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Abstract
Purpose To detect a possible bias in spermDNA fragmentation (SDF) testing when performed on semen samples or on those few
spermatozoa selected for Intracytoplasmic Sperm Injection (ICSI) treatments.
Methods A multimethodological analysis of Single- and Double-Strand DNA Breaks (SSB and DSB, respectively) was per-
formed through the Neutral Comet, the Alkaline Comet, the Sperm Chromatin Dispersion (SCD) and the Terminal
deoxynucleotidyl transferase dUTP Nick End Labelling (TUNEL) assays. SDF was evaluated in (i) semen samples from 23
infertile patients (not achieving pregnancy or suffering recurrent miscarriage); (ii) samples after a Swim-up and (iii) spermatozoa
microselected for ICSI (ICSI-S).
Results The analysis of 3217 ICSI-S revealed a significant reduction of SSB values compared to the Ejaculate and the Swim-up
samples. On the contrary, DSB values were not reduced after any sperm selection method. The No-pregnancy group presented
poorer semen parameters and higher SSB values. The Recurrent miscarriage group presented better semen parameters but also
higher DSB values.
Conclusion The analysis of SDF on semen samples may not be fully representative of those few spermatozoa selected for ICSI.
Since oxidative stress impairs sperm motility and causes SSB, selecting a motile sperm may intrinsically imply choosing a sperm
not affected by this damage. DSB have an enzymatic origin which does not affect motility, making it difficult to select a sperm
without this damage. Therefore, ICSI treatments could be effective in patients presenting high SSB values. Patients presenting
high DSB values should expect bad ICSI results if this damage is not reduced through other specific methods.
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Introduction

The spermatozoon is a highly differentiated cell designed to
propel itself through the female genital tract and deliver the
paternal genome to the oocyte. However, defects in the normal
development of spermatozoa may interfere with this process
leading to fertility impairments [1]. It is estimated that the
cause may be attributed to the male in 50% of couples with
primary infertility. In this sense, male infertility is present in
6–7% of couples of reproductive age and affects approximate-
ly 30 million men worldwide [2].

The study of the male factor should include the evaluation
of the global fertility potential of spermatozoa [3]. However,
this comprehensive evaluation may be challenging since
males may present a wide variety of alterations in semen such
as impaired chromatin organisation [1, 4]; numerical or struc-
tural chromosomal alterations [5, 6]; Y chromosome
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microdeletions [7]; DNA fragmentation [8]; altered ratio of
protamines P1/P2 [9]; epigenetic alterations [10] or the pres-
ence of antisperm antibodies in the seminal plasma [11]. The
difficulty of performing a comprehensive study leads 30–40%
of cases to remain idiopathic [12]. However, the absence of a
conclusive diagnosis may occur as a result of only focusing on
a standard semen evaluation, which real impact on fertility has
been widely discussed [13, 14]. In this regard, some studies
found that, at least, 15% of infertile patients present with nor-
mal semen parameters [15] and that morphologically normal
sperm may be aneuploid [16] or may have DNA fragmenta-
tion [17]. Obtaining a diagnosis is even more relevant in cou-
ples undergoing Assisted Reproductive Technologies (ART),
especially in Intracytoplasmic Sperm Injection (ICSI) treat-
ments. During ICSI cycles, embryologists select a single sper-
matozoon with normal morphology and motility to be injected
to the oocyte. However, these spermatozoa may have a defec-
tive genome that could impair embryo development and im-
plantation [6].

The study of Sperm DNA Fragmentation (SDF) has been
an emerging field for the diagnosis of male infertility [18].
Different SDF tests are currently available, including the
Comet assay; the Sperm Chromatin Dispersion test (SCD);
the Sperm Chromatin Structure Assay (SCSA) and the
Terminal deoxynucleotidyl transferase dUTP Nick End
Labelling test (TUNEL) [19–21]. From these methods, the
Comet assay can differentiate between Single-Strand Breaks
(SSB) and Double-Strand Breaks (DSB) under alkaline and
neutral pH conditions, respectively [21, 22]. The impact of
SDF on reproductive outcomes in natural conceptions and
ART cycles has been widely studied [21]. Some authors re-
ported that high values of SDF are associated with lower preg-
nancy rates in natural conceptions [23]; intrauterine insemina-
tions [24, 25] and conventional in vitro fertilisation treatments
[26–28]. However, the relationship between SDF and ICSI
outcomes still remains controversial, with some studies show-
ing a correlation between high SDF values and low pregnancy
rates [26–29], while other studies do not find such correlation
[30, 31]. This discrepancy may be attributed to several con-
founding factors such as the use of different analysis tests; the
use of different cutoff values or the lack of distinction between
SSB and DSB [29]. All these confounding factors led to the
American Society for Reproductive Medicine (ASRM) to
conclude that there is not a consistent relationship between
SDF and ART clinical outcomes [32]. As other authors sug-
gested before [21, 33], in the present study, we propose sperm
selection in ICSI, based on spermmorphology and motility, to
be an additional factor contributing to these discrepancies.

The main objective of this study was to determine whether
SDF values in semen samples are representative of those few
spermatozoa selected during ICSI treatments . A
multimethodological analysis of SDF was performed using
the Neutral Comet, the Alkaline Comet, the SCD and the

TUNEL tests. The impact of SDF and ICSI sperm selection
on reproductive outcomes was also evaluated in male patients
from couples who never achieved pregnancy and couples suf-
fering recurrent miscarriage.

Materials and methods

Sample collection and inclusion criteria

Semen samples from 23 infertile patients (30–46 years of age)
seeking infertility screening at the CIMAB Male Fertility
Centre in Barcelona (Spain) were included in the study. All
couples reported more than 1 year of idiopathic infertility,
including no detected female factor (ovarian reserve, tubal
factor, endometriosis, hormonal disturbances or karyotype al-
terations) or male factor (varicocele, hormonal disturbances,
genitourinary infection or karyotype alterations). Patients with
severe alterations in semen parameters (≤ 0.5 mL of volume; ≤
5 × 106 sperm/mL or ≤ 10% of motile sperm) were excluded
from the study. For the second part of the study, couples were
divided in two groups attending on their fertility background:
(i) couples who never achieved a natural pregnancy or pre-
senting two or more implantation failures in ICSI cycles (No-
pregnancy group) and (ii) couples presenting two or more
consecutive pregnancy losses (Recurrent miscarriage group).
The study was approved by the Corporació Sanitaria Parc
Taulí Ethics Committee (Ref.: 2014676) and signed informed
consents were obtained from all patients.

Sample preparation and sperm selection

Samples were obtained by masturbation after 3–4 days of
sexual abstinence and semen parameters were assessed using
the SCA CASA software (Microptic S.L., Spain) [34].
Samples were divided in two aliquots and centrifuged at
300g for 3 min. The supernatants were discarded and one of
the pellets was resuspended in PBS medium (Ejaculate sam-
ple). The other pellet was used for a Swim-up procedure by
slowly overlaying 500 μL of HAM’s medium (Nutrient
Mixture F-10 HAM, Sigma-Aldrich, USA) with at an angle
of 45° and incubated at 37°C for 30 min. Finally, 50 μL of the
upper fraction was collected (Swim-up sample) [adapted from
33 and 34].

For sperm microselection, 1 μL of the Swim-up sample
was placed in a 5-μL drop of 10% polyvinylpyrrolidone
(PVP; Origio, Denmark). Spermatozoa with normal morphol-
ogy and progressive motility (ICSI-S sample) were selected
and placed in a neat 1-μL PVP drop using ICSI pipettes
(Vitrolife, Sweden) under ×200 magnification connected to a
micromanipulation system (Nikon Diaphot microscope and
Narishige micromanipulator, Nikon Inc., Japan) [35].

1188 J Assist Reprod Genet (2021) 38:1187–1196



Sperm DNA fragmentation analysis

SDF was analysed using four different tests on Ejaculate sam-
ples and after the Swim-up procedure following conventional
protocols.

The Alkaline and Neutral Comet assays were carried out
under specifically designed conditions to allow for the differ-
entiation of SSB and DSB, respectively [36]. Semen samples
were washed in PBS and mixed with 1% low-melting-point
agarose (1:2 v/v) (Sigma-Aldrich, USA); 5 μL was placed on
a slide and covered with a coverslip. Samples jellified at 4°C
and slides were immersed in two consecutive lysis solutions.
The Alkaline Comet electrophoresis was performed at 20V for
4 min in 0.03M NaOH buffer (pH 12.2) after a denaturing
treatment in a 0.03M NaOH, 0.15M NaCl solution (pH 12).
The Neutral Comet electrophoresis was performed at 20V for
12.5 min in TBE buffer (pH 8.5). Finally, both slides were
washed in a 0.4M Trizma Base neutralisation solution (pH
7.5), dehydrated in ethanol series and horizontally dried.
Samples were stained with DAPI (Diamond Antifade
Mountant with DAPI, Invitrogen, USA) and 400 spermatozoa
were classified attending on the morphology and the tail-
length of the comet according to the criteria reported before
[22]. Spermatozoa with non-fragmented DNA (normal)
showed a major percentage of DNA in the comet core and a
short tail, while spermatozoa with SSB or DSB showed a
lower percentage of DNA in the comet core and larger tails
[22].

The SCD assay was performed according to the protocol
previously described by Fernández et al. [37]. Semen samples
were washed in PBS and mixed with agarose (1:2 v/v); 5 μL
was placed on a slide and covered with a coverslip. Samples
jellified at 4°C for 5 min. Slides were immersed in a 0.1NHCl
denaturing solution for 7 min, in lysis solution for 25 min and
finally into a neutralisation solution for 5 min. Samples were
dehydrated in ethanol series and horizontally dried. Samples
were stained with DAPI and 200 spermatozoa were classified
as normal or fragmented according to the size of the observed
halo following the criteria reported in Fernández et al. [37].
Spermatozoa with non-fragmented DNA (normal) showed big
and medium haloes, while fragmented spermatozoa showed
small or no halo.

Semen samples for the TUNEL assay were washed twice in
fresh Carnoy solution (acetic acid:methanol, 1:3 v/v). After
24 h in Carnoy solution, samples were washed again in fresh
Carnoy solution and 5 μL was fixed on a slide. The assay was
performed using the In Situ Cell Death Detection Fluorescein
kit (Roche, Germany). The Terminal deoxynucleotidyl
Transferase (TdT) enzyme was mixed with the labelling solu-
tion (1:9 v/v) and 5 μL was placed on each sample. Slides
were incubated at 37°C for 1 h. Three washing steps were
performed in PBS for 10 min each. A positive control (sample
incubated at 37°C for 30 min with 2000U/μL of

deoxyribonuclease I from bovine pancreas (Sigma-Aldrich,
Germany)) and a negative control (not adding the TdT en-
zyme) were included on each slide. Samples were stained with
DAPI and 200 spermatozoa classified as normal or
fragmented according to the manufacturer’s instructions.
Spermatozoa with fragmented DNA showed green fluores-
cence (Nikon Eclipse E200 and Nikon Intensilight C-HGFI,
Nikon Inc., Japan).

Sperm DNA fragmentation analysis on ICSI-selected
spermatozoa

The former tests were methodologically adapted to analyse
DNA damage on individual ICSI-S following two different
protocols. Firstly, for the Comet and the SCD assays, 10–20
spermatozoa were aspirated from the neat PVP drop, rapidly
placed inside a 1-μL low-melting-point agarose drop on a
slide and jellified for 5 min at room temperature. Secondly,
for the TUNEL assay, groups of 10–20 spermatozoa were
rapidly placed on a 1-μL ultrapure water drop. Samples were
allowed drying for 5 min at room temperature. Slides were
immersed in Carnoy solution for 24 h and allowed drying
vertically. After DNA fixations, conventional versions of each
assay were performed. On agarose fixations, 5-min ethanol
series were necessary at the end of the procedure to allow a
complete dehydration of samples.

Statistical analysis

SDF was compared between Ejaculate, Swim-up and ICSI-S
samples. Moreover, SDF and semen parameters were com-
pared between patients’ groups (No-pregnancy or Recurrent
miscarriage).

All parameters were assessed for normality through the
Shapiro-Wilk test. As parameters did not show a normal dis-
tribution, non-parametric tests were applied. The Wilcoxon
test was used for statistical comparisons between samples.
All tests were considered significant with a confidence inter-
val of 95%.

Results

Modified sperm DNA fragmentation methodologies

A total of 3217 spermatozoa from 23 infertile patients were
individually selected according to the ICSI criteria for sperm
morphology and motility. From these, 3117 ICSI-S could be
finally visualised on the slides (mean recovery efficiency:
97.0%). About 3% of the spermatozoa were lost during their
aspiration and placement on the slides. From the visualised
ICSI-S, a total of 2649 could be analysed (mean analysis ef-
ficiency: 84.5%) (Table 1). In agarose fixations, about 15% of
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visualised sperm could not be analysed. In contrast, all ICSI-S
fixed in Carnoy solution could be analysed. For each tech-
nique, a mean of 662.25 spermatozoa could be analysed
(Fig. 1; Table 1).

Sperm DNA fragmentation assessment

Comparisons between samples: Ejaculate, Swim-up
and ICSI-selected spermatozoa

The results obtained using four different methods for the mea-
surement of SDF on the Ejaculate, the Swim-up and the ICSI-
S samples are shown in Figs. 1 and 2a. SDF analysis showed a
significant reduction of SSB values in Swim-up samples com-
pared to the Ejaculate using the Alkaline Comet, the SCD and
the TUNEL tests (reduction of 8.39%, 8.10% and 5.83%,
respectively; p values < 0.05). This reduction in SSB values
was even more important in ICSI-S compared to the Ejaculate
(reduction of 31.35%, 17.85% and 16.00%, respectively; p-
values < 0.05) and the Swim-up samples (reduction of
22.96%, 9.75% and 10.77%, respectively; p values < 0.05)
(Fig. 2a). In contrast, the Neutral Comet assay did not show
any differences in DSB values between the Ejaculate, the
Swim-up and the ICSI-S (p values > 0.05) (Fig. 2a).

Comparisons between clinical groups: No-pregnancy
and Recurrent miscarriage

Comparison of SDF values between clinical groups indicated
statistically significant differences when using the Comet as-
says but not the SCD or TUNEL tests (Fig. 2b). The No-
pregnancy group showed a significant increase of 16.03% in
SSB values compared to the Recurrent miscarriage group as
measured through the Alkaline Comet (p value = 0.030). The
SCD and the TUNEL tests did not show significant differ-
ences (2.54% and 1.48%, respectively; p values > 0.05). In
contrast, the Recurrent miscarriage group showed a significant
increase of 7.73% in DSB values, as measured by the Neutral
Comet assay (p value = 0.026) (Fig. 2b).

Semen parameters

Patients from the No-pregnancy group showed poorer semen
parameters compared to those patients from the Recurrent

miscarriage group. Significant differences were found in
sperm concentration, the percentage of sperm with progres-
sive motility and the percentage of immobile sperm (Table 2).

Discussion

Three main findings emerge from this study: firstly, sperm
selection using the ICSI criteria of normal morphology and
motility results in a reduction of SSB compared to the ob-
served values in Ejaculated and Swim-up samples, as mea-
sured by the Alkaline Comet assay, the SCD and the
TUNEL tests. On the contrary, ICSI selection does not reduce
DSB values, as measured by the Neutral Comet assay. This
discrepancy in DNA damage values in semen samples com-
pared to ICSI-S may explain, at least in part, the reported lack
of correlation between SDF and reproductive outcomes in
ICSI. Secondly, compared to the SCD and TUNEL tests, the
Comet assay has a greater sensitivity in detecting SSB and
DSB. And thirdly, the Neutral Comet assay is the only SDF
test that detects DSB in the studied patients.

In this study, 3217 single spermatozoa were selected under
×200magnification (Fig. 1). To our knowledge, this is the first
time that four different techniques used for SDF testing have
been successfully adapted and applied to differentiate SSB
and DSB in ICSI-S (Table 1). The sperm recovery efficiency
was of 97.0% and the analysis efficiency was of 84.5%.
However, some sperm loss occurred between the aspiration
of ICSI-S from the neat drop and their fixation in agarose or
ultrapure water. During ICSI treatments, one single sperm
should be aspirated and kept inside the micropipette between
the tip and the elbow until the injection. Due to procedural
requirements, groups of 10–20 spermatozoa were aspirated
together surpassing the micropipette elbow in some cases.
Since after this point the inner diameter of the micropipette
is higher, spermatozoa could have been lost in that space. The
aspiration of a lower volume of media during aspiration and
the selection of a lower number of spermatozoa were consid-
ered but did not significantly improve sperm recovery while
the experimental time was increased. In this sense, the optimal
conditions for ICSI-S fixation were established as described in
the “Materials and methods” section. The analysis efficiencies
showed that all spermatozoa fixed in ultrapure water and
Carnoy solution could finally be analysed using the TUNEL

Table 1 Adaptation of four
Sperm DNA Fragmentation
(SDF) testing methods to evaluate
ICSI-selected spermatozoa (ICSI-
S): recovery and analysis effi-
ciencies and number of visualised
and analysed cells

SDF assay Recovery efficiency (%) Analysis efficiency (%) Visualised ICSI-S Analysed
ICSI-S

Neutral Comet 98.28 78.45 761 597

Alkaline Comet 95.06 77.87 741 577

SCD 98.20 81.58 760 620

TUNEL 96.27 100.00 855 855
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assay. On the other hand, some ICSI-S fixed in agarose could
not be analysed due to the incomplete chromatin dispersion
and the irregular electrical current that happens in the edge of
the agarose drops. This situation is well known as the “edge
effect” in agarose electrophoresis. Moreover, some sperm
moved from their initial location impairing the correct analysis
of other spermatozoa. Keeping ICSI-S further apart during
fixations in agarose may reduce analytical interferences.

About SDF, previous studies showed a strong correlation
between the Alkaline Comet assay under specific conditions

(which mainly detects SSB) and the SCD and the TUNEL
assays [38, 39]. The results here obtained using these tests
revealed that SSB values are lower in the Swim-up sample
compared to the Ejaculate (Fig. 2a). This is in agreement with
previous reports using only the SCD test [40, 41]. This reduc-
tion in SSB values is even more prominent in ICSI-S com-
pared to the Ejaculate (Fig. 2a) and could be explained based
on whether this type of DNA damage is measured on non-
motile or motile sperm: SSB values are higher in the Ejaculate
sample (which include motile and non-motile sperm)

Fig. 1 Microscopic images of
ejaculated and ICSI-selected
spermatozoa analysed by Neutral
Comet, Alkaline Comet, SCD (a);
and TUNEL assays (b)

1191J Assist Reprod Genet (2021) 38:1187–1196



compared to the Swim-up sample (mainly motile sperm) and
ICSI-S (only sperm with optimal progressive motility).

Oxidative stress could be responsible of this great reduction
in SSB values after sperm selection. Reactive oxygen species
(ROS) induce DNA and membrane damage, which are the
main cause of both SSB (through the formation of 8-
hydroxy-29-deoxyguanosine (8OHdG)) and motility loss
(through the alteration of the normal function of mitochondria
to produce ATP and/or through alterations at the cell mem-
brane) [42]. It is worth noting that, in some previous reports
evaluating DNA damage andmotility, SSB and DSBwere not
differentiated [42, 43]. However, authors tested DNA damage
through techniques that correlate with the Alkaline Comet and
mainly detect SSB [38, 39]. Concerning the effect of oxidative
stress, varicocele is one of the main causes of male infertility

and has shown to increase intratesticular ROS levels, while its
surgical repair has shown to reduce these values [44, 45]. In a
recent study, the effect of ROS-induced DNA and membrane
damage was tested in patients with high-grade varicocele,
consistently showing a significant reduction in SSB and an
improvement in sperm motility after its surgical repair [46].

Related to the latter findings, patients who never achieved
pregnancy or showed implantation failures in previous ICSI
cycles (No-pregnancy group) presented both lower spermmo-
tility and higher SSB levels compared to patients who
achieved clinical pregnancies but who suffered recurrent mis-
carriage (Recurrent miscarriage group) (Table 2; Fig. 2b). This
is in agreement with previous reports that showed a negative
correlation between high SSB values and implantation failures
[25, 47, 48], and also with those studies which reported an

Fig. 2 Multimethodological analysis of sperm DNA fragmentation on
(a) Ejaculated, Swim-up-selected and ICSI-selected spermatozoa (ICSI-
S) and (b) Ejaculate samples according to patients’ fertility background
(No-pregnancy and Recurrent miscarriage). Outlier values 3 and 1.5

times out of the Q3 interquartile range are indicated with asterisks and
circles in the boxplot, respectively. Horizontal bars with an asterisk sym-
bol indicate significant differences (p value < 0.05)

Table 2 Number of patients, age,
semen parameters and
comparisons between groups

Patients Differences
between groups

All patients No-pregnancy Recurrent miscarriage p values
N 23 13 10

Age 37.70 ± 4.75 37.54 ± 5.08 37.90 ± 4.56 1.000

Volume (mL) 3.16 ± 1.56 2.96 ± 1.76 3.70 ± 1.58 0.135

Concentration (106/mL) 79.38 ± 90.80 47.36 ± 17.81 114.26 ± 55.68 0.022*

Motility pattern:

Progressive (%) 41.24 ± 19.06 33.32 ± 10.50 51.92 ± 9.49 0.010*

Non-progressive (%) 20.33 ± 6.75 18.28 ± 4.54 23.79 ± 6.52 0.125

Immobile (%) 36.22 ± 18.51 43.20 ± 12.07 23.10 ± 11.79 0.010*

Hyperactive (%) 2.62 ± 2.31 2.51 ± 2.35 2.88 ± 2.49 0.711

*Significant differences with a confidence interval of 95%
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improvement in pregnancy rates after ICSI selection of a mo-
tile sperm in patients with high SSB [21, 49]. SSB has been
reported to be present in an extensive manner in sperm’s DNA
[36]. Even if a sperm with poor motility fertilises an oocyte
through natural or assisted reproduction, the repair capacity of
the oocytemay not overcome this extensive damage impairing
the first mitotic divisions of the embryo and finally leading to
a failed pregnancy [36]. Based on these results, in male pa-
tients who do not achieve pregnancy or presenting high rates
of SSB, an ICSI treatment through a Swim-up procedure to
prepare the semen sample followed by sperm microselection
under strict criteria of motility could be recommended since
these procedures would importantly reduce SSB damage.

In sharp contrast, a correlation between DSB and oxidative
stress or decreased sperm motility has never been found [50].
This type of DNA damage is mainly produced during the pro-
phase I stage ofmeiosis through the action of SPO11 to allow the
recombination process between homologous chromosomes and
to allow the hypercondensation of chromosomes during the
protamination process in the Matrix Attachment Regions
(MAR regions) [51–53]. These programmed breaks are expected
to be repaired after recombination through the mediation of
ATM-dependent repair systems. However, when the repair sys-
tems are inefficient or whenDNAbreaks are generated in excess,
high rates of DSB may be present in ejaculated spermatozoa
[54]. The results of the present study show that DSB values are
similar in the Ejaculate sample, the Swim-up sample and ICSI-S,
even if these cells present high progressive motility and good
morphology (Fig. 2a).

These results provide strong support to a previous study in
which human embryo kinetics was monitored by time-lapse
microscopy. In that study, oocytes were microinjected with
spermatozoa from patients with high SSB or DSB values de-
tected in semen samples [55]. The results showed that the
microinjection of motile spermatozoa from samples with high
SSB values did not affect embryo kinetics and implantation
rates [56], while microinjecting spermatozoa from samples
with high DSB values resulted in a delay in embryo kinetics
along all stages of embryo development [55]. To explain these
results, one must remember that DSB have an enzymatic and
controlled origin, so this damage is not produced in an exten-
sive manner such as SSB. Consequently, the oocyte may be
able to repair these breaks at some extend. If sperm’s DSB
exceed the repair capacity of the oocyte or if non-consecutive
ends are ligated by error, the embryo could carry chromosom-
al abnormalities that may impair embryo development or end
up in a miscarriage [36, 57]. Consistently, the present results
show that the risk of recurrent pregnancy loss is increased
when patients present high DSB values (Fig. 2b) [36] even
if these patients present normal semen parameters (Table 2)
[58]. Based on these results, in patients with recurrent miscar-
riage or showing high DSB values, semen processing through
a Swim-up or ICSI sperm selection may not have any effect in

reducing this damage. Therefore, alternative methods for
sperm selection should be considered to specifically reduce
DSB values.

During ART procedures, different techniques are available
for semen preparation with the objective of selecting optimal
spermatozoa. Conventional methods such as Swim-up or
Density Gradients procedures are based on sperm’s motility;
therefore, these approaches are only expected to reduce SSB
(Fig. 2a) [59]. New microfluidic sorting devices have recently
emerged for the selection of sperm with optimal progressive
motility. In agreement with the results here presented, these
methods showed to strongly reduce SSB, nearly to undetect-
able values through the SCD and the TUNEL tests [60–62].
Moreover, these filters based onmicrofluidics pretend tomim-
ic the natural sperm selection produced through the female
genital track [63, 64]. Recent studies showed that these de-
vices increase clinical outcomes in ICSI treatments (more
high-quality euploid embryos and higher implantation and
pregnancy rates) [62, 65]. We hypothesise that these great
results could be related to the reduction of both SSB and
DSB since the detrimental effects of DSB on embryo kinetics
are not observed after the use of these new devices [55].
Further investigations studding the capacity of these
microfluidic sorting devices to specifically reduce DSB values
and its effect on ICSI clinical outcomes may be enlightening.

Since ICSI is the most commonly used ART technique
worldwide [66], in this study, we focused on the utility of
the ICSI criteria in selecting sperm with low levels of SDF.
Interestingly, previous studies analysed SDF values in single
spermatozoa based on morphology criteria analysed under
high magnification (Motile Sperm Organelle Morphology
Examination, MSOME) [67–70]. Despite their differences,
all these studies revealed that spermatozoa with abnormal
morphology (e.g. nuclear vacuoles) present higher SDF rates
while sperm with normal morphology present lower values.
Concerning the utility of sperm selection under high magnifi-
cation in ICSI cycles (Intracytoplasmic Morphological Sperm
Injection, IMSI), some studies found that this procedure im-
proves reproductive outcomes compared to conventional ICSI
treatments [71, 72]. However, other studies, such as a recent
meta-analysis of the Cochrane database, found opposite con-
clusions [73–76]. From these studies, only Pastuszek et al.
analysed SSB and DSB separately, although using a different
version of the Comet assay [69]. Results showed that 70–80%
of sperm presenting normal morphology without vacuoles
have low SDF values. However, about 20–30% of these mor-
phologically normal sperm present SSB and DSB. In this
sense, the IMSI procedure could increase the chances of
selecting a sperm not affected by SDF, thus increasing ART
results in this subpopulation of patients with SDF detected in
semen samples. More studies analysing a large number of
ICSI and IMSI cycles after detecting SSB and DSB would
be necessary to confirm this hypothesis.
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The findings from this study may also help to explain, at
least in part, the controversy in the apparent lack of correlation
between SDF values and ICSI reproductive outcomes [31].
The published guidelines from the ASRM claimed that most
studies comparing SDF values with reproductive outcomes
included confounding factors [32]. The analysis of all these
studies led the authors to conclude that there is not enough
evidence to support SDF testing to predict reproductive out-
comes in natural or ART cycles. One of the main findings
emerging from the present study is that, in order to find a
correlation between SDF and reproductive outcomes, SSB
and DSB must be differentiated. Since most tests do not dif-
ferentiate between SSB and DSB damage and since SSB
values in ejaculated spermatozoa do not correlate with those
values obtained in ICSI-S, a lack of correlation between high
SDF values in ejaculated spermatozoa and poor reproductive
outcome might be misleading.

In view of these results, new possible biomarkers for the
diagnosis of the male factor or predictors of ART success such
as the analysis of the following: mitochondrial DNA [77]; free
sperm DNA in semen [78]; surface charge; membrane integ-
rity or membrane proteins [1], among others, should demon-
strate that their analysis on the Ejaculate sample is represen-
tative of those few spermatozoa finally injected into the oo-
cytes. If present in ICSI-S, these new biomarkers could open
new investigations on possible diagnostics and treatments for
male infertile patients.

In conclusion, the results of this study show that sperm
selection using the ICSI criteria selects spermatozoa with low-
er SSB values compared to the Ejaculate and the Swim-up
samples, as measured by the Alkaline Comet, the SCD and
the TUNEL assays. On the contrary, these selection methods
may not have any effect in selecting sperm with lower DSB
values, as measured by the Neutral Comet assay. Compared to
the SCD and TUNEL tests, the Comet assay has a greater
sensitivity in detecting SDF in the studied patients. In terms
of reproductive outcomes, the ICSI procedure in itself could
be considered an effective technique for sperm selection in
patients with high SSB values or in patients who never
achieved pregnancy. In contrast, ICSI may not be effective
in reducing DSB in spermatozoa from patients with recurrent
miscarriage or in patients with high DSB values. Therefore, a
specific sperm selection technique should be recommended to
select sperm with lower DSB for ICSI.
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