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Abstract
Purpose In this study, we tested the hypothesis that, in PGT-A cycles, decreased semen quality is associated with increased rates
of mosaic blastocysts.
Methods In a retrospective analysis, three hundred and forty PGT-A cycles are divided into study groups according to semen
quality. Cycles were initially divided into two groups, discerning couples with absence of male factor of infertility (non-male
factor: NMF;N = 146 cycles) from couples with a male factor of infertility (MF;N = 173 cycles). Couples with severemale factor
(SMF) infertility (n = 22) were assessed separately. Embryos were cultured to the blastocyst stage and chromosomally assessed
by array comparative genomic hybridization (aCGH). The study did not involve specific interventions.
Results The reproductive outcome of MF and NMF groups did not indicate statistically significant differences. However, while
no differences were found betweenMF and NMF groups in terms of euploid or aneuploid blastocysts rates, a significantly higher
rate of mosaic blastocysts was observed in the MF group (3.6% vs. 0.5%, respectively; P = 0.03). A similar pattern of results was
observed in the SMF group when compared with those of the other PGT-A cycles taken together (no SMF). In particular, a
significantly higher rate of mosaic blastocysts was observed in the SMF group (7.7% and 1.8%, respectively; P = 0.008).
Conclusions The study outcome strongly suggests that compromised semen quality is associated with increased rates of mosaic
blastocysts analysed in PGT-A cycles. Sperm assessment appears therefore as an important factor in the determination of embryo
development and for a more precise prognostic assessment of PGT-A cases.
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Introduction

In assisted reproduction technology (ART) cycles, preimplan-
tation genetic testing for aneuploidy (PGT-A) has long been
proposed as an approach to identify and selectively use eu-
ploid embryos, in order to improve treatment efficiency and
reduce time to pregnancy [1]. This strategy is justified by the
fact that most of human conceptions are affected by different
forms of aneuploidy, total or partial, that cause developmental
failure at preimplantation or postimplantation stages or, in a

few cases, very severe pathologies in the newborns [2]. The
origins of such chromosomal disorders observed during de-
velopment are well understood. While the paternal chromo-
some complement can account for a small fraction of chromo-
some segregation errors in the conceptus, over 90% of foetal
aneuploidies are inherited from the maternal gamete as a con-
sequence of chromosome mis-segregations occurring at mei-
osis I or meiosis II [3]. Therefore, maternal meiosis per se has
been extensively investigated, not only for its prominent im-
portance for embryo health, but also for the interest raised by
the mechanistic factors that underpin chromosome segrega-
tion during oocyte meiosis [4].

Paternal- or maternal-derived aneuploidies are not the only
factors that endanger the genetic integrity of the embryo.
Chromosome segregation mechanisms may fail at post-
fertilisation stages during the mitotic divisions of blastomeres.
These errors generate a condition of chromosome mosaicism
i.e. the simultaneous presence of two or more karyotipically
distinct embryonic cell lines that may be incompatible with
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implantation and foetal development [5]. The study of mosa-
icism has a profound significance not only to understand hu-
man development, but also for the practice of ART. In fact,
progress in genome analysis technologies has shown that mo-
saicism is not a negligible phenomenon in embryos able to
develop to the blastocyst stage. Rather, it seems to affect a
significant proportion of blastocysts, with important implica-
tions for embryo selection by PGT-A [6, 7]. Overall, the
causes of this phenomenon remain rather obscure. Notably,
however, the prevalence of embryo mosaicism does not seem
to be determined by the same rules that govern embryo aneu-
ploidy, as it is not associated with female meiosis andmaternal
age [8]. The data of the present study, in which we focused on
a possible paternal impact on embryo genomic integrity, sug-
gest that compromised semen quality is positively associated
with increased rates of mosaic blastocysts analysed in PGT-A
cycles.

Materials and methods

Patients, study design and study groups

This was a retrospective observational study carried out be-
tween May 2013 and December 2017 on 340 PGT-A cycles.
Approval was obtained from the local Institution Review
board. The couples included in the study were referred to
PGT-A for severe male factor infertility, advanced maternal
age, repeated implantation failure and recurrent unexplained
pregnancy loss. Patients presenting with altered karyotype
(e.g. balanced translocation) were excluded from the study.

The study groups were identified according to semen qual-
ity. In an initial analysis, the 340 PGT-A cycles were divided
into two groups, discerning couples with absence of male
factor of infertility (non-male factor: NMF; N = 146 cycles)
from couples with a diagnosis of male factor of infertility
(MF; N = 173 cycles). In our setup, male factor is assessed
based on at least two consistent pre-treatment semen post-
preparation (density gradient) results, by which clinicians
can predispose a standard IVF or ICSI treatment. In particular,
in the present study, male factor infertility (with an indication
for ICSI) was excluded in cases where semen parameters were
ALL above the following thresholds: total motile count <
2,000,000, total motility < 80%, progressive motility < 70%,
normal morphology < 16%. Twenty-one cases were excluded
from the study because semen values were below the thresh-
olds, but not consistently in three different analyses (two pre-
treatment assessments and one during treatment). Values re-
ported in the relevant table are those detected on the day of
treatment. Reproductive outcomes and blastocyst ploidy sta-
tus of NMF and MF groups were compared. In a subsequent
sub-analysis, couples with a PGT-A indication of severe male
factor infertility (SMF: sperm concentration < 0.1 mil/ml; n =

22) were assessed separately. Reproductive outcomes and
blastocysts ploidy status of SMF group were analysed and
compared with those of all other PGT-A cycles taken together
(N = 318 cycles).

Semen collection and preparation

Sperm samples were collected by masturbation at the day of
oocyte pick-up. The samples were evaluated following the
World Health Organization (WHO 2010, 5th edition) indica-
tions for sperm concentration, morphology and motility and
were prepared using a discontinuous PureSperm gradient
(Nidacon, Flöjelbergsgatan, Sweden) as previously described
[9]. Briefly, sperm sample was layered upon a 40:80%
PureSperm density gradient, processed by centrifugation at
600g for 15 min and resuspended in 1 ml of sperm culture
medium (PureSperm wash; Nidacon). The 40:80%
PureSperm gradient volumes were changed according to the
total number of motile spermatozoa (motile spermatozoa total
number < 15mil: 0.5 ml PureSperm 40 and 0.5 ml Pure Sperm
80; motile spermatozoa total number ≥ 8 mil and ≤ 15 mil:
1 ml Pure Sperm 40 and 1 ml Pure Sperm 80; motile sperma-
tozoa total number > 15 mil: 1.5 ml Pure Sperm 40 and 1.5 ml
Pure Sperm 80). Immediately afterwards, a second evaluation
of concentration, morphology and motility was carried out.
The sperm suspension obtained with density gradient separa-
tion was used for oocyte insemination.

Ovarian stimulation, ICSI and embryo culture

Ovarian stimulation and oocyte retrieval were carried out as
previously described [10]. In brief, ovarian stimulation was
performed by recombinant FSH (Gonal F; Merck, Rome,
Italy; Puregon; MSD, Rome, Italy) and monitored by plas-
ma oestradiol and transvaginal ultrasonography. At 36 h
before oocyte pick-up, 10,000 IU of human chorionic go-
nadotrophin (hCG), (Gonasi; Amsa, Rome, Italy) were ad-
ministered. Oocyte retrieval was performed by vaginal
ultrasound–guided aspiration, under general anaesthesia.
On the day of oocytes retrieval, the sperm suspension ob-
tained by density gradient centrifugation was used for oo-
cyte intracytoplasmic sperm injection (ICSI) and ICSI was
carried out as previously described [11]. At 16–18 h after
insemination, oocytes were assessed for the appearance of
two pronuclei and two polar bodies. Embryo culture was
performed until day 5 or 6 utilising the EmbryoScope
(Vitrolife, Sweden), an integrated embryo culture time-
lapse microscopy system, at 37 °C in a N2/CO2/O2

(89:6:5, v/v) atmosphere, without control of humidity.
Blastocyst grading procedures were carried out as previous-
ly described by [12].
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Blastocyst biopsy, microarray comparative genomic
hybridization and image interpretation

At 113–142 h after insemination, all fully expanded blas-
tocysts with a clearly visible inner cell mass underwent
trophectoderm (TE) biopsy. Blastocyst biopsy procedure
was carried out as previously described [12]. Briefly, a
diode laser (Saturn 3, Research Instruments, Cornwall
TR11 4TA, UK) was used to assist the opening of a 10-
20-μm hole in the zona pellucida on day 3. On days 5 and
6, the biopsy procedures were performed on a heated
stage in a dish prepared with 20-μl droplets of Sydney
IVF Blastocyst Medium (Cook IVF, Brisbane, Australia)
overlaid with pre-equilibrated mineral oil. Five to nine
trophectoderm cells were then aspirated into the biopsy
aspiration pipette (Cook, Brisbane, Australia), followed
by laser-assis ted or mechanical removal of the
trophectoderm cells from the epithelium.

Comprehensive chromosome analysis was carried out
using microarray comparative genomic hybridization
(aCGH) in combination with the 24SureTM Cytochip V3 mi-
croarray platform (Illumina Ltd., Cambridge, UK) for the de-
tailed assessment of chromosomes in TE cells. The procedures
were carried out as previously described by Fragouli et al.
[13].

For image analysis and interpretation, ClearScan
(Blugnome, Cambridge, UK) and Blue-Fuse multi soft-
ware (Illumina, Cambridge, UK) were employed. Using
algorithms and criteria recommended by the manufactures
of the software, it was possible to classify blastocysts as
euploid or aneuploid. Slight deviations of the aCGH pro-
files for one or more chromosomes, too subtle to be
interpreted as a condition of aneuploidy, but at the same
time not entirely consistent with an euploid profile, were
considered indicative of mosaicism, as described by
Fragouli et al. [14], (Fig. 1).

Blastocyst vitrification, warming and embryo transfer

Blastocysts were cryopreserved using a vitrification pro-
tocol with a closed-system device (HSV straw, Cryo Bio
System, France). Vitrification and warming procedures
were carried out as previously described by Cobo et al.
[15]. Solutions required for vitrification and warming
were obtained from Kitazato (BioPharma Co., Japan).
Embryo transfers were performed after freeze-all cycles
or in fresh PGT-A cycles [16]. Assessment of clinical
pregnancy was achieved by ultrasound detection of the
gestational sac and visualisation of foetal heartbeat.
Miscarriage was defined as pregnancy loss after ultra-
sound confirmation of embryo implantation and detection
of foetal heartbeat.

Statistical analysis

Statistical analysis was performed with Statistics Package for
Social Sciences (SPSS) for Windows software package ver-
sion 10.1 (SPSS Inc., Chicago, IL, USA). The comparison
between the different study groups, with regard to with regard
to maternal and paternal age, body max index, FSH,
trophectoderm cells collected and sperm parameters (sperm
concentration, total spermmotility, progressive spermmotility
and normal sperm morphology), was carried out using the t
test. Levene’s test was applied before independent-samples t
test to verify the equality of variances. The chi-square test was
used to compare implantation, clinical pregnancy, miscarriage
and live birth rates, and also the number of day 5 biopsy and
the number of advanced maternal age (AMA), repeated im-
plantation failures (RIF) and recurrent unexplained pregnancy
loss (RM), in different groups of patients, where appropriate
logistic regression analysis was performed using the XLMiner
analysis ToolPak. Differences were considered significant at
P < 0.05 and highly significant at P < 0.01.

Results

The present study focuses on the possible impact of semen
quality on the generation of embryo mosaicism. For this pur-
pose, a total of 340 PGT-A cycles were considered and divid-
ed into different study groups, identified according to semen
quality. Overall, female age ranged between 26 and 48 years
(mean 40.3 ± 4.4 years).

Impact of semen quality on embryo mosaicism: male
factor infertility versus non-male factor infertility

In the initial study analysis, the 340 PGT-A cycles were divid-
ed into two groups, according to semen characteristics: (i)
male factor (MF; N = 173); (ii) non-male factor (NMF; N =
146). Patient characteristics of such groups were comparative-
ly assessed (Supplemental Table 1). The MF group was
characterised by a younger female age and a smaller propor-
tion of day 5 biopsies. Statistically significant differences be-
tween MF and NMF groups were observed with regard to all
seminal features taken into consideration (P < 0.01): total
sperm number (22.7 and 98.0 millions, respectively), sperm
concentration (11.0 and 42.4 million/ml, respectively), total
sperm motility (30.8% and 46.9%, respectively), progressive
sperm motility (19.9% and 39.3%, respectively) and normal
sperm morphology (11.3% and 20.0%, respectively),
(Table 1). In the two groups, average maternal age between
embryo transfer cycles was not statistically different (MF:
37.0 ± 3.9; NMF: 38.2 ± 2.3; P > 0.05). Moreover, compari-
son of the reproductive outcome of MF and NMF groups
did not indicate statistically significant differences in terms
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of implantation, clinical pregnancy, miscarriage and live birth
rates (P > 0.05) (Table 2). The two study categories were fur-
ther compared with regard to euploid, aneuploid and mosaic
blastocysts rate. Although no statistically significant differ-
ence was found between MF and NMF groups in terms of
euploid blastocysts rates (45.9% and 42.9%, respectively;
P > 0.05) and aneuploid blastocysts rates (50.5% and 56.5%,
respectively; P > 0.05), a significantly higher rate of mosaic
blastocysts was observed in the MF group (3.6% vs. 0.5%,
respectively; P = 0.03), (Table 2). Notably, 91.7% (11/12) of
the total number of mosaic blastocysts was found in the MF
cycles.

Impact of semen quality on embryo mosaicism:
severe male factor infertility

To confirm and possibly more finely appraise the relationship
between semen quality and embryo mosaicism, in a subse-
quent sub-analysis. attention was focused on patients
characterised by severe male factor infertility (Supplemental
Table 2). Characteristics of such patients, together with those
of the remaining PGT-A cycles, are reported in Supplemental
Table 2. The comparison indicated in the SMF groups a youn-
ger female age and a smaller proportion of day 5 biopsies.

Among the 340 PGT-A cycles, 22 cycles responded to the
criterion of a severe male factor condition (SMF: sperm con-
centration < 0.1 mil/ml). The mean values of sperm parame-
ters of the SMF group, representing a subgroup of MF cycles
described in the initial analysis, are shown in Supplemental
Table 3.

The reproductive outcomes of SMF group were evaluated
and compared with those of the other PGT-A cycles taken
together (no SMF). Maternal age of embryo transfer cycles
was not statistically different (SMF: 35.9 ± 3.4; no SMF: 37.6
± 3.7; P > 0.05). No statistically significant differences were
found in terms of implantation, clinical pregnancy, miscar-
riage and live birth rates (P > 0.05) (Table 3). The comparison

Table 1 Comparison between semen parameters of male factor (MF)
and non-male factor (NMF) groups. Values, expressed as mean ± SD,
were compared by t-test

MF
(n = 173)

NMF
(n = 146)

P value

Sperm total number (mil) 22.7 ± 37.1 98.0 ± 71.8 < 0.01

Sperm concentration (mil/ml) 11.0 ± 18.2 42.4 ± 27.6 < 0.01

Total sperm motility (%) 30.8 ± 14.0 46.9 ± 8.3 < 0.01

Progressive sperm motility (%) 19.9 ± 12.7 39.3 ± 9.3 < 0.01

Normal sperm morphology (%) 11.3 ± 6.3 20.0 ± 7.0 < 0.01

Fig. 1 aCGH profiles of trophectoderm samples biopsied from three
different blastocysts (a, b, c). a Profile of an euploid blastocyst. b
Profile of an aneuploid blastocyst (chromosome 10: DNA copy number
gain above the threshold value indicated by the green line). c Profile of a
mosaic blastocyst (chromosomes 2, 10 and 18: DNA copy number gains
and losses, but within the threshold values indicated by green and red
lines). d Detail of the profile of the mosaic blastocyst shown in c
(chromosome 2: DNA copy number loss, but within the threshold value
indicated by red line) Figure 1 contains poor quality and small text inside

the artwork. Please do not re-use the file that we have rejected or attempt
to increase its resolution and re-save. It is originally poor, therefore,
increasing the resolution will not solve the quality problem. We suggest
that you provide us the original format. We prefer replacement figures
containing vector/editable objects rather than embedded images.
Preferred file formats are eps, ai, tiff and pdf.Done: I sent you the
image 1 saved as docx and saved as a pdf. All the characters will be
written so that they can be read more easil
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between SMF group and all other PGT-A cycles group was
then extended to the rates of euploid, aneuploid and mosaic
blastocysts. Although between the two groups no statistically
significant difference was found in terms of euploid blasto-
cysts rates (48.1% and 44.2%, respectively; P > 0.05) and an-
euploid blastocysts rates (44.2% and 54.0%, respectively; P >
0.05), a significantly higher rate of mosaic blastocysts was
observed in the SMF group in comparison to all other PGT-
A cycles taken together (7.7% and 1.8%, respectively; P =
0.008), (Table 3). Despite the SMF cycles represented only
6.5% (22/340) of the PGT-A cycles, they included 33.3%
(4/12) of total mosaic blastocysts. Importantly, further analysis
by logistic regression confirmed that blastocyst mosaicism
was associated to SMF (P = 0.01), but not female age
(P > 0.1).

Likewise, the comparison between the SMF group and
patients not affected by male factor of infertility (NMF group,
assessed in the initial study analysis) showed no statistically
significant difference in terms of euploid and aneuploidy blas-
tocysts rates (P > 0.05) but a highly statistically significant
difference with regard to mosaic blastocysts rate (7.7% and
0.5%, respectively; P = 0.0012). Finally, we performed a sub-
group analysis: NMF, MF (excluding SMF) and SMF were
compared in terms of aneuploid, euploid and mosaic

blastocysts rates. This comparison did not indicate significant
differences, but only a trend of an increase in the proportion of
mosaic blastocysts with increasing severity of male factor in-
fertility (Supplemental Table 4).

Discussion

In this study, we tested the hypothesis that, in cycles selected
for PGT-A, decreased semen quality is associated with in-
creased rates of mosaic embryos at the blastocyst stage.
Indeed, the presented data are consistent with this postulate,
emphasising the importance of paternal contribution to suc-
cessful development.

Studies on the embryo chromosome constitution have
overwhelmingly converged on full aneuploidy, in light of
the concerns and prevalence associated with such phenome-
non. As a result of intense investigation carried out in animal
models and human material, embryo aneuploidy is now large-
ly recognised as an age-dependent phenomenon originating
from female meiosis and caused mainly by premature separa-
tion of kinetochores in bivalents and loss of cohesion between
sister chromatids [17].

Table 2 Comparison by chi-
square test of reproductive
outcomes and rates (%) of
euploid, aneuploid and mosaic
blastocysts, between male factor
(MF) and non-male factor (NMF)
groups

MF (n = 173) (95%CI) NMF (n = 146) (95%CI) P value

Implantation 37/123 (30.1%) (23.2–36.9) 24/68 (35.3%) (27.5–43.1) NS

Clinical pregnancy 34/118 (28.8%) (22.1–35.5) 24/68 (35.3%) (27.5–43.1) NS

Miscarriage 4/34 (11.8%) (7.0–16.0) 8/24 (33.3%) (25.6–40.9) NS

Live birth 30/118 (25.4%) (18.9–31.9) 16/68 (23.5%) (16.6–30.4) NS

Clinical pregnancy/cycle 34/74 (45.9%) (38.5–53.3) 24/43 (55.8%) (47.7–63.9) NS

Live birth/cycle 30/74 (40.5%) (33.2–47.8) 16/43 (37.2%) (29.4–45.0) NS

Number of analysed blastocysts 307 191

Euploid blastocysts 141 (45.9%) (40.3–51.1) 82 (42.9%) (35.9–49.9) NS

Aneuploid blastocysts 155 (50.5%) (44.8–56.0) 108 (56.5%) (49.5–63.5) NS

Mosaic blastocysts 11 (3.6%) (1.5–5.7) 1 (0.5%) (0.1–0.8) 0.03

Table 3 Comparison by chi-
square test of reproductive
outcomes and rates (%) of
euploid, aneuploid and mosaic
blastocysts, between severe male
factor (SMF) cycles and all other
PGT-A cycles taken together (no
SMF).

SMF (n = 22) (95%CI) No SMF (n = 318) (95%CI) P value

Implantation 8/26 (30.8%) (11.5–50.0) 53/168 (31.5%) (26.4–36.6) NS

Clinical pregnancy 8/24 (33.3%) (13.6–53.0) 50/164 (30.5%) (25.4–35.6) NS

Miscarriage 1/8 (12.5%) (1.3–26.3) 11/50 (22.0%) (17.4–26.6) NS

Live birth 7/24 (29.2%) (10.2–48.2) 39/164 (23.8%) (19.1–28.5) NS

Clinical pregnancy/cycle 8/12 (66.7%) (47.0–86.3) 50/107 (46.7%) (41.2–52.2) NS

Live birth/cycle 7/12 (58.3%) (37.7–78.9) 39/107 (36.4%) (31.1–41.7) NS

Number of analysed blastocysts 52 452

Euploid blastocysts 25 (48.1%) (34.5–61.7) 200 (44.2%) (39.6–48.8) NS

Aneuploid blastocysts 23 (44.2%) (30.7–57.7) 244 (54.0%) (49.4–58.6) NS

Mosaic blastocysts 4 (7.7%) (0.4–14.9) 8 (1.8%) (0.5–3.0) 0.008
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Conversely, much remains to be unraveled on embryo mo-
saicism, which has turned out to be biologically elusive and
technically more difficult to appraise [6, 18, 19]. Non-
disjunction and anaphase lagging are two major
chromosome-dependent mechanisms by which mosaicism
may possibly occur in human embryos [18, 19]. Non-disjunc-
tion, also occurring at early embryonic stages, is the failure of
sister chromatids to separate [20]. Anaphase lagging is the
failure of a single chromatid to attach to the spindle microtu-
bules and leads to incorrect segregation in one of the two
daughter cells. This phenomenon is thought to be at the basis
of mosaicism during preimplantation development [21, 22].

Both intrinsic and extrinsic factors might trigger the molec-
ular mechanisms that cause embryomosaicism.Modifications
in the normal course of oogenesis caused by ovarian stimula-
tion have been postulated to produce chromosomal aberra-
tions, including post-zygotic anomalies [23, 24]. However,
data are contradictory. For example, Munné and colleagues
[25] reported an association between ovarian stimulation pro-
tocols and mosaicism rates in cohorts of embryo generated in
different IVF centres. On another hand, chromosomal abnor-
malities are also observed in embryos from unstimulated ova-
ries of young women [26]. Embryo culture condition (e.g.
oxygen concentration, temperature fluctuations and culture
medium composition) may also affect chromosome segrega-
tion. In particular, higher oxygen concentration was found to
increase non-disjunction events in an embryo mouse model
[27], suggesting that the IVF laboratory can be a source of
factors influencing chromosome segregation.

Failure of correct chromosome segregation at post-
fertilisation stages may be generated by elements that are in-
trinsic to the constitution of the female and male gametes.
Mitochondria, as well as many of the proteins regulating chro-
mosome segregation during the first cellular divisions, are pro-
vided by the oocyte. DNA repair, telomere shortening, chromo-
somes cohesion, cell cycle checkpoints and microtubule kinet-
ics are examples of processes or events involving proteins of
maternal origin [28–31]. In particular, cohesins, are proteins
forming complexes responsible for binding sister chromatids
together, thereby collaborating to correct chromosome segrega-
tion [32]. Animal and human studies demonstrated that ad-
vanced female age negatively correlates with cohesin abun-
dance in oocytes, resulting in chromosome mis-segregation
during meiosis [33, 34]. This suggests that, should cohesin
complex function be affected in development during mitotic
events, mosaicism could be generated at different embryonic
stages. Surprisingly, however, while maternal age is the single
most important factor associated with oocyte and embryo an-
euploidy, the same does not hold true for mosaicism [35, 36].

Components of the fertilising sperm, such as the centro-
some and associated proteins, also play an important role in
chromosome segregation mechanisms at post-fertilisation
stages [37]. The centrosome is the organising centre of the

mitotic spindle. In somatic cells, it consists of two centrioles
and, together with a plethora of ancillary proteins, is respon-
sible for nucleation of spindle microtubules. At gamete fusion,
the sperm centriolar module organises the sperm aster, which
acts to juxtapose the female and male pronuclei [38].
Following duplication, centrosomes guide organisation of
the first mitotic spindle and chromosome segregation in the
two blastomeres. It is therefore plausible that sperm-borne
functions affect chromosome constitution at fertilisation and
post-fertilisation stages [39, 40]. This hypothesis was initially
explored in treatment cycles involving sperm surgically re-
trieved from the testis and, therefore, possibly characterised
by incomplete spermiogenesis. Indeed, in two separate stud-
ies, an increased incidence of aneuploidy and mosaicism was
reported in embryos generated using sperm collected by TESE
[41, 42]. However, such results cannot be considered conclu-
sive or complete, involving only immature sperm and having
been generated through an approach, based on embryo biopsy
on day 3 and chromosome analysis by FISH that has not stood
the test of time.

The present study focuses precisely on the question of
whether sperm quality, as assessed by standard semen analysis,
has a reflection on embryo mosaicism, whose causes remain
largely unknown or object of speculation. In doing so, com-
pared with previous sporadic studies, overall, we adopted a
significantly more advanced and reliable approach based on
biopsy of trophectoderm cells at the blastocyst stage and com-
prehensive chromosome screening by aCGH. We acknowl-
edge, however, that the approach to chromosome analysis has
experienced significant progress in the few years. Therefore,
we are planning to perform a similar investigation in the near
future by using the next generation sequencing technology.

In an initial analysis assessing groups characterised by ab-
sence of male factor infertility or alternatively by compro-
mised semen parameters, no relative differences were found
in terms of reproductive outcome (implantation, clinical preg-
nancy, miscarriage and live birth rates) and proportion of eu-
ploid and aneuploid blastocysts. However, in the male factor
group, although low in absolute terms, the rate of mosaic
blastocysts was six times higher compared with the non-
male factor group (3.6% vs. 0.5%). Strikingly, male factor
cycles, which accounted for just over half of all PGT-A cycles,
included 91.7% (11/12) of all mosaic blastocysts present in the
data set. Analysis was then more specifically directed to com-
pare cycles characterised by severe male factor with all other
PGT-A cycles included in the study. Again, no statistically
significant differences were found between these two groups
in terms of reproductive outcome and rates of euploid and
aneuploid blastocysts, while a much higher rate of mosaic
blastocysts was observed in the severe male factor group
(7.7% vs. 1.8%). The association between semen parameters
and incidence of blastocyst mosaicism further emerges evi-
dent from our data if considered that although severe male
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factor cases cycles represented only 6.5% of all PGT-A cycles,
they included 33.3% mosaic blastocysts. Finally, the compar-
ison between severe male factor and non-male factor groups
did not reveal statistically significant differences in the rates of
euploid and aneuploidy blastocysts. However, again, it indi-
cated a much higher rate of mosaic blastocysts in the severe
male factor group, further confirming the positive relationship
between compromised sperm parameters and embryo mosai-
cism. Furthermore, we performed a subgroup analysis: NMF,
MF (excluding SMF) and SMF were compared in terms of
aneuploid, euploid and mosaic blastocysts rates (data not
shown). This comparison indicated only a trend of an increase
in the proportion of mosaic blastocysts with increasing sever-
ity of male factor infertility. We reckon that this outcome is
consistent with the study finding that the difference in the rate
of mosaic blastocysts between the MF and NMF groups is
mainly attributable to severe male factor cases.

Both in MF and SMF groups, female age was younger
compared with the control group. This discrepancy, quite ex-
pected because male infertility is usually diagnosed earlier
than other reproductive disorders, is not in conflict with the
study main hypothesis. In fact, if anything, a younger age
should involve a lower risk of chromosome segregation errors.
Likewise, in the male factor groups, a smaller proportion of
biopsied performed on day 5 blastocysts should not surprise,
considering that sperm quality may well have an impact on the
kinetics of development to the blastocyst stage [43].

Overall, the present analysis indicates a precise pattern in-
volving decrease semen parameters, which represent a
“proxy” for sperm quality and reduced genomic integrity of
the preimplantation embryo. This relationship does not appear
to impact the rate of aneuploid blastocysts, suggesting that
chromosome segregation in the male germline during meiosis
is unaffected by factors that vice versa can jeopardise other
spermatogenetic processes. Consistent with such finding,
spermatogenesis is known to have more robust meiotic and
post-meiotic chromosome segregation check-points, com-
pared with oogenesis [44]. On the contrary, an inverse rela-
tionship between semen quality and rate of mosaic embryos
reported in this study points towards non-genomic sperm de-
fects that may alter chromosome segregation at post-
fertilisation stages. Correct distribution of sister chromatids
during blastomere division is largely dependent on maternally
inherited functions. However, crucially, sperm contribution to
fertilisation and development includes also the centriole, from
which a functional embryonic centrosome is formed after as-
sembly with maternal proteins. As discussed above, the cen-
trosome is essential for the formation of the mitotic spindle
and ultimately chromosome segregation during cell division
not only at fertilisation but also during preimplantation devel-
opment. Astonishingly, decades-old, but crucial, evidence in-
dicates that descendants of the sperm centriole can be detected
during human preimplantation development and in fact traced

from fertilisation through cleavage to the morula and hatching
blastocyst stage [38]. These findings are compatible with the
possibility that a defective sperm centriolar apparatus, possi-
bly associated with decreased sperm quality, has the potential
to impact spindle function and the fidelity of chromosome
distribution not only during division of the zygotes into the
first two blastomeres but also during successive cell divisions
throughout development to the blastocyst stage. The introduc-
tion of next-generation sequencing (NGS) in the realm of
PGT-A has raised even more awareness on the phenomenon
of blastocyst mosaicism, irrespective of its origins, allowing a
relatively more precise estimate of the mutual proportions of
euploid/aneuploid cells in individual TE biopsies. While at
this point in time the maximum rate of mosaicism in a blasto-
cyst compatible with a healthy live birth is not known, there is
a trend to rank mosaic blastocyst and prioritise for transfer
those with smaller proportion of aneuploid cells.

Conclusions

We reckon that our data have clinical relevance. In the first
place, they provide information by which the risk of formation
of mosaic embryos can be more precisely assessed. This offers
patients a better prognostic prediction of their PGT-A treatment,
also on the basis of the conditions of themale partner. Secondly,
the study confirms previous reports suggesting that male infer-
tility does not affect the chances to obtain euploid blastocysts
[45]. Moreover, our findings can at least partly explain incon-
sistencies in the rates of embryo mosaicism reported by differ-
ent PGT-A programmes. Such differences have been the object
of heated debate in recent years and generally explained as an
effect of different sensitivity of alternative molecular ap-
proaches to chromosome analysis or biopsymodality. The pres-
ent data suggest a diverse, although not mutually exclusive,
origin of embryo mosaicism, highlighting the role of paternal
contribution to successful development. Albeit plausible, the
hypothesis of a direct involvement of the sperm centriole in
the onset mosaicism remains unanswered in this study, suggest-
ing new avenues for future research in this context. Also, to
further test the study hypothesis, we are currently collecting
further data in which mosaicism is being assessed by more
advanced DNA analysis techniques. Future investigations will
also overcome the limit of the present manuscript imposed by
the relatively small size of study groups.
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