 2.53 50.32 126.25 54.99 89.17 45.22 5.90
2012 463 36.84 3.97 8.0 2.69 58.56 154.29 57.32 113.09 44.47 5.72
2013 378 36.54 391 8.0 2.63 58.74 149.70 58.31 107.37 47.48 5.18
2014 399 38.77 3.93 7.9 2.64 54.66 145.58 55.13 102.51 43.98 4.44
2015 402 36.40 3.90 7.7 2.86 49.47 136.48 52.29 93.76 38.85 3.95
2016 486 36.67 3.92 7.6 2.66 49.56 127.96 53.25 86.71 43.75 3.86
2017 517 37.32 3.96 7.7 2.82 48.57 130.18 53.81 87.13 40.13 4.37
2018 573 37.43 4.01 7.7 2.69 47.56 129.30 51.86 89.88 37.84 5.02
2019 534 38.08 4.22 7.6 2.81 57.88 157.93 51.61 102.64 38.61 4.65
2020 656 36.86 4.15 7.7 2.87 59.64 169.13 51.47 114.30 38.48 4.83
2021 1,022 37.33 4.31 7.8 2.92 65.06 181.16 52.20 123.68 43.10 3.68
2022 1,048 38.20 4.28 7.8 2.80 64.51 168.31 49.53 111.85 42.96 3.36
2023 985 37.71 4.12 7.9 2.78 63.54 161.81 48.97 110.27 37.94 2.66
Total 10,480 37.43 4.08 7.9 2.80 60.02 161.69 54.60 113.24 43.59 7.00
Table 1: Average per year of different semen parameters collected at the Boca Fertility clinic between 2000 and 2023.
Average semen parameters per year
. /

limits are calculated based on the 5" centile of the combined pub-
lished data [10,11]. Data show a decrease in the lower reference limit
for volume, concentration, motility, and morphology between 1999
and 2010, but a slight increase in 2021 for concentration and motility
[7-12].

Artificial Intelligence (AI) and Machine Learning (ML) tech-
niques have revolutionized dataset analysis in many scientific fields;
however, little use of Al & ML has been observed in andrology [13].
Some research has used these techniques on processed semen samples
by analyzing samples under optical microscopy, classifying normal
and abnormal sperm samples, and identifying factors responsible for
affecting sperm quality. For instance, Agarwal et al. used Al Optical
Microscopic (AIOM)-based technology to measure sperm motility,
concentration, and pH. They found a high correlation between the
Al-based technique and the standard manual method (N = 135 sam-
ples). For concentration and motility, the Spearman’s rank correlation
coefficients (r) were found to be highly correlated (0.974 and 0.925
respectively) [14]. Similarly, Butola et al., used Feed-Forward Deep
Neural Networks (FFDNN) to differentiate normal semen samples
from samples that were under stress conditions, such as cryopreserva-
tion or exposure to ethanol or hydrogen peroxide [15]. They developed
a Spatially Coherent Digital Holographic Microscope (PSC-DHM)
for the quantitative phase imaging of sperm samples [15]. They used
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these phase maps in developing seven FFDNN models for classifying
normal sperm samples from those under stress, and found FFDNN
model to be 85.6% accurate, 85.5% sensitive, and 94.7% specific.
In addition, Wu et al., used logistic regression to identify factors that
affect sperm quality by studying 5042 ejaculates from 385 boars [16].
They found that Fe deficiency, excess Cu, and the presence of Pb were
factors involved in the reduced quality of sperm [16]. Similarly, Ory
et al., used Random Forest (RF), Logistic Regression (LR), and Sup-
port Vector Machine (SVM) to predict the upgradation of sperm pa-
rameters after Varicocele Repair [17]. They found that 45.6% of men
(N = 45) experienced improvement in their sperm concentration and
the RF model was found to be accurate in making the prediction [17].

A major drawback from review publications on sperm quality is
the combining of studies from different countries and clinics, using
different methodologies, technicians, personnel experience, and time-
frames. Here, we focused the investigation on sperm quality through
a retrospective study from semen analyses collected at a single clinic,
with consistent methods and trained personnel under the supervision
of one laboratory director. The purpose of this study was to use se-
men analysis data routinely collected at a fertility clinic to investigate
sperm quality over time. We hypothesized that we would observe
sperm quality decline for each parameter investigated and a decline
in normozoospermic samples similar to data recorded worldwide. We
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also used our comprehensive dataset to develop Al models (regres-
sion and classification models) and identify features responsible for
predicting significant factors that play a role in determining the qual-
ity of semen samples.

Results
Sperm quality over time

Data used for analysis are summarized in table 1, where samples
per year have been combined to yield an average for all parameters.
The mean, standard deviation, standard error, and range of data for the
patients’ age, number of days of abstinence, pH, semen volume, and
the six sperm parameters analyzed are recorded in table 2.

Mean SD SE Range
Age (years) 37.43 7.60 0.075 13-76
Abstinence (days) 4.09 2.50 0.025 0-120
pH 7.87 0.37 0.004 4-10
Volume (ml) 2.80 1.56 0.015 0.1-14.8
Concentration (106/ml) 60.73 63.73 0.623 0-400
Total Count (106) 161.69 195.76 1.91 0-2,000
Motility (%) 54.60 27.75 0.271 0-100
Total Motile Count (x106) 113.25 153.66 1.501 0-1,425
Forward Progression (%) 43.67 2691 0.270 0-95
Morphology (% Normal) 7.00 9.39 0.095 0-65
Table 2: Mean, Standard Deviation (SD), Standard Error (SE), and range
of different parameters collected from 10,480 semen analyses from 2000-
2023 at the Boca Fertility clinic.
Mean, SD, SE, and range of different semen parameters

J

We observed a statistically significant difference in sperm quality
for the following parameters: Concentration (F = 18.99, df =5, p <
0.001), Total Count (F =17.71, df =5, p <0.001), Motility (F=17.71,
df =5, p <0.001), Total Motile Count (F =22.72, df =5, p < 0.001),
Forward Progression (F = 46.38, df =5, p < 0.001), and Morphology
(F=38.79, df =5, p <0.001) between four years’ increments (Figure
1).

Post-hoc comparisons with the Tukey HSD tests showed a signif-
icant decrease (p < 0.001) from 2000-2003 and 2016-2019 for all six
parameters evaluated (Figure 1). Post-hoc comparisons also showed a
significant decrease from years 2016-2019 and 2020-2023 for Motil-
ity (p < 0.05) and Morphology (p < 0.001; Figure 1). However, they
showed a significant increase (p < 0.001) for Concentration, Total
Count, Total Motile Count and a non-significant increase for Forward
Progression (p = 0.857; Figure 1).

It is important to note that despite a significant decline throughout
the years, means of Concentration, Motility, and Forward Progres-
sion per year were still within normal range (Table 1) [9]. However,
the proportion of normozoospermic samples declined throughout the
years and the proportion of samples with four abnormal parameters
(Concentration, Motility, Forward Progression and Morphology) in-
creased (Figure 2).

Moreover, observed and expected counts of Normal and Abnormal
samples (containing one, two, three, or four abnormal parameters) for
Concentration, Motility, Forward Progression, and Morphology were
statistically significant (y> = 371.19, df = 20, p < 0.001; Figure 3).
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Figure 1: Box plot of the six sperm parameters evaluated between 2000-
2023. Different letters represent significant difference at a p < 0.05 prob-
ability level.

\

Figure 2: Top. Rate of semen samples with abnormal parameters based
on the total number of samples per year between 2000 and 2023. Bottom.
Rate of oligo-, astheno-, teratozoospermic, abnormal forward progression,
and normospermic samples based on the total number of samples per year
between 2000 and 2023.

L

Normozoospermic samples were observed more frequently than ex-
pected by chance in 2000-2003, but less frequently than expected by
chance in 2020-2023 (Figure 3).
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Figure 3: Plot of matrix for a Pearson’s Chi-square test residual values
(x*=371.19, df = 20, p < 0.001) for Normal and Abnormal samples (con-
taining one, two, three, or four abnormal parameters) for Concentration,
Motility, Forward Progression, and Morphology throughout the years.

Artificial Intelligence Models
Regression models

Multivariate techniques have been used for modeling regression
models, which allows prediction of multiple responses from the use
of multiple features. Different supervised learning regression models,
such as Random Forest (RF), Linear Regression (LR), and Support
Vector Regression (SVR) models were applied to predict parameters
using different combination of features and responses. The widely
used non-linear RBF kernel was used for SVR. We also used data
transformation techniques to optimize these models. The aim was to
determine parameters that were significant in predicting the quality of
a semen sample. Based on this, the initial model was:

Responses ~ Features

Morphology + Motility + Forward Progression + pH ~ Age + Year +
Volume + Concentration (Model 1)

We applied RF, LR, and SVR to evaluate the predictive ability of
Model 1. From the results, we optimized it by using data transforma-
tion techniques and by removing parameters that were less significant
and responsible for reducing the overall predictive ability of the mod-
el. Models were evaluated based on their R-squared values (R?) using
standard 10-fold cross validation.

The mean R? values of Model 1 using RF, LR, and SVR were
65.2%, 49.9%, and 2.2% respectively. From these values, RF outper-
formed the other two models. However, 65.2% was not a significant
predictive ability, as the best regressor still failed to predict almost
35% of the data. Model 1 was further analyzed by splitting the en-
tire dataset into 80-20% (training and test datasets) and plotting the
predicted vs actual value plots for all the responses (Figure 4). Of the
four responses, pH did not have a predictive trend and hence did not
predict Model 1 well.
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Figure 4: Actual vs predicted values for Model 1 for a) Normal Morphol-
ogy, b) Motility, ¢) Forward Progression, and d) pH.

Therefore, we dropped pH from Model 1 and ran RF, LR, and
SVR on Model 2:

Morphology + Motility + Forward Progression ~ Age + Year + Vol-
ume + Concentration (Model 2)

The mean R? for RF, LR, and SVR were 83.5%, 61.2%, and 2.0%
respectively. The mean R? for RF increased by 28% from Model 1 to
Model 2. To study the effect of Volume and Concentration on Mor-
phology, Motility, and Forward Progression, we developed Model 3
with Volume and Concentration as features and Morphology, Motili-
ty, and Forward Progression as responses, and applied the previously
mentioned regressors:

Morphology + Motility + Forward Progression ~ Volume + Concen-
tration (Model 3)

The mean R? for RF, LR, and SVR were 74.9%, 57.7%, and 40.8%
respectively. RF once again performed considerably better than the
other two regressors; however, it is highly desirable to increase the
predictive ability of the regressors. For this purpose, different data
transformation techniques are generally used to increase the perfor-
mance of the models, including square root, logarithmic, and cubic
transformations. Data transformation helps in organizing the data that
eventually leads to better accuracy of the model [18]. We tried differ-
ent transformations for our dataset and found encouraging results for
the square root transformation. Therefore, we transformed Model 3
using square root data transformation to form Model 4:

Morphology®s + Motility®s + Forward Progression®* ~ Volume + Con-
centration (Model 4)

The mean R? for RF, LR, and SVR were 82.0%, 68.9%, and 71.2%
respectively. With data transformation, the R? value using RF regres-
sor increased by 9.5%. It is worth noting that Model 4 utilizes only
two parameters as features and predicts three responses with high ac-
curacy and hence, highlights the efficacy of the model for predicting
useful information about the sample with limited information avail-
able. Figure 5 shows the actual vs predicted values for Morphology,
Motility, and Forward Progression using Volume and Concentration
of samples. The minimum R? for any fold in Model 4 using RF was
80.8%. An 82.0% predictive ability means the model can predict
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82.0% of the instances and every fold with R? greater than 80.8%
means that the model using RF was not over fitted to any part of the
dataset but rather can be generalized to the entire dataset.

Figure 5: Actual vs predicted values for Model 4 for a) Normal Morphol-
ogy”, b) Motility®, and c) Forward Progression®.

Classification models

Along with regression models, we were also interested in classi-
fying significant responses into Normal and Abnormal, which could
be useful in andrology to highlight different sperm parameters. For
this purpose, we applied classification techniques, such as RF and
Decision Tree (DT)classification techniques, such as RF and Decision
Tree (DT) using our dataset to classify parameters that can be signifi-
cant towards predicting the quality of semen samples. We categorized
the parameters of interest, Morphology, Motility, and Forward Pro-
gression as Normal or Abnormal based on the thresholds set by WHO
for these parameters throughout the years. We used both temporal and
non-temporal parameters to classify Motility, Morphology, and For-
ward Progression. Model 5 represents the first classification model
used:

Motility ~ Age + Year + Volume + Concentration + pH (Model Sa)

Morphology ~ Age + Year + Volume + Concentration + pH (Model
5b)

Forward Progression ~ Age + Year + Volume + Concentration + pH
(Model 5b)

We used optimized hyperparameters for modeling the above mod-
els. These hyperparameters include maximum depth of the tree, min-
imum number of sample split, and minimum sample leaf. We then
applied 10-fold cross validation using the tuner parameters. Decision
Tree (DT) classifies Motility into Normal and Abnormal with the
highest accuracy of 72.5%, classifies Morphology with an accuracy of
65.9% and Forward Progression with an accuracy of 75.9% (Table 3).
RF classifier was found to classify parameters with higher accuracies
than DT with 77.5%, 66.3% and 75.7% accuracies for Motility, Mor-
phology, and Forward Progression respectively. We also trained RF
and DT classification models for temporal and non-temporal models
separately to identify their effectiveness in determining the abnormal-
ity of Motility, Morphology, and Forward Progression:

Motility ~ Age + Year (Model 6a)
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Morphology ~ Age + Year (Model 6b)

Forward Progression ~ Age + Year (Model 6¢)
Motility ~ Volume + Concentration (Model 7a)
Morphology ~ Volume + Concentration (Model 7b)

Forward Progression ~ Volume + Concentration (Model 7¢)

Decision Tree ‘ Random Forest
Max Min Min Max X Min
Parame- Min Sam-
Depth of Sample Sample Depth Sample
ters X ple Leaf X
Tree Leaf Split of Tree Split
Model 5a 5 1 2 5 3 4
Model 5b 5 1 2 5 4 6
Model 5¢ 5 4 2 5 3 8
Model 6a 50 3 4 5 2 4
Model 6b 10 2 2 5 1 6
Model 6¢ 5 2 2 5 2 4
Model 7a 5 3 2 5 1 6
Model 7b 10 3 2 5 3 6
Model 7¢ 5 2 2 5 1 8
Table 3: Best parameters for classifying motility and morphology using
decision tree and random forest.
Summary of parameters using Decision Tree and Random Forest

In Models 6a-c, DT classified Motility, Morphology, and Forward
Progression with an accuracy of 30.9%, 39.9%, and 32.2% respec-
tively, whereas RF classified them with 59.5%, 46.3%, and 35.9% re-
spectively. Similarly, in Models 7a-c, DT classified Motility with ac-
curacy of 83.9%, Morphology with 69.9% and Forward Progression
with 79.6%, whereas RF classified Motility with 84.2%, Morphology
with 70.8%, and Forward Progression with 79.9% accuracy. Both DT
and RF models classified Motility, Morphology, and Forward Pro-
gression using Volume and Concentration with higher accuracies than
Age and Year. These results show that temporal parameters were not
suitable for classifying Motility and Morphology as Normal and Ab-
normal and overall, RF is a better classifier than a simple Decision
Tree.

Discussion

Results from our 24-yearlong comprehensive dataset highlighted
an improvement in sperm quality from 2020-2023 for four of the six
parameters examined, even though a significant decline was observed
since 2000 for Motility and Morphology. Normal morphology of
spermatozoa is known to be associated with high progressive mo-
tility. Studies examining sperm morphology at three different levels
of the female reproductive tract [19-28] show that more than 90%
of the morphologically normal cells are found at the highest level,
in the endocervical mucus [29]. A small increase in Concentration
and Motility parameters was observed since 2010 in the WHO 6%
edition, from data collected worldwide [10,11]. Similar results re-
garding Concentration, Total Count, Total Motile Count or velocity
parameters emerged in the literature recently, involving worldwide
studies. Infertility issues have come to be widely acknowledged
by the general population. Couples trying to conceive are aware
of their fertility status and try to improve their chances of success.
In our dataset, the Covid 19 epidemic may have played a role in
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increasing patients’ awareness of their health. As virtual work became
more common, people may have increased free time to acknowledge
the benefits of exercising and following a healthy diet while trying to
expand their families. Continuous spermatogenesis makes possible
the improvement of sperm quality with lifestyle adjustments. Most
men are able to improve quality of most of their sperm parameters
over time with supplements, better diet, or exercise [22-27].

Part of the results from this study were similar to those of world-
wide studies [10,11,30-32]. Western, industrialized countries have
been witnessing a major decline in sperm motility over the past 100
years [30,31,33,34]. Reasons behind this decline is uncertain but evi-
dence suggest that modern lifestyle and environmental exposure, such
as endocrine disruptors, poor diet, or low exercise, play a major role
in male infertility and sperm quality decline [3,32,35-37]. Couples
with male infertility factor, up to 70% in some areas, is one of the
leading causes of increased demand for fertility treatment [5,6].

Along with statistical analysis, we used our dataset to develop Al
models and determine parameters that are significant in predicting the
overall quality of semen samples. To the best of our knowledge, no Al
predictive models have yet been used in andrology. We found that of
non-linear regression models, RF was the most predictive in model-
ing our dataset. We optimized these models using data transformation
techniques and found square root transformation to be the most ade-
quate in modeling the relationship between features and responses. In
regression models, we found that semen Volume and sperm Concen-
tration were most effective in predicting Motility, Morphology, and
Forward Progression of spermatozoa. Similarly, we also used classifi-
cation models to classify Motility, Morphology, and Forward Progres-
sion into Normal and Abnormal categories using DT and RF. In these
models, we found similar results, which shows that these models were
effective in determining relationships between parameters related to
the quality of semen samples and were a good application of Al-based
analysis in the andrology field.

One possible limitation of this study is that the population tested
may not be representative of the whole American population as pa-
tients tested were conscious of their fertility status and many were
about to proceed with an IVF cycle for infertility issues. Even though
results come from only one relatively small fertility clinic, it is im-
portant to note that South Florida represents a melting-pot of patients
from different origins, background, age, sexual orientation, or family
composition. Even though the use of the Makler chamber to perform
semen analyses does not strictly follow the guidelines described in
the WHO manuals, this methodology has been widely used in fertility
clinics. The consistent use of the Makler chamber over the 24 years
of our study did not interfere with our interpretation of the results.
In addition, our sample size has been steadily increasing since 2000,
with an important increase since 2021, which demonstrates compel-
ling results for the last 3-year increment.

In a future study, we would like to focus on patients that went
through an IVF cycle at Boca Fertility and determine if semen pa-
rameters, at the day of retrieval, have an impact on the outcome of
the cycle. We would investigate samples before and after processing
and potentially correlate semen and sperm parameters to fertilization
rate, embryo quality, and pregnancy rate. Using Al analyses, we could
also attempt to predict different outcomes based on the semen sample
quality used for the IVF cycle.

J Reprod Med Gynecol Obstet ISSN: 2574-2574, Open Access Journal
DOI: 10.24966/RMGO-2574/100174

Conclusion

We used 24-year retrospective semen analysis data collected at
one fertility clinic in Florida and observed a significant improvement
in some of the sperm parameters investigated, despite a decline in
normozoospermic samples over the time frame. We also used our
dataset to develop regression and classification models and found
encouraging results, which shows the applicability of different types
of Al-based techniques in the field of andrology. Regression models
gave us insight into different parameters of the sample and can help
scientists better understand the quality of samples under consider-
ation.

Materials and Methods
Semen analysis

Semen analyses were performed daily at Boca Fertility, a fertili-
ty clinic in Boca Raton, FL, USA, by embryologists/andrologists on
either external patients or internal patients. External patients were re-
ferred by their urologists for investigation of potential anatomical or
physiological problems or to preserve their fertility through sperm
freezing for future use. Internal patients refer to clinical patients who
were considering going through an /n Vitro Fertilization (IVF) cycle.
Semen analysis is the first step in investigating infertility and direct-
ing the future course of action for these patients. We recorded men’s
age, semen volume and pH, number of days of abstinence, sperm
Concentration (million/ml), Motility (%), Forward Progression (%),
and Morphology (% normal). We recorded Concentration, Motility,
and Forward Progression using a Makler chamber using manufactur-
er’s protocol (Sefi Medical, Israel) and Morphology using a smear
stained with Papanicolaou stain [8] from 2000-2010 and pre-stained
slides (Testsimplets®, Waldeck GmbH & Co. KG, Germany) from
2010-2023 [38]. Our clinic had been using the same semen analysis
methodology since 2000, under the supervision of one single labo-
ratory director, Dr. Michael Matilsky, PhD, HCLD, who trained all
technologists involved in the routine semen analyses throughout the
years.

Semen samples with low concentration of spermatozoa (oligo-
zoospermia), reduced percentage of motile spermatozoa (asthenozo-
ospermia), reduced percentage of progressively motile spermatozoa,
and reduced percentage of morphologically normal spermatozoa (ter-
atozoospermia) were determined when the numbers fell below the
WHO lower reference limit for normality for the period studied [7-9].

Data analysis

In this study, we combined a total of 10,480 semen analyses car-
ried out at the fertility clinic, over a 24-year period. For analysis
purposes, we included parameters regularly recorded, such as Con-
centration (million/ml), Motility (%), Forward Progression (%), and
Morphology (% normal), and we calculated Total Count (million/
ejaculate), as Concentration multiplied by the ejaculate Volume, and
Total Motile Count (million/ejaculate), as the Total Count multiplied
by % Motility. We recorded the mean, standard deviation, standard
error and range of values for all parameters.

All samples were collected by masturbation into a sterile cup, ei-
ther at home or at the clinic. We excluded analyses from TESE (Tes-
ticular Sperm Extraction), MESA (Microsurgical Epididymal Sperm
Aspiration), retrograde urine, post-vasectomy and post-vasectomy
reversal samples or samples that were collected in a condom through
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sexual intercourse. We did not include analyses where the sample was
collected for use in IVF or Intra-Uterine Insemination (IUT) cycles.
On a regular basis, we did not record specific numbers for samples
with extremely low concentration and labeled them as ‘Rare’ or ‘Very
Rare Motile’ spermatozoa. For analysis purposes in this study, we de-
termined Rare Motile spermatozoa as a concentration of 0.1 million/
ml and a motility of 20% and Very Rare Motile spermatozoa as a con-
centration of 0.01 million/ml and a motility of 10%. No data on For-
ward Progression or Morphology were recorded for these samples.

From the WHO lower limits throughout the years [7-9], we cat-
egorized each sample as Normal or Abnormal based on their Con-
centration, Motility, Forward Progression, Morphology, and year of
collection. We recorded the number of samples per year with one,
two, three, or four abnormal parameters.

Statistical analysis

We combined data into increments of four years from 2000-2023
for analysis purposes. We conducted one-way ANOVA analyses and
post-hoc comparisons using Tukey HSD tests to compare the six
sperm parameters throughout the years. We also conducted a Pear-
son’s Chi-squared (x2) test of independence to compare counts of
Normal and Abnormal samples (containing one, two, three, or four
abnormal parameters) throughout the years. We ran all statistical anal-
yses in R statistical software version 4.2.0.

Artificial intelligence models

We developed predictive and classification Al models to determine
sperm parameters that were significant in predicting and classifying
the quality of semen samples respectively. We performed a compar-
ative analysis of these predictive models with different regression
models and chose the models for better prediction of sperm quality.
We also performed comparative analysis of classification models to
identify the features that had better abilities to determine the parame-
ters involved in higher sperm quality. We programmed these different
models by using Python and Google Colab as an Integrated Develop-
ment Environment (IDE).
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