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Introduction: The male factor is responsible for 50% of infertility cases.
Numerous studies have explored the relationship between human sperm
morphology assessed via optical and electron microscopy and reproductive
outcomes. In the sperm midpiece, mitochondria are arranged in a helical shape,
forming a compact sheath. Disruptions in this precise mitochondrial structure,
size, or organization may contribute to infertility. However, despite established
links between abnormal sperm morphology and pathology, mitochondrial
abnormalities in sperm remain relatively understudied.

Methods: In this study, we employed computational image analysis and
fluorescence labelling to quantitatively assess morphometric changes in the
sperm midpiece and correlate these findings with mitochondrial ultrastructure
in fertile and infertile men.

Results: Our results revealed a significant increase in midpiece area,
width, and roundness in sperm from men with teratozoospermia. These
findings were further validated by electron microscopy. The ultrastructural
morphometric analysis demonstrated disassembled, enlarged, and irregularly
shaped mitochondria in sperm from infertile men. Additionally, we applied
ultrastructural morphometric analyses to apoptotic sperm samples, observing
similar qualitative and quantitative mitochondrial alterations, particularly in those
from infertile individuals.

Discussion: Traditional sperm morphology assessments are inherently
subjective, but this limitation can be addressed through quantitative
morphometric analysis. Enhancing the objectivity and precision of such
evaluations is essential for elucidating the biological mechanisms of male
infertility and optimizing assisted reproductive technologies. In our study,
spermatozoa with poor morphology (<4%) and proximal flagellar abnormalities
displayed significantly shorter and wider midpieces. Ultrastructural analysis
further revealed that mitochondria in sperm from infertile men were
significantly larger and more irregular in shape compared to those from
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fertile men. These findings indicate an association between altered midpiece
morphometry, mitochondrial ultrastructure, and male infertility. The integration
of computational tools for automated detection and quantification of these
morphological changes offers a promising avenue to improve diagnostic
accuracy and deepen our understanding of male reproductive disorders.

KEYWORDS

human infertility, sperm midpiece, sperm mitochondria, fluorescent probes, electron
microscopy, image processing

1 Introduction

Infertility, the failure to become pregnant within a year despite
unprotected sexual intercourse, is a widespread problem that affects
an estimated 70 million people worldwide (Fainberg and Kashanian,
2019). The World Health Organization (WHO) estimates that
the male factor plays a role in 50% of the cases (World Health
Organization, 2021).

Standard semen parameters are crucial for the assessment
of male fertility and overall reproductive health. They provide
important information about the quantity and quality of sperm, but
rarely shed light on the causes or indicate possible treatments (World
Health Organization, 2021; Bjérndahl and Kirkman Brown, 2022).
Although there is currently controversy (Pelzman and Sandlow,
2024; Keegan et al, 2007), sperm morphology is consistently a
good indicator of male fertility. Many authors have even gone
so far as to claim that sperm morphology reflects the functional
competence of spermatozoa (Coetzee et al., 1998; Menkveld et al.,
2011). Even though it should be interpreted in the context of
multiple parameters, sperm morphology correlates with sperm
fertilization ability in medical-assisted reproduction when strict
criteria are applied (Van Waart et al., 2001; Grow et al., 1994;
Kruger et al., 1986; Menkveld et al., 1990). Concerning the
ultrastructural morphology of the male gamete, sperm functionality
appears to be directly related to the integrity of gamete morphology
(Bartoov et al., 1999; Reichart et al., 2009). Although attempts
have been made to link alterations in subcellular components
such as the sperm head (Moretti et al., 2005; Lalonde et al,
1988; Chemes et al., 1999a), acrosome (Lalonde et al., 1988;
Albert et al, 1992), and flagellar cytoskeleton (Chemes et al,
1999b; Rawe et al, 2001; Escalier, 2006; Escalier and Serres,
1985) to infertility, the results obtained were not convincing.
In previous work, we have described ultrastructural alterations
more prevalent in infertile patients than in controls, such as gross
alterations of the head and neck and large disorganizations of the
axoneme (Skowronek et al., 2010; Skowronek et al., 2012). Despite
the many ultrastructural phenotypes responsible for abnormal
sperm function and pathology, mitochondrial abnormalities

Abbreviations: WHO, World Health Organization; TEM, Transmission
Electron Microscopy; SMP, Sperm Midpiece; PB, Phosphate Buffer; PBS,
Phosphate Buffer Saline; BWW, (Biggers-Whitten-Whittingham) Medium;
ROI, Region of Interest; SD, Standard Deviation; FL Images, Fluorescent
Images; NPF, Normal Proximal region of the Flagella; APF, Altered Proximal
region of the Flagella; Ax, Axoneme; SCD, Sperm Chromatin Dispersion.
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have received relatively little attention (Bartoov et al, 1999;
Chemes and Rawe, 2003).

During spermiogenesis, the mitochondria, initially located
in the peripheral cytoplasm, migrate and gather around the
proximal part of the forming axoneme, which later develops
into the sperm midpiece (Lehti and Sironen, 2017). The number
of mitochondria varies depending on the species (Gage, 1998;
Cummins and Woodall, 1985). They are arranged in a spiral
(Ho and Wey, 2007) and form a compact sheath where the
mitochondria remain connected by disulfide bridges (Otani et al.,
1988; Olson and Winfrey, 1990). Disturbances in this precise
arrangement of mitochondria could lead to changes in sperm
motility in patients with asthenozoospermia (Mundy et al,
1995). Similarly, the organization, volume, and changes in the
ultrastructure of the mitochondrial membrane have also been
reported as determinants of flagellar movement and flagellar
beating, and therefore associated with asthenozoospermia
and infertility (Pelliccione et al, 2011; Cardullo and Baltz,
1991; Folgero et al, 1993), especially in cases of probable
genetic origin (Rawe et al, 2007; Collodel et al, 2011;
Moretti et al., 2008).

On the other hand, mitochondria per se can undergo
morphological changes. associated with

Dynamic changes

fusion and fission phenomena and apoptosis have been
described (Yoon and Wang, 2015). Previously, our group
developed a series of scripts to measure morphometric
features of the mouse sperm midpiece (SMP) using images
obtained by fluorescence microscopy (Skowronek et al,
2025). These tools have proven useful in quantifying the
morphometric changes in the mouse sperm midpiece during
sperm capacitation. Additionally, we have previously demonstrated
that the structure of the human sperm midpiece correlates
with

also observed that spermatozoa from samples with a low

semen parameters. Using electron microscopy, we
percentage of normal cells exhibited dilatation of the inner
mitochondrial matrix (Irigoyen et al, 2022). In this study,
we aim to validate scripts to quantify these variations. We
propose that mitochondrial shape alterations can be studied
through morphometric analysis of the human sperm midpiece
labeled with fluorescent probes. We correlated these results with
the quantification of the morphometric features detected by
transmission electron microscopy (TEM) in the mitochondria
of sperm midpieces from both fertile and infertile men.
Our ultimate goal is to identify precise tools to improve the
analysis of sperm morphology and explore its implications for

male fertility.
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2 Materials and methods
2.1 Subjects and human samples

Men attending the Fertilab andrology clinic for sperm testing
and the Unit of Human Reproduction, Pereira-Rossell Hospital
Center (Montevideo, Uruguay) for fertility testing were included
in the study.

Samples for morphometric analysis by fluorescence microscopy
(n = 37) were randomly selected, while samples for TEM analysis

(n = 12) were chosen according to the conceiving capacity of
each subject.

Inclusion criteria for classifying a man as infertile were:
a clinical history with an unknown cause of infertility, an
abnormal spermogram, and the absence of a female factor in
the couple. None of the infertile men (n = 7) had a child of
their own, and all of them had at least two examinations of
semen samples showing abnormal sperm morphology according
to WHO criteria. Patients with varicocele, history of genital
tract infections, endocrine disorders, post-vasectomy control or
cryptorchidism were specifically excluded. No genetic or family
history of male infertility was identified. Possible causes of infertility
in their female partners (ovulatory disorders, anatomical or cervical
factors) were also excluded. These men were classified as idiopathic
infertility.

Fertile men (n

5) were selected from age-matched men
who had fathered at least one child and presented normal semen
parameters.

The semen samples were collected from March 2018 to
November 2022 at the School of Medicine, Montevideo, Uruguay.

The Ethics Committee of the School of Medicine, Universidad
de la Reptiblica, Montevideo, Uruguay approved the study.
Before sample collection, all participants signed an informed
consent form. The laboratory staff assured the anonymity of the
participants.

2.2 Routine semen analysis

The semen samples were collected after 3 days of sexual
abstinence by masturbation in sterile and disposable containers
and delivered to the laboratory immediately after ejaculation. The
semen was allowed to stand in a laboratory oven (Heratherm™
General Protocol, Thermo Scientific™, Massachusetts, US) at 37°C
for 30 min. After liquefaction, the volume, viability, pH, and normal
morphology of the semen were analyzed according to WHO
guidelines (World Health Organization, 2021). For microscopic
analysis, two sperm counting chambers CELL-VU® (Millennium
Sciences, Inc., New York, United States) were loaded with each
semen sample. Ten different fields per chamber were randomly
examined (moving the microscope stage from top to bottom
and then to the right, thus avoiding the same optical field)
using a Nikon microscope at 37°C. Concentration and motility
parameters were analysed using an automated analyzer from SCA-
Microoptics (CASA) (Barcelona, Spain) with standard settings
according to WHO criteria (World Health Organization, 2021).
To assess sperm morphology, semen smears were stained using
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the Shorr method (IVD: In Vitro Diagnostic Medical Device
Merck KGaA, Germany) and viewed with a Nikon ECLIPSE
E200 bright field microscope at 1000x magnification (under oil
immersion). At least 200 consecutive spermatozoa were observed
and analyzed per sample. Morphological evaluation was performed
in several systematically selected areas of the slide, focusing up
and down in different and separated microscopic fields. Following
morphological WHO criteria (World Health Organization, 2021)
all normal spermatozoa were assessed and scored, and the head,
neck-midpiece and tail defects of the abnormal spermatozoa
were noted.

Samples were discarded if they showed leukocytospermia (World
Health Organization, 2021). The sperm cultures were negative for
microorganisms.

2.3 Non-apoptotic and apoptotic sperm
separation

Semen samples were processed by Magnetic activated
cell sorting -MACS. Briefly, first swim-up was performed
in PureCeption™ Sperm Washing Medium (SAGE In Vitro
Fertilization, Inc., California, USA). An aliquot of the swim-
up selected sperm was centrifuged, incubated with Annexin
V-conjugated microbeads (MiltenyiBiotec, Bergisch Gladbach,
Germany), and processed by MACS according to the manufacturer’s
(Miltenyi Biotec) and the procedure described by Grunewald
and Paasch (2013). The unlabeled cells that ran through the
column were collected (non-apoptotic fraction). The magnetic
field was removed, and the magnetically retained Annexin V-
conjugated sperm cells were eluted (apoptotic selected cell
fraction). The sperm chromatin dispersion test was performed
(2005).
An aliquot of each fraction was fixed and processed to be
analyzed by TEM.

in both fractions according to Ferndndez et al,

2.4 Evaluation of sperm midpiece
morphology by confocal and
epifluorescence microscopy

After liquefaction, 37 semen samples were centrifuged at
400 g for 10 min, at room temperature, and the supernatant
was discarded. Sperms were resuspended in BWW (Biggers-
Whitten-Whittingham) medium (Calvo et al., 1993) and incubated
with 50 nM MitoTracker® Red CMXRos - M7512 - (Invitrogen,
Waltham, Massachusetts, United States) at 37°C for 30 min in
a digital laboratory incubator, Thermo Scientific - Heratherm
IMC-18 model. Sperms were then spread on a glass slide and
fixed in a mixed solution of 4% w/v paraformaldehyde in 0.1 M
phosphate buffer (PB) for 30 minand washed thoroughly in
phosphate buffer saline (PBS). Sperm nuclei were counterstained
with DAPI (4',6-diamidino-2’- phenylindole dihydrochloride).
After mounting the slides, they were observed using a Leica
spectral confocal microscope model TCS SP5 II and a Nikon
Eclipse E400 epifluorescent microscope with a 100X, 1.4 NA
oil objective (excitation: A = 488 nm and A = 543 nm). Several
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digital images of the spermatozoa of each individual were taken
and processed.

2.5 Ultrastructural evaluation of sperm
mitochondrial morphology by transmission
electron microscopy

Semen samples from five fertile control men and seven infertile
patients were processed for TEM. Following liquefaction, each
sample was centrifuged at 400 g for 10 min. The supernatant
was discarded, and the resulting sperm pellet was fixed in 4%
(w/v) paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4)
containing 2.5% (v/v) glutaraldehyde, and stored overnight at 4 °C.
Samples were then rinsed in PB (pH 7.4), post-fixed in 1% (w/v)
osmium tetroxide for 1 hour, dehydrated through a graded ethanol
series and acetone, and embedded in Araldite resin. Polymerization
was carried out at 58°C-60°C for 48 h. Sectioning was performed
using an RMC MT-X ultramicrotome equipped with a DIATOME
diamond knife. Semithin sections (500 nm) were stained with 1%
(w/v) toluidine blue and examined under a Nikon ECLIPSE E200
light microscope. Adjacent ultrathin sections (50-70 nm) were
stained with uranyl acetate followed by lead citrate and examined
using a JEOL JEM-1010 transmission electron microscope operated
at 80kV. For each sample, digital images were captured from
at least 100 midpiece-level sections, including both longitudinal
(through the central axis of the axoneme) and transverse views.
Images were acquired and processed using a Hamamatsu C-4742-
95 digital camera to obtain both qualitative and quantitative data on
mitochondrial morphology.

2.6 Image processing

To analyze the fluorescence and electron microscopy images,
we developed two software applications that allowed the analysis
of the morphometric characteristics of the sperm midpiece and
the mitochondria in an automated and semi-automated manner.
For each individual, at least 100 fluorescence images of sperm
midpieces and 100 electron microscopy images were quantified. To
assess the mitochondrial ultrastructure, only longitudinal sections
at the level of the sperm midpiece, passing through the central
axis of the axoneme, were analysed. Images were processed using
the ImageJ/Fiji (Schindelin et al., 2012) routines implemented
in Python (Van Rossum and Drake, 2009).

2.6.1 Fluorescence microscopy image processing

Fluorescence microscopy images were processed as 8-bit
images. Noise reduction was obtained by a Gaussian filter,
and automatic segmentation of spermatozoa midpieces was
obtained from the images labeled with MitoTracker™ using the
MaxEntropy thresholding method (Kapur et al, 1985). The
MaxEntropy method automatically defines a threshold value 4 in
the intensity value that maximises y(h) based on Shannon’s Entropy
(Shannon, 1948) where

P

S

k s
Hs Hn _Hs .
w(s)=ImP(1-P)+ =+ — 5 withHy = Y piln(p).P,= Y p;
s i=1 i=1
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pi= %}Vi € {1,---,n} is the fraction of pixels with value f,, N is the
total number of pixels, and # is the total number of grey values
observed in the image. Using this method, we maximized the
information extracted from the image by enhancing the contrast
between the foreground (object) and background distributions. This
enabled the automated generation of regions of interest (ROIs) (see
Figure 2), from which multiple shape and fluorescence intensity
descriptors were calculated. Using a dialog box in Image]J/Fiji: “Set
Measurements” we could select between a lot of morphometric
descriptors (area, mean gray value, centroid, X and Y coordinates,
center of mass, perimeter, bounding rectangle, fit ellipse, circularity,
aspect ratio, roundness, solidity, Feret’s diameter, integrated density,
etc, (Schindelin et al.,, 2012). We used only the parameters that best
fit the description of the sperm midpiece and mitochondria. These
parameters included morphological features such as area, X and Y
coordinates to calculate length and width, roundness, circularity,
and solidity, as well as fluorescence metrics such as integrated
density and mean intensity to evaluate the fluorescence intensity.
All ROIs were user-validated to ensure the selection of isolated and
well-defined sperm midpieces. Image processing and segmentation
were further supported by additional libraries, including: scikit-
image (van der Walt et al., 2014), OpenCV (Bradski, 2000), and
SimpleITK (Beare et al., 2018).

2.6.2 Electron microscopy image processing

Electron microscopy images were manually processed, and
all mitochondria were individually segmented. Each closed
region of interest (ROI) was added to the ROI Manager in
Image]/Fiji (see Figure5). These ROIs enabled the automated
computation of quantitative morphological parameters (see
Supplementary Figure S1). Among the available measurements in
Image]/Fiji, we selected the following for analysis: Area, Perimeter,
Circularity, Roundness, X coordinate, and Mean Gray Value. In
Image]/Fiji, Circularity and Roundness (Beare et al, 2018) are
calculated as follows:

4mArea 4 Area

Roundness =

Circularity = R
Perimeter? M?

where M is the major axis of an ellipse fitted to the ROL Although
both parameters sound alike, they have differences. Consider an
ellipse and a rectangle ROIs with the same fitted ellipse, they
have similar areas, major and minor axes, and angles. Since they
have the same major axis (M) the Roundness is the same for both
ROIs, however, the Circularity is higher for the ellipse than for the
rectangle.

2.7 Statistical analysis

Statistical analysis was performed using the GraphPad Prism
statistical package version 8.0.1 for Windows, GraphPad Software,
San Diego, California, United States, www.graphpad.com. Data were
expressed by arithmetic means and the corresponding standard
deviation. The normal distribution of the data was tested using
the Shapiro-Wilk normality test. Regression lineal analysis was
performed between morphometric data and sperm morphology.
Comparisons between means were performed using Student’s t-
test or Mann-Whitney test, depending on the normal distribution
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TABLE 1 Age and descriptive characteristics of subjects’ sperm parameters.

10.3389/fcell.2025.1609081

Parameter Mean SD Median ‘ Max ’ Min Lower reference value (WHO, 2021)
Subject age (yr) 354 5.8 36.0 50.0 21.0 —

Sperm concentration (million/mL) 45.5 38.4 35.0 159.0 1.6 16.0

Progressive Motility (a + b) (%) 475 20.3 52.0 82.0 3.0 30.0

Normal Sperm Morphology (%) 6.6 34 7.0 15.0 0.0 4.0

Alterations of the sperm head (%) 349 114 35.0 60.0 16.0 —

Alterations of the sperm midpiece (%) 1.9 14 2.0 5.0 0.0 —

Alterations of the sperm principal piece (%) 2.7 2.1 3.0 8.0 0.0 —

Data were obtained by analyzing the first spermogram of 37 individuals who attended the andrology clinic. SD, standard deviation; Max, maximum value; Min, minimum value.

of the data (two groups). Hypotheses were compared with two
tails, and a p-value of less than 0.05 was considered statistically
significant.

3 Results
3.1 Clinical data and semen analysis

A total of 49 men aged 21-50 years were included in the study.
Of these, 25 were normozoospermic, and 24 had abnormal semen
parameters, including asthenozoospermia (n = 2), teratozoospermia
(n = 4), oligozoospermia (n = 6), oligo-asthenozoospermia (n = 1),
terato-asthenozoospermia (n = 2), oligo-terato-asthenozoospermia
(n =5), and oligo-teratozoospermia (n = 4).

The age of the participants and semen characteristics analyzed
in the morphometric study using fluorescence microscopy are
presented in Table 1 and Supplementary Data S1 n = 37. Age and
semen characteristics from five fertile and seven infertile men
analyzed by TEM are shown in Table 2. Descriptive statistics
(mean, standard deviation, median, minimum, and maximum)
for sperm concentration, progressive motility, and normal
morphology are reported for participants in both experiments
(Tables 1, 2).

3.2 Analysis of the sperm midpiece by
confocal or epifluorescence microscopy

Great heterogeneity was observed in the morphological
characteristics and dimensions of the sperm midpieces. Most
sperm midpieces were labelled with MitoTracker™, and the red
fluorescent labelling was specifically confined to this sperm region
(Figure 1).

Different labeling patterns were observed, indicating a
large heterogeneity in the morphometry of the midpiece
of human spermatozoa and possible differences in
mitochondrial organization. Details in the distribution of red
fluorescence within the sperm midpiece can also be observed

(Figures 1A-D).
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3.3 Morphometric analysis of the sperm
midpiece

To determine the morphometric characteristics of the sperm
midpieces, we developed a script that automatically detects the
MitoTracker™-labeled areas, segments them, and generates ROIs for
analysis (Figure 2 and Supplementary Data S1).

Initially, we manually verified that MitoTracker™ specifically
labeled the midpiece, allowing accurate identification of the
mitochondrial region along the flagellum (Figures 2A-C). Next, we
assessed the relationship between conventional sperm morphology
(strict criteria) and morphometric measures obtained from our
script (Figure 2 and Supplementary Data S1). Linear regression
revealed no significant association between sperm morphology and
either the mean area (R*> = 0.013, p = 0.5) or the mean fluorescence
intensity (R? = 0.025, p = 0.4) of ROIs in samples from the 37 men.
However, negative correlations were found between the percentage
of morphologically normal sperm and midpiece roundness (R> =
0.37, p = 0.0001), length (R® = 0.14, p = 0.03), and width (R* = 0.27,
p = 0.001). Samples were further grouped based on global sperm
morphology, using WHO strict criteria and a 4% threshold. We
included 28 samples with >4% normal morphology and 9 samples
with <4%. No difference in midpiece area was observed between
groups (6.68 + 0.86 vs. 6.82 + 0.88 um?; p = 0.68; Figure 2D).
However, samples with <4% normal morphology had wider and
rounder midpieces (width: 1.97 £ 0.16 vs. 1.79 + 0.15 pm, p = 0.0042;
roundness: 0.48 + 0.06 vs. 0.40 + 0.05, p = 0.0002), along with
shorter lengths (4.4 + 0.42 vs. 4.8 +0.38 pum, p = 0.026; Figures 2E,F).
No differences were found in circularity, solidity, or fluorescence
intensity (31.6 + 7.3 vs. 25.7 + 12.2; p = 0.18; Figure 2G).

To further investigate midpiece morphology, we manually
classified sperm from eleven subjects (7 normozoospermic and four
teratozoospermic) as having either a normal (NPF) or altered (APF)
proximal flagellar region (Figure 3 and Supplementary Data S2). For
each subject, 50-100 sperm images were analyzed. Sperm with
APF exhibited increased midpiece area (7.42 + 0.69 vs. 6.37 +
0.53 pm>, p = 0.0007), width (2.06 + 0.12 vs. 1.61 + 0.11 um, p <
0.0001), and roundness (0.47 + 0.05 vs. 0.33 + 0.005, p < 0.0001),
as well as decreased length (4.60 + 0.35 vs. 5.05 + 0.39 um, p =
0.0097; Figures 3A-C). No differences were observed in circularity,
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TABLE 2 Age and descriptive characteristics of semen parameters belonging to fertile and infertile men analyzed by TEM.

Men age (yr) 42.2 23 43.0 44.0 38.0 34.7 4.8 35.0 44.0 29.0 —
Sperm 76.2 56.1 71.0 147.0 12.0 71.2 97.1 21.3 214.0 6.9 16.0
concentration
(million/mL)
Progressive 58.0 14.6 63.0 71.0 35.0 50.3 23.8 54.0 74.0 13.0 30.0
Motility (a+b) (%)
Normal sperm 20.4 5.6 21.0 28.0 14.0 2.9 1.9 2.0 7.0 1.0 4.0
morphology (%)

Data were obtained by analyzing the first spermogram of 12 individuals who attended the andrology clinic. SD, standard deviation; Max, maximum value; Min, minimum value; LRV, Low
reference Value ( ).

-

FIGURE 1

Representative images of sperm labelled with MitoTracker™ and observed with a confocal microscope (A-D). The red fluorescent labelling is confined
to the sperm midpiece and different marking patterns are observed. The sperm head and nuclear chromatin are labelled in blue
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FIGURE 2

Image processing and morphometric analysis of the sperm midpiece according to sperm morphology. (A) Bright field. (B) Sperm midpieces labelled in
red with MitoTracker™, the nucleus is shown in blue. (C) Segmentation of the sperm midpiece and determination of Region of Interest (ROI). (D-G)

Morphometric parameters of the midpiece compared to sperm morphology (< or >4%) (n = 9 and n = 28 respectively) according to WHO criteria.
t-test - *p < 0.05
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samples and 4 teratozoospermic samples, according to WHO criteria). t-test - *p < 0.05.

solidity, or mean fluorescence intensity (32.8 + 9.3 vs. 28.7 + 7.5;
p=0.28; Figure 3D).

3.4 Analysis of the sperm midpiece by
transmission electron microscopy

The ultrastructural analysis was performed on samples from
seven subjects with infertility and five fertile men. Images of
at least 100 sections were analyzed at the level of the sperm
midpiece, both longitudinally and transversely. In some of the
analyzed sections, the mitochondria were round, regular, and
well-organized around the axoneme. Their cristae are easily
recognizable, and the regular separation of the outer and inner
mitochondrial membranes can be observed (Figures4A,B).
In other sections, these organelles show abnormal profiles
with irregular shapes, a disorganized arrangement around the
axoneme, and large electron-lucent areas in the mitochondrial
matrix that often prevent the cristae from being visible
(Figures 4C, D). Although normal (Figures4A,B) and altered
mitochondrial profiles (Figures 4C, D) were observed in fertile
and infertile men, the latter group had the highest proportion of
abnormal forms.

3.5 Ultrastructural morphometric analysis

To perform the ultrastructural morphometric analysis, we
developed a new script that semi-automatically recognizes
in the sperm midpiece and generates
image descriptors. Segmentation was performed manually,
and ROIs defined (Figures 5A-D). The
for shape and size were

the mitochondria
were descriptors
determined by the script
(Figures 5E, Fand Supplementary Data S3). To perform the
morphometric study, only the mitochondria in the longitudinal
sections passing through the central axis of the axoneme
were analyzed (almost 100 sections and a total of about 1,000
mitochondria per subject).

A quantification analysis of the observed characteristics
confirmed an increase in mitochondrial size and heterogeneity in
infertile men. The mean + SD of mitochondrial area was smaller
in fertile than in infertile men (93.085 + 28.907 vs. 124.191 +
18.471 nm?, p = 0.045) (Figure 5E), while the mean + SD of
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mitochondrial circularity was higher in fertile men (0.83 + 0.02 vs.
0.78 £ 0.04, p = 0.046) (Figure 5F). No differences were observed for
other mitochondrial morphological parameters (perimeter, mean
gray value, X coordinate).

3.6 Mitochondrial morphology in apoptotic
spermatozoa

We proposed to analyze morphological changes in the
mitochondria in spermatozoa subjected to a sperm selection
method (magnetic activated cell sorting -MACS) that can
separate apoptotic and non-apoptotic spermatozoa. We use the
same scripts and computer programs developed by our group
to analyze and quantify these morphological changes. Semen
from five infertile men with a total sperm count of more
than 20 million sperm (an amount high enough to perform
TEM), normal sperm morphology between 1% and 7% and
sperm DNA fragmentation, measured by the sperm chromatin
dispersion (SCD) assay, of more than 16%, underwent the
separation method based on the use of annexin V columns.
The ultrastructural analysis of these apoptotic and non-apoptotic
spermatozoa is shown in Figure 6. Changes similar to those
described above were observed. In non-apoptotic spermatozoa,
mitochondria were mainly arranged around the axoneme and
were homogeneous in shape and size (Figures 6A, B). In apoptotic
spermatozoa, mitochondria appeared mostly disorganized around
the axoneme, larger and more heterogeneous than in non-
apoptotic spermatozoa (Figures 6C, D). Gross dilations, or clear
spaces between mitochondrial membranes, were observed more
frequently (Figure 6D).

The morphometric analysis of the manually determined
ROIs is shown in Figure7 and Supplementary Data S3. The
mean + SD of mitochondrial area was smaller in non-apoptotic
than in apoptotic spermatozoa (45.651 + 25.334 vs. 130.228 *
62.117 nm?, p < 0.0001, n = 251/82) (Figure 7E), whereas the
mean * SD of mitochondrial circularity was higher in non-
apoptotic spermatozoa (0.81 + 0.13 vs. 0.76 + 0.15, p = 0.005,
n = 251/82) (Figure 7F), which is consistent with the previously
described ultrastructural differences between fertile and infertile
males. No differences were found in other morphometric descriptors
(mean gray value).
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FIGURE 4

Ultrastructural characteristics of the sperm midpiece from fertile and infertile men. Different patterns of mitochondrial organisation and morphology
are observed (arrows). Mitochondria in (A,B) are smaller, with more homogeneous profiles and regularly arranged around the axoneme. (C,D) show
mitochondrial disorganisation about the axoneme, dilated and irregularly shaped mitochondria. Clear spaces between the mitochondrial membranes
(*) could suggest edema or mitochondrial swelling. Ax = axoneme. Bars = 500 nm.

Discussion

The evaluation of human sperm morphology provides
important information on the functional status of the male
reproductive organs, especially the testes and epididymis
(Coetzee et al., 1998; van der Merwe et al., 2005; Esteves, 2022).
Despite its historical relevance, the clinical utility of sperm
morphology analysis is currently being reassessed, with conflicting
evidence regarding its predictive value for pregnancy outcomes
in patients with teratozoospermia undergoing assisted reproductive
technologies (Pelzman and Sandlow, 2024; Keegan et al., 2007; Danis
and Samplaski, 2019; Zhou et al., 2021). The morphological analysis
of sperm using routine procedures is associated with a certain
subjectivity that can be overcome using quantification techniques.
Routine analyses often focus on overall sperm shape, but more
detailed morphometric approaches can quantify specific subcellular
regions. Improving the accuracy and objectivity of morphological
the
infertility and support various assisted reproductive techniques
(Khatun et al., 2018).

analysis can help elucidate mechanisms underlying
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In this study, we have analyzed the morphology of the midpiece
and sperm mitochondria. Although the association between changes
in mitochondrial morphology and infertility is well known (Chemes
and Rawe, 2003; Pelliccione et al., 2011; Rawe et al., 2007), there
is a lack of systematization of the characteristics of the organelle
in males. We present a novel approach based on the automated
and systematic analysis of fluorescence images, specifically labelling
the sperm midpiece and extracting morphometric descriptors.
Delineation of the sperm midpiece and determination of its
dimensions is difficult with conventional light microscopy and
labelling routine methods. The use of a fluorescent marker
specifically directed at the mitochondria, such as MitoTracker™,
improves the procedure. MitoTracker™ diffuses passively through
the plasma membrane and accumulates in active mitochondria.
The dye is permanently bound to the mitochondria and remains
after the cell has been fixed (Chazotte, 2009; Poot et al., 1996)
so that changes in the midpiece accurately reflect modifications
in the morphology of the organelles. The specific labelling of the
midpiece allows, through the use of ImageJ/Fiji (Schindelin et al.,
2012) and a segmentation protocol, the identification of ROIs
from which morphometric descriptors were extracted. Using our
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FIGURE 5

Image processing and morphometric analysis of the mitochondrion in the sperm midpiece of fertile and infertile men. (A,B) Ultrastructural
characteristics of the mitochondria in fertile and infertile men, respectively. (C,D) Segmentation of the mitochondrion in the sperm midpiece and
determination of ROIs. (E,F) Quantitative analysis of morphometric descriptors. n = 5 fertile men and n = 7 infertile men. t-test - *p < 0.05. Bars
500 nm m = mitochondria, Ax = axoneme, *= mitochondrial matrix dilation.
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custom-developed script, we analyzed large sets of images in a
fast, automated, accurate, and reproducible manner, generating a
rich dataset of quantitative descriptors. In manually segmented
sperm midpieces, we previously observed a correlation between the
length and width of the midpiece and normal sperm morphology
according to WHO criteria (Irigoyen et al, 2022). Consistent
with these findings, we now observed significant differences
in midpiece dimensions: spermatozoa with poor morphology
(<4%) and characteristic malformations of the proximal flagellum
exhibited shorter and wider midpieces.

These results support earlier findings reported by other authors,
correlating specific morphometric parameters with male fertility
status (Garcia-Vazquez et al., 2016; Mossman et al., 2013). For
example, higher sperm head width and lower length/width ratios
were detected in spermatozoa from fertile than infertile men
(Morales et al., 1988; Boyle et al., 1992). Mean flagellum length and
the mean total sperm length were positively associated with semen
characteristics measured manually (Mossman et al., 2013).

Sperm organelles, such as mitochondria, are difficult to visualize
using standard staining techniques or optical microscopy due to
their small size and complex structure. Electron microscopy offers
a high-resolution alternative that allows for detailed examination
of these organelles (Baccetti et al., 1995). Numerous ultrastructural
studies have attempted to detect subcellular changes, particularly
in the flagellum, which could clarify the mechanisms underlying
alterations in sperm parameters and, thus, infertility (Bartoov et al.,
1999; Reichart et al., 2009; Chemes et al., 1999b; Chemes and
Rawe, 2003; Rawe et al., 2007; Berkovitz et al., 1999; Rawe et al.,
20005 Baccetti et al.,, 2002; Curti et al., 2014). However, pathologies
affecting the sperm midpiece and mitochondrial sheath have
received less attention (Chemes and Alvarez, 2012). In the present
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study, we proposed a systematic computational analysis of the
morphology of the sperm mitochondria. In contrast to other
studies (Mundy et al., 1995; Pelliccione et al., 2011; Baccetti et al.,
1995), we used image processing to obtain various morphometric
descriptors and measurements of the size (area) and shape
(roundness) of each mitochondrion in the sections of the sperm
midpiece. As in other studies, we observed swollen and irregularly
assembled mitochondria, but our method allowed us to demonstrate
quantitatively that mitochondria were significantly larger and more
irregularly shaped. These findings align with analysis under the
fluorescence microscope, where sperm classified as having poor
morphology according to WHO criteria exhibited larger and
broader midpieces.

Although automation through CASA has the potential of
improving the morphometric analysis of sperm, the evaluation of
sperm morphology by CASA is not yet an established method
(Esteves, 2022). The integration of machine learning and deep
learning offers new opportunities to enhance classification accuracy.
These tools are starting to be applied in sperm classification
(Marin and Chang, 2021; Chandra et al, 2022; Mahali et al,
2023; Riordon et al., 2019). Given the heterogeneity in sperm
morphology—ranging in shape, size, and texture—analysis tools
must be adaptable (Shaker et al., 2017). The open-source nature
of Image]/Fiji allowed us to tailor our segmentation scripts
to address these complexities. Our approach minimizes user-
dependent variability and converts qualitative assessments into
reliable, objective data. These tools facilitated automated and semi-
automated extraction of morphometric descriptors in a reproducible
and objective manner. The collection and processing of large
numbers of images with minimal human intervention strengthened
the reliability and credibility of our results. Our algorithm converts
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FIGURE 6

Sperm mitochondrial morphology in spermatozoa subjected to MACS (Magnetic Cell Sorting). In non-apoptotic sperm (A,B) the mitochondria (m) are
arranged around the axoneme (Ax) and show no gross changes in the organization of the inner membranes. In apoptotic sperm (C,D), dispersed and
swollen mitochondria (m) are observed, heterogeneous in shape and size, with gross dilations between the mitochondrial membranes (*). Bars: 500 nm.

qualitative observations of the sperm midpiece and mitochondria
into objective numerical data that validates and supports our
conclusions.

Apoptosis in the spermatozoon is questioned and the
morphological changes in the mitochondria during this process
are poorly known. Interestingly, apoptotic spermatozoa displayed
large and irregularly shaped mitochondria similar to those
observed in infertile men. The presence of spermatozoa with
submicroscopic features similar to those of somatic apoptosis
has been reported in human ejaculates (Baccetti et al, 1996).
Many studies have linked ultrastructural sperm defects to
human sperm apoptosis and pathology (Baccetti et al, 1995;
Curti et al.,, 2014; Baccetti et al., 1996). Specifically, the sperm
midpiece in apoptotic cells frequently contains swollen and poorly
organized mitochondria (Engel et al, 2018; Grunewald et al,
2017; Muratori et al, 2000). In the early stages of apoptosis,
phosphatidylserine is externalized to the outer leaflet and can bind to
annexin V. Annexin V, coupled with submicroscopic, biodegradable
superparamagnetic beads (MACS), has been used to separate
apoptotic from non-apoptotic sperm when applied to a column
exposed to a strong magnetic field (Said et al., 2005; Esbert et al.,
2017; Lin et al, 2019). The method is considered sufficiently
specific to separate both types of cells and has already been used
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to correlate apoptosis to sperm morphology (Aziz et al., 2007).
Morphometric analysis of apoptotic spermatozoa, selected using
this specific enrichment technique, revealed a similar frequency
and pattern of mitochondrial defects to those seen in samples
from men with unexplained infertility. Consequently, the algorithm
developed here holds promise for application in diverse contexts
beyond infertility, including the assessment of sperm quality and
apoptosis. The current data highlight the algorithm’s potential
as a robust tool for the quantitative analysis of mitochondrial
morphology.

While TEM remains a gold standard for ultrastructural
assessment, its cost and labor intensity limit its clinical
application (Chemes and Rawe, 2003). Our semi-automated
method offers a scalable alternative that retains analytical depth.
Measuring and analyzing large numbers of mitochondria with
minimal user intervention represents a significant advancement
in the study of sperm morphology and male infertility.
Nevertheless, validation in larger and more diverse cohorts
is essential.

A limitation of the study is the lack of a functional analysis
to explain the presence of altered sperm mitochondria in the
ejaculate, which may trigger mitochondrial malformations. For
example, it is known that oxidative stress triggers mitochondrial
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FIGURE 7

Image processing and morphometric analysis of the mitochondrion in the sperm midpiece of non-apoptotic and apoptotic spermatozoa. (A,B)
Ultrastructural features of the mitochondria in non-apoptotic and apoptotic spermatozoa respectively. (C,D) Segmentation of the mitochondrion in the
sperm midpiece and determination of ROls. (E,F) Quantitative analysis of morphometric descriptors. Mann Whitney test, n = 251 non apoptotic sperm
and 82 apoptotic sperm. p < 0.05. Bars 500 nm m = mitochondria, Ax = axoneme.
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swelling, reduced mitochondrial membrane potential, release
of cytochrome C, activation of caspases, and apoptosis
(Teranishi et al., 2000; Karbowski et al., 1999). This mechanism
could underlie both the sperm alterations and the infertility in
the individuals studied. To investigate this further, future studies
should include functional assessments of mitochondrial activity,
measurements of oxidative stress markers in seminal fluid, and
correlation with morphometric parameters.

Another important limitation of the study is the sample size.
Though the number of patients is adequate as a tool to prove
the method to achieve mitochondrial and midpiece morphometric
analysis, it requires validation in larger cohorts. Specifically, the
size of the group of fertile and infertile men in the TEM analysis
limits the universality of the conclusions to other types of male
infertile conditions other than idiopathic, e.g., genetic disorders
or mitochondrial diseases. Forthcoming studies with diverse
populations, larger sample sizes, and specific groups of patients are
needed to confirm these findings and their diagnostic value.

Although our findings indicate a higher incidence of
mitochondrial and midpiece abnormalities in teratozoospermic
subjects, the teratozoospermia is primarily attributable to
defects the sperm head (Table 1
Supplementary Data S1), rather than in the midpiece. We propose

morphological in and
that the mitochondrial alterations observed are not a direct
consequence of an increased prevalence of midpiece abnormalities.
This represents a potential limitation, as the ultrastructural
mitochondrial analyses were not specifically conducted on
spermatozoa with confirmed midpiece defects. Nevertheless, when
we used image analysis to select spermatozoa exhibiting an altered
morphology of the flagellum, morphometric alterations in the
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sperm midpiece became more significant. To clarify this issue,
the goal would be to perform morphometric analyses using both
fluorescence microscopy and electron microscopy on the same
sample. The implementation of single-cell selection or analysis
techniques specifically targeting spermatozoa with midpiece
abnormalities, along with the adoption of advanced high-resolution
microscopy technologies capable of examining cells in vivo, would
represent important objectives for future research.

5 Conclusion

The morphological remodeling of mitochondria reflects
detectable changes within the sperm midpiece that appears to be
closely associated with impaired sperm quality and male infertility.
In this study, we introduced a novel, automated image analysis
pipeline capable of quantifying sperm midpiece and mitochondria
morphology alterations with high precision and reproducibility.
Our results demonstrated that infertile men and apoptotic
spermatozoa share similar mitochondrial abnormalities—namely,
increased size and irregular morphology—suggesting a potential
link between mitochondrial dysfunction, apoptosis, and male
infertility.

Our study demonstrates that computational morphometric
analysis of sperm midpieces and mitochondria provides valuable,
objective data that correlate with sperm quality and fertility status.
This methodology could support clinical diagnostics, assist in
evaluating sperm apoptosis, be useful for the development of
targeted treatments, and potentially serve as a training foundation
for Al-based classification systems. Future work combining
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morphometric, functional, and genomic data will be critical for
advancing our understanding of male infertility.
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