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Adverse Pregnancy Outcomes and Maternal Periodontal Disease: An Overview on
Meta-Analytic and Methodological Quality
Reprinted from: J. Clin. Med. 2023, 12, 3635, doi:10.3390/jcm12113635 . . . . . . . . . . . . . . . . 199

Antonio Franco, Flavia Proietti, Veronica Palombi, Gabriele Savarese, Michele Guidotti,

Costantino Leonardo, et al.

Varicocele: To Treat or Not to Treat?
Reprinted from: J. Clin. Med. 2023, 12, 4062, doi:10.3390/jcm12124062 . . . . . . . . . . . . . . . . 211

Romualdo Sciorio, Claudio Manna, Patricia Fauque and Paolo Rinaudo

Can Cryopreservation in Assisted Reproductive Technology (ART) Induce Epigenetic Changes
to Gametes and Embryos?
Reprinted from: J. Clin. Med. 2023, 12, 4444, doi:10.3390/jcm12134444 . . . . . . . . . . . . . . . . 225

vi



Citation: Bašković, M.; Krsnik, D.;
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Marko Bašković 1,2,*, Dajana Krsnik 1,3, Marta Himelreich Perić 1,3, Ana Katušić Bojanac 1,3,
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Abstract: Testicular torsion potentially leads to acute scrotum and testicle loss, and requires prompt
surgical intervention to restore testicular blood flow, despite the paradoxical negative effect of
reperfusion. While no drug is yet approved for this condition, antioxidants are promising candidates.
This study aimed to determine astaxanthin’s (ASX), a potent antioxidant, effect on rat testicular
torsion−detorsion injury. Thirty-two prepubertal male Fischer rats were divided into four groups.
Group 1 underwent sham surgery. In group 2, the right testis was twisted at 720◦ for 90 min. After
90 min of reperfusion, the testis was removed. ASX was administered intraperitoneally at the time
of detorsion (group 3) and 45 min after detorsion (group 4). Quantification of caspase-3 positive
cells and oxidative stress markers detection were determined immunohistochemically, while the
malondialdehyde (MDA) value, superoxide dismutase (SOD), and glutathione peroxidase (GPx)
activities were determined by colorimetric assays. The number of apoptotic caspase-3 positive cells
and the MDA value were lower in group 4 compared to group 2. A significant increase in the SOD
and GPx activity was observed in group 4 compared to groups 2 and 3. We conclude that ASX has a
favorable effect on testicular ischemia-reperfusion injury in rats.

Keywords: astaxanthin; testicular torsion; acute scrotum; ischemia-reperfusion injury; antioxidants;
carotenoids; apoptosis; infertility; rats

1. Introduction

Testicular torsion is a condition of acute scrotum, starting with the rotation of the
testis around a longitudinal axis by at least 180 degrees, and followed by an interruption of
circulation inside the organ. Despite the possibility of manual detorsion, surgery is usually
required and should be performed as soon as possible after the onset of symptoms. If not
recognized in time, it can result in ischemic injuries and testicular loss, but if the operation
is performed within 6 h, most testicles can be saved [1–3]. The incidence of testicular torsion
is 1 in 4000 males younger than 25 years, while the prevalence of testicular torsion out of a
total of all acute scrotal conditions is 25–50% [4–6]. It can occur at any age, but most often
shows a bimodal distribution, i.e., it most often occurs in infants and boys at puberty [7,8],
usually occurring after some stimulus event (e.g., trauma or increased physical activity) or

J. Clin. Med. 2022, 11, 1284. https://doi.org/10.3390/jcm11051284 https://www.mdpi.com/journal/jcm
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spontaneously [9]. Clinical features of testicular torsion include the acute onset of moderate
to severe testicular pain with the possibility of the presence of redness and swelling with a
negative cremaster reflex during physical examination. Nausea, vomiting, and diffuse pain
in the lower abdomen may be associated with this condition. The classic clinical finding is
an asymmetrically (transversely) highly laid testis [10,11].

Ischemia-reperfusion injury (IRI) exacerbates cell dysfunction observed after restor-
ing blood flow in previously ischemic tissues. Hence, reperfusion paradoxically causes
further damage, endangering the organ vitality and function despite the necessity for
blood flow restoration. Reperfusion injury is a multifactorial process that results in tis-
sue destruction [12]. During reperfusion, the influx of oxygen leads to the degradation
of hypoxanthine to uric acid by enzyme xanthine oxidase. This reaction releases highly
reactive anion superoxide (O2−), which is then converted to hydrogen peroxide (H2O2)
and hydroxyl radical (OH·). The main unwanted consequence of the production of hy-
droxyl radicals is membrane lipid peroxidation. Lipid peroxidation causes the systemic
release of proinflammatory eicosanoids, disruption of cell permeability, and ultimately cell
death [13–16]. The increase in the concentration of free oxygen radicals most often occurs if
the mechanisms in charge of removing them become insufficient. This upsets the balance
between prooxidants and antioxidants, favoring prooxidants (a state of oxidative stress).
Cell damage is reversible up to one point, but with intense and prolonged stress, the cell
is subject to irreversible damage [17]. While low concentrations of free oxygen radicals
induce apoptosis, high ones result in necrosis. Cysteine proteases that form a large family
of enzymes known as caspases cause most cell morphological changes [18,19].

Antioxidants are molecules that, by inhibiting the oxidation of other molecules, defend
the body’s system against potential damage by free oxygen radicals [20]. In recent decades,
interest in natural sources of antioxidants has risen sharply. Algae constitute a significant
source of molecules with an antioxidant activity, as they often grow in extreme environ-
mental conditions, resulting in the production of large numbers of free oxygen radicals.
To ameliorate their effect, algae create various secondary metabolites with antioxidant
activities such as phycobilins, polyphenols, carotenoids, and vitamins [21].

The carotenoid pigment astaxanthin (ASX) (C40H52O4), found in the microalgae Haema-
tococcus pluvialis, has anti-inflammatory, immunomodulatory, and antioxidant effects [22].
ASX is also found in salmon, shrimp, and crabs, giving them a specific shade of red [23].
Compared to other carotenoids such as beta-carotene, zeaxanthin, and canthaxanthin, ASX
shows higher levels of antioxidant activity [24]. The antioxidant activity of ASX is ten times
higher than zeaxanthin, canthaxanthin, β-carotene, and lutein, and 100 times higher than
α-tocopherol [25].

For these benefits, we decided to investigate the ASX’s effect on testicular IRI. We
previously published comprehensive histological results showing that ASX has a protective
effect [26,27]. Still, only a multimodal approach can strengthen the hypothesis, we showed
the results of immunohistochemical and biochemical analyses in this study. There is no
drug in clinical practice that can be given to patients with torsion−detorsion testicular
injury to date. We believe this study gives a new insight into the possible treatment of this
urgent condition and its consequences (subfertility and infertility).

2. Materials and Methods

2.1. Animals

The study was performed on 32 male Fischer rats (weight 160–210 g, 35 days old) of
prepubertal age. The animals were housed under the conditions following good laboratory
practice (GLP), which included a temperature of 20–24 ◦C, relative humidity 55% +/− 10%,
controlled lighting, and light dark cycle of 12 h/12 h. The noise level did not exceed 60 dB.

2.2. Ethics Approvals

The research was approved by the School of Medicine, University of Zagreb (classi-
fication; 641-01/19-02/01/registry number; 380-59-10106-19-111/162) and the Croatian
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National Ethics Committee (EP 217/2019). The 3R principles were used—“reduction”,
“refinement”, and “replacement”—and the concept of five freedoms was respected.

2.3. Experimental Groups and Surgical Procedure

Rats were randomly divided into four groups with eight individuals in each group,
namely: sham-operated (S) group, torsion−detorsion (T/D) group, and torsion−detorsion
+ astaxanthin (T/D + ASX) groups.

Group 1 (S) underwent sham surgery. After the intraperitoneal injection of anesthetic,
an incision was made in the right inguinal region, to pull out the ipsilateral testis, which was
immediately returned to its natural position and the skin sutured. After suture removal,
orchidectomy was performed after 3 h. In group 2 (T for 90 min/D for 90 min), the
ipsilateral testis was twisted around its axis by 720◦ in a clockwise direction. It was fixed
in that position for 90 min. After 90 min, detorsion was performed. The skin was sutured
twice (0 min and 90 min). Orchidectomy was performed 90 min from the moment of
detorsion. At the time of detorsion, group 3 (T for 90 min/D for 90 min + ASX at the time
of detorsion) was administered pure ASX intraperitoneally (75 mg/kg, Sigma-Aldrich®, St.
Louis, MO, USA, from Blakeslea trispora). In group 4 (T for 90 min/D for 90 min + ASX 45
min from the moment of detorsion) ASX was administered 45 min after detorsion.

All surgical procedures were performed under aseptic conditions. After shaving the
right inguinoscrotal region, washing with chlorhexidine gluconate (PLIVA®sept, Pliva
d.o.o., Zagreb, Croatia), and drying, the area was treated with a povidone-iodine solution
(Betadine®10%, Alkaloid, Skopje, North Macedonia). In the midline of the scrotum, an
incision was made. Upon opening the tunica vaginalis, the testis was twisted manually
around its axis by 720◦ in a clockwise direction. The testis was fixed to the inner wall of
the scrotum with a monofilament polyglactin suture 6/0 (Vicryl; Ethicon Inc., Johnson
and Johnson Co., Somerville, NJ, USA). By removing the suture, the right testicle was
manually returned to its natural position. The skin of the scrotum was also sutured
with a monofilament polyglactin suture 6/0. All surgical procedures were performed
under general anesthesia induced by intraperitoneal injection of ketamine (90 mg/kg)
and xylazine (10 mg/kg). The animals were constantly monitored. In case of movement,
twitching, or other signs of awakening, intraperitoneal anesthesia was supplemented in
a smaller dose. No animals died during the experiment. After orchidectomy, the rats
were euthanized using the T-61 solution (1 mL/kg) iv. (Intervet International GmbH®,
Unterschleißheim, Germany).

2.4. Immunohistochemical Method and Analysis

The immunohistochemical method was used to evaluate the cell damage exhibited by
apoptosis and oxidative stress in the testicular tubules after treatment. Anti-cleaved caspase-
3 antibody (1:100, #9664, Cell Signaling Technology®, Danvers, MA, USA) was used as an
apoptotic marker, while anti-8-oxo-2′-deoxyguanosine (anti 8-OHdG), anti-nitrotyrosine
(anti-NT) (1:300, sc-66036 and 1:100, sc-32757, respectively, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and anti-4-hydroxy-2-nonenal (anti-HNE) antibodies (MAB3249
R&D Systems, Inc., Minneapolis, MN, USA) were used as oxidative stress markers. Af-
ter overnight incubation with primary antibody at 4 ◦C, the sections were treated with
appropriate secondary antibodies. The signal was visualized using 3,3′-diaminobenzidine-
tetrahydrochloride (DAB) and hematoxylin for counterstaining. Positive control tissues
were used, as recommended by the manufacturer of the antibodies, while the negative
controls were gained by omitting the primary antibody in the buffer. To detect caspase-3
positive cells as clearly as possible, the “invert” option was used in the ImageJ® soft-
ware (software package developed by the National Institutes of Health). The number of
caspase-3-positive cells was determined by counting 100 random seminiferous tubules
(apoptotic index) (x400). Caspase-3 positive cells were counted by visual observation from
two independent researchers. If the numbers differed, the opinion of a third researcher was
sought. Data are expressed as the mean of caspase-3-positive cells per 100 seminiferous
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tubules. Descriptive analysis of antibodies against oxidative stress markers was performed
to evaluate the histological localization on six samples per group.

2.5. Biochemical Analysis

The values of malondialdehyde (MDA) and enzymatic antioxidants (superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx)) were determined by colorimetric assays
using the testicular tissue homogenates as the samples. The MDA Assay Kit (MAK085,
Sigma-Aldrich®, St. Louis, MO, USA) was used to measure lipid peroxidation. According
to the manufacturer’s protocol, the MDA in the homogenized sample makes a complex
with thiobarbituric acid (TBA), which could be quantified colorimetrically (532 nm) on a
spectrophotometer (Tecan Spark, Tecan, Life Sciences). The SOD activity was analyzed
with the colorimetric SOD determination kit (19160, Sigma-Aldrich®, St. Louis, MO, USA).
Tetrazolium salt was used as a substrate (WST), which produces a water-soluble formazan
dye after reduction with a superoxide anion. The rate of WST reduction was linearly
related to the xanthine oxidase (XO) activity, but concomitantly inhibited by SOD. IC50
(50% SOD inhibition activity) was determined by the colorimetric method. As the absorp-
tion at 440 nm is proportional to the amount of superoxide anion, the activity of SOD as
an inhibitory activity was quantified by measuring the decrease in color development at
440 nm. The GPx Assay Kit (353919; Sigma-Aldrich®, St. Louis, MO, USA) measured
GPx activity. The main reaction catalyzed by GPx is 2GSH + H2O2 → GS–SG + 2H2O,
where GSH is the reduced monomeric glutathione and GS–SG glutathione disulfide. The
mechanism involves the oxidation of selenol in the selenocysteine residue via hydrogen
peroxide. Glutathione reductase then reduces oxidized glutathione and completes the
following cycle: GS–SG + NADPH + H+ → 2GSH + NADP+. Oxidation of NADPH to
NADP+ was accompanied by a decrease in absorption to 340 nm. Under conditions where
GPx activity is limited, the rate of decrease in A340 is directly proportional to the GPx
activity in the sample. The amount of NADPH in the reaction mixture was determined
kinetically by reading the ΔA340 absorbance value at 340 nm at 1 min intervals over the
7 min time frame.

2.6. Statistical Analysis

Microsoft Excel® software program (XLSTAT®) for Windows, version 2020.5.1 (Mi-
crosoft Corporation, Redmond, DC, USA), was used to analyze the experimental data.
Before the study, power analysis was performed where a sample of four groups of eight
animals was shown to be required (for α = 0.05, power = 95% and effect ≥ 0.9) in order to
obtain high-quality data. The Shapiro−Wilk test was used for the normal distribution as-
sessment of collected measurements mainly presented by the interquartile range (median).
Differences between groups were analyzed by the nonparametric Kruskal−Wallis test. The
data were presented as follows; chi-square (χ2) = observed value (critical value), degrees
of freedom (DF), and p-value. The Mann−Whitney U test with Bonferroni correction was
used for the pairwise comparisons. A significance level of 0.05 was used.

3. Results

3.1. Caspase-3 Positive Cells Quantification

The number of caspase-3-positive cells was statistically significantly lower (p = 0.016) in
group 4, in which ASX was administered 45 min from the time of detorsion (mean = 11.84)
compared to the untreated torsion−detorsion group 2 (mean = 22,700). Compared to group
2, group 3, in which ASX was administered at the time of detorsion, recorded a far lower
mean (mean = 12.50), but there was no statistically significant difference (p = 0.077; Table S1
and Figure 1).
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Figure 1. Caspase-3 positive cells on representative, randomly selected cross-sections on which
the measurements were performed: (A) group 1, (B) group 2, (C) group 3, and (D) group 4. DAB,
hematoxylin counterstain, scale bar 50 μm. (E) Box plots for caspase-3 positive cells (data are
presented as mean ± SD). A Kruskal−Wallis test revealed a statistically significant difference in
the number of caspase-3 positive cells between the different groups (at a significance level of 5%);
(χ2 = 10.441 (7.815), DF = 3, p = 0.015), * p < 0.05.

3.2. Histological Assessment of Oxidative Stress

8-hydroxy-2’deoxyguanosine (8-OHdG), the marker of oxidative DNA damage, was
found in most tubules of all groups, although it was more intensely stained in group 3,
and was without visible tubules with no affection in the same group. The signal was
cytoplasmic, limited to the basal layer of the Sertoli cells and spermatogonia, near the
tubular wall. In all groups except group 3, there were completely unaffected tubules next
to those with a damaged histological appearance (Figure 2G).

5
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Figure 2. Representative images of HNE (A–D) and 8-OHdG (E–H) expression (→) in the rat testes
of groups 1 (A,E), 2 (B,F), 3 (C,G), and 4 (D,H). Note the difference in the expression on neighboring
tubules in images F and H (*- nonaffected tubule). DAB, hematoxylin counterstain, scale bar 50 μm.

4-hydroxy-2-nonenal (HNE), the marker of lipid peroxidation, showed the strongest
staining intensity in group 3, affecting the entire height of the seminiferous epithelium
(Figure 2C). Group 4 had a staining signal similar to the negative control (Figure 2D).

Nitrotyrosine staining showed no positive signal in the specimens, while the positive
control was stained as expected.

6
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3.3. Values of Malondialdehyde (MDA)

Malondialdehyde values decreased in the group in which ASX was administered 45 min
from the moment of detorsion (Mdn = 0.187) compared to the untreated torsion−detorsion
group (Mdn = 0.222), but the difference was not statistically significant (p = 0.574). The
median values between group 2 (Mdn = 0.222) and group 3 (Mdn = 0.227) were almost
identical (p = 0.798). The MDA values in group 2 in relation to the negative control group
increased significantly (p = 0.001) (Table S2 and Figure 3).

Figure 3. Box plots for malondialdehyde (nmol/μg). The Kruskal−Wallis test shows a statistically
significant difference in the observed parameters between different groups (at a significance level of
5%); (χ2 = 14.395 (7.815), DF = 3, p = 0.002), * p < 0.05.

3.4. Values of Superoxide Dismutase (SOD)

Following the results, a statistically significant increase in the enzyme activity of super-
oxide dismutase (SOD) was observed in group 4, in which ASX was administered 45 min
from the moment of detorsion (Mdn = 89.61) compared to untreated torsion−detorsion
group 2 (Mdn = 88.39) (p = 0.01) and group 3, in which ASX was administered at the time
of detorsion (Mdn = 85.30) (p = 0.000). It is interesting to note a statistically significant
decrease in the enzyme activity of SOD in group 3 compared to group 2 (p = 0.001; Table S3
and Figure 4).

3.5. Values of Glutathione Peroxidase (GPx)

The Kruskal−Wallis test showed a statistically significant difference in the observed
parameters between different groups (at a significance level of 5%); first minute (χ2 = 17.020
(7.815), DF = 3, p = 0.001), second minute (χ2 = 13.497 (7.815), DF = 3, p = 0.004), third
minute (χ2 = 14.838 (7.815), DF = 3, p = 0.002), fourth minute (χ2 = 17.701 (7.815), DF = 3,
p = 0.001), fifth minute (χ2 = 18.637 (7.815), DF = 3, p = 0.000), sixth minute (χ2 = 19.431
(7.815), DF = 3, p = 0.000) (Table S4, Figures S1–S6, and Figure 5).
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Figure 4. Box plots for SOD activity (inhibition rate %). The Kruskal−Wallis test shows a statistically
significant difference in the observed parameter between different groups (at a significance level of
5%); (χ2 = 22.023 (7.815), DF = 3, p < 0.0001), * p < 0.05.

 

Figure 5. Linear graph of GPx activity (nmol/min/mL) over time from the first to the sixth minute.

4. Discussion

The results of this study showed that ASX has a favorable effect on ischemia-reperfusion
testicular injury (IRI) in rats. In the immunohistochemical part of the study, we found that
there was a decrease in the number of apoptotic caspase-3 positive cells in the ASX groups
compared to the torsion−detorsion group in which ASX was not applied (group 2) and sta-
tistically significant when ASX was applied 45 min from the moment of detorsion (group 4).
Furthermore, biochemical studies showed a decrease in malondialdehyde values and an
increase in the enzyme activity of superoxide dismutase and glutathione peroxidase in
group 4. Although the malondialdehyde values did not decrease significantly, the observed
median decreased. The superoxide dismutase enzyme activity increased significantly in
group 4 compared to groups 2 and 3. The same pattern of results was observed for the
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glutathione peroxidase enzyme activity in the first six minutes. It is also interesting to
note statistically significant decreases in group 3 compared to group 2 in the superoxide
dismutase and glutathione peroxidase enzyme activity. We expected the ameliorating effect
of ASX on the torsion to be stronger in group 3 compared to group 4 because, in group 3,
ASX was applied concomitantly with detorsion. Still, the results of all measured variables
were closer to the negative control in group 4. This may be due to the sluggish return of the
blood flow, which can limit vascular capacity to deliver appropriate doses of antioxidants
to the testes during the immediate post-torsion period. By prolonging the duration of
torsion, the return of blood after detorsion is slower. It is important to note that the first
60–90 min after the initial reperfusion is a critical time, for a toxic outbreak of free oxygen
radicals [28].

Several studies have reported a cytoplasmic 8-OHdG expression [29–31], in con-
cordance with our study and reports of 8-OHdG accumulating in mitochondrial DNA,
although it is known to be found in the nuclei [32]. The finding of unaffected tubules shows
that some tubules avoid ischemia and necrosis if the torsion persists, and these findings
are in concordance with the expression pattern of oxidative stress markers 8-OHdG and
NT. The strongest signal, being in group 3, treated with ASX at the time of the torsion, may
be due to the induction of oxidative stress markers expression as signaling molecules in
different cascades of tissue repair [33] or the edema, which prevents the transport of ASX
to the testicular tissues.

This study focused on the acute effect and acute changes after IRI, but in everyday
clinical practice, the average time from torsion to surgery often exceeds 90 min. To mimic
real-life settings, the study would benefit from extending the time from torsion to surgery.
Prolonging the time from torsion to reperfusion can be considered in future studies. ASX
was administered intraperitoneally, as this route of administration was most appropriate
for this model. We are aware that oral and intravenous routes of administration are
more applicable for human administration, but as more detailed pharmacokinetic and
pharmacodynamic studies are ongoing, we believe that intraperitoneal administration is
more than satisfactory for testing ASX as a potentially potent antioxidant in preventing
IRI. We opted for a dose of 75 mg/kg, but believe that in future studies, the dose may
be reduced to keep the dose within the range currently recommended for use in humans,
even though no adverse effects have been found in recent toxicological studies and at
much higher doses. Next, we show that the slow return of blood could influence the
effectiveness of the applied antioxidant, but we also point to the more beneficial effect
of ASX when applied 45 min after detorsion than at the time of detorsion. Additional
experimental groups should be included in the study to determine the optimal time for
the ASX administration. Each group would be given ASX at a successively different time
from the moment of detorsion. For example, regarding the already known harmful effect
of IRI of the ipsilateral on the contralateral testis, one would also have to explore the ASX
potential in ameliorating this effect.

The effects of ASX on testicular torsion have not been investigated prior to our study,
although the effects regarding its precursor lycopene have been. Hekimoglu et al. [34]
investigated changes after one-hour vascular clamp ischemia, and after three-hour and
twenty-four-hour reperfusions. Analogous to our results in the previous study [26,27],
the group receiving lycopene statistically significantly improved the Johnsen score in the
testis, compared to the group in which only torsion−detorsion was performed. Analogous
to the results presented here, Hekimoglu et al. showed that the values of GPx activity in
the lycopene group approached the values of the sham group, demonstrating a protective
effect. Malondialdehyde values, analogous to our results, were similar in all groups, with
no statistically significant difference, but the mean values were lower in the groups in
which lycopene was administered, supporting its protective effect. We must point out that
in preclinical studies, ischemia should be performed by manual torsion rather than by
vascular ligation with a vascular clamp. The torsion initially clogs veins but not arteries,
and thus causes partial ischemia in the early torsion period. Güzel et al. [35] investigated
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the effect of intraperitoneal lycopene administration. In their model, torsion of 720◦ lasted
for two hours, after which lycopene was given for three and ten days at a dose of 20
mg/kg/day. The mean seminiferous tubule diameter and Johnsen score were higher in
the group receiving lycopene for three days intraperitoneally compared with the group
without lycopene. In addition, in the groups in which lycopene was administered, a smaller
number of apoptotic cells were observed by the TUNEL method, while the MDA values
decreased in both groups that received lycopene for three and ten days. The SOD values
did not show this tendency, while in our study, in group 4, the SOD values showed a
statistically significant increase compared to group 2. From this, it undoubtedly follows
that ASX has a far more potent effect than its precursor, but we must keep in mind that
lycopene was administered at a dose of 20 mg/kg/day, while we administered ASX at a
dose of 75 mg/kg. Compared to the studies mentioned earlier [34,35], we must note that
we used prepubertal rats in our study due to the well-known fact that testicular torsion in
humans occurs primarily in adolescence and preadolescence [36]. It is also important to
note that Hekimoglu et al., compared to Güzel et al., gave lycopene by gavage. The route of
administration of the potential drugs is of great importance, as some studies have shown
limitations after oral administration, such as low stability, bioavailability, and bio-efficiency
with ASX, revealing the need for new biomaterials acting as carriers in vivo [37]. Given
the results of previous research as well as our research, it would certainly be interesting
to investigate the possible beneficial effects of other compounds from the biosynthetic
pathway of ASX, such as β-carotene, zeaxanthin, canthaxanthin, and violaxanthin [38].

Although it has been known for centuries that certain natural derivatives (exogenous
factors) have beneficial effects on human health and the male reproductive system, it is
only in recent decades that they have become increasingly important. Many are already
registered as dietary supplement and are presented on the pharmaceutical market as sup-
plements [21,39,40]. Currently, the main carotenoids of market interest are β-carotene, ASX,
lutein, zeaxanthin, lycopene, and canthaxanthin. ASX and β-carotene are the two most
well-known carotenoids in the global market and make up almost half of the carotenoid
market (according to Business Communications Company, 2015). The total carotenoid market
in 2019 was $1.8 billion, and β-carotene, lutein, and ASX accounted for more than 60% of
the market share [22,41–43]. The beneficial effects of ASX are reflected in several studies.
Otsuka et al. [44] concluded that the use of ASX could effectively protect against neurode-
generation during ischemic retinopathy. ASX has shown optimistic results in IRI of the
liver and muscles [45,46], while the myocardium had a beneficial effect regarding IRI from
disodium disuccinate ASX [47]. The preservation of renal function has been observed in
a mouse kidney model [48]. While Tripathi and Jena [49] observed a protective effect on
the germ cells protector in cyclophosphamide-treated mice, the positive effect of ASX on
steroidogenesis in Leydig cells was described by Wang et al. [50].

Within the European Union, ASX from natural sources is currently sold in daily doses
of up to 12 mg and is approved by national authorities worldwide in daily doses of up to
24 mg. Critical determinants of ASX’s ability to properly integrate into its molecular envi-
ronment to increase its activity are structural features such as size, shape, and polarity [51].
To date, studies in more than 2000 participants have found no significant toxicity at any
dose for natural ASX, which has shown an excellent clinical safety profile at short-term (up
to 100 mg) and long-term daily doses (8 to 12 mg) [52]. In rats, safety was assessed by the
daily oral administration of ASX-rich biomass at concentrations up to 500 mg/kg/day for
90 days, or synthetic ASX ranging between 880 and 1240 mg/kg/day for 13 weeks [53,54].
Katsumata et al. investigated a subchronic toxicity of daily administration of natural ASX
by oral gavage at doses up to 1000 mg/kg/day for 13 weeks. The only observed result was
the excretion of dark red color feces [55]. Given these results and the current knowledge, it
is unlikely that there will be an obstacle to recommending higher than current doses for
human use in the future.

Given the potential ethical issues and research length, to date, no clinical studies have
been conducted on the effect of ASX on testicular IRI in humans. The effects of ASX on
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humans are being explored, showing its beneficial effect on the human body (e.g., ASX
inhibits LDL oxidation and increases HDL levels, modulates the immune response, protects
against UV radiation, is used in anti-aging treatments, inhibits proliferation of human
gastric cancer cell lines, has genoprotective properties) [56–62]. As for male infertility,
Comhaire et al. [63] observed positive effects on sperm parameters and fertility. Research
on the pharmacokinetics and pharmacodynamics of ASX has not been completed, so we
will have to wait for the optimal administration route determination [64,65]. The existence
of the blood−testis barrier, as well as its changes due to ischemia during torsion, should
not be overlooked [66].

5. Conclusions

Our study promotes ASX treatment on testicular ischemia-reperfusion injury. Given
the rapid growth of research in the field of antioxidants and testicular ischemia-reperfusion
injury, we believe that one day the powerful antioxidants, especially ASX, will be applicable
in clinical settings, given that, to date, there is no cure given to patients.
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Abstract: Oligoasthenoteratozoospermia (OAT) accounts for about 90% of male infertility; in many
cases this disorder may be associated with oxidative stress, a condition that decreases the success of
fertilization. Therefore, the empirical treatment of male infertility is often based on the use of antioxi-
dants. The aim of the present study was to assess the effectiveness of three months’ administration of
a new nutraceutical preparation on hormone profile, sperm parameters and fertilization capability in
men undergoing in vitro fertilization (IVF). A total of 36 OAT patients were daily treated for 3 months
with a dose of a formulation containing: Inositol, L-Carnitine, Vitamins C, D, E, Coenzyme Q10 and
Selenium. Selected parameters were analysed before (T0) and after (T1) treatment, and IVF outcomes
were evaluated. We observed an improvement of sperm concentration, motility, morphology and
vitality; blood level of testosterone also showed an increase. A significant increase of fertilization rate
was detected in 14 couples, whose male partner were treated with the nutraceutical preparation. The
present results indicate that a formulation containing antioxidant and energy supply substances was
effective in the treatment of sperm alterations and led to significant recovery of fertilizing capacity.

Keywords: male infertility; oligoasthenoteratozoospermia; clinical-therapeutic strategies; antioxi-
dant treatment

1. Introduction

The World Health Organization (WHO) estimates that in advanced industrial countries,
couples with fertility problems constitute about 15–20% of the population of reproductive
age, with the male factor contributing to almost half of the cases [1,2]. The problem seems
to be increasing for reasons such as postponing parenthood, negative environmental factors,
unhealthy life-styles and various social conditions.

Excluding anatomical defects, a low sperm count combined with poor sperm motility
and morphology (oligoasthenoteratozoospermia, OAT) is considered one of the most com-
mon causes of male infertility. Of these, about 30% are unexplained; the others are linked
to causes that range from hormonal alterations, genetic anomalies, iatrogenic factors and
unhealthy life-style (diet, smoking, alcohol) [3–5] and oxidative stress by reactive oxygen
species (ROS) [6]. In semen there is a homeostasis between free radicals, produced by
leukocytes and spermatozoa [7], and protective enzymatic and non-enzymatic antioxidants.
Some pathophysiology conditions, environmental factors or unhealthy lifestyles may alter
this equilibrium and lead to an accumulation of ROS in seminal fluid, causing a harmful
oxidative damage [8–10].
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Regarding the hormonal component, infertile men are characterized by low plasma
concentrations of testosterone and LH, almost invariably combined with a lack of energizing
factors and antioxidants, all of which contribute to the onset of OAT.

With increasing recognition of the role of oxidative stress energy release in the patho-
physiology of male infertility, the use of antioxidants/energizing compounds is one of the
therapeutic options adopted for the treatment of idiopathic infertility. An ideal supplement
should provide substances that affect plasma concentrations of testosterone, as well as
energizing ingredients and antioxidants to improve sperm vitality and protect them against
oxidative injury [11,12].

Many substances found in nature have such effects [5,13]. In particular, inositol seems
to have specific effects on certain hormonal markers, favouring an increase in plasma
concentrations of LH, followed by those of testosterone, through stimulation of Leydig
cells in the testicles interstitium [14]. In vitro supplementation of myo-inositol is able to
significantly improve sperm motility in a dose-dependent manner [15], demonstrating a
protective role during sperm cryopreservation [16].

Another interesting substance is L-carnitine, which promotes energy and makes sperm
more vital by improving their post-gonadic maturation. Arginine is also indicated as an
amino acid useful for spermatogenesis and formation of nitric oxide, an energy source for
sperm cells [17]. A major role among the antioxidants is played by the vitamin C and E, nor-
mally present in seminal fluid, which ensures the stability of cell structures and contributes
to sperm motility [18]. Vitamin E (α-tocopherol) is an important lipid-soluble antioxidant
molecule in the cell membrane. It is thought to interrupt lipid peroxidation and enhance
the activity of various antioxidants that scavenge free radicals generated during the univa-
lent reduction of molecular oxygen and during normal activity of oxidative enzymes [19].
The results of in vitro experiments suggest that vitamin E may protect spermatozoa from
oxidative damage and loss of motility as well as enhance the sperm performance in the
hamster egg penetration assay [20]. The ability of Vitamin C in suppressing the endogenous
oxidative damage is also well documented [21]. Vitamin C concentration in the seminal
plasma, is 10-fold higher than that in the serum [22]. And its levels in seminal plasma
negatively correlated with the sperm DNA fragmentation index. Indeed, vitamin C supple-
mentation has been reported improve sperm parameters in infertile men [23,24]. Vitamin
D3 supplementation is increasingly accepted, since deficiencies have been correlated with
the onset of certain male and female reproductive disorders. The enzyme responsible
for vitamin D metabolism in the human sperm flagellum is correlated with the quality,
vitality and function of mature sperm [25]. The antioxidant effects of coenzyme Q10 are
well known, and although seminal fluid seems to protect sperm against oxidative stress,
treatment with this coenzyme improves sperm motility [26,27]. Zinc is a fundamental trace
element for reproductive processes, since it is involved in cell reproduction and protection
against oxidative stress.

The present study aimed to investigate the impact of an oral antioxidant supplemen-
tation, composed of natural substances, on seminal and hormonal parameters of infertile
men with OAT.

2. Materials and Methods

2.1. Study Design and Patients Recruitment

This prospective study was performed on a total of 36 Caucasian males undergoing
semen evaluation at the Unit of Medically Assisted Reproduction, Siena University Hospital,
after 12–18 months of unprotected sexual intercourse without conception.

A comprehensive clinical history of patients was obtained; we excluded patients with
possible causes of male infertility such as varicocele, cryptorchidism, endocrine disorders
or systemic diseases and patients with intake of spermiotoxic drugs, smoking, alcohol or
drugs abuse. All patients underwent microbiological analysis of seminal fluid and urine
for common bacteria such as Mycoplasma, Trichomonas vaginalis and Chlamydia trachomatis.
The median age of the patients was 34 years (range: 25–47 years); the BMI ranged between
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18 and 25. All participants signed a written informed consent, and the study protocol
was approved by the Ethic Committee of the Siena University Hospital (approval ID:
CEASVE 191113).

In the selected patients, the diagnosis of oligoasthenoteratozoospermia (OAT) was
confirmed by performing two spermiogram at one month (T0) from the first investigation
(T-1). Recruited patients were asked to take orally, once a day, for three consecutive months,
a preparation (Gomotil®, Gofarma, Italy) containing a cocktail of nutraceutical substances:
Inositol, L-Carnitine, Acetyl L-Carnitine Hydrochloride, Vitamin E, Vitamin C, Coenzyme
Q10, Selenium, and Vitamin D3 (Table 1).

Table 1. Composition, Dosage and Nutrient Reference Values (NRVs) of the administered nutraceuti-
cal preparation.

Nutraceutical Composition Per 1 Packet NRV

Inositol 1000 mg -
L-Carnitine 250 mg -
Acetyl L-Carnitine Hydrochloride 250 mg -
Vitamin E 60 mg 500%
Vitamin C 100 mg 125%
Vitamin D3 5 mcg 100%
Coenzyme Q10 20 mg -
Selenium 50 mcg 90.90%

At T0, the hormone profile of enrolled patients has been performed, including Testos-
terone, Follicle Stimulating Hormone (FSH), Luteinizing Hormone (LH), Sex hormone
binding globulin (SHBG), Prolactin and Estradiol. The main blood-metabolic parameters
were also measured: Glucose, Insulin, Creatinine, Total Cholesterol, Triglycerides, Ox-
aloacetic Transaminase, Pyruvic Transaminase and C-Reactive Protein. Sperm evaluation,
hormone and metabolic profiles were tested after 3 months of treatment (T1; Table 2).

Table 2. Study Timeline.

Required Examination T-1
T0

Basal
T1

Post Treatment

Spermiogram X X X
Hormonal panel X X
Hemato-Metabolic panel X X

2.2. Semen Analysis

At T-1, T0 and T1 the ejaculate samples were collected, by masturbation, in sterile
containers after a period of abstinence between 2 and 5 days. Semen samples were assessed
according to WHO (2010) parameters [28].

Seminal analysis was carried out, within 30 min after fluidification. The volume, vis-
cosity, pH, and appearance of the semen were evaluated together with sperm concentration,
progressive and total motility, and morphology. Sperm concentration was evaluated using
a Makler counting chamber (Irvine Scientific, Santa Ana, CA, USA), under an optical micro-
scope (Nikon, Nikon Europe B.V., Amsterdam, The Netherlands) at 200× magnification.
Sperm morphology was evaluated by using pre-coloured glasses (Testsimplets) and the
eosin Y test was applied to evaluate sperm vitality.

2.3. Assisted Reproduction Techniques

The main reproductive outcomes were retrospectively evaluated in 14 couples (Group A)
undergoing IVF at the Unit of Medically Assisted Reproduction, Siena University Hospital,
whose male partners received the nutraceutical supplementation for three months, before
an IVF cycle. The control group (Group B) was composed by 14 couples where male, with
a diagnosis of OAT, didn’t receive any supplementation before IVF.
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Inclusion criteria were male infertility (OAT); exclusion criteria were female fertility
factor and/or couple or idiopathic infertility.

We included homolog cycles (no egg or sperm donors) using fresh oocytes and ejac-
ulated sperm. Standard controlled ovarian stimulation protocols were used. Stimulation
with gonadotrophins was monitored by measuring serum estradiol levels and follicle
growth. Human chorionic gonadotropin was administered when patients reached the
individual clinic’s trigger point for follicular growth. Cumulus–oocyte complexes were
collected 36 h later, by ultrasound-guided transvaginal follicular aspiration. To perform
ICSI, after 2 h of incubation the oocytes were denuded. Sperm injection was performed
immediately after denudation according to conventional procedure. Fertilization was
assessed 16–18 h after injection.

2.4. Statistical Analysis

A statistical analysis was performed by means of the GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA) using nonparametric tests. The differences among groups
of data, before (T0) and after (T1) the treatment with the nutraceutical preparation, were
tested by the Kruskal–Wallis test. The data are reported as mean ± standard deviation (SD).
The differences observed have been considered statistically significant at p < 0.05.

3. Results

3.1. Effect on Hormone and Metabolic Profile

The patients enrolled in the study did not have a history of endocrine, metabolic or
anatomical alterations. Microbiological tests were all negative for Chlamydia trachomatis,
Mycoplasma and Trichomonas vaginalis.

The comparison of values before the beginning of the treatment (T0) and after three
months (T1) shows an increase, although not statistically significant, of the blood levels of
testosterone and in general an improvement of the hormonal profile (Table 3).

Table 3. Evaluation of the hormone levels before treatment with the nutraceutical preparation (T0)
and after three months of administration (T1).

Test Parameters
T0
Basal

T1
Post Treatment

Reference
Values

Testosterone (ng/mL) 4.5 ± 1.6 5.2 ± 1.8 2.8–8.0
FSH (mUI/mL) 5.2 ± 1.3 4.8 ± 0.9 0.7–11.0
LH (mUI/mL) 6.1 ± 1.7 5.5 ± 0.6 0.8–8.0
SHBG (nmol/mL) 48.0 ± 12.0 55 ± 16 10.0–57.0
Prolactin (ng/mL) 11.2 ± 3.0 10.6 ± 2.0 2.0–13.0
Estradiol (pg/mL) 32.0 ± 6.0 25.0 ± 4.0 <32.0

The effects of the nutraceutical preparation were evaluated at the T1 and compared
with the T0 (Table 4). The analysis shows an improvement, even if not statistically sig-
nificant, of the main metabolic parameters. This result, together with the absence of side
effects, evidences the safety of the product making it suitable also for a large-scale use and
for prolonged periods.

Table 4. Main blood values of patients before the beginning of the treatment with nutraceutical
preparation (T0) and after three months of treatment (T1).

Test Parameters
T0
Basal

T1
Post Treatment

Reference
Values

Glucose (mg/dL) 98 ± 7 91 ± 3 60–110
Insulin (microU/mL) 12.7 ± 4.2 9.3 ± 2.6 2.6–24.9
Creatinine (mg/dL) 0.88 ± 0.2 0.80 ± 0.3 0.55–1.40
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Table 4. Cont.

Test Parameters
T0
Basal

T1
Post Treatment

Reference
Values

Total Cholesterol (mg/dL) 218 ± 9 202 ± 5 140–220
Triglycerides (mg/dL) 160 ± 8 154 ± 7 <200
Oxaloacetic Transaminase (AST)(GOT) (U/L) 24 ± 5 22 ± 6 <30
Pyruvic Transaminase (ALT)(GPT) (U/L) 19 ± 3 18 ± 4 <41
C Reactive Protein (CRP) (mg/L) 0.8 ± 0.3 0.7 ± 0.4 0.0–5.0

3.2. Effect on Sperm Parameters

The data analysis shows that the treatment with nutraceutical preparation significantly
improve the main sperm parameters: a statistically significant rise of sperm concentration
was evident, with an increase of 71.7% (* p < 0.05) (Figure 1A).

Figure 1. Sperm concentration (A); total sperm number (B); sperm vitality (C); progressive (D) and
total (E) sperm motility; sperm morphology (F) before (T0; light grey) and after 3 months (T1; dark
grey) treatment with nutraceutical preparation. Graphical diagrams are plotted as box–whisker plots,
where boxes show the interquartile range with median and mean values, and whiskers represent min
and max confidence intervals, outliers are represented as single dots (* p < 0.05; ** p < 0.01).

The total sperm number was increased of 28.6%, in a non-statistically significant
manner (Figure 1B). Indeed, this parameter is closely related to contingent conditions
such as ejaculate volume at the time of sample collection, which may be influenced by
psychological stress or hydration of the patient. The effect of treatment on both progressive
(Figure 1D) and total sperm motility (Figure 1E) showed an increase of 20.6% (* p < 0.05)
and 19.6% (** p < 0.01) respectively. Sperm morphology evaluation demonstrated that
the integrity and shape of the acrosome, the head morphology and the flagellum profile
significantly changed after treatment with an increase of 61.5% (** p < 0.01; Figure 1F).
Spermiogram data are summarised in Table 5.

Table 5. Seminal parameters investigated at basal conditions (T0) and after three months of nutraceu-
tical administration (T1) (* p < 0.05; ** p < 0.01).

Semen Parameters
T0
Basal

T1
Post Treatment

p Value

Concentration (×106/mL) 7.13 ± 4.24 12.24 ± 7.83 *
Total sperm count (×106/ejaculate) 21.54 ± 10.15 27.70 ± 14.87 ns
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Table 5. Cont.

Semen Parameters
T0
Basal

T1
Post Treatment

p Value

Vitality (%) 45.4 ± 8.2 51.2 ± 9.5 *
Progressive Motility (%) 22.8 ± 5.9 27.5 ± 6.4 *
Total motility (%) 33.6 ± 5.5 40.2 ± 5.8 **
Morphology (%) 2.6 ± 1.4 4.2 ± 1.9 **

ns: not significant.

3.3. Reproductive Outcomes

At the end of 3 months of treatment with the nutraceutical preparation 14 patients
(Group A) out of 36 underwent an IVF cycle at the UOSA PMA–University Hospital of
Siena. The number of retrieved oocytes, MII injected oocytes, fertilization and pregnancy
rate were registered and are reported in Table 6, in comparison with Group B.

Table 6. Reproductive Outcomes of IVF cycle between Group A and Group B (* p < 0.05).

Reproductive Outcomes Group A Group B p Value

Male patient’s age (years) 34.4 ± 6.8 35.2 ± 6.3 ns
Female patient’age at pick-up (years) 33.7 ± 2.5 34.1 ± 3.2 ns
Number retrieved oocytes 9.8 ± 3.5 9.2 ± 3.3 ns
Number MII oocytes 7.9 ± 2.7 7.5 ± 2.4 ns
Fertilization rate (%) 87.3 ± 15.7 74.3 ± 22.6 *
Pregnancy rate (%) 19.6 ± 3.7 17.2 ± 2.9 ns

4. Discussion

Male infertility is a significant social problem with a strong impact on well-being as
well as an unbroken medical challenge. A large number of recent studies have focused
on the ability of many substances, generally termed as nutraceuticals, to improve the hor-
monal status and sperm parameters by different mechanisms [29,30]. The supplementation
with natural compound for the treatment of male infertility is greatly debated on litera-
ture. The evaluation of the effectiveness and safety of supplementary oral antioxidants
in subfertile men put in evidence some important bias of the published studies, first of
all the selection of patients and control groups. Results from observational studies might
have been confounded by lifestyle factors such as age, weight, physical health and/or
medication use. The administration of individual antioxidants or combinations of them,
the dosage and formulation of the nutraceutical and the duration of treatment, can create
discordant and non-significant results [11,31,32]. Apart from cases with a specific aetiology
(genetic, hormonal, infectious etc.), which are readily diagnosed and treated medically
and/or surgically, idiopathic alterations of the main sperm characteristics, as in the case
of OAT, can benefit from the use of oral supplements based on amino acids (L-carnitine),
antioxidants, such as vitamins A, C and E, folic acid and elements such as selenium [33,34].
This is not surprising, since oxidative stress resulting from an imbalance between ROS
and antioxidants systems usually present in seminal fluid is fundamental in male fertility.
Indeed, ROS abundance has been implicated in sperm abnormalities [35,36], while the exact
impact on fertilization and pregnancy has long been the subject of considerable discussion.
On the other end, reactive oxygen species mediate certain physiological processes such as
sperm maturation, capacitation and acrosome reaction, two key events for the acquisition
of fertilizing ability; therefore their fine balancing is fundamental to assure a proper redox
microenvironment [37]. This is also supported by growing evidence demonstrating that
the abuse of antioxidant treatments may induce sperm damage as a result of a reductive-
stress-induced state. Therefore the phenomenon known as “antioxidant paradox” should
be kept in mind and absolutely not underestimated in order to avoid that the uncontrolled
supplementation may indirectly cause fertility health risks [38].
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The results of this study show that the administration of a nutraceutical cocktail,
containing amino acids able to provide energy, Vitamins C, D3 and E, Selenium and
Coenzyme Q10 with a strong antioxidant action and other natural substances, can be
considered an effective treatment for OAT men, showing a significant increase in all sperm
parameters and thus suggesting a recovery of the fertilizing capability.

The effects of the antioxidant therapy on seminal fluid have been studied in many
clinical trials that have demonstrated individual and synergic action of compounds used in
the nutraceutical formulation administered in this study.

Indeed, vitamin E and coenzyme Q10 have been reported to be effectives in protect-
ing sperm against oxidative stress in cases of idiopathic infertility [34]. Several studies
demonstrated that vitamin D3 plays key roles in the acquisition of hyperactivated motility,
capacitation, and acrosome reaction. Despite these reports, there is no unanimous agree-
ment on the effectiveness of vitamin D administration in recovering poor semen parameters.
Indeed, some authors reported a beneficial effect of supplementation with vitamin D on
sperm progressive motility and morphology in men with OAT, while others did not [39,40].

Carnitine is a key antioxidant involved in cell energy production, thus directly in-
volved in recruiting ATP for sperm motility. To this regard, men with OAT have significantly
lower levels of carnitine in their semen [34]. The combination of carnitine and acetyl-L-
carnitine is effective in improving total motility in idiopathic asthenozoospermia [41].

Last but not the least, the most abundant component of the mix we used in this
study is Inositol, whose effectiveness in improving sperm motility and morphology, along
with a significant protective role against oxidative damage to DNA has been already
demonstrated [15,16]. Data form literature show the beneficial effects of inositol on sperm
motility and mitochondrial function, due to insulin-sensitizing properties, antioxidant
activity and hormonal regulatory effects [42].

The effectiveness of this supplementation is definitively demonstrated by the positive
effects on the fertilization rate, one of the most important parameter to evaluate the impact
of male partner in the outcome of assisted reproduction cycles. Indeed, male partner
received the aforesaid antioxidant supplementation for three months before the cycle
obtained a higher fertilization rates obtained in ICSI cycles. The absence of side effects
proves the safety of the product and provides specialists working in the field of assisted
reproduction with alternative tools to classic hormonal therapies for the treatment of
male infertility.

5. Conclusions

In conclusion, the present results demonstrate that a formulation containing amino
acids as energy source, vitamin E and coenzyme Q10 with strong antioxidant effects, and
natural substances that influence androgen production is an ideal therapy for OAT.

Anyway, further studies in a larger cohort of patients are needed to confirm the
effectiveness of this nutraceutical formulation in ameliorating sperm parameters.
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Abstract: Since the birth of Louise Joy Brown, the first baby conceived via in vitro fertilization, more
than 9 million children have been born worldwide using assisted reproductive technologies (ART).
In vivo fertilization takes place in the maternal oviduct, where the unique physiological conditions
guarantee the healthy development of the embryo. During early embryogenesis, a major wave of
epigenetic reprogramming takes place that is crucial for the correct development of the embryo.
Epigenetic reprogramming is susceptible to environmental changes and non-physiological conditions
such as those applied during in vitro culture, including shift in pH and temperature, oxygen tension,
controlled ovarian stimulation, intracytoplasmic sperm injection, as well as preimplantation embryo
manipulations for genetic testing. In the last decade, concerns were raised of a possible link between
ART and increased incidence of imprinting disorders, as well as epigenetic alterations in the germ
cells of infertile parents that are transmitted to the offspring following ART. The aim of this review
was to present evidence from the literature regarding epigenetic errors linked to assisted reproduction
treatments and their consequences on the conceived children. Furthermore, we provide an overview
of disease risk associated with epigenetic or imprinting alterations in children born via ART.

Keywords: human in vitro fertilization; assisted reproductive technology; epigenetics; imprinting disorders

1. Introduction

Over the past 40 years, the use of ART for infertility treatment has been continuously
on the rise and has resulted in the birth of more than 9 million children globally [1,2].
The number of couples facing infertility problems has steadily increased over the last
decades, particularly since a growing number of individuals are postponing the desire
to have children further into older age. Many of those couples ultimately need in vitro
fertilization (IVF) to be able to conceive a baby [3]. Nowadays, nearly 3.3 million ART
cycles are performed annually, resulting in over 500,000 deliveries worldwide [1]. ART
procedures are considered relatively safe; however, in the last decade, novel concerns have
been raised due to increased prevalence of epigenetic errors and imprinting defects in
ART-born children [4]. This was first observed in cattle and sheep, where incidence of large
offspring syndrome (LOS) increased following transfer of in vitro fertilized embryos [5].
In 2001, Young et al. reported that epigenetic alterations in IGF2R was responsible for
LOS following embryo culture in sheep [6]. Epigenetic alterations in various imprinted
genes were also observed in preimplantation mouse embryos cultured in M16 or Whitten’s
medium [7]. In vivo fertilization takes place in the oviduct, which is a natural environment
with optimal physiological conditions including all the metabolic requirements for early
embryo development. Even though embryology laboratories try to mimic those natural
conditions to the best extent possible, during in vitro fertilization, the embryo is exposed
to five or six days of diverse environmental conditions (Figure 1) [8]. Since about 3–5% of
children are conceived following ART cycles [1], it is important to determine the potential
negative effects of the procedure on the conceived baby. Epidemiological data revealed
increased incidence of low and very low birth weight in ART-born babies following fresh
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embryo replacement [9]. Similar results were recently published by Sunkara et al., who
analyzed UK registry data (Human Fertilization and Embryology Authority, HFEA) from
1991 to 2016 including about 117,000 singleton live births following ART. The authors
showed that the causes of infertility had a negative impact on preterm birth and low
birth weight following fresh embryo transfer [10]. However, the opposite scenario was
reported following frozen-thawed embryo transfer (FET) in ART. A large study performed
by Terho et al. suggested that FET is linked with higher birth weights and higher risk of
large-for-gestational-age [11]. In 2002, a case report [12] was published describing two
unrelated patients with Angelman syndrome with sporadic imprinting defects following
intracytoplasmic sperm injection (ICSI). A year later, DeBaun et al. reported increased
incidence of Beckwith–Wiedemann syndrome with imprinting alterations in H19 and LIT1
in children born after ART [13]. Subsequently, several studies tried to determine possible
culprits behind the observed epigenetic errors including controlled ovarian stimulation
(COS), in vitro oocyte maturation, intracytoplasmic sperm injection (ICSI), in vitro embryo
culture, couple infertility, and more recently, preimplantation embryo manipulation for
genetic assessment.

Figure 1. Scheme illustrating in vitro and in vivo fertilization. Controlled ovarian stimulation (COS)
is used to promote follicle growth, maturation, and ovulation. ART adopts either IVF or ICSI for
fertilization. Following fertilization, the preimplantation embryo is cultured in incubators, where
suboptimal culture conditions such as pH, oxygen, temperature, and osmolality may affect its further
development. Finally, the in vitro-produced embryo is transferred to the uterus at the cleavage or
blastocyst stage. On the other hand, in vivo the female and male gametes interact together and the
sperm fertilizes the oocyte in the infundibulum. Next, the developing embryo moves towards the
uterus interacting with the female reproductive system in a physiologic and optimal environment.

2. Epigenetics in Development and Imprinted Genes

In 1942, Conrad Waddington highlighted the importance of environmental interactions
with genes during early stages of embryo development. Although at that time, only limited
information was available about the mechanisms of early embryogenesis, Waddington
emphasized the importance of studying features that control embryo development that can
mediate the correlations between genotype and phenotype. Waddington introduced the
term “Epigenetics”, which he described as the “the branch of biology that studies the causal
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interactions between genes and their products which bring the phenotype into being” [14].
Epigenetic regulation is essential for normal mammalian development and is described
as the study of heritable changes in gene function that are not associated with changes
to the DNA sequence itself [15]. In mammals, two waves of epigenetic reprogramming
occur during development that reset epigenetic marks in germ cells and preimplantation
embryos. During early embryogenesis, epigenetic marks are reprogrammed to prepare
the embryo for development; however, parental-specific DNA methylation patterns at
imprinted genes are maintained. The second phase occurs during germ cell development
when primordial germ cells (PGCs) enter the fetal gonadal ridge. Here, DNA methylation
patterns are globally erased including marks at imprinted genes. Parental imprinting marks
are later established during germ cell differentiation with distinct imprints in male and
female germ cells. During reprogramming, the epigenome is highly susceptible to external
and internal cues that can alter the reprogramming process and induce long-term disease
risk in the future generation [16,17]. One of the most studied epigenetic modifications
is DNA methylation [18], where a methyl group is added at the 5′ carbon position of
the cytosine pyrimidine ring in the context of CG dinucleotide (CpG sites) [19]. Those
epigenetic modifications are maintained by daughter cells throughout cell divisions by
DNA methyltransferase 1 (DNMT1) [20]. Epigenetic modifications are crucial in regulating
gene expression during embryo development, whereby any disruption to epigenetic states
during this sensitive time window can lead to future consequences for development and
disease [21,22]. Genomic imprinting is an epigenetic process resulting in monoallelic
expression of either the maternally or the paternally inherited allele. This mechanism of
parent-of-origin-specific expression is restricted to a limited number of ~200 imprinted
genes described in humans [23,24]. Genomic imprinting has been mainly reported in
eutherian mammals; however, similar phenomena were identified in flowering plants
and in some insects indicating independent evolutionary origins [25]. Imprinted genes
are regulated by cis-acting elements known as imprinting control regions (ICRs). For
example, in the H19-Igf2 locus, the ICR located upstream of H19 along with enhancers
controls the expression of H19 from the maternal allele and of the insulin-like growth
factor (IGF2) gene from the paternal allele [26,27]. This exclusive monoallelic expression is
controlled by specific epigenetic marks and regulatory elements such as DNA methylation,
histone modifications, long non-coding RNA (lncRNA), and CCCTC binding factor (CTCF)-
mediated boundaries [28]. The parental-specific imprints established in the germ line escape
epigenetic reprogramming in preimplantation embryos, where imprinted genes play an
important role in early development [29] and are essential for the regulation of energy
balance between the mother and the developing fetus [30]. In humans, genetic mutations,
copy number aberrations, and epigenetic alterations affecting imprinted genes have been
linked to a number of disorders, e.g., Beckwith–Wiedemann syndrome (BWS), Angelman
syndrome (AS), Silver–Russell syndrome (SRS), and Prader-Willi syndrome (PWS), Ref [31]
characterized by clinical features affecting development, metabolism, and growth.

3. Epigenetic Alterations and Imprinting Disorders in ART

Following fertilization, the zygote develops into a structure called the “blastocyst”
(Figure 2). At this stage, the embryo encloses about 150 or 200 cells differentiated into two
types: the trophectoderm (TE), an epithelial sheet surrounding the fluid filled cavity (i.e.,
the blastocoele) and the inner cell mass (ICM), a group of cells attached to the inside of the
trophectoderm that eventually give rise to the fetus. TE cells facilitate implantation into
the uterine lining and form extraembryonic tissues including the placenta. During early
development, embryonic cells are guided toward their future lineages through epigenetic
reprogramming and subsequent re-establishment of cell-type-specific epigenetic signatures.
This corresponds to the period when gametes and embryos are being in vitro manipulated
and cultured inside the embryology laboratory. Therefore, such artificial intrusions during
this critical time window might lead to epigenetic aberrations in the resultant offspring
(Figures 1 and 3). Several studies reported imprinted loci to be vulnerable to external envi-
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ronmental cues during in vitro embryo culture. For example, KvDMR1 has been observed
to be abnormally methylated in ART-related BWS in humans [32,33] and hypomethylated
in ART-produced bovine conceptuses with LOS [34]. Several studies have also shown
that ART-related procedures including COS, ICSI, and embryo manipulation might induce
epigenetic abnormalities [29,31,35]. A systematic review published by Lazaraviciute et al.
compared the incidence of imprinting disorders and DNA methylation alterations at key
imprinted genes in children conceived via ART versus those conceived naturally. A total
of 18 papers were included in this review, and the combined odds ratio (95% confidence
intervals) for the incidence of imprinting disorders in children conceived through ART was
3.67 in comparison to spontaneously conceived children. The authors concluded that an
increased risk of imprinting disorders occurs in babies born via IVF and ICSI; nevertheless,
there was limited evidence for a link between epigenetic alterations at imprinted genes and
ART [36]. Another review summarizing data from eight studies on BWS and ART reported
a significant positive association between IVF and ICSI procedures and BWS with increased
relative risk of about 5.2 times (95% CI 1.6–7.4) [37]. However, the authors did not observe
an association for either AS or PWS with IVF and ICSI, but rather a positive association
with fertility problems. Regarding SRS, the number of children born following ART was
small (n = 13); therefore, probable significance for SRS incidences could not be inferred.
A more recent epidemiological study investigated the risk of imprinting disorders in IVF
children born in Denmark and Finland, where the authors compared the incidence rate of
PWS, SRS, BWS, and AS in ART-conceived babies in Denmark (n = 45,393 born 1994–2014)
and Finland (n = 29,244 born 1990–2014). They observed an increased odds rate for BWS
(OR 3.07, 95% CI: 1.49–6.31) in ART-conceived children; however, no significant difference
was evident for PWS, SRS, and AS [38]. Similarly, a nation-wide study in Japan found a
4.46-fold increase in BWS and an 8.91-fold increase in SRS following ART including several
with aberrant DNA methylation at imprinted genes [39]. The effect of altered epigenetics
marks and epimutations on human health is just beginning to be understood. Further
research in this area is needed help clarify whether ART-induced epigenetic changes affect
growth, development, and health of future offspring. In the next sections, we discuss
specific procedures applied during ART treatments to provide examples on how certain
treatments may lead to epigenetic alterations.

Figure 2. The human blastocyst. The structure comprises two differentiated cell types and a central
cavity filled with fluid (blastocoel cavity). The inner cell mass (ICM) becomes the fetus and the
trophectoderm (TE) cells later develop into the placenta.
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Figure 3. Epigenetic reprogramming during the early stage of embryo development. Post-fertilization,
the paternal genome undergoes active demethylation, whereas the maternal genome is passively
demethylated. The scheme illustrates the stage of development at which different ART techniques
are employed.

4. Controlled Ovarian Stimulation in ART

Ovarian stimulation is one procedure likely responsible for epigenetic aberrations in
the oocyte and embryo [40]. COS may lead to the selection of poor quality oocytes that are
usually excluded in a natural cycle, and those oocytes might induce perturbed genomic
imprinting during the early stage of embryo development and later in the placenta [41,42].
Medical records of women who gave birth to children with BWS following ART revealed
ovarian stimulation medication as the only common factor among those patients [43]. Each
month, the human ovaries typically produce a single dominant follicle which ovulates and
releases a single oocyte. To increase the number of fertilized oocytes and improve IVF out-
come, COS is applied using exogenous gonadotropins to stimulate the ovary and promote
multifollicular development yielding multiple oocytes. Typically, a pharmacological dose
of FSH is used to induce the growth of multiple follicles. As follicles grow and reach a
specific width, LH is administered to produce the mid-cycle LH surge, which promotes
oocyte maturation and later ovulation. Oocyte retrieval is precisely timed following LH
administration to retrieve mature oocytes prior to ovulation. LH exposure initiates meiosis
and leads to oocyte maturation from the immature “metaphase I” (MI) stage to the ma-
ture “metaphase II” (MII) stage of development. During this time, the first polar body is
extruded and the oocyte reaches the metaphase II stage, which indicates its competence
to be fertilized [44]. Following ovulation, the rest of the follicle forms the corpus luteum,
which produces high levels of progesterone to prepare the endometrium for the process of
embryo implantation. Since the expected number of oocytes is low in patients with reduced
ovarian reserve, several strategies mainly based on increased gonadotropin dose have been
applied to collect more oocytes. In certain cases, it is only possible to retrieve immature
oocytes after COS where in vitro maturation might be adopted to obtain matured MII
oocytes. Culture systems for in vitro maturation of human oocytes holds great potential
but is still considered experimental for clinical use in ART [45]. In the last decade, there
has been a growing concern over an association between COS and epigenetic aberrations
in oocytes and embryos, which further increases the risk of imprinting disorders in the
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offspring [46]. Indeed, DNA methylation analysis of imprinted genes revealed aberrations
in PEG1, KCNQ1OT1, and ZAC in oocytes collected following COS when compared to
oocytes obtained after natural ovulation [47,48]. Furthermore, reports described DNA
methylation alterations and expression changes in the H19 imprinted control region in
embryos obtained from superovulated oocytes [49]. Mature oocytes obtained following
superovulation were shown to have conserved DNA methylation patterns at ICRs; however,
methylation aberrations were detected in genes involved in glucose metabolism, nervous
system development, mRNA processing, cell cycle, and cell proliferation [50]. This is
in contrary to a genome-wide DNA methylation study in superovulated mouse oocytes,
which showed minor methylation differences between superovulated versus naturally
ovulated oocytes [51]. DNA methylation was also studied in embryos generated from su-
perovulated oocytes, where superovulation was shown to interfere with the genome-wide
DNA methylation reprogramming process that occurs during early embryogenesis [52].
Multiple superovulation cycles were also shown to have adverse effects on the structure
and function of the ovaries, causing lower fertilization rate and decreased rate of early
embryo development. In addition, repeated superovulation affected expression of pluripo-
tency genes and led to aberrant histone modifications in early embryos and in the future
offspring [53,54]. However, the effect of the ovarian superovulation on various epigenetic
mechanisms are still to be fully elucidated. In animal models, reports have largely described
that COS might alter the correct activities of DNA methyltransferases [53,54]. One of the
first studies to determine that superovulation modifies expression levels of the DNMT
proteins was published by Uysal et al. [55]. In this study, the authors compared DNMT
protein levels in three groups (control, high dose, and normal dose of gonadotropins)
and found that DNMT1, DNMT3A, and DNMT3B protein expression in the oocytes and
developed embryos differed significantly when compared with controls. Similar data have
been published by other groups confirming those results [53,54,56,57].

5. Fertilization Procedures: In Vitro Fertilization (IVF) and Intracytoplasmic Sperm
Injection (ICSI)

There are two techniques used for oocyte fertilization in vitro: (1) the standard insem-
ination where sperm and oocyte are placed together overnight in a culture dish for the
sperm to fertilize the oocyte and (2) the intra-cytoplasmic sperm injection (ICSI) where
an embryologist adopting an inverted microscope and a micromanipulator with a slim
injection pipette collects and immobilizes a single sperm before slowly releasing it into
the oocyte’s cytoplasm. ICSI was first performed by Palermo et al. in 1992 [58] and it was
introduced in clinical practice without prior experimental testing or clinical validation
in animal models. Since then, it has been one of the major advances in ART for infertile
couples diagnosed with severe male factor infertility. Natural fertilization usually follows
specific physiological events including natural sperm selection and capacitation as well
as acrosome reaction and membrane fusion before the sperm nucleus is released into the
oocyte cytoplasm. Nevertheless, all these processes that occur during fertilization are
basically omitted when ICSI is applied [59]. The usage of ICSI is increasing recently, where
the technique is even applied in couples with men having semen analysis within reference
ranges. Currently, ICSI is the main insemination technique in several infertility centers
and in the Middle East, it is adopted in ~96% of all ART cycles [60]. Several researchers
have put forward the idea that imprinting errors may originate due to abnormal sper-
matogenesis, which are later transmitted to the embryo following ICSI. For example, DNA
hypomethylation at the H19 gene locus in sperm has been associated with oligozoospermia
and azoospermia [61]. Similarly, Kobayashi et al. studied imprinting in sperm of 97 infertile
men where they identified errors at paternally imprinted genes in 14.4% of patients and
errors at maternally imprinted genes in 20.6% of patients. The majority of imprinting
defects were in oligospermic men, which led the authors to conclude that infertile men with
abnormal sperm parameters have an increased risk of transmitting incorrect imprints to
their offspring [62]. Similarly, Marques et al. observed increased risk for H19 hypomethy-
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lation in testicular spermatozoa from men with abnormal spermatogenesis, indicating a
possible link between disruptive spermatogenesis and imprinting errors [63]. During ICSI,
natural sperm selection is omitted where sperm from men with severe male factor infertility
might lead to the transmission of imprinting errors to the offspring. Furthermore, sperm
following testicular sperm extraction (TESE) from men with non-obstructive azoospermia
have been also used in ICSI procedures. In contrast to the previously mentioned studies,
several reports showed no increased risk of epigenetic alterations in children born following
ART. For example, a retrospective cohort study measuring DNA methylation in the PEG3,
IGF2, SNRPN, and INS genes as well as the long interspersed nuclear element I (LINE-1)
observed no significant DNA methylation differences in ART-conceived children [64].
Another study by Rancourt et al. investigated methylation levels of GRB10, MEST, H19,
SNRPN, KCNQ1, and IGF2DMR0 where they found no association between epigenetic
aberrations and ART [65]. Additional studies have similarly reported no significant global
or imprint-specific differences when comparing children born following IVF, ICSI, and
natural conception [66–68]. More recently, a genome-wide DNA methylation analysis could
only identify DNA methylation changes of small effect size in cord blood of ICSI-born
children including eight sites at imprinted control regions [69]. Following a targeted and
genome-wide DNA methylation analysis, Barberet et al. found lower methylation levels in
buccal smear DNA at the H19/IGF2 DMR in ART children as well as higher PEG3 DMR
methylation. However, the authors could only observe lower DNA methylation levels
at the LINE-1 transposable elements when comparing ICSI children to their IVF counter-
parts [8]. Another study by Choux et al. investigated the relation between ART and DNA
methylation alterations in imprinted genes. The authors analyzed DNA methylation and
expression levels of three imprinted loci (H19/IGF2, KCNQ1OT1, and SNURF DMRs) in
cord blood and placenta obtained at birth from 15 standard IVF and 36 ICSI singleton preg-
nancies versus their 48 spontaneously conceived counterparts. Results showed that DNA
methylation levels of H19/IGF2, KCNQ1OT1, LINE-1Hs, and ERVFRD-1 were significantly
lower in IVF and ICSI placentas than in control placentas, while there was no difference
for cord blood [70]. Recent studies have shown that the placenta is more susceptible to
epigenetic alterations when compared to the embryo and can therefore be used as a proxy
to measure early epigenetic alterations affecting the embryo [71–74]. For example, placentas
from ICSI- but not IVF-born children were reported to have global H3K4me3 differences
when compared to natural conceptuses [75]. A comprehensive study by Choufani et al.
examined placentas from singleton pregnancies in an ART group and matched controls en-
rolled in the Quebec-based Canadian 3D longitudinal cohort, where they observed outliers
in placentas of ART conceptuses to be enriched for DNA hypomethylation at imprinted
genes. Furthermore, they observed that paternal age and infertility further perturbed the
placental epigenome of ART-born children [67]. They found hypomethylation at imprinted
genes to be associated with lower H3K9me3 (repressive) and higher H3K4me2 (permissive)
marks [76]. This is in line with other reports that identified age-related changes in the sperm
epigenome that might be later transmitted to the offspring [77,78]. In addition, male obesity
and paternal diet was associated with malleable changes in the sperm epigenome [79–82].
Recent evidence has shown that disruption to the paternal epigenome can induce male
infertility and subsequently transfer epigenetic aberrations to the embryo and potentially
to the offspring, especially when fertilization is achieved using ART or ICSI. An analysis
published by Schon et al. observed an overall reduction in H4 acetylation as well as al-
terations in H4K20 and H3K9 methylation in asthenoteratozoospermic men compared to
normozoospermic samples [82]. Furthermore, a study by Vieweg et al. found that abnormal
histone acetylation in gene promoters of infertile men is associated with insufficient sperm
chromatin compaction, and this alteration could potentially be transmitted to the future
offspring [83]. Similarly, other studies reported alterations in methylation imprints in sperm
of men with abnormal sperm parameters as well as methylation differences at ALu repeats
that could be even associated with ART outcome [84]. ICSI might increase the incidence of
imprinting disorders, adversely affect embryo development, and eventually lead to adverse
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health consequences in the resulting children [83,85]. Several reports have challenged the
extensive usage of ICSI as well as its advantages compared to traditional IVF [86]. As a
result, the Practice Committee of the American Society for Reproductive Medicine (ASRM)
has recently produced a committee opinion paper recommending against the extensive use
of ICSI in couples undergoing MAR cycles without male factor infertility [87].

6. Epigenetic Alterations Following In Vitro Culture

Despite in vitro fertilization being routinely practiced in couples with infertility issues,
the cause for the increased risk for perinatal problems in ART-conceived children is still
poorly understood. Animal models have provided evidence suggesting that imprinting es-
tablishment in oocytes and embryos is sensitive to environmental changes. Several studies
have described the effects of in vitro culture on gene expression in preimplantation em-
bryos in different mammals [72–74,88–90]. Epigenetic marks necessary for optimal embryo
development are acquired during gametogenesis (imprinting) and preimplantation embryo
development. Correct establishment of epigenetic patterns is crucial for development;
however, morphological assessment of gametes and/or embryo quality cannot identify epi-
genetic errors during ART treatment [91]. Several trials have shown disrupted methylation
at a number of imprinted genes due to in vitro culture in certain media [7,49,92–95]. A com-
prehensive study by Schwarzer et al. analyzed IVF procedures and in vitro culture media
versus in vivo controls. In total 5735 fertilized mouse oocytes were cultured in vitro or in
the female oviduct and scored for developmental parameters at the blastocyst stage (around
96 h). The authors reported that culture media might induce a wide range of changes in
cellular, developmental, and metabolic pathways [96]. Similar results were observed by
Gad et al. while investigating the effect of different culture media on the transcriptome
profile of bovine preimplantation embryo development [97]. In humans, a handful of
studies have explored the effects of culture media in preimplantation embryos. Kleijkers
et al. cultured human embryos in two different culture media, where they observed differ-
ential expression of 951 genes involved in apoptosis, metabolism, protein processing, and
cell cycle regulation diverged significantly when comparing blastocysts cultured in either
G5 or human tubal fluid (HTF) [98]. Similarly, a more recent study reported differential
expression of several genes between human cryopreserved embryos cultured using the
same two media; however, expression differences were higher due to maternal age and
developmental stage. The authors were not able to confirm whether the observed differ-
ences might be caused by confounding factors and concluded further research is needed
to validate those results [99]. A randomized controlled trial compared DNA methylation
at imprinted genes in IVF placentas from embryos cultured in HTF versus G5 medium,
where no significant differences in DNA methylation were detected. Furthermore, no DNA
methylation differences were observed when comparing IVF versus naturally conceived
placentas, despite IVF placentas exhibiting a higher number of outliers [100]. A striking
example of the negative effects of in vitro culture on embryo development was observed in
cattle with LOS [5]. A study published by Chen et al. highlighted the concern that in vitro
culture and ART induces misregulation of several imprinted genes in the kidney, brain,
and liver of LOS fetuses. The magnitude of overgrowth in LOS fetuses is associated with
the number of epigenetically altered imprinted genes [40].

7. Oxygen Tension

In vitro culture is thought to be one of the most important factors affecting epigenetic
reprogramming as well as the developmental potential of embryos produced by ART. Since
the 1950s, research has been conducted to determine the concentration of oxygen in the
female reproductive tract. Historically, embryo culture has been performed at atmospheric
oxygen levels of around 20%. Later, it was established that oxygen concentration in the
female reproductive tract of mammalian species is between 2–8% [101], which indicates
that embryos develop in vivo under low oxygen concentrations [101,102]. Several studies
on mammals, including humans, suggested adverse effects of atmospheric oxygen levels
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on embryo development [103,104] as well as changes in the proteome [105], the transcrip-
tome [106], and the epigenome of the embryo [29]. In the cytoplasm, oxidative stress
resulting from the accumulation of reactive oxygen species (ROS) is likely a mechanism via
which high oxygen concentration weakens the embryo, reducing its implantation potential
and its capacity to generate a viable pregnancy. It has been proposed that in vitro culture
of human embryos at reduced oxygen tension is an important feature to retain physiologi-
cal evolution and increase reproductive competence. Indeed, there is plenty of evidence
advocating in vitro culture of human embryos at 5% levels, rather than ambient oxygen,
to improve pregnancy outcomes [105–107]. A recent prospective randomized multicenter
study performed on 1563 oocytes confirmed that inclusion of antioxidants to the culture
media significantly increases embryo viability, implantation, and pregnancy rates, possibly
via oxidative stress reduction [108]. Similarly, the Cochrane Database review confirmed the
results of several trials showing that in vitro culture of human embryos under conditions
of low oxygen concentration improves ART outcomes [109].

8. In Vitro Culture and Human Birthweight

Birthweight is a useful and essential metric related to fetal growth and is suggested by
some as a possible prognostic factor of long-term risk of metabolic disease. Low birthweight
is known to be associated with increased rates of coronary heart disease as well as related
disorders such as stroke, hypertension, and non-insulin dependent diabetes [110]. A study
by Dumoulin et al. compared pregnancy rates and perinatal outcomes from singleton
pregnancies born following 826 first IVF cycles, in which embryos were randomly cultured
in two different sequential media. In total, 110 live-born singletons were analyzed where
a significant difference in birthweight (3453 +/− 53 versus 3208 +/− 61 g, p = 0.003)
adjusted for gestational age and sex was observed. This led the authors to conclude that
in vitro culture of human embryos can affect the birth weight of live-born singletons [111].
This finding was confirmed by the same group in a separate report, where they studied a
larger cohort of 294 live-born singletons [112]. Similarly, other groups reported comparable
results to the previously mentioned studies [98,113–115]. IVF culture medium were also
shown to be associated with postnatal weight changes during the first two years of life,
suggesting that the early stage of human embryo development is susceptible to the external
environment and that the culture medium might have long-term consequences [98,116]. On
the other hand, a retrospective study published by Lin et al. comparing the effect of three
commercially available culture media on the birthweight and length of newborns revealed
no significant differences in mean birthweight [117]. Further studies using a different
range of culture media also reported no significant differences in birthweight [118,119].
Despite conflicting results, the debate is still ongoing and no definite conclusion can be
drawn. Therefore, it is essential to longitudinally follow-up IVF-born children and monitor
their long-term growth, development, and health. Several other factors during in vitro
culture might have an effect on birthweight such as the age of the culture media, storage
time in the fridge or in the incubator [120], as well as the protein source and the used
concentration [121]. Furthermore, one of the most debatable questions is related to culture
period length, as well as to whether the embryo is transferred to the uterine cavity at the
cleavage stage (day 2–3) or the blastocyst stage (day 5). This aspect has been investigated
by Zhu et al. in a retrospective analysis of 2929 singletons, where the authors found that
birthweight of singletons after blastocyst transfer was significantly higher than singletons
from embryos at day three transfer (3465.31 ± 51.36 versus 3319.82 ± 10.04 g, respectively,
p = 0.009) [122]. These questions were also addressed in a systematic review [123] that
looked at several published human studies investigating the association between culture
media and birthweight. The authors concluded that out of the 11 published studies, only
six reported differences in birthweight while five observed no changes. As discussed
earlier, epidemiological studies reported an increased incidence of low and very low birth
weight in ART-born babies following fresh embryo transfer [9–11]. On the other hand, a
different picture emerges following FET in ART. A recently published large-scale study have
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analyzed live-born singletons born in Denmark, Norway, and Sweden between the years
2000 and 2015. The authors correlated singletons born after FET (n = 17,500) to singletons
born after fresh embryo transfer (n = 69,510) and natural conception (n = 3311.588). Results
showed that birth weights were significantly higher after FET compared to fresh ET for both
boys and girls [11]. Comparable results have been also published by Litzky et al. using data
from registries in the United States and analyzing the impact of FET (n = 55,898) versus fresh
embryo transfer (n = 180,184) on birth weight of singletons conceived via ART between
2007–2014. Results found that FET was correlated with, on average, a 142 g increase in
birthweight compared with infants born after fresh embryo transfer (p < 0.001) [124].

9. Cardiometabolic Complications in ART-Conceived Children

In addition to fetal growth restriction, prematurity, and low birth weight, certain
studies have reported a possible association between ART cycles and a slightly increased
risk of cardiovascular diseases [125]. A study conducted in Sweden compared the presence
of congenital malformations in 15,570 infants born following ART versus all infants born
in Sweden between 2001–2007. This analysis revealed a slightly increased risk of congen-
ital malformations, cardiovascular disease, neural tube defects, and esophageal atresia
after IVF [126]. Similarly, a trial was performed in Australia to determine disease risk in
children (at least 1 year of age) born following IVF treatment. Results from this study
suggested an increase in the incidence of raised blood pressure, elevated fasting glucose,
and higher total body fat composition in IVF offspring. Nevertheless, it is still debatable
whether these potential associations are related to the ART procedure itself or prior genetic
susceptibility in the children [127]. A separate study assessed systemic and pulmonary
vascular function in 65 healthy children born after ART, where they reported a 30% higher
(p < 0.001) systolic pulmonary artery pressure in ART versus naturally conceived children
(n = 57) [128]. Similarly, von Arx et al. compared the cardiac function and pulmonary
artery pressure in 54 healthy children conceived via ART versus 54 age- and sex-matched
control children. In this study, they observed increased right ventricular dysfunction in
children and adolescents conceived by ART under stressful conditions of high-altitude
pressure and hypoxia [129]. This concern has been also investigated in twin pregnancies
following ART. Multiple pregnancies are common following ART and are normally linked
with increased adverse perinatal outcomes such as hypertensive disorders, gestational
diabetes, and preterm birth. In a recent study, Valenzuela-Alcaraz et al. investigated the
presence of fetal cardiac remodeling and disruption in ART twin pregnancies [130]. The
authors found that in comparison to non-ART conceptuses, twin pregnancies following
ART showed significant cardiac changes, predominantly affecting the right heart, such as
dilated atria, more globular ventricles, and thicker myocardial walls, as well as reduced
longitudinal motion (p < 0.001). This study confirmed aberrations that are similar to those
observed in ART singletons. Additional studies have reported similar results, thus reinforc-
ing the evidence of an increased risk for metabolic and cardiovascular diseases following
ART [131–133]. However, Bi et al. recently reported that changes associated with cardiac
morphology and function seems to be limited to ART fetuses and do not persist towards
early infanthood [134]. A more recent study on the Growing Up in Singapore Towards
healthy Outcomes (GUSTO) prospective cohort observed no changes in metabolic biomark-
ers in ART conceived singletons; however, those children were shorter, weighed less, and
had lower blood pressure and reduced skinfold thickness compared to their naturally
conceived counterparts at ~6–6.5 years of age [135]. A recently published prospective study
compared socioeconomic, psychosocial, and clinical measures in ART-conceived singletons
who were 22–35 years of age during the time of the study. It was reassuring that the authors
did not observe increased risk of cardiometabolic, growth, or respiratory problems in
young adults conceived via ART when compared to the non-ART group [136]. An elegant
follow-up study by Novakovic et al. performed genome-wide DNA methylation analysis
in Guthrie spots and whole blood DNA in the same cohort, where ART procedures were
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shown to be associated with DNA methylation alterations at birth that did not persist into
adulthood [137].

10. Epigenetic Alterations and Preimplantation Genetic Testing Following ART

Embryo biopsy for preimplantation genetic testing for aneuploidies (PGT-A) or further
aspects related to preimplantation diagnostics might also have effects on the epigenome
of the offspring [138,139]. PGT-A is used to avoid the transfer of chromosomally abnor-
mal embryos to reduce implantation failures and miscarriages and is normally advised
for advanced maternal age (AMA), repeated implantation failure (RIF), and recurrent
pregnancy loss (RPL) [140]. The genetic assessment is linked to the biopsy procedure,
which in the early days was based on blastomere aspiration collected from a cleavage
stage embryo (day three). The method uses the acid Tyrode solution to make a hole in the
zona pellucida (ZP) for subsequent aspiration of the cell. Later, laser-assisted zona drilling
and calcium magnesium free media was introduced, which allows for easier blastomere
removal. Trophectoderm biopsy (TEB) was suggested in 1990 [141], which allows the
collection of more genetic material (~5–10 cells) for improved diagnostic accuracy [140,141].
However, considerations on the safety of PGT-A have been until now not well considered,
particularly issues related to sampling strategy (i.e., blastomere biopsy at the cleavage
stage or trophectoderm biopsy), as well as the manipulation and change in culture media
during the procedure [101–104]. Specific settings such as temperature, culture media pH,
and a reduced physiologic 5% oxygen tension have an effect on embryo quality and can
mediate epigenetic dysregulation [103,105,106]. Similarly, the approach used to dissect
the zona pellucida might harm the embryo and impair its development [29,142]. Recently,
PGT-A is moving to TEB, normally performed on days five and six or even on day seven
in certain cases. Although there is still limited evidence favoring blastocyst transfer in
ART [143], extended in vitro culture beyond the embryonic genome activation (EGA) stage
might have negative effects on the embryo. Several review studies raised the alarm over an
increased incidence of negative obstetric and perinatal outcomes from extended embryo
culture, pointing to possible epigenetic alterations in the embryo [8,69,88,89,91,94]. How-
ever, due to the limited number of studies on human embryos, it is difficult to delineate
whether epigenetic alterations arise due to infertility (Figure 4), follicular stimulation, or
embryo culture per se [96–99]. An elegant study in the bovine model allowed embryos
to develop in vivo up to the 2, 8, and 16 cell stage followed by in vitro culture until the
blastocyst stage to separate the epigenetic alterations sourced in the different phases of
embryo development. This study demonstrated that every step of in vitro culture before
and during embryonic genome activation (EGA) was contributing to epigenetic alterations.
However, the majority of changes were occurring around the EGA phase with far less
alterations after genome activation [144]. Furthermore, the sensitivity of embryo culture to
oxygen drives the attention to preimplantation embryo metabolism and to a possible role
of the culture media in improving outcomes following PGT-A. Cytogenetic composition
and health of human embryos in vitro have been shown to be associated with metabolism,
where aneuploid human embryos were reported to carry significant changes in amino acid
turnover as measured in their spent culture medium [145,146]. This opens the possibility
to measure embryo metabolism as a biomarker to assess embryo quality and for monitor-
ing the effect of culture conditions to reduce mitotic error rate. Nevertheless, as long as
our understanding of human preimplantation embryo metabolism is limited, one has to
carefully consider that any additional day of in vitro culture has the potential to negatively
affect the embryo and induce epigenetic alterations.
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Figure 4. Paternal and maternal lifestyle prior to conception may affect sperm and oocyte epi-
genetic changes, offspring epigenetics, and phenotypic abnormalities, including increased risk of
cardiovascular and metabolic disease in later life.

11. Conclusions and Future Perspectives

ART procedures have helped millions of infertile couples in having children; however,
several concerns remain regarding the safety of these techniques on the health and well-
being of the offspring at birth and in later adult life. The main aim of this review was
to provide an overview of epigenetic alterations associated with in vitro fertilization and
culture of human embryos. Several studies in animal models as well as retrospective
follow-up studies of ART-born babies have reported an increased risk of epigenetic errors
particularly affecting imprinted loci. Nevertheless, there is still no conclusive evidence of a
strong link between ART and epigenetic modifications as well as increased disease risk in
later adult life. It is important to mention that manipulation of oocytes and embryos should
be restricted to a minimum, or in other words, the advantage of a specific technique such
as extended culture to the blastocyst stage or preimplantation genetic assessment must
outweigh the potential negative effects. Unfortunately, many decisions in human-assisted
reproduction are not based on conclusive evidence, since longitudinal studies with a follow-
up over several decades are still very limited. Therefore, large-scale epidemiological studies
to evaluate the implications of various ART techniques on the health and well-being of the
offspring not only at the time of delivery but also during later adult life are urgently needed.
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Abstract: Recent literature has stressed the importance of vitamin D (VD) in polycystic ovary syn-
drome (PCOS). Women with PCOS are deficient in VD, particularly those with a higher weight.
Hypovitaminosis is a risk factor for glucose intolerance, and reduced levels of VD is associated with
insulin resistance and increased diabetes risk. Since women with PCOS and hirsutism seem to have
lower levels of VD than women with PCOS without hirsutism, a correlation between VD deficiency
and hyperandrogenism may be suggested. Interestingly, VD is crucial for many human physiological
functions, including to counteract inflammation and oxidative stress. Some studies evaluated effects
of VD supplementation on glucose homeostasis variables, hormonal status, lipid concentrations, and
biomarkers of inflammation and oxidative stress among VD-deficient women. Moreover, VD has
been shown to play a role in egg quality and fertility. This review aims to show the relationship
between VD and the endocrine and metabolic profile of PCOS patients, as well as its implications
for their fertility. The supplement of VD to the common therapy can lead to an improvement of
the insulin resistance and lipid metabolism, a reduction of circulating androgens, as well as a better
response to the induction of ovulation in PCOS women.

Keywords: polycystic ovary syndrome (PCOS); vitamin D; insulin resistance; oxidative stress;
fertility; supplementation

1. Introduction

Polycystic ovary syndrome (PCOS) constitutes the most frequent endocrine disorder
in women of reproductive age. PCOS affects up to one-sixth of women with a prevalence
that may reach or even exceed 10–15%, depending on the diagnostic criteria applied and
the populations studied in different geographical areas [1,2]. It is a multisystem disorder
characterized by oligo or anovulation, and consequently oligo or amenorrhea, and the
development of hyperandrogenism, resulting from circulating luteinizing hormone (LH)
levels and the altered ratio of LH to follicle stimulating hormone (FSH) [3]. Morphologically,
the ovaries may appear polycystic (polycystic ovarian morphology, PCOM). PCOS is
also associated with hyperinsulinemia, impaired glucose tolerance, and sometimes even
type 2 diabetes mellitus (T2DM) [4]. Factors such as insulin resistance (IR) dyslipidemia,
endothelial connection, and systemic inflammation are other elements that add to this set
of signs and symptoms and predispose patients to a higher risk of cardiovascular disease
than women without PCOS [5,6]. Probably, the reduced insulin sensitivity leads to an
inevitable compensatory hyperinsulinemia, and this contributes to the development of
hyperandrogenism through a chronic stimulus directed toward the cells of the ovarian
theca. Evidence has suggested a correlation between IR pathogenesis and vitamin D (VD)
deficiency, placing hypovitaminosis as a causal factor for the metabolic syndrome in PCOS
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women [7]. The vitamin D receptor (VDR) is almost ubiquitously expressed, regulating at
about 3% of human genome, counting the genes coding for glucose metabolism as well [8].
This suggests the role and the correlation of VD deficiency with PCOS symptoms such
as T2DM, IR, and cardiovascular diseases. A meta-analysis provided evidence regarding
the correlation of VD receptor polymorphisms and PCOS, identifying some susceptibility
markers as well. To date, the use of metformin in PCOS patients represents a milestone
in therapy for these patients [9,10]. Supplementation with natural molecules, such as
VD, may help overcome PCOS-related symptoms [11]. This review, analyzing data from
the published literature on PubMed, identifies the different possible contribution of VD
deficiency in the physiopathology of PCOS, and aims to show how VD supplementation to
common therapy results in improved IR, reduced circulating androgens, and improved
response to ovulation induction in women with PCOS.

The Pathophysiology of PCOS

The 2003 Rotterdam workshop consensus, in accordance with the recommendations of
the European Society of Human Reproduction and Embryology (ESHRE) [12], established
criteria for diagnosis based on the association of at least two of three clinical features:
(i) clinical or biochemical signs of androgen excess, such as acne, alopecia, and hir-
sutism; (ii) ovarian dysfunction with oligo-/anovulation; and (iii) polycystic ovaries on
ultrasound examination.

These criteria were utilized to classify patients into four different phenotypes [13]:
(i) phenotype A, the most prevalent, which is characterized by clinical and/or biochemical
hyperandrogenism, menstrual dysfunction (oligo/amenorrhea), and ultrasonographic
evidence of polycystic ovaries; (ii) phenotype B, characterized by hyperandrogenism,
and menstrual dysfunction (oligo/amenorrhea); (iii) phenotype C is characterized by
hyperandrogenism, and polycystic ovarian morphology; (iv) phenotype D, defined by
oligomenorrhea, polycystic ovarian morphology, and normal androgens.

The exact etiology of PCOS remains poorly understood to date. The pathophysiologi-
cal picture of PCOS is complex and involves several elements: the ovary, the hypothalamus,
and genetic susceptibility and metabolic syndrome. Recently, IR and hyperandrogenism
have assumed the role of key factors in the genesis of this disease [14]. Certainly, the first
deficit is functional ovarian hyperandrogenism (FOH), caused by steroidogenic hyperac-
tivity, which disrupts ovarian synthesis of both androgens and estrogens [15]. The main
cause of FOH can be attributed to increased secretion by the hypothalamus of GnRH and
subsequent release of LH by the pituitary gland. This improper secretion is manifested
by an elevated LH/FSH ratio. Consequently, there will be increased thecal secretion of
androgens, which is manifested by the presence of small and numerous growing antral
follicles. These follicles are found to be more resistant to the hormonal activity of FSH and,
consequently, the increased concentration of LH will inhibit the proliferation of granulosa
cells, causing their premature luteinization. This abnormality associated with reduced sensi-
tivity to FSH leads to blockage of follicular maturation, resulting in oligo-/anovulation [16].
Overstimulation of theca cells by LH is exacerbated by insulin, which acts directly through
the insulin receptor or indirectly through the growth factor 1 (IGF-1) receptor [17].

2. Vitamin D

VD regulates calcium metabolism and bone mineralization. VD exists in two forms:
ergocalciferol (VD2) and cholecalciferol (VD3). VD3 is of animal origin and is synthesized
endogenously in the human body. Ultraviolet radiation from the sun’s rays acts on the skin
and converts 7-dehydrocholesterol to a pre-vitamin form that is subsequently converted to
VDFor VD activation, two different hydroxylations are required: the first occurs in the liver
where the enzyme 25-hydroxylase metabolizes VD to 25-hydroxyvitamin D (25-OH-D).
Subsequently, 25-OH-D is transported to the kidneys where it undergoes the second
hydroxylation; thus 1,25-dihydroxyvitamin D (1,25-OH-D) or calcitriol, the biologically
active form of VD, is formed [18].
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It is estimated that there are 1 billion people who are VD-deficient or VD-insufficient in
the world. The Endocrine Society of North America has defined VD deficiency as 25-OH-D
levels < 20 ng/mL and insufficiency as 20–30 ng/mL. Numerous studies state with certainty
that deficiency of this hormone is linked to IR, impaired glucose and lipid metabolism, and
ultimately infertility—scenarios commonly seen in women with PCOS [19,20].

VDR is a transcription factor that, by eliciting the genomic actions of VD, is able to
regulate several endocrine and cell functions including calcium metabolism. Both VD and
calcium are known to be associated with endocrine dysfunctions, insulin resistance, and
type 2 diabetes in PCOS [3].

All of this information, along with the reported key role of VDR in the regulation more
than 3% of the human genome, prompted researchers to examine the real contribution of
the VDR gene polymorphisms in metabolic and endocrine disturbance of PCOS [21,22].
Despite some evidence pointing to an influence of VDR gene variants in PCOS features,
it is difficult to definitively establish a clear association of VDR polymorphisms with the
development of PCOS [23].

2.1. Vitamin D Deficiency and PCOS Phenotypes

Interestingly, it has been shown that low VD levels may worsen PCOS symptoms, so
that an inverse correlation has been reported between serum VD level and metabolic and
hormonal disturbances of PCOS [7,20,24].

Few studies investigated the relationship between VD deficiency and PCOS pheno-
types. Davis et al. analyzed PCOS women, grouped into three diagnostic phenotypes
according to the Rotterdam criteria: (i) group 1, women with ovulatory dysfunction and
polycystic ovaries; (ii) group 2, women with ovulatory dysfunction and androgen excess;
(iii) group 3, women with ovulatory dysfunction associated with polycystic ovaries and
androgen excess. According to this study, a higher prevalence of VD deficiency in PCOS
cases with androgen excess may be demonstrated [25].

Maktabi et al. performed a placebo-controlled trial on VD-deficient (serum concentra-
tions < 20 ng/mL) women with phenotype B-PCOS according to the Rotterdam criteria.
After the 12-week intervention, VD supplementation significantly decreased fasting plasma
glucose, insulin, HOMA-IR index, and increased quantitative insulin sensitivity [26].

The main mechanisms described in this review that have a key role in the direct and
indirect activity of VD on female fertility are plotted in Figure 1.

2.2. Vitamin D, Hypothalamic–Pituitary–Gonadal Axis, and Androgen Levels

Despite numerous studies investigating the effects of VD on reproductive function
and gonadal hormone production, our knowledge about the mechanism by which VD
affects reproductive physiology is still limited.

Regarding to the impact of VD on the hypothalamic–pituitary–gonadal (HPG) axis, an
interesting insight comes from mini-puberty, the period of time within the first few months
of life during which a transient activation of the HPG axis correlates to a brief activation of
gonadal hormone production [27].

This HPG activation is important for future gonadal function. According to Kılınç et al.,
there is an association between 25-OH-D levels and gonadal hormones at mini-puberty.
Total testosterone level was higher and inhibin B was lower in 25OH-D deficient than
sufficient girls, while a modest effect of 25OH-D was identified on total testosterone and
inhibin B. Therefore, the 25OH-D seems to have an effect on gonadal function during early
life [28].

In regard to androgen levels, a study demonstrated a positive relationship between
serum VD level and total testosterone and free androgen index. Therefore, this finding lets
us hypothesize that VD may improve female fertility by modulating androgenic activity [29].
This is not surprising, since VD is able to affect the expression and activities of some of the
enzymes involved in the production of sex hormones [24,30,31] (see Vitamin D, Ovarian
Physiology and Oxidative Stress Section).
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Figure 1. Relationship of vitamin D deficiency with the pathogenesis of insulin resistance and the
metabolic syndrome in PCOS, hormonal alteration, and infertility. (1,25-OH-D: 1,25-hydroxyvitamin
D; SHBG: Sex Hormone Binding Globulin).

Confirming this, numerous studies associated VD deficiency with an alteration in
serum levels of dehydroepiandrosterone, testosterone, sex hormone binding globulin
(SHBG), and free androgen. In particular, testosterone is reported to be significantly higher
in patients with PCOS compared to non-PCOS controls. The effect of VD supplementation
on regulating testosterone unbalance is reported by a pilot study [32], conducted on
overweight women with PCOS and VD deficiency that have been supplemented with
high doses of this vitamin and calcium daily. This treatment induced, after 3 months, a
significant reduction in the total level of testosterone and androstenedione. This is a proof
of concept of the direct effects of VD and calcium supplementation on the steroidogenesis
pathway (ovarian and/or adrenal). Therefore, all these data suggest potential therapeutic
benefits of VD and calcium supplementation in ameliorating hormonal milieu and PCOS
related sequelae in women deficient in VD.

2.3. Vitamin D, Ovarian Physiology, and Oxidative Stress

Many studies have demonstrated that VD can alter anti-Mullerian hormone (AMH)
signaling, follicle stimulating hormone (FSH) sensitivity, and progesterone (P) production
and release in human granulosa cells, indicating a possible physiologic role for VD in
ovarian follicular development and luteinization [33,34]. Indeed, in human luteinized
granulosa cells, VD decreases the expression of both the AMH receptor and FSH receptor.
Following follicular selection in a women’s late follicular phase, the follicle becomes less
dependent on FSH and more dependent on LH, followed by terminal maturation and
ovulation. AMH and FSH receptor expression in granulosa cells has been found to be the
highest in small immature follicles and to diminishes gradually with the progression of the
maturation of oocytes [35,36].

On the other hand, animal models have shown that VD stimulates ovarian steroidogen-
esis by inducing the expression of both dehydroepiandrosterone sulfotransferase (DHEAS),
an enzyme that mediates sulfo-conjugation of endogenous hydroxysteroids, and of aro-
matase [37–39]. Moreover, VD has been also reported to increase in vitro 3β-hydroxysteroid
dehydrogenase (3β-HSD) RNA levels, possibly reflecting a state of granulosa cells luteiniza-
tion [39,40]. Finally, it has been reported that VD may change the expression of the
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aromatase, the enzyme catalyzing the biosynthesis of estrogen, which is an androgen
precursor [29,41,42].

PCOS women show elevated levels of advanced glycation end products (AGEs),
a pro-inflammatory molecule family. AGEs and their receptors may contribute to the
pathogenesis of PCOS, with negative consequences on metabolic and reproductive fields.
Data from the literature indicate that VD might improve the PCOS phenotype and could
alleviate the detrimental effects of AGEs [43]. According to these data, VD may play a
pivotal role in enhancing key steroidogenic enzymes, thus potentiating granulosa cell
luteinization and providing a better ovarian environment [44].

VD is an essential antioxidant because of its ability to control systemic inflammation,
oxidative stress, and mitochondrial respiratory function in humans [45]. Interestingly,
various studies reported the presence of oxidative stress in PCOS patients. Indeed, key
oxidative stress markers such as malondialdehyde (MDA), nitric oxide (NO) advanced gly-
cosylated end products (AGEs), and xanthine oxidase are increased in PCOS patients [46].
Moreover, mitochondrial dysfunction, along with the correlated increased ROS produc-
tion, explains the oxidative status in PCOS patients, even if it should be mentioned that
the oxidative status varied between individuals because of changes in lifestyle, diet, and
antioxidant uptake.

In this context, the well described antioxidant activity of VD seems to play a pivotal
role. In the presence of physiologic concentration of VD, nuclear factor-E2-related factor
2 (Nrf2) transcription is activated through VDRE, and then Nrf2 translocates from the
cytoplasm to the nucleus, thus activating the expression of several genes with antioxidant
activity [45]. Therefore, low levels of VD are correlated to decreased Nrf2 transcription and,
in turn, to increased risks from oxidative stress-related tissue damage.

2.4. Vitamin D, Insulin Resistance, and Obesity

Insulin resistance (IR) is one of the more specific traits of PCOS, and is mainly marked
in obese women, suggesting that PCOS and obesity have a synergistic effect on the magni-
tude of the insulin disorder, leading to increased insulin secretion by pancreatic β-cells and
compensatory hyperinsulinemia [47]. IR and related hyperinsulinemia have been linked
to all symptoms of the syndrome, such as reproductive disorders, hyperandrogenism,
acne, hirsutism, and metabolic disturbances. Finally, insulin resistance in PCOS may be
considered a risk factor for gestational diabetes [48]. To this regard, one theory relies
on the regulatory effect of VD on the intracellular and extracellular calcium level that is
essential for insulin-mediated intracellular processes and may have impact on insulin secre-
tion [49–52]. Another hypothesis involves the stimulatory effect of VD on the expression
of insulin receptors leading to the increase of insulin sensitivity. Indeed, VD activates the
transcription of the VD response element (VDRE) of the human insulin gene [53].

In the clinical practice, many studies stressed that serum 25OH-D is negatively cor-
related with body mass index (BMI) [54–57]. In women with type 2 diabetes mellitus, an
association between low levels of VD and increased insulin resistance was found [58].

There is some proof suggesting that VD deficiency might be involved in the pathogene-
sis of insulin resistance in PCOS [59,60]. VD deficiency is a contributing factor to IR, obesity,
and metabolic syndrome, all of which are commonly associated with ovulatory dysfunction;
indeed, a VD supplement implies a better and healthier ovarian physiology [61–63].

In any case, what may be the mechanisms underlying the association of low 25OH-D
levels and insulin resistance is still a matter of debate. It is of note that the association of
obesity with VD deficiency warrants more discussion, since it is not well understood if VD
deficiency comes from obesity (e.g., VD may be trapped in fat tissues) and/or if obesity is
due to VD insufficiency [64].

Ott et al. investigated the correlation between serum 25OH-D concentrations and
metabolic parameters in obese and non-obese women with PCOS [65]. The serum 25OH-D
mean levels were lower in obese PCOS patients. There was an association of increased
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HOMA-IR, BMI, triglycerides, and total testosterone, with decreased 25OH-D concentra-
tions in obese PCOS patients.

Gallea et al. evaluated the role of body weight on the serum VD levels in women with
or without PCOS. Results show that VD levels were lower in obese PCOS, and VD serum
levels were comparable between normoinsulinemic lean PCOS women and controls. In
conclusion, weight and hyperinsulinemia had a significant influence on these values [66].

More recently, one study has showed that VD supplement in obese female and deficient
adolescents was associated with significant rising in insulin sensitivity [63]. After 6 months,
although there were no significant differences between groups in BMI, serum inflammatory
markers, and plasma glucose concentrations, women supplemented with VD had increased
serum 25OH-D concentrations and significantly reduced HOMA-IR (marker of insulin
resistance) and fasting plasma insulin. According to these results, the association of low
VD levels with insulin resistance might, at least in part, be mediated by obesity.

However, the association of VD deficiency with insulin resistance may also be ex-
plained by mechanisms other than obesity. First of all, it has been reported that VD may
improve insulin activity by stimulating VDR gene expression. Indeed, it is known that
VDR is present in the promoter of the human insulin gene [67], and that 1,25OH-D3 is
able to induce the transcription of the human insulin gene [53]. Moreover, VD may affect
insulin-responsiveness through calcium, since insulin secretion is a calcium-dependent
process [51]. Finally, by means of its immunomodulatory effect [68], low levels of VD may
induce an inflammatory response, which is again associated with insulin resistance [69].

3. Relevance of Supplementation

3.1. Impact of Vitamin D Supplementation on Biomarkers of Oxidative Stress in PCOS

The effectiveness of VD supplementation on the reduction of biomarkers of inflamma-
tion and oxidative stress among women with polycystic ovary syndrome is controversial
(Figure 2).

Figure 2. Impact of vitamin D supplementation on ovarian cells physiology. (Nrf2: Nuclear factor ery-
throid 2-related factor 2; AMHRII: Anti-Müllerian Hormone Receptor type 2; FSHR: Follicle Stimulat-
ing Hormone Receptor; VDRE: Vitamin D Response Element; ROS: Reactive Oxygen Species; sRAGE:
Soluble Form of the Receptor for Advanced Glycation Endproduct; 3-βHSD: 3β-Hydroxysteroid
dehydrogenase; SHBG: Sex Hormone Binding Globulin; E2: Estradiol).

A recent systematic review and meta-analysis of randomized controlled trials provided
evidence for a significant improvement in high-sensitivity C-reactive protein, MDA, and
total antioxidant capacity in women with PCOS receiving a VD supplementation, while no
effects were reported for both nitric oxide (NO) and glutathione (GSH) levels [70].

48



J. Clin. Med. 2022, 11, 4509

Others studies have reported that VD showed benefit in improving oxidative
stress [26,71]. A randomized double-blind placebo-controlled clinical trial involving
104 overweight VD-deficient PCOS women were randomly supplemented with 1000 mg
calcium daily and/or 50,000 IU VD weekly for 8 weeks. The combined calcium plus
VD supplements had greater decreases in plasma MDA concentrations, and significant
increases in plasma total antioxidant capacity and GSH levels compared with calcium
alone, VD alone, and placebo groups, suggesting that calcium plus VD co-supplementation
had beneficial effects on inflammatory factors and biomarkers of oxidative stress [71].
Interestingly, the co-administration of VD and probiotic for 12 weeks to women with PCOS
was demonstrated to significantly improve the serum levels of high-sensitivity C-reactive
protein, plasma total antioxidant capacity, GSH, and MDA [72].

Despite these findings, others studies did not observe a beneficial effect from VD
supplementation [73]. Further studies are needed to define the effects of only VD on
biomarkers of inflammation and oxidative stress.

3.2. Vitamin D Supplementation and Fertility Outcomes in PCOS Women

In PCOS women, VD is related to menstrual irregularity, altered follicular develop-
ment, ovulatory dysfunction, metabolic alterations, and decreased pregnancy
rate [34,74–76].

In a prospective cohort study, the parathyroid hormone (PTH), the active form
1,25-hydroxy vitamin D3 (1,25OH-D3), and testosterone were measured in infertile women
with PCOS undergoing clomiphene citrate stimulation [65]. This study demonstrated
that high PTH hormone levels correlated with low serum calcium and low 1,25OH-D3,
whereas high PTH was associated with high body mass index and with higher testosterone
serum levels. When comparing women who had developed a follicle with those who were
resistant after stimulation with 50 mg of clomiphene citrate, lower 1,25OH-D3 serum levels
were detected in resistant ones. Moreover, significantly improved pregnancy rate was
highlighted in women with higher BMI and lower 1,25OH-D3 serum levels. Finally, the sig-
nificant correlation between lower 1,25OH-D3 serum levels and lower follicle development
after stimulation with 50 mg of clomiphene citrate may be ascribed to the well reported
role of 1,25OH-D3 in ovarian activity.

The effects of calcium-VD and metformin supplementation on the menstrual cycle and
ovulation of patients with PCOS was investigated in a randomized clinical trial, enrolling
60 infertile PCOS patients [74]. Menstrual regularity and the number of dominant follicles
(≥14 mm) during the 2–3 months of follow-up was higher in the calcium-vitamin D plus
metformin group than in either of the other two groups.

Fang et al. evaluated the effect of VD supplementation on patients with PCOS. Ac-
cording to this review, VD supplementation significantly improves follicular development
with a higher number of dominant follicles. Moreover, the combined supplementation with
metformin plus VD improves the regularity of the menstrual cycles [77].

There is evidence suggesting that 25OH-D may also play an important role during
pregnancy, but data regarding VD deficiency during gestation in PCOS patients and its
association with perinatal outcome is limited. It is already well known that vitamin
supplementation is safe and improves VD and calcium status; also, during pregnancy,
sufficient 25(OH)D supplementation can prevent neonatal hypocalcemia, which may result
in the softening of bones. VD supplementation decreased the risk of babies being small for
gestational age and increased birth weight [78]. Therefore, these observations enable us to
hypothesize the beneficial effects of VD supplementation in patients with PCOS seeking
a pregnancy.
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It is of note that a relationship exists between VD and markers of ovarian reserve.
AMH is a glycoprotein produced by granulosa cells of primary follicles in the ovaries
and then secreted in the blood and is considered to be one of the best ovarian reserve
markers [33,79]; its expression and serum levels are altered by environmental factors, such
as VD deficiency and obesity. The non-significant fluctuation of AMH during the menstrual
cycle represents a strength over the other ovarian reserve markers (such as day 3 FSH),
making it clinically useful and convenient. Investigators identified a functional VDRE in
the promoter region of the human AMH gene, which demonstrates a potential direct effect
of VD on AMH expression [80].

In the serum, 25OH-D is positively correlated with AMH, and appropriate VD supple-
mentation in VD-depleted women can suppress the seasonal changes that occur in serum
AMH. In VD-deficient women with PCOS, VD supplementation lowers the abnormally
elevated serum AMH levels, possibly indicating a mechanism by which VD improves
folliculogenesis [33,81].

The huge number of observational studies described in the following paragraphs of
this review, shedding light on the association between VD status with PCOS, are summa-
rized in Table 1.

Table 1. Summary of observational studies.

Issue References Main Outcomes

Vitamin D deficienc and
PCOS phenotypes

[7,20,24]

VD low levels may worsen PCOS symptoms; an inverse
correlation has been reported between serum VD level and

metabolic and hormonal disturbances in different
PCOS phenotypes.

[25,26]

A higher prevalence of VD deficiency in PCOS cases with
androgen excess may be demonstrated. In the B-PCOS

phenotype, VD supplementation significantly decreased
fasting plasma glucose, insulin, HOMA-IR index, and

increased quantitative insulin sensitivity.

Vitamin D, PG axis, and androgen levels

[29] VD may improve female fertility by modulating
androgenic activity.

[28] Association between 25-OH-D levels and gonadal hormones
at mini-puberty.

[30,31] VD is able to affect the expression and activities of some of
the enzymes involved in the production of sex hormones.

[32] Effect of VD supplementation on regulating
testosterone unbalance.

Vitamin D, ovarian physiology, and
oxidative stress

[46] Oxidative stress markers are increased in PCOS patients.

[45]
Low levels of VD are correlated to decreased Nrf2
transcription and increased risks from oxidative

stress-related tissue damage.

[33,34]
VD shows a possible physiologic role in ovarian follicular
development and luteinization, and VD supplement can

contribute to these processes.

[35,36] In human luteinized granulosa cells, VD decreases the
expression of both the AMH receptor and FSH receptor.

[37,39] VD stimulates ovarian steroidogenesis by inducing the
expression of DHEAS and aromatase.

[39,40] VD increases the 3β-HSD RNA levels in vitro, possibly
reflecting a state of granulosa cell luteinization.

[29,41,42]
VD may change the expression of the aromatase, the

enzyme catalyzing the biosynthesis of estrogen, which is an
androgen precursor.
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Table 1. Cont.

Issue References Main Outcomes

Vitamin D, insulin resistance,
and obesity

[61–63]

VD deficiency is a contributing factor to IR, obesity, and
metabolic syndrome, all of which are commonly associated

with ovulatory dysfunction: a VD supplement implies a
better and healthier ovarian physiology.

[64]

Association between concentration of VD and obesity has
been strongly demonstrated both in adults and in

adolescents: adipose tissue decreases circulating 25OH-D by
trapping it.

[65]
Association of increased HOMA-IR, BMI, triglycerides, and
total testosterone, with decreased 25OH-D concentrations in

the obese PCOS patients.

[66]

Weight and hyperinsulinemia had a significant influence on
these values: VD levels were lower in obese PCOS women,

and VD serum levels were comparable between
normoinsulinemic PCOS women and controls.

[53,67]

VD may improve insulin activity by stimulating VDR gene
expression. VDR is present in the promoter of the human

insulin gene and 1,25OH-D3 is able to induce the
transcription of the human insulin gene.

[51] VD may affect insulin-responsiveness through calcium,
since insulin secretion is a calcium-dependent process.

[68,69]
VD shows an immunomodulatory effect: low levels of VD
may induce an inflammatory response, which is associated

with insulin resistance.

Vitamin D supplementation and
oxidative stress in PCOS

[70]

Significant improvement in high-sensitivity C-reactive
protein, MDA, and total antioxidant capacity in women

with PCOS receiving VD supplementation, while no effects
were reported for NO and GSH levels.

[71]

The combined calcium plus VD supplements had greater
decreases in plasma MDA concentrations, and significant
increases in plasma total antioxidant capacity and GSH

levels compared with calcium alone, VD alone, and
placebo groups.

[72]

Co-administration of VD and probiotic to women with
PCOS significantly improved the serum levels of

high-sensitivity C-reactive protein, plasma total antioxidant
capacity, GSH, and MDA.

[73] Beneficial effects from VD supplementation were
not observed.

Vitamin D and fertility outcomes in
PCOS women

[74,76]
VD is related to menstrual irregularity, altered follicular

development, ovulatory dysfunction, metabolic alterations,
and decreased pregnancy rate.

[82]
Significant improvement in regulating menstrual

abnormalities and follicle maturation in women receiving
calcium and VD supplementation.

[77] The combined supplementation with metformin plus VD
improves the regularity of the menstrual cycles.

[33,79]

Relationship between VD and AMH: its expression and
serum levels are altered by environmental factors, such as

VD deficiency and obesity. In the serum, 25OH-D is
positively correlated with AMH, and appropriate VD

supplementation in VD-depleted women can suppress the
seasonal changes that occur in serum AMH. In VD-deficient

women with PCOS, VD supplementation lowers the
abnormally elevated serum AMH levels, possibly indicating

a mechanism by which VD improves folliculogenesis.
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4. Conclusions

VD has protective effects on the cardiovascular system and on chronic and autoim-
mune diseases, regulates the expression of genes involved in glucose and lipid metabolism,
and plays a key role in the reproductive system of women [6,45,83]. VD deficiency has been
shown to be associated with many of the signs present in PCOS: ovulatory dysfunction,
hyperandrogenism, insulin resistance, diabetes and dyslipidemia, adiposity indices, and
systemic proinflammatory environments [25,64,84].

In general, PCOS women have lower 25-OH-D levels compared to healthy controls,
even if the mechanisms involved in this dysfunction are still debated. In addition, associa-
tion exists between VD levels and obesity. Moreover, despite conflicting results, this review
highlighted an increased oxidative stress level in women with PCOS.

The in-depth knowledge of these mechanisms might potentially lead to this oral,
rather safe and cost-effective vitamin becoming an adjunct treatment in therapies for PCOS
patients. To this regard, in the clinical management of PCOS patients, the measurement of
VD serum levels, along with other endocrine markers and the patient’s phospho-calcium
metabolism, should be always recommended. This will lead the clinician to evaluate the
oral VD dose necessary, in association with other more specific therapies. This approach
may be an effective weapon in obese women and in the treatment of PCOS patients with
insulin-resistance. Excluding kidney, liver, or internistic disease that modifies absorption,
after evaluation of VD3 dose requirement, data from the literature suggest that the dose of
1000 IU per day corresponding to 25 mcg seems to be the most effective at raising 25-OH-D
levels to sufficient amounts, during three months of therapy in PCOS women with VD
deficiency [85].

Future contributions of VD should have broad significance to increase natural con-
ception in women with PCOS with an aim to decrease costs related to in vitro fertilization
procedures. In conclusion, based on these data, we suggest that VD administration in PCOS
women can represent a safe strategy to improve their symptoms without adverse effects.
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Abstract: Background: In the last 40 years, assisted reproductive techniques (ARTs) have emerged as
potentially resolving procedures for couple infertility. This study aims to evaluate whether ART is
associated with epigenetic dysregulation in the offspring. Methods. To accomplish this, we collected
all available data on methylation patterns in offspring conceived after ART and in spontaneously
conceived (SC) offspring. Results. We extracted 949 records. Of these, 50 were considered eligible;
12 were included in the quantitative synthesis. Methylation levels of H19 CCCTC-binding factor
3 (CTCF3) were significantly lower in the ART group compared to controls (SMD −0.81 (−1.53;
−0.09), I2 = 89%, p = 0.03). In contrast, H19 CCCTC-binding factor 6 (CTCF6), Potassium Voltage-Gated
Channel Subfamily Q Member 1 (KCNQ1OT1), Paternally-expressed gene 3 (PEG3), and Small Nuclear
Ribonucleoprotein Polypeptide N (SNRPN) were not differently methylated in ART vs. SC offspring.
Conclusion: The methylation pattern of the offspring conceived after ART may be different compared
to spontaneous conception. Due to the lack of studies and the heterogeneity of the data, further
prospective and well-sized population studies are needed to evaluate the impact of ART on the
epigenome of the offspring.

Keywords: DNA methylation; assisted reproductive technique; ART; offspring; epigenetics

1. Introduction

Couple infertility represents a relevant public problem, burdening psychological
health, economic, and social aspects of couples looking for children. The last report of
the World Health Organization (WHO) on 277 health surveys concluded that 48 million
couples suffered from infertility in 2010 [1]. Nowadays, the global prevalence of infertility
is, very likely, even higher.

For the past 40 years, assisted reproductive techniques (ARTs) have emerged as poten-
tially resolving procedures for couple infertility. They mainly include ovarian stimulation,
fertilization (which can be achieved by in vitro fertilization (IVF) or by intracytoplasmic
sperm injection (ICSI)), embryo culture, and embryo transfer. The first IVF baby was Louise
Joy Brown who was born on 25 July 1978 [2]. Since then, ART has been broadly suggested
to couples, even without being preceded by the attempt to identify and treat the etiological
factors responsible for couple infertility [3]. The use of ICSI has increased from 36.4% in
1996 to 76.2% in 2012; although, the number of male-infertility cases did not change over
time [4]. Moreover, some data indicate no real benefit from the use of ICSI (instead of IVF)
in couples without male infertility, as the live birth rate seems 10% lower with ICSI than
with IVF [5]. This may appear as an unjustified (or even blinded) use of ICSI [3].

In recent times, some data questioned the safety of ARTs. A retrospective longitudinal
cohort study carried out on 797,657 children born in 2008–2019 reported a 1.23 times
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higher risk of hospitalization for any reason, 1.25 times higher risk of hospitalization for
infection, and 1.25 times higher risk of hospitalization for allergy, in children conceived
after ART compared to the spontaneously conceived (SC) siblings. These findings were not
confirmed when a cohort of discordant siblings was used as a control [6]. Evidence from
systematic reviews and meta-analyses suggested a trend towards a significantly increased
risk of asthma (RR 1.31 (1.03–1.65)), but not allergies [7], a higher risk of autism [8] and of
urogenital tract malformations (OR 1.42, (0.99–2.04)) [9] in offspring conceived after ART
compared to controls. On the other hand, two recent longitudinal studies with a limited
sample size failed in finding any difference in cardiometabolic profile and thyroid function
between the ART and the non-ART cohort [10,11].

It has been speculated that the higher risk for adverse outcomes in the offspring
conceived after ART could be due to epigenetic dysregulation [12,13]. In fact, the timing
of ART procedures (ovarian stimulation, IVF/ICSI, embryo culture, and embryo transfer)
coincides with crucial steps of embryo DNA methylation. DNA methylation takes place in
the CpG islets, which are regions of the genome characterized by a large number of CpG
dinucleotide repeats, and localized within the gene promoters. These regions are usually
unmethylated and in specific circumstances (e.g., X-inactivation, genomic imprinting)
undergo methylation to regulate gene expression. Indeed, hypermethylation generally
interferes with chromatin accessibility, leading to gene silencing. In humans, more than
100 imprinted genes have been identified. They are clustered in differently methylated
regions (DMR), which allow monoallelic gene expression [14]. During preimplantation
development (day 1st to 5th), the embryo undergoes genome-wide demethylation and
subsequent de novo methylation. The pattern of methylation of imprinted genes is not
altered by this wave of reprogramming, thus ensuring their parent-specific expression [15].

An active debate is currently underway regarding the impact of ART on epigenetic
reprogramming and imprinting in gametes and early embryos. In particular, there is
no consensus on the possible effect of endogenous (gametes and embryo quality) and
exogenous (e.g., light, cryopreservation, oxygen concentration, pH, temperature, culture
media, mineral oil, humidity, centrifugation, etc.) factors in the ART setting responsible for
increased reactive oxygen species (ROS) generation, which can lead to embryo epigenetic
damage [16]. Furthermore, an abnormal methylation pattern has been reported in sperm
from infertile men [17]. In turn, an altered methylation of imprinted genes at the sperm
levels correlates with a poor ART outcome [18]. Whether the epigenetic risk of the ART-
conceived offspring is due to the ART manipulation or to the epigenetic dysregulation of
the gametes is still unknown.

To assess whether ART is associated with an epigenetic dysregulation in the offspring,
we performed a systematic review and meta-analysis, and gathered all the available data
on methylation patterns in the offspring conceived after ART and in SC offspring. In line
with a recently published systematic review and meta-analysis [19], data were grouped
based on the examined tissue (placenta, cord blood, buccal smear, and peripheral blood).

2. Methods

The articles were selected through extensive searches in the PubMed and Scopus
databases from their establishment until May 2022. The search strategy included the combi-
nation of the following Medical Subjects Headings (MeSH) terms and keywords: “assisted
reproductive techn*”, “intracytoplasmic sperm injection”, “ICSI”, “in vitro fertilization”,
and “epigenetic”.

The following search string was used to search the Scopus database: TITLE-ABS-
KEY ((assisted AND reproductive AND techn*) OR (in AND vitro AND fertilization)
OR (icsi) OR (intracytoplasmic AND sperm AND injection)) AND TITLE-ABS-KEY (epi-
genetic) AND (LIMIT-TO (DOCTYPE, “ar”)) AND (EXCLUDE (EXACT KEY WORD,
“Animals”)) AND (EXCLUDE (SUBJAREA, “VETE”)) AND (EXCLUDE (LANGUAGE,
“French”) OR EXCLUDE (LANGUAGE, “Russian”) OR EXCLUDE (LANGUAGE, “Ger-
man”) OR EXCLUDE (LANGUAGE, “Chinese”)). The search was limited to human studies
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and only English articles were selected. The above-mentioned search strategy belongs to
an unregistered protocol.

Studies were first evaluated for inclusion by reading their abstracts. When the abstract
did not help to decide whether the study contained data relevant to our meta-analysis,
the full text was read carefully. The identification of eligible studies was carried out
independently by two different researchers (A.C. and R.C.). Any disagreements were
resolved by a third author (A.E.C.). Others articles were manually extracted by searching
the reference lists of the articles selected by the above keywords.

The inclusion criteria are listed in Table 1. We considered for inclusion all studies that
evaluated DNA methylation of offspring conceived using ARTs. Case reports, comments,
letters to the editor, systematic or narrative reviews, and those studies that did not allow for
extracting the outcomes of interest were excluded from the analysis. Two investigators (A.C.
and R.C.) independently assessed the full text of the studies selected for eligibility. In case
of disagreement, a third author (R.A.C. or A.E.C) decided against inclusion or exclusion
after discussion.

Table 1. Inclusion criteria.

Inclusion Exclusion

Population Human offspring /

Intervention ART (including IVF, ICSI, IUI,
FET, ET, COS, OI) /

Comparison SC /

Outcome

Methylation statuses of both
imprinted and non-imprinted

genes, global DNA
methylation, evaluated in any
kind of tissue and at any age

Aborted embryos

Study type
Observational, cohort,

cross-sectional, and
case-control

Case reports, comments,
letters to the editor, systematic
or narrative reviews, in vitro
studies, studies on animals

Abbreviations. ART, assisted reproductive techniques; COS, controlled ovarian stimulation; ET, embryo transfer;
FET, frozen embryo transfer; ICSI, intracytoplasmic sperm injection; IUI, intrauterine insemination; IVF, in vitro
fertilization; OI, ovulation induction; SC, spontaneous conception.

The quality assessment of the articles included in this systematic review and meta-
analysis was performed using the “Cambridge Quality Checklists” [20]. In detail, three
domains are designed to identify high-quality studies of correlates, risk factors, and causal
risk factors. The checklist for correlates consists of five items. Each item can be given a
score of 0 or 1 for a total score of 5. This checklist evaluates the appropriateness of the
sample size and the quality of the outcome measurements. The checklist for risk factors
consists of three items; the selection of one of the 3 excludes the other two, with a maximum
score of 3 points. This checklist assigns high-quality scores only to those studies with
appropriate time-ordered data. Finally, there is the checklist for causal risk factors that
evaluates the type of study design, assigning the highest score to randomized clinical
trials (RCTs) and the lowest score to cross-sectional studies without a control group. The
maximum score is seven. To draw confident conclusions about correlates, the correlate
score must be high. This means that the sample size must be large and the outcome
assessment must be adequate and reproducible. To draw confident conclusions about
risk factors, both the checklists for correlates and risk factor scores must be high. Thus,
the studies that allow the most reliable conclusions to be drawn are prospective studies.
To draw confident conclusions about causal risk factors, all three-checklist scores must
be high. Thus, in the absence of randomized clinical trials, confident conclusions can
be drawn from studies with adequately controlled samples. Subgroup analyzes were
performed based on the tissue in which methylation values were analyzed. Statistical
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heterogeneity was assessed by Cochran-Q and I2 statistics. For I2 ≤ 50%, the variation in the
studies was considered homogenous and the fixed effect model was adopted. The random-
effect model was used for I2 > 50%, underlying significant heterogeneity between studies.
All p values ≤ 0.05 were considered statistically significant. The analysis was performed
using RevMan software v. 5.3 (Cochrane Collaboration, Oxford, UK). The standard mean
difference (SMD) with the 95% confidential interval (CI) was calculated for each outcome.

3. Results

Using the above-mentioned search strategy, we extracted 949 records. After the
exclusion of 114 duplicates, the remaining 835 articles were assessed for inclusion in the
systematic review. Of these, 167 were judged not pertinent after reading their title and
abstract, 600 were excluded because they were reviews (n = 388), systematic reviews and
meta-analyses (n = 4), and animal studies (n = 208). The remaining 68 articles were carefully
read. Based on the inclusion and exclusion criteria, 15 articles were excluded because of
the inability to extract the data required, and 3 were excluded because used miscarriage
embryos [21–23]. Finally, 50 articles met our inclusion criteria and, therefore, were included
in this meta-analysis (Figure 1).

Figure 1. Flowchart of the included studies.

Information on the design of the studies, the type of population and sample analyzed,
the methodology for assessing DNA methylation, and the outcomes analyzed are summa-
rized in Table 2. Analysis of study quality showed that all studies had a low to medium
risk of bias (Table 3).
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Table 3. Evaluation of study quality using “The Cambridge Quality Checklists”.

Author and Year
of Publication

Checklist for Correlates
Checklist for
Risk Factors

Checklist for Causal
Risk Factors

Total

Argyraki et al., 2021 [24] 2 1 2 5/15

Barberet et al., 2021 [25] 3 1 2 6/15

Barberet et al., 2021 [26] 2 1 2 5/15

Camprubì et al., 2013 [27] 3 1 2 6/15

Caramaschi et al., 2011 [28] 3 1 2 6/15

Castillo-Fernandez et al.,
2017 [29] 2 1 2 5/15

Chen et al., 2018 [30] 2 1 2 5/15

Chen et al., 2020 [31] 3 1 2 6/15

Choufani et al., 2018 [32] 3 1 5 9/15

Choux et al., 2018 [33] 2 1 2 5/15

DeBaun et al., 2003 [34] 2 1 1 4/15

El Hajj et al., 2017 [35] 2 1 2 5/15

Estill et al., 2016 [36] 3 1 2 6/15

Feng et al., 2011 [37] 2 1 2 5/15

Ghosh et al., 2017 [38] 2 1 2 5/15

Gomes et al., 2009 [39] 1 1 2 4/15

Ji et al., 2018 [40] 2 1 1 4/15

Jiang et al., 2022 [41] 2 1 2 5/15

Katari et al., 2009 [42] 2 1 2 5/15

Li et al., 2011 [43] 2 1 2 5/15

Lim et al., 2009 [44] 2 1 2 5/15

Litzky et al., 2017 [45] 2 1 5 8/15

Liu et al., 2021b [46] 2 1 2 5/15

Loke et al., 2015 [47] 1 1 2 4/15

Lou et al., 2018 [48] 3 1 1 5/10

Mani et al., 2018 [49] 3 1 5 9/15

Manning et al., 2000 [50] 2 3 1 6/15

Melamed et al., 2015 [51] 3 1 2 6/15

Nelissen et al., 2013 [52] 2 1 2 5/15

Nelissen et al., 2014 [53] 3 1 2 6/15

Novakovic et al., 2019 [54] 3 1 2 6/15

Oliver et al., 2012 [55] 3 1 2 6/15

Penova-Vaselinovic et al.,
2021 [56] 3 1 2 6/15

Pliushch et al., 2015 [57] 3 1 1 5/15

Puumala et al., 2012 [58] 2 1 2 5/15

Rancourt et al., 2012 [59] 2 1 2 5/15
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Table 3. Cont.

Author and Year
of Publication

Checklist for Correlates
Checklist for
Risk Factors

Checklist for Causal
Risk Factors

Total

Rossignol et al., 2006 [60] 3 1 2 6/15

Sakian et al., 2015 [61] 2 1 2 6/15

Santos et al., 2010 [62] 2 1 1 4/15

Shi et al., 2014 [63] 1 1 1 3/15

Song et al., 2015 [64] 1 1 2 4/15

Tang et al., 2017 [65] 2 1 2 5/15

Tierling et al., 2010 [66] 3 1 2 6/15

Turan et al., 2010 [67] 2 1 2 5/15

Vincent et al., 2016 [68] 2 1 2 5/15

White et al., 2015 [69] 2 1 1 4/15

Whitelaw et al., 2014 [70] 2 2 5 9/15

Wong et al., 2010 [71] 1 1 2 4/15

Yoshida et al., 2013 [72] 1 1 1 3/15

Zhang et al., 2019 [73] 2 1 2 5/15

3.1. Qualitative Synthesis

All the results and limits of the studies included are summarized in Supplementary Table S1.

3.1.1. Global Methylation

Since methylation at the level of transposable elements (TEs) occurs in around 50%
of the human genome with a regulatory function for nearby genes, these can be used as
an indirect marker of global methylation status [74]. With this premise, in the analysis of
studies evaluating the impact of ART on global methylation of the DNA of the offspring, we
included both studies assessing global DNA methylation and studies assessing methylation
at the levels of TEs. Concerning this outcome, the studies showed considerable discordance.
Indeed, in seven studies, variations were observed in the ART group compared to the
group of SC offspring [25,26,33,38,42,47,51]. In detail, the studies generally showed the
presence of hypomethylation in both global DNA and at the level of TEs in the group
conceived by ART compared with that in the group of SC offspring [25,26,33,47,51]. In one
study, hypermethylation at the level of cord blood and hypomethylation at the level of
the placenta was observed in the ART group compared to the SC group [42]. In another
study, hypermethylation was observed in the LUMA assay and hypomethylation in the
LINE1 assessment in the ART group compared to the SC group [38]. However, in other
eight studies, no difference was observed between global methylation rates in the ART and
control groups [27,31,32,35,46,49,54,56].

3.1.2. Methylation of Imprinted Genes

With regard to the involvement of imprinted genes, 10 studies showed no alteration
in the imprinted genes analyzed [24,43,45,53,55,58,61,65,66,71], while another 11 studies
showed alterations in at least one of the imprinted genes [25,26,30,39,41,47,52,59,67,68,70].
In particular, among the main genes evaluated in the various studies, we encounter H19,
Insulin-like growth factor 2 (IGF2), Small Nuclear Ribonucleoprotein Polypeptide N (SNRPN),
Mesoderm Specific Transcript (MEST), the Potassium Voltage Differentially Methylated Region
1 (KvDMR1) region of the Potassium Voltage-Gated Channel Subfamily Q Member 1 Opposite
Strand/Antisense Transcript 1 (KCNQ1OT1) gene, and Maternally Expressed Gene (MEG3).
For the H19 gene, five studies showed hypomethylation in the differentially methylated
regions (DMRs) of this gene in the ART group compared to the SC group [25,26,47,52,59].
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Instead, one study showed hypermethylation [30], and another do not specify the type
of aberration [67]. In contrast, eight studies observed no difference [43,55,58,61,65,66,71].
As for the DMRs of its complementary gene, IGF2, four studies showed no difference in
methylation between the ART and the SC control group [24,55,58,70]. As for the MEST
gene, two studies showed no difference in methylation levels between the ART group and
SC controls [24,66], while two studies found it was hypomethylated in the ART group
than SC group [52,59]. For the SNRPN gene, three studies showed no difference in its
methylation in the ART-conceived offspring compared to SC controls [55,65,66], while
two studies found hypermethylation in the ART group compared to SC controls [59,70].
Regarding methylation of KvDMR1 or other regions of the KCNQ1OT1 gene, three studies
found an abnormal methylation of this gene in the ART vs. the spontaneously-conceived
offspring [30,39,59]. In detail, two studies found it hypomethylated in the ART group
compared with the SC group [30,59], while 1 study found it hypermethylated [39]. On the
contrary, five studies did not find any difference between the two groups [43,55,58,65,66].
Similar heterogeneity in results was also observed for other genes, such as MEG3 [41,52].

3.1.3. Role of ART Protocol and Technique

Since numerous protocols of ART (controlled ovarian stimulation (COS), fresh vs. frozen
embryo transfer (ET), in vitro fertilization (IVF) vs. intracytoplasmic sperm injection (ICSI),
embryo transfer day, and culture medium used [16]) have been implicated in epigenetic changes,
we analyzed the results of the studies evaluating the impact of the individual ART processes on
DNA methylation.

Regarding the studies that have evaluated the role of COS, four studies concluded
it could play a predominant role in causing epigenetic changes [30,40,41,59], while three
conclude that COS is not responsible for these alterations [32,48,72].

As for fresh vs. frozen ET, most of the studies that analyzed the difference in methyla-
tion between the two methods concluded that fresh ET correlates with major alterations
compared to the frozen one [26,36,38], two studies concluded that there is no difference
between the two methods [40,54] and one study instead found that cryopreservation could
be associated with a greater carcinogenic risk [31]. All studies that analyzed the difference
in global methylation of DNA or imprinted genes according to the day of ET found no
association [38,40,69].

Only two studies evaluated the impact of the culture medium, with conflicting results [54,55].
Finally, as regards the difference between the various techniques used in ART, only

five studies found that ICSI is associated with greater alterations than IVF [26,29,47,70] or
intrauterine insemination (IUI) [31], while three studies concluded that IVF is associated
with a greater DNA methylation aberration than ICSI [25,48,68]. However, in most of the
studies, this difference was not evaluated and no difference was found between the two
methods [54,62].

The results of the qualitative analysis are shown in Supplementary Table S1.

3.1.4. Role of Parental Age

Because parental age can also influence gamete quality and thus promote the occur-
rence of epigenetic abnormalities that can then be transmitted via ART [75], we evalu-
ated the number of studies that reported parental age and performed an adjusted anal-
ysis taking it into consideration. We found that only nine studies reported paternal
age [32,33,38,42,44,49,53,57,64]. However, three of them did not perform an adjusted
analysis by paternal age [33,42,44]. On the other hand, with regard to maternal age, 14 of
the 50 included studies did not report the maternal age and, therefore, did not consider it
in the adjusted analysis [25,34,36,48,50,54,55,60,62,63,65,69,72,73]. However, in four other
studies, although reported, the analysis would not appear to be corrected by parental
age [44,46,66,67].
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3.1.5. Role of the Etiology of Infertility

Among all the included studies, only 13 corrected the analysis by excluding the
male factor or directly analyzed the role of infertility [31,32,35,37,45,50,55,56,63–65,69] with
conflicting results in this case as well. In detail, Chen and colleagues showed that both
ART methods and infertility per se could lead to alterations in DNA methylation [31].
Another study also showed that, by correcting the analysis taking into account the father’s
sperm concentration, the ART group still had significant differences in methylation levels
compared to the group of SC children [35]. Likewise, White and colleagues observed that
two embryos generated by ICSI with donor sperm, therefore healthy, also had methylation
aberrations [69]. Finally, Song and colleagues comparing a group of children born from ART
by infertile fathers and children born from ART with fathers without infertility identified
very similar methylation abnormalities between the two groups that, in turn, differed
significantly from those of SC children [64]. These results seem to confirm the role of the
methods per se in causing epigenetic alterations regardless of the presence of the underlying
paternal infertility. However, other studies have come to the opposite conclusion. Choufani
and colleagues showed that the methylation differences in the ICSI/IVF group were seen
to be closely related to male infertility and paternal age [32]. In another study, Litzky and
colleagues showed that only the group of children conceived by parents with underlying
infertility (one or both parents) had methylation alterations, compared to the IVF and SC
groups. Therefore, the alterations in methylation observed in children conceived by ART
could also be partly attributed to underlying infertility and, therefore, to the alteration of
the gametes used for the technique [45].

3.2. Quantitative Synthesis

A total of 12 studies [19,33,39,52,55,58,59,61,63,65,66,71] were included in the quanti-
tative analysis. Methylation levels of the following genes could be meta-analyzed: H19
CCCTC-binding factor 3 (CTCF3), H19 CTCF6, KCNQ1OT1, Paternally Expressed Gene 3
(PEG3), and SNRPN. Moreover, also methylation levels of the Arthrobacter luteus (Alu),
Long Interspersed Nuclear Elements (LINE) (most investigated TEs) could be meta-analyzed.

H19 CTCF3 methylation levels were significantly lower in the ART group compared
to controls (SMD −0.81 (−1.53; −0.09), I2 = 89%, p = 0.03). Subgroup analysis showed
a significantly lower methylation in placenta (−0.53 (−0.83, −0.22), I2 = 0%, p < 0.05)
and buccal smear (1.61 (−3.09, −0.12), I2 = 92%, p = 0.03) (Figure 2). In contrast, H19
CTCF6 methylation was not significantly different between ART and controls (0.02 (−0.23,
0.26), I2 = 66%, p = 0.89). Furthermore, the subgroup analysis showed no difference in the
methylation levels of each tissue (Figure 3). Similarly, KCNQ1OT1 (−0.15 (−0.38, 0.09),
I2 = 71%, p = 0.22) (Figure 4), PEG3 (−0.15 (−0.38, 0.09), I2 = 71%, p = 0.59) (Figure 5),
SNRPN (−0.02 (−0.19, 0.15), I2 = 37%, p = 0.82) (Figure 6), were not differently methylated
in ART vs. SC control offspring.

69



J. Clin. Med. 2022, 11, 5056

Figure 2. Methylation levels of H19 CTCF3 [25,33,52,58,65]. ART, assisted reproductive technique;
SC, spontaneous conception.

Figure 3. Methylation levels of H19 CTCF6 [52,55,58,59,61,63,66,71]. ART, assisted reproductive
technique; SC, spontaneous conception.
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Figure 4. Methylation levels of KCNQ1OT1 [25,33,39,52,55,58,59,65,66]. ART, assisted reproductive
technique; SC, spontaneous conception.

Figure 5. Methylation levels of PEG3 [25,52]. ART, assisted reproductive technique; SC, spontaneous conception.
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Figure 6. Methylation levels of SNRPN [25,33,52,55,59,65,66]. ART, assisted reproductive technique;
SC, spontaneous conception.

4. Discussion

The development of ART was a huge step forward in the treatment of couple infertility,
leading to the birth of numerous newborns. Every year, more than 200,000 children are
born through ART worldwide [76]. However, Barker’s theory of Developmental Origins of
Health and Disease (DOHaD), according to which alterations in the microenvironment of
conception can cause long-term damage, particularly cardiovascular and metabolic diseases,
has raised concerns that the techniques used may alter the imprinting and, therefore, lead
to long-term disorders [77].

DNA methylation reprogramming occurs in two different moments. The first re-
programming concerns the gametes. The genome of primordial germ cells is completely
demethylated as they enter the genital crest, and then undergo sex-specific de novo methy-
lation with the establishment of specific methylation patterns for imprinted genes. The
second wave of genome-wide demethylation and subsequent de novo methylation occurs
during preimplantation development. Only the methylation pattern of imprinted genes is
not altered by this second wave of reprogramming, which ensures their parent-specific ex-
pression and activity throughout development [15]. The latter occurs when ART procedures
are carried out (Figure 7).
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Figure 7. Timing of the methylation pattern of paternal and maternal alleles during human embryo-
genesis. After fertilization, the embryo undergoes the first wave of global demethylation, followed
by de novo methylation. Only the imprinted genes escape epigenetic reprogramming. The timing of
these events is concomitant with that of in vitro fertilization (IVF), intracytoplasmic sperm injection
(ICSI), embryo culture, and embryo transfer. COS controlled ovarian stimulation.

Several studies have shown a higher prevalence of disorders associated with altered
imprinting, such as Beckwith–Wiedemann syndrome (BWS) and Silver–Russell Syndrome
(SRS), in ART-born children [78,79]. In this context, some studies have evaluated the effects
of ART on DNA methylation. In particular, ART could influence the methylation and,
therefore, the expression of imprinted and non-imprinted genes that may be involved
in insulin signaling pathways and adipocyte differentiation, suggesting a role of these
procedures in the development of diabetes and future obesity [42].

Furthermore, ART can alter the expression of genes involved: (i) in the development of
the nervous and immune systems [21]; (ii) in the susceptibility of cancer development [28];
and (iii) also in future fertility, such as Spermatogenesis and Centriole Associated 1 Like
(SPATC1L) gene, which encodes for speriolin [36]. The altered methylation of some genes
could also be associated with a worsening of short-term fetal outcomes (e.g., birth weight)
and gestational complications. In this regard, it has been shown that ART may increase the
risk of preeclampsia due to hypomethylation of the Angiotensin II Receptor Type 1 (AGTR1)
gene, which results in an upregulation of its levels. In turn, this altered methylation
pattern could be due to reduced expression of the DNA methyltransferase 3a (DNMT3a)
gene, which is responsible for de novo DNA methylation. All of this makes the umbilical
veins more sensitive to the effects of angiotensin II, since AGTR1 is the main mediator of
vasoconstriction [73]. In addition, ART may be associated with reduced methylation of
the promoter of the MEG3 gene. This leads to the higher expression of endothelin 1 and
endothelial nitric oxide synthase (eNOS), which increase vasoconstriction. This would explain
the increased blood pressure that some studies have found in children born from ART [41].
Finally, the hypomethylation of the KvDMR gene, in turn, associated with an increase in
Cyclin Dependent Kinase Inhibitor 1C (CDKN1C), impairs growth. Likewise, alterations in the
methylation of H19/IGF2 DMRs or other genes such as MEST, can alter fetal growth and
increase the prevalence of low birth weight in children born by ART [30].

This systematic review aims to analyze the evidence presented to date in the literature
on the effects of ART procedures on the methylation of global DNA and specific imprinted
genes. Our quantitative synthesis showed a significantly reduced methylation of H19
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CTCF3 in the offspring conceived after ART compared to SC. However, there was an inter-
study heterogeneity, which could be partly explained by the different samples used for
the analysis (placenta, cord blood, or peripheral blood), the different methods to evaluate
DNA methylation, and the different sample sizes. For imprinted genes, another reason for
heterogeneity is the difference in the region of the gene analyzed for methylation. Further-
more, as suggested by the study of Turan and colleagues, given the extreme variability not
only inter- but also intra-individual in DNA methylation, a role in the heterogeneity of the
results could also be given by the region in which the placenta biopsy was performed [67].
Finally, there is often a lack of standardization regarding the ART process used. About the
latter point, very few studies have specifically examined the impact of the various steps of
ART on DNA methylation.

The most investigated aspect is the COS. Several studies have attributed the DNA
methylation abnormalities found to the high estrogen levels achieved during COS [59].
Indeed, Jiang and colleagues found that the expression levels of the MEG3 and endothelin 1
genes directly correlated to estrogen levels [41]. Similarly, incubation of human trophoblast
8 (HTR8) cells with high estrogen levels resulted in hypomethylation of the KvDMR1
gene after 24 h of incubation and hypermethylation of H19 DMR after 48 h [30]. Other
studies that have evaluated the impact of various ART methods, including those where
no major manipulation of embryos and gametes was made (e.g., IUI and gamete intra-
fallopian transfer (GIFT)), found no difference [40,54]. However, a difference in methylation
profiles was found when comparing the ART group in general with that of SC infants [54].
Finally, comparative studies between fresh ET and frozen ET would also seem to confirm a
prominent role of COS, since, in fresh ET the higher estrogen levels reached would cause
a dysregulation of the endometrial microenvironment, which according to the DOHaD
theory would then be responsible for the long-term damage on the embryo [26,36,38].
However, although there is a lot of evidence in favor of COS’s role, some studies have
disproved this hypothesis. For example, Luo and colleagues compared a group of children
conceived by IVF and ICSI with a group of children conceived only by COS, showing that
only the former was associated with hypomethylation of H19 and hypermethylation of
IGF2 DMR2 and SNRPN DMR [48]. Another study showed no effect of in vitro maturation
(IVM) and COS on the methylation of specific imprinted genes [72]. Finally, another study
comparing methylation alterations in a group of children conceived by IUI/COS and a
group by IVF/ICSI showed that there was different DNA methylation in the IVF/ICSI
group, suggesting that COS, common to both groups, is not the real culprit behind the
observed differences. Therefore, the difference could relate to the greater manipulation of
gametes and embryos with the more invasive techniques [32].

Another major bias present in most studies is the absence of correction of the analysis
for the paternal factor of infertility. Accordingly, only 12 corrected the analysis by excluding
the male factor or directly analyzed the role of infertility [31,32,35,37,45,50,55,56,63,64,69],
with conflicting results in this case as well. Similarly, many articles did not even consider
paternal age, which has instead been seen to correlate with offspring well-being through
three basic mechanisms: genetic mutations, telomere length, and epigenetic changes in
DNA, and protein expression [75].

Finally, another important limitation of the included studies is that almost all of them
and the data analysis are cross-sectional. There are no data to predict whether the methyla-
tion changes found in newborns are associated with the development of abnormalities in
these children in the long term. The only study with longitudinal data showed a higher
prevalence of SNRPN DMR hypermethylation in children conceived by ICSI that does not
change after 7 years of age, suggesting that these changes may be stable and perpetuate
over time [70].

To the best of our knowledge, this is the second meta-analysis evaluating the methyla-
tion differences in offspring conceived after ART vs. SC. A recent systematic review and
meta-analysis of 51 studies found no difference in H19 methylation. In contrast, they found
different methylation in the Paternally Expressed Gene 1 (PEG1)/MEST region. However, the
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data were analyzed separately for each tissue, thus limiting the amount of data for each
gene evaluated [19]. The evidence coming from our systematic review and meta-analysis
suggests that H19 CTCF3 methylation levels are significantly lower in the ART offspring
compared to controls. In contrast, H19 CTCF6, KCNQ1OT1, PEG 3, and SNRPN were not
differently methylated in ART than vs. SC.

5. Conclusions

Nowadays, ART is widely used for male and female infertility. Emerging evidence
indicates a higher health risk in ART than in SC offspring. Despite this, the exact link
between ART and the increased risk of epigenetic abnormalities predisposing to the devel-
opment of diseases is unclear. The debate is still ongoing as some studies found a different
global DNA methylation and the methylation of genes imprinted in ART-conceived off-
spring compared to controls. However, other studies have not confirmed this evidence,
suggesting the absence of any epigenetic aberration. Using a defined search strategy, we
extracted 949 records. Among them, 50 were considered eligible. We found that H19 CTCF3
methylation levels were significantly lower in the ART group compared to controls, in
the presence of significant inter-study heterogeneity (SMD −0.81 (−1.53; −0.09), I2 = 89%,
p = 0.03). In contrast, H19 CTCF6, KCNQ1OT1, PEG3, and SNRPN were not differently
methylated in ART vs. SC offspring. The heterogeneity of the results could be due to the
lack of correction of the data for parental (male or female) infertility, the limited sample
size, the retrospective design of almost all studies, the different methods used to analyze
the methylation rate (including the different DMRs studied) and, finally, also the different
regions where the placenta biopsy was performed. Therefore, further prospective and
well-sized population studies are needed to evaluate the impact of ART on the epigenome
of the offspring. Furthermore, it is necessary to clarify the contribution of the different
protocols and techniques used during ART to the etiology of epigenetic aberrations. Finally,
the weight of the presence of maternal and/or paternal infertility in causing alterations in
methylation deserves to be further explored.
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Abstract: The number of pregnancies achieved using in vitro fertilization (IVF) is rapidly increasing
around the world. The chance of obtaining a successful pregnancy is also significantly improved due
to technological advances and improvement in infertility treatment. Despite this success, there is
evidence that pregnancy conceived by IVF has an increased risk of adverse maternal and perinatal
outcome mainly represented by the development of hypertensive diseases, pre-eclampsia, and fetal
growth restriction. Although different cofactors may play a role in the genesis of these diseases, the
development of the placenta has a pivotal function in determining pregnancy outcomes. Advances in
ultrasound technology already allows for evaluation in the first trimester, the impedance to flow in
the uterine artery, and the placental volume using Doppler and three-dimensional techniques. This
review article aims to describe the modification occurring in placental volume and hemodynamics
after IVF and to summarize the differences present according to the type of IVF (fresh vs. frozen-
thawed embryos).

Keywords: in vitro fertilization; placenta uterine Doppler; fetal growth restriction pre-eclampsia

1. Introduction

In the past few years, the percentage of pregnancies obtained from in vitro fertilization
(IVF) is dramatically increasing, overall due to an implementation of new technologies and
to the relevant percentage of infertile couples in reproductive-age estimated to be between
8 and 12% worldwide and of 15% in Italy [1,2]. An increase in the number of couples that
resorted to ART has been registered, going from 77.509 in 2018 to 78.618 in 2019 [2].

An increase in adverse obstetrical outcomes after IVF compared to natural conception
has been widely studied, above all placenta-related pregnancy complications such as:
placental insertion abnormalities (placenta previa, placental abruptio, placenta accrete) and
short-term and long-term placenta-related diseases. The former includes preeclampsia
(PE) abnormality in fetal growth causing a small for gestational age (SGA) fetus and
fetal growth restriction (FGR) or accelerated resulting in a large for gestational age (LGA)
fetus. Short term placental related disease includes preterm birth (PTB) and postpartum
hemorrhage [3–5]. Long term placenta-related disease manifests in adulthood and includes
cardiovascular disease, metabolic syndrome, diabetes, and obesity [6,7]

The impact of different procedures as elective frozen-thawed embryo transfer (eFET)
and fresh embryo transfer (ET) on the pregnancy rate and outcomes was extensively
studied and there is evidence that pregnancies from frozen embryos had lower obstetric
and perinatal complications when compared those obtained after fresh oocyte cycles in
terms of a decreased rate of SGA, and ovarian hyperstimulation (OHSS). No difference in
the rate of live birth between the two strategies (eFET and fresh ET) was found, while a
higher prevalence of LGA fetuses and maternal hypertension in hormonal treatment cycle
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eFET was described [8–10]. Thus, the transfer of eFET is nowadays considered a standard
procedure in many fertility clinics [8].

Despite these findings, the underlying mechanisms causing higher risk in adverse
obstetrical outcomes in pregnancies obtained from IVF are not yet fully clarified. Poor
pregnancy outcome has been related to a defective early placentation occurring at different
levels, either in the restricted remodeling or in obstructive lesions of the spiral arteries.
There are different factors that might cause an impaired trophoblastic invasion and influence
placental development such as the impaired endometrium receptivity linked to hormonal
therapy, the epigenetic modifications in the embryo related to IVF procedures, maternal
immune response, or different cryopreservation procedures [11–13].

In this way, studying the development of placenta in the IVF-pregnancies is becoming
a priority in the research agenda. A correct development of the placenta is a prerequisite
for the pregnancy progress and studying placental development during pregnancy has
become challenging.

The ultrasound has allowed for investigation of the development of the placenta
through some variables, such as the evaluation of the placental volume by using three-
dimensional (3D) ultrasonography and the evaluation of the impedance to flow in the uter-
ine arteries (UtA) by calculating the pulsatility index (PI) with Doppler. In IVF-pregnancies,
the evaluation of these variables promises to be a useful tool for early detection of placenta-
related disorders [14,15].

The aim of this review is to provide to readers an update on the impact of IVF on
obstetrical and perinatal outcomes in the attempt to clarify if the first trimester ultrasono-
graphic variables may be applied in the prediction of PE and anomalies of fetal growth in
such pregnancies. The identification of high-risk pregnancies is of paramount importance
as these women could benefit from tighter follow-up and dedicated management to avoid
or to reduce maternal and fetal morbidity conditions.

2. Obstetric and Perinatal Outcomes Resulting from Ivf Pregnancies

The placenta must guarantee the maintenance of the pregnancy and the fetal well-
being through correct exchange of gases, growth factors, endocrine signals, cytokines, and
nutrients. Placenta development starts at approximately 6–10 days post-conception, when
trophoblast cells of blastocyst adhere to the decidua [16]. In early gestation, the human
placenta is constituted by two layers: an inner one of proliferating cytotrophoblasts, that
ensures the exchange of nutrients and oxygen from maternal blood and an outer which
assures a correct amount of blood during the pregnancy by invading the endometrial
stroma and remodelling the uterine spiral arteries [17]. The placentation process represents
a complex and not fully understood process of immunotolerance: during the adhesion
and invasion of the myometrium by the blastocyst, an immunomodulation release of pro-
angiogenic and endothelial factors happens, which leads to adaptive changes of the uterine
spiral arteries [18]. New studies are focusing their attention on the origins of placental
mesenchymal cells as they appear to have a pivotal role in establishing and sustaining
the development of placental vasculature [16–19]. Despite its importance in the success of
reproduction, the development of the human placenta is yet to be fully understood despite
an altered placentation could lead to miscarriage, unexplained stillbirth, preterm labor,
placental abruption, PE, and fetal growth anomalies [17–22].

Despite the improvement occurring in laboratory technology and clinical management
of infertile women requiring IVF, this procedure is still associated with an high rate of
adverse perinatal outcomes and overall placenta-related pregnancy complications [23–25].

Recent meta-analysis studies have confirmed how pregnancies obtained from IVF
techniques are associated with an increased risk of poor obstetric outcome including: mis-
carriage, chromosomal abnormalities, PE, PTB, FGR), placenta previa, abruptio placentae,
post-partum haemorrhages, as well as peri and postnatal complications, such as neonatal
death, low birth weight infants, congenital malformations, musculoskeletal abnormalities
and childhood cancers [26,27].
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The risk of obstetric complications can be largely increased by many factors: presence
of twin pregnancies after multiple embryo transfers, as well as an older pregnant popu-
lation and gametes quality, previous history of recurrent abortions (RPL) and causes of
infertility itself (polycystic ovarian syndrome) [10,28]. Unfortunately, only little data are
available on the explanations of such augmented risk. Different mechanisms have been
assumed to play a role in the defective early placentation including genetic and epigenetic
mechanisms of implantation, alterations in endometrial receptivity, invasion, and growth
of the trophoblast, genetic and/or epigenetic alterations of oocyte and/or embryos due to
biological manipulations, and immunotolerance in case of egg donor pregnancies [29].

Recent meta-analyses have proved that in singleton IVF pregnancies there is an in-
creased risk of placental abruption (RR 1.83, 95% CI 1.49 to 2.24), placenta previa (RR 3.71,
95% CI 2.67 to 5.16), antepartum (RR 2.11, 95% CI 1.86 to 2.38), and postpartum hemorrhage
(RR 1.29, 95% CI 1.06 to 1.57) [27,30]. A higher incidence of gestational hypertension and
diabetes, cesarean deliveries, PTB, SGA, and perinatal mortality was also described [30].
Nevertheless, relevant biases were present due to the inclusion in the natural conception
group of women who obtained the pregnancy with ovulation induction or intrauterine
insemination, leading to an underestimation of the association between ART and adverse
outcomes [30]. Consequently, the risk of developing gestational diabetes, placental abrup-
tion, PTB, fetal growth defect, and perinatal mortality may be further increased when the
control group is constructed excluding these women from the spontaneous conception
definition [30] and limit the recalculation of the odds ratio or relative risk of the maternal
and perinatal complications occurring in IVF women.

Of interest is the lack of IVF specific pathologies and they resemble the same charac-
teristics of when these diseases are present in a naturally conceived population. In other
words, there are no different phenotypes of PE, FGR or placenta accrete spectrum between
the 2 groups of women despite the higher prevalence in the IVF group.

2.1. The Role of Ovarian Stimulation

Concerning safety-evaluation in IVF it is necessary to highlight the difficulties in
discerning the influence on the outcomes that the underlying causes of infertility might
bring versus potential risks related to IVF procedures themselves. IVF are characterized
by the ovarian hormonal stimulation followed by the pick-up of the oocytes and their
subsequent fertilization. This procedure implies the transfer of a single or fresher or eFET
embryos. eFet embryos after thawing may be transferred in the uterus during natural or
hormonally artificial induced cycles. In recent years, the number of eFET has increased and
so have pregnancy rates, which are now better than those following fresh IVF embryos
transfer [31].

It has been suggested that controlled ovarian stimulation (COS) (e.g., subcutaneous
gonadotropins) lead inevitably to a change in the maternal hormonal structure, determin-
ing changes in the woman’s reproductive system, as modifications of the endometrium.
Different hormonal treatment strategies used in controlled ovarian stimulation and labo-
ratory IVF techniques can negatively impact endometrial receptivity and gamete status.
Hence, it was suggested that performing eFET was better than fresh embryo transfer being
associated with decreased ovarian hyperstimulation incidence with improved reproductive
outcomes [32]. However, it is still unclear how the different preparation methods of the en-
dometrium can affect the outcomes of eFET pregnancies and the selection of the treatment
of choice [33].

2.2. Differences between Fresh and Freeze and Thawed Embryo Transfer

Two recent systematic reviews and meta-analyses demonstrated that singleton preg-
nancies obtained from eFET show a more favorable maternal and perinatal outcomes
than those reached after fresh oocyte transfer including a lower risk of PTB (<37 weeks)
(RR 0.84, 95% CI 0.78 to 0.90), SGA (RR 0.45, 95% CI 0.30 to 0.66) and birthweight <2500 g)
(RR 0.69, 95%CI 0.62 to 0.76). The incidence of perinatal mortality, antepartum hemorrhage,
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congenital anomalies, and admission to neonatal units resulted similarly between the two
procedures. Conversely, a large, randomized trial demonstrated a higher risk of delivering
LGA newborns and the development of hypertensive disorders of pregnancy in the eFET
group [31]. Probably, these discoveries suggested that the hyperestrogenism following
controlled ovarian stimulation in fresh ET, immediately before embryo implantation, might
lead to abnormal endometrial angiogenesis resulting in a reduced implantation and altered
placentation. Conversely, hormonal levels in eFET cycle could recreate a more natural uter-
ine environment [34]. However, the underlying mechanisms suggesting a greater incidence
of LGA babies in eFET are still to be clarified. Possible explanations should be a better
implantation potential, better placentation, and subsequent fetal overgrowth or epigenetic
modifications in the early embryonic stages due to freezing and thawing procedures [35].

Unfortunately, there is a heterogeneity among studies, which made their comparability
difficult in terms of population sampled, design of the studies, freezing methods (slow
freezing or vitrification), embryo stage, natural cycles, or hormone replacement used [9,36].
Furthermore, the results of these meta-analyses were based on observational studies,
making them subject to bias.

In contrast with previous Roque M et al. [24] in a recent meta-analyses analyzing 11 ran-
domized controlled studies including 5379 patients showed no difference in rates preterm
birth between fresh ET and eFE a result different from that previously reported [9,36]. It
also showed a significant increase in live birth rates (LBTs) with eFET solely in hyper-
responders patients and in pregnancies undergoing PGT-A. Further, this study confirmed
the risk of pre-eclampsia was higher with eFET compared to fresh ET, probably due to
endometrial priming with supraphysiological concentrations of estrogen during artificial
FET cycles. This conclusion is in agreement with the result of a recent Cochrane review,
showing a lower prevalence of ovarian hyperstimulation syndrome in eFET cycle despite
no difference in the cumulative life birth ratio between the two strategies [8]. This explains
why the transfer of frozen-thawed embryos has become the standard procedure in most
fertility clinics. Although this procedure does not seem to reduce IVF success rates, an
increased prevalence of PE after eFET technique has been reported [8,37].

2.3. Endometrial Preparation

Endometrial preparation for an embryo transfer (e.g., oral estradiol and luteal phase
support) may influence the endocrine uterine environment during the embryo transfer,
playing an essential role in vascular adaptation of the mother to pregnancy, increasing the
risk of placental development and weight of the offspring.

Endometrial preparation before eFET can occur how ovulatory or programmed cycles.
To date, in frozen embryo transfer there is no consensus on the best endometrial preparation
method or the duration of hormonal replacement [38]. Emerging data suggests that these
differences could have a detrimental impact on adverse obstetrical outcomes in pregnancies
from artificial cycles, above all in hypertensive disorders [33].

In 2019 Saito et al. [6] evaluated the pregnancy outcomes of 100,000 patients under-
going FET during natural or hormonal replacement cycles. Pregnancies conceived in
a hormone replacement cycle had higher odds of hypertensive disorders of pregnancy
(4% vs. 3%, aOR 1.43; 95% CI, 1.14–1.80), placenta accreta (0.9% vs. 0.1%, aOR 6.91; 95% CI,
2.87–16.66) cesarean section (44.5% vs. 33.7%, aOR 1.69; 95% CI, 1.55–1.84) and post term
delivery associated with a decreased risk to develop gestational diabetes mellitus (1.5% vs.
3.3%, aOR 0.52; 95% CI, 0.40–0.68) in comparison to natural cycle FET.

In agreement with these results, Ginström Ernstad et al. [39] in a large retrospective
study, found an increased risk of hypertensive disorders in pregnancy (10.5 vs. 6.1%,
aOR 1.78; 95% CI 1.43–2.21) and postpartum hemorrhage (19.4% vs. 7.9%, aOR 2.63; 95% CI,
2.20–3.13) in hormone replacement cycles when compared to natural cycles. Moreover,
higher risks for post-term birth, macrosomia, and cesarean delivery were detected [39].

Given that endometrial preparation is a less physiological condition than a natural
cycle, the increased risk of hypertensive disorders may be due to changes in endometrial
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receptivity modulating placental development. Moreover, it was hypothesized that in
patients who have programmed cycles have a decrease of substances produced by the
corpus luteum in early pregnancy, particularly the potent vasodilator relaxin and vascular
endothelial growth factor levels, lower angiogenic and nonangiogenic circulatory endothe-
lial progenitor cells and a lack of drop in mean arterial pressure during pregnancy [40,41].
It was demonstrated that the CL is implicated in the adaptation of the maternal cardiovas-
cular system in early gestation and its absence in eFET may be associated with reduced
aortic compliance and increased risk of PE [40,41]. Anyway, the association between en-
dometrium preparation and adverse obstetric outcomes must be clarified with further
studies that include other possible confounders.

Indeed, every single step or procedure carried out during IVF can play an indepen-
dent and essential role in determining obstetric risks: cryopreservation methods, different
hormonal treatment, and laboratory techniques. Vitrification showed higher pregnancy
rates than slow-freezing, however perinatal outcomes are similar between the two meth-
ods [42,43]. Potential impact of gamete manipulation, as intracytoplasmic sperm injection
(ICSI) and in vitro embryo culture were investigated in recent literature. Specific laboratory
procedures, such as incubation systems, types of embryos culture used, the duration of the
culture, and ICSI could constitute a source of “stress” for the developing embryo. At last,
further large studies are required to identify the contribution of each single confounder on
pregnancy and obstetrical outcomes after ART.

3. Non-Invasive Parameters in the First Trimester of Placental Development In-Vitro
Fertilization Pregnancies

As previously mentioned, the inadequate trophoblastic invasion seems to be the most
important etiological factor in the early-onset PE and FGR [44]. Given the increase in
the number of pregnancies achieved with IVF, the prediction and possible prevention of
adverse outcomes in such women is clinically relevant.

3.1. First Trimester Uterine Doppler

The assessment of placental development during pregnancy is challenging but can be
assessed by evaluating some first-trimester non-invasive parameters such as the impedance
to flow in the uterine arteries by calculating the UtA-PI and the assessment of first trimester
placental volume (PV) and utero-placenta vascular volume (uPVV).

In a spontaneously conceived pregnancy, there is a decline of placental vascular
resistance resulting in a progressive decrease of UtA-PI in the three trimesters of pregnancy
(Figure 1) [45].

An impaired trophoblastic invasion of the uterine decidua indices an altered remodel-
ing of the spiral arteries determines an increased vascular resistance in the uterine arteries
already evident from 11 weeks onwards and it is frequently associated with a later devel-
opment of PE [46–48]. Therefore, given the potential consequences of a higher incidence of
placenta-related adverse outcomes in IVF pregnancies, the evaluation of impedance to flow
in the uterine arteries in the context of in vitro fertilization was of particular interest.

Despite the high incidence of PE in IVF women, no difference was found in UtA-PI
when compared with natural conceived pregnancies in the first trimester. On this basis
there are extensive reports suggesting that the underlying mechanisms behind the increased
incidence of PE is not related to an impaired uteroplacental perfusion [49–51]. It might
be due to a coexistence of different factors that lead to abnormal placental development,
such as different expression in placental gene expression or the presence of an abnormal
immune response at the maternal–fetal interface that takes place particularly when the
pregnancies are obtained with egg donor [13,52,53].

85



J. Clin. Med. 2022, 11, 5793

 

Figure 1. Example of Doppler tracing obtained at 12 weeks from the uterine artery.

Few studies have evaluated UtA-PI in IVF patients comparing between pregnancies
conceived from eFET and fresh blastocyst transfer [49–51]. Two studies showed a better
uterine perfusion and fetal growth in the frozen blastocyst transfer group compared to
those that underwent fresh blastocyst transfer [3,54].

Choux et al. showed that PI was significantly higher in the fresh embryo transfer
group (1.86 ± 0.64) than in the naturally conceived (1.52 ± 0.59; p = 0.001) and Pi was
lower in the eFET group compared to the fresh embryo transfer group (p = 0.001) [3]. These
results were confirmed by two other studies that observed lower UtA-PI values for the
eFET group compared with the fresh-blastocyst-transfer group [54,55].

Differences in maternal characteristics and the IVF procedures used could explain the
apparent contradiction of reduced UtA-PI in the eFET group during pregnancy, known
to have a higher incidence of early-onset PE [56]. Instead, the higher risk of LGA and the
lower risk of SGA could be explained from a lower UtA-PI in eFET.

3.2. First Trimester 3D Placental Volume

A huge advance was made with the introduction of three-dimensional ultrasound,
making it easier to measure placental volume. The implementation of three-dimensional
(3D) ultrasound allowed for reproducible measurements of placental volume and has
been shown to be an indicator of placental insufficiency, predicting the placenta-related
pregnancy complications, such as PE (Figure 2) [48,57–59].

In IVF pregnancies, placental volume in ultrasound has been investigated and the
results compared with that of the naturally conceived were conflicting [50,51,60–63].
Rifouna et al. [60] analyzed 70 pregnancies and no difference in placental vascular and tro-
phoblastic volume in the first trimester was found between IVF and spontaneous pregnan-
cies Rizzo et al. [51,63] reported significantly reduced placental volume in IVF pregnancies
compared to spontaneous pregnancies, particularly in donor oocyte recipients, probably
due to different immune responses of the mothers to trophoblast antigens.
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Figure 2. Example of 3D reconstruction of the placental volume at 12 weeks in a spontaneously
conceived pregnancy and in an IVF with fresh embryo. The volume is significantly reduced in
the latter.

These discrepancies may be due to different techniques in performing ultrasounds,
the largest samples in Rizzo’s study (70 versus 416) and differences among studies in the
characteristics of IVF pregnancies [60–63].

To the best of our knowledge, only two studies analyzed placental volume and uterine
artery Doppler distinguished IVF after fresh embryo transfer from those after eFET [3,51].
Rizzo et al. [51] found no differences in UtA-PI between frozen-thawed ET, fresh ET, and
natural conception in agreement with other authors [49,50]. Furthermore, this study demon-
strated the presence of a reduced placental volume in IVF pregnancies compared to those
conceived naturally and the IVF pregnancies with fresh embryos showed a significantly
lower placental volume than in the frozen-thawed embryos and a higher incidence of
PE. It was hypothesized that altered endometrial receptivity due to the use of high-dose
gonadotrophin ovarian stimulation in the fresh group could influence the placental de-
velopment. As with Rizzo’s study, Choux et al. [3] found a larger placental volume in
pregnancies after eFET compared to pregnancies after fresh embryo transfer. As placental
volume correlated to birthweight, this is consistent with the findings of a higher incidence
of LGA newborns after frozen-thawed ET [9,35].

A summary of the characteristics and the results obtained in the studies considered is
reported in the Supplementary Material.

A possible explanation, as Conrad’s theory suggests [40], could be that the role of the
corpus luteal is pivotal for a natural maternal hormonal environment during implantation
and hemodynamic adaption to pregnancy and in this study, approximately 75% of frozen-
thawed ET were performed in a natural cycle, in the presence therefore of a corpus luteal.

Future studies are needed to assess the clinical utility of first trimester vascularization
indices and placental volume as a predictor of pre-eclampsia in IVF pregnancies [64].

4. Conclusions

This review confirms that pregnancies obtained with IVF have a higher incidence of
maternal and perinatal adverse outcome than naturally conceived pregnancies. Among IVF
pregnancies those obtained by eFET showed better obstetric and perinatal outcomes than
those obtained after fresh oocyte cycles in term of lower risk of SGA, LBW, and ovarian
hyperstimulation. Despite the absence of difference in the cumulative live birth rates
between the two conception modes, there is a higher risk of hypertension disorders in
hormonal treatment cycle in frozen-thawed ET.
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In this review, we were unable to clarify the underling mechanisms causing the mater-
nal and perinatal complications due to the heterogenicity of the available studies on this
topic and the impossibility of obtaining direct analysis on human pregnancies. Irrespective
of these limitations, the higher risk of PE in eFET contrasts with the discovered that the
measurement of placental volume in 3D ultrasound was lower in fresh embryos compared
to frozen-thawed embryos. Often the main limitations of these studies were related to a lack
of comparability due to a high risk of selection bias, such as the women’s characteristics,
endometrial preparation, method of cryopreservation, and study populations.

Moreover, the potential clinical benefit should be underlined. Acquisition during
the first trimester of uterine Doppler and placental volume allows for the identification
of a subgroup of IVF women at a higher risk of developing complications for which a
closer surveillance is necessary and in which prophylactic treatment can be applied under
prospective multicenter trails
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Abstract: (1) Background: Controversial conclusions have been made in previous studies regarding
the influence of autologous platelet-rich plasma (PRP) in the reproductive outcomes of women with
repeated implantation failures (RIF) who are undergoing embryo transfer (ET). (2) Methods: This
study aimed to evaluate the effect of PRP intrauterine infusion in patients with unexplained RIF,
who are undergoing in vitro fertilization (IVF) or intracytoplasmic injection (ICSI), by a systematic
review and meta-analysis. (3) Results: A fixed-effects model was used, and 795 cases and 834
controls were included in these studies. The pooling of the results showed the beneficial effect of
PRP which were compared with those of the control in terms of the clinical pregnancy rates (n = 10,
risk ratio (RR) = 1.79, 95% confidence intervals (CI): 1.55, 2.06; p < 0.01, I2 = 40%), live birth rates
(n = 4, RR = 2.92, 95% CI: 2.22, 3.85; p < 0.01, I2 = 83%), implantation rates (n = 3, RR = 1.74, 95% CI:
1.34, 2.26; p < 0.01, I2 = 0%), and positive serum β-HCG 14 days after the ET (n = 8, RR = 1.77, 95%
CI: 1.54, 2.03; p < 0.01, I2 = 36%). However, we did not find that the miscarriage rates indicated a
significant difference between the two groups (n = 6, RR = 1.04, 95% CI: 0.72, 1.51; p = 0.83, I2 = 0%).
(4) Conclusions: The findings of this systemic review and meta-analysis suggest that PRP appears to
improve the results of IVF/ICSI treatments in the cases of unexplained RIF.

Keywords: platelet-rich plasma; repeated implantation failures; embryo transfer; clinical pregnancy
rates; intracytoplasmic injection; in vitro fertilization

1. Introduction

A considerable proportion of couples worldwide suffer from infertility [1]. The com-
mon reasons for female infertility issues include ovulation disorders, fallopian-related
disorders, uterine disorders, and unexplained infertility [2]. Although assisted reproduc-
tive technology (ART) has rapidly developed in recent years, the causes and treatments
of repeated implantation failures (RIF, recurrent implantation failures) continue to plague
reproductive specialists. There is no accepted formal definition for RIF due to the fact that
RIF was initially considered to be a rather heterogeneous entity. Some studies have defined
it as a failure of the implant after three or more embryo transfers (ETs) with high-quality
embryos [3,4]. It was, however, also accepted that RIF was considered to be a disorder of
infertility women who had undergone at least two ET failures [5,6]. Even so, quite a few
specialists have suggested a more complete working definition, taking into account the
maternal age, the number of embryos that were transferred, and the number of cycles that
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were completed [7,8]. The accumulative data have clarified that most of the etiology does
not have the evidence base for a generalized application to be suggested by the relevant
societies. The etiology of RIF was currently attributed to the dysfunction of the embryo
and the endometrium, and Antonis Makrigiannakis et al., also divided it into several
factors, namely anatomy, immunology, dysbiotic microbiota, and unexplained reasons, etc.,
in their review [2]. Moreover, this team has also described some of the main treatment
protocols including endometrium injury, human chorionic gonadotropin, peripheral blood
mononuclear cells, and platelet-rich plasma (PRP). RIF is a constant challenge in ART with
it being a burden on health providers and infertile couples.

The extraction protocols of platelet rich-plasma also remain inconsistent, with there
being no consensus around the world. It is generally defined as an autologous blood-derived
concentrate of the platelets from the peripheral blood that has a platelet count that is 35 times
higher than the baseline concentration with growth factors and other cytokines such as
transforming growth factor beta (TGF-β) and interleukin-1β (IL-1β) [9–12]. Presently, PRP is
widely used in knee osteoarthritis, erectile dysfunction, medical dermatology, periodontal
regeneration, and facial rejuvenation [13–16].

In reproductive medicine, a poor ovarian reserve, premature ovarian failure, and a
thin endometrium have been the main areas of the research of PRP by intraovarian injection
or intrauterin infusion [17–19]. Studies found that PRP had high growth factor and cytokine
concentrations, which are considered to be very important in cell proliferation, chemotaxis,
cell differentiation, regeneration, and angiogenesis [20,21]. Fady I Sharara et al., reviewed
the previous literature on the effects of autologous PRP in reproductive medicine, finding
that PRP can increase the endometrial thickness in thin endometrium [22]. These reasons
may explain why PRP could improve the implantation outcomes and be beneficial for
embryo transfer.

There has been a surge in high-level studies investigating PRP for implantation failures.
Therefore, in this systematic review and meta-analysis, we aimed at investigating the effect
of the intrauterine infusion of autologous PRP in women with unexplained RIF who are
undergoing IVF/ICSI cycles.

2. Methods

By complying with the guidelines of recommendations of the Cochrane Handbook
for Systematic Reviews of Interventions and Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) to search for the relevant studies that had been
published in the medical literature up to the time of this research, this systematic review and
meta-analysis gathered statistics and evaluated the efficacy of autologous PRP intrauterine
infusion on the pregnancy results for patients with RIF of unknown causes which were
compared those who underwent no treatments or other treatments. Clinical pregnancy is
the first outcome, and it is defined as the presence of a fetal heartbeat or the gestational sac
in transvaginal ultrasonography 4–6 weeks after the embryo transfer. Live birth is defined
as the delivery of a live-born child after 24 weeks of gestational age. Miscarriage is defined
as s a fetal loss before 20 weeks of gestation.

2.1. Literature Search

We identified potential studies by searching Medline (PubMed), Embase, Cochrane Li-
brary, and Web of Science (WOS). Additionally, we identified eligible literature searches by
using the references of published articles. The search terms included: (“RIF” OR “Repeated
implantation failure” OR “Implantation failure” OR “Recurrent implantation failure” AND
“Platelet-rich plasma” OR “PRP” OR “Autologous platelet-rich plasma” OR “Platelet-rich
plasma gel” OR “Plasma, Platelet-Rich” OR “Platelet Rich Plasma”). Among these terms,
platelet-rich plasma is a MESH, and the others are free terms. The terms were searched in the
title and abstract parts of the studies. The database-specific indexing terminology is listed
as ((((((Plasma, Platelet-Rich[Title/Abstract]) OR (Platelet Rich Plasma[Title/Abstract])) OR
(PRP[Title/Abstract])) OR (Autologous Platelet-Rich Plasma[Title/Abstract])) OR (Platelet-
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Rich Plasma Gel[Title/Abstract])) OR (“Platelet-Rich Plasm”[Mesh])) AND ((((Repeated
implantation failure[Title/Abstract]) OR (implantation failure[Title/Abstract])) OR (recur-
rent implantation failure[Title/Abstract])) OR (RIF[Title/Abstract])).

2.2. Selection (Inclusion and Exclusion) Criteria

Two independent reviewers censored the titles and abstracts of the identified studies.
Thereafter, the selected studies were thoroughly and completely read in order to made
a decision about their inclusion or exclusion from this meta-analysis. Given that there is
currently no consensus on the definition of RIF, we included medical records with a clear
diagnosis in the studies. The randomized controlled trials and cohorts that underwent the
PRP and RIF treatments were included in this review and they were required to meet all
of the following six inclusion criteria. These inclusion criteria were: (1) interventions: the
intrauterine infusion of PRP around the time of ET; (2) the controls: having undergone
no treatment or other treatments; (3) the population were diagnosed as having had an
RIF; (4) the pregnancy outcomes were confirmed; (5) only English language studies were
accepted; (6) having an endometrial thickness of ≥7 mm. Other studies such as case
reports, animal experiments, cell experiments, research that was irrelevant to PRP and RIF,
bibliometric analyses, poor-quality literature, self-pro-post studies, reviews and abstracts
were excluded. Clinical pregnancy rates were the primary outcome, and the secondary
results were the live birth rates (LBR), positive serum β-HCG rates 14 days after the ET,
the implantation rates, and the miscarriage rates. Clinical pregnancy was defined as a
pregnancy that was diagnosed by ultrasonographic visualization of one or more gestational
sacs or definitive clinical signs of pregnancy. In addition to an intra-uterine pregnancy, it
includes a clinically documented ectopic pregnancy [23].

2.3. PRP Protocols

Peripheral venous blood was drawn using a syringe containing anticoagulant solution
and centrifuged immediately to separate the red blood cells. The liquid supernatant was
centrifuged again to separate the plasma and obtain the PRP with platelets. In addition, the
peripheral blood was divided into three layers after the first centrifugation in the studies of
Yangying Xu et al., and Mahvash Zargar et al., and the top layer was centrifuged again to
obtain the PRP [3,6].

2.4. Statistical Analysis

We extracted the relative reproductive outcomes from the included studies. The RR
and corresponding 95% CI for each study endpoint were calculated by the Mantel–Hansel
method using the fixed-effects model between the intervention group and the control
group according to the Review Manager 5.4. The heterogeneity of the studies was assessed
graphically with forest plots and statistically by chi-square-based Q statistic and I2 value.
Heterogeneity, the statistical measure of homogeneity, was considered significant at a
p-value of <0.05 in Q-test or I2 > 50%. According to the dosage of PRP (0.5–1 mL group and
≥1 mL group) and the study design (RCT and cohort), a subgroup analysis was used to
identify the possible sources of heterogeneity for the effect of an intrauterine infusion of
the PRP. A funnel plot was used to assess the reporting bias.

3. Results

3.1. Summary of Literature Research and Description of Studies

In total, 227 publications (38 from PubMed, 57 from Cochrane Library, 65 from Embase,
and 67 from Web of Science) were searched using the terms above. All of the citations were
imported into Endnote to eliminate 113 duplicates. Next, we scrutinized two case reports,
eight animal or cell studies, thirty-one studies that were not part of the literature about
PRP and RIF, one bibliometric analyses, twenty-one reviews, thirty-seven abstracts, one
poor-quality study, and three self-pro-post control studies, and ten studies were finally
analyzed. The flow diagram of the literature search and selection of studies is shown in
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Figure 1. The details of the selected studies are showed in Table S1. Apart from the review,
abstract, a bibliometric analysis, and the studies that were not related to PRP and RIF, we
read the full texts to censor the studies. The exclusion reasons are presented in Table S2.

Figure 1. Flow diagram of the selection process.

3.2. Study Characteristics

Table S1 lists the characteristics of all of the selected studies. Eight studies were
conducted in Iran [4–6,24–28], and another two studies were conducted, respectively, in
China and India [3,29]. Six studies were RCTs, and four were cohorts. All of the control
groups received no treatment, except one, which was compared with the granulocyte
colony stimulating factor (GCSF) [26]. The population of one half of the studies was infused
with a PRP of less than 1 mL; the other half received ≥1 mL. Only one study did not give
an accurate time of intrauterine perfusion of the PRP; the others were conducted at 2–3
days before the ET [29].

3.3. Risk of Bias Assessment

The summary of the risks of the bias assessments are shown in Figure S1a,b. For a
random sequence generation, five studies were judged to have low risks of bias, three were
judged to have high risks, and two were judged to have unclear risks. Four of the trials
were assessed as having high risks of bias, the others had unclear risks for the allocation
concealment. Another bias, including the blinding of the participants and personnel,
the blinding of outcome assessment, incomplete outcome data, selective reporting, and
other bias were judged as low risks. All of the research selected the population from
the same community sample and provided exacted diagnosis criteria for the interesting
reproductive outcomes.

3.4. Clinical Pregnancy Rates

The summary results included 1629 participants (795 cases and 834 controls) from
10 studies. As shown in Figure 2, the comparison of the clinical pregnancy rates indicated
that the intrauterine infusion of the PRP had a better effect on the clinical pregnancy
outcomes when it was compared with that of the control group according to fixed-effects
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model analysis (n = 10, risk ratio (RR) = 1.79, 95% confidence intervals (CI): 1.55, 2.06;
p < 0.01, I2 = 40%). In Figure S2, the funnel plot appears to be asymmetric, with some
missingness at the lower left portion of the plot suggesting a possible publication bias,
which means that some positive results from the small sample of studies with low precision
were not published. The sensitivity analysis showed that the estimates of the summary
RR ranged from 1.64 (95% CI: 1.39, 1.93) to 1.90 (95% CI: 1.63, 2.21), which meant that the
pooled results were not overly influenced by a single study.

Figure 2. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of clinical
pregnancy in interventions versus controls [3–6,24–29].

Considering that we used p-values < 0.1 and there was an I2 = 0.45% of heterogeneity
testing in all of the cases and controls, a corresponding subgroup analysis was performed
to recover what caused heterogeneity of the two groups. The PRP dosage and study design
may be the sources of it, and so we analyzed the traits of the selected studies. When the
women were treated at a 0.5–1 mL dose of PRP (n = 5, RR = 2.24, 95% CI: 1.80, 2.79; p < 0.01,
I2 = 0%), the effect size was stronger than ≥1 mL (n = 5, RR = 1.48, 95% CI: 1.22, 1.80; p < 0.01,
I2 = 23%), and more patients benefited in terms of the clinical pregnancy rates (Figure 3).
Within the subgroups, there is only negligible heterogeneity. In Figure 4, the cohort studies
(n = 4, OR = 1.79, 95% CI: 1.32, 2.43; p < 0.01, I2 = 36%) had a weaker effect when they
were compared with the RCTs (n = 6, OR = 2.98, 95% CI: 2.29, 3.88; p < 0.01, I2 = 14%) in
terms of the pregnancy outcomes, and the heterogeneity was not significant within the
subgroups. With an asymmetric funnel plot of the risk ratios of the clinical pregnancy
outcomes, we evaluated the reporting bias again, excluding the possible confounding
factors, study design, and PRP dosage (Figures S3 and S4). In the study design subgroup,
the funnel plot was symmetric, and the asymmetric reporting bias that is mentioned above
could result from that.

3.5. Live Birth Rates

In Figure 5, four trials including 878 patients (433 cases and 445 controls) demon-
strated that the live birth rates in patients that underwent an intrauterine infusion of PRP
significantly increased when they were compared with the controls (n = 4, RR = 2.92, 95%
CI: 2.22, 3.85; p < 0.01, I2 = 83%). We removed one study with high heterogeneity; the live
birth rates remained statistically different between the two groups (n = 3, RR = 1.9, 95% CI:
1.39, 2.59; p = 0.43, I2 = 0) (Figure S5) [4].
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Figure 3. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of clinical
pregnancy in interventions versus controls regarding doses of PRP [3–6,24–29].

Figure 4. Forest plot of OR, 95% CI, and heterogeneity in studies that evaluated the risk of clinical
pregnancy in interventions versus controls regarding study design [3–6,24–29].

Figure 5. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of live birth
rates in interventions versus controls [3,4,6,27].
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3.6. Positive Serum β-HCG Rates on 14 Days after ET and Implantation Rates

Six studies with 931 participants (440 cases and 491 controls) compared the serum β-
HCG 14 days after the ET, and the positive rates of the experimental group were significantly
higher than those of the control group (n = 8, RR = 1.77, 95% CI: 1.54, 2.03; p < 0.01, I2 = 36%)
(Figure 6). One study was excluded owing to us not finding the test time of β-HCG [24]. The
implantation rates were also evaluated by three studies involving 1061 women (549 cases
and 512 controls), and it was shown that the intervention of PRP significantly increased
the rates of the implantation when they were compared to those of the controls (n = 3,
RR = 1.74, 95% CI: 1.34, 2.26; p < 0.01, I2 = 0) (Figure 7). We excluded two studies because
the data of one study could not be extracted, and the calculation formula of the other data
was controversial [5,28]. Both the higher positive serum β-HCG rates 14 days after the
ET and the implantation rates proved that the intrauterine infusion of PRP increased the
possibility of implantation in comparison with that resulting from no treatment or other
treatments for the women with RIF.

Figure 6. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of positive
serum β-HCG rates 14 days after ET in interventions versus controls [3–5,25–29].

Figure 7. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of implanta-
tion rates after ET in interventions versus controls [3,26,27].

3.7. Miscarriage Rates

Next, we assessed the effect of PRP on the miscarriage rates for patients that experi-
enced an RIF in six studies (440 cases and 491 controls). There was no significant difference
between the intervention and the control group, and it seemed that no heterogeneity fac-
tor disturbed its analysis process (n = 6, RR = 1.04, 95% CI: 0.72, 1.51; p = 0.83, I2 = 0%)
(Figure 8).
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Figure 8. Forest plot of RR, 95% CI, and heterogeneity in studies that evaluated the risk of miscarriage
rates after ET in interventions versus controls [3,5,6,27–29].

4. Discussion

In this study, 10 studies were included to assess the efficacy of the intrauterine per-
fusion of RPR for 1629 patients (795 cases and 834 controls) with unexplained repeated
implantation failures, who were undergoing an embryo transfer. The endometrial thickness
on the day of the HCG in our included population was no less than seven millimeters, and
so the effect of a thin endometrium on the pregnancy outcomes was excluded.

In this meta-analysis, a fixed-effects model was used to assess the effect of the PRP in
comparison with the control on the clinical pregnancy rates, live birth rates, implantation
rates, and positive serum β-HCG 14 days after the ET and the miscarriage rates. RR and
95% CI showed that PRP group had better outcomes in terms of clinical pregnancy, live
birth, implantation, and positive β-HCG 14 days after the embryo transfer. These results
were consistent with PRP increasing the chance of pregnancy and delivery for females
with RIF [4,25,27,28]. However, the PRP did not show significant advantages in improving
the miscarriage rates, which was also proven in the findings of previous epidemiological
studies [5,27,28]. Preferable embryo implantation, pregnancy, and live birth results suggest
that the intrauterine infusion of PRP facilitates the embryo transfer in patients that have
undergone an RIF. Unfortunately, not all of the included studies gave the research outcomes
that we needed.

A subgroup analysis was carried out to disclose the reasons for the heterogeneity in
the clinical pregnancy results between the two groups. The advantages of PRP were in
improving the clinical pregnancy after the subgroup analysis regarding the PRP dosage
(0.5–1 mL versus ≥1 mL) and the study design (cohort versus RCT). The effect size of
0.5–1 mL dose of PRP was stronger than a ≥1 mL one was, and more patients benefited in
terms of the clinical pregnancy rates when they were treated with 0.5–1 mL dose of PRP.
However, we did not think this result meant that a 0.5–1 mL dose of PRP was more suitable
for patients with RIF because the required components were not reported in the included
studies.

Autologous platelet-rich plasma is a platelet-rich whole blood extract without red or
white blood cells. Because it is extracted from the patient’s own peripheral blood, it is easy
to obtain, inexpensive, and reduces the occurrence of an immune rejection. PRP is rich
in growth factors, typically the platelet-derived growth factor (PDGF), the transforming
growth factor (TGF), the vascular endothelial growth factor (VEGF), and the epidermal
growth factor [30,31]. It induces regeneration and differentiation, accelerates endometrial
damage repairment, and has anti-inflammatory properities [31–35]. Siwen Zhang et al.,
described in his study that PRP had a strong effect on endometrial regeneration, uterine
damage restoration, and the increased proliferation of stromal cells, progenitor cells, and
the vessel density of the endometrium [35]. These effects may explain why PRP improves
the pregnancy outcomes in IVF/ICSI patients with RIF.

The heterogeneity analysis of the clinical pregnancy rates seemed high, although there
were no significant differences. We designed a subgroup analysis regarding the PRP dosage,
and the study design and reduced heterogeneity indicated that these two were confounding
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factors. The asymmetrical funnel plot indicated that there was a possible reporting bias.
However, it changed to a symmetrical plot in the subgroup analysis of the study design,
which suggested that the reason for the asymmetry may be attributed to the types of trials.

As there is no unified method to extract PRP from the peripheral blood, we have
not yet obtained detailed key information such as the concentrations and activity of the
platelets and growth factors to determine how PRP works. Thus, we cannot provide a
reasonable explanation for the relationship between the PRP dosage and the IVF/ICSI
outcomes in terms of RIF.

The design of the study and the outcomes that were measured affect the strength of
the evidence according to evidence-based medicine (EBM) [36]. Randomized controlled
trials are usually considered to be more convincing than cohort ones owing to the former’s
objectivity. Involving studies that included six RCTS and only four cohort studies also
made this meta-analysis more objective and convincing.

It is the first that a meta-analysis and review was conducted to assess the intrauterine
infusion of PRP to the influence reproductive outcomes of unexplained RIF patients un-
dergoing an embryo transfer. In this review, we excluded the influence of endometrium
thickness and childbearing age because some studies found that an endometrial thickness
of ≤7 mm and a high reproductive age (all of the women included were below 40 years)
may negatively impact the pregnancy results [37–40]. In addition, apart from one study
that did not mention the exact time of the PRP infusion, all of the other populations used
the PRP protocol two or three days before the ET [2]. This meta-analysis may provide a
referable time point to initiate PRP.

It is undeniable that we did not give a strict definition of repeated implantation failures
owing to a lack of consensus, and we included all of the patients who were diagnosed with
a RIF by referring to the local criteria. Except for this, heterogeneity and a reporting bias
existed in the process of the analysis, which had an impact on the credibility and objectivity
of the article, but only based on the existing data, we may not completely rule out the
occurrence of heterogeneity and bias. Meanwhile, the risk of bias graph and risk of bias
summary also showed some risks in the selection bias. In addition, two studies involved
some participants undergoing a fresh embryo transfer, however, we cannot extract them
from the statistics to conduct a subgroup analysis. We cannot draw a conclusion as to
which embryo transfer protocol benefits more from PRP. At the same time, our included
studies did not report whether euploid tests were carried out or not. We suggest that the
following studies can list more detailed data if they include more than one embryo transfer
method.

Most suspiciously, most of the articles that we included did not control the vari-
ables. The other controls did not take any treatment besides one, which involved infusing
GCSF [26]. However, during the intrauterine infusion PRP the insertion and removal of
tubes is needed to finish the treatments. If the controls only took measures of no treatment,
we were unable to assess the effect of the mechanical manipulation of the uterine cavity on
the pregnancy outcomes [41,42].

A very limited number of studies were considered for an overly large number of
confounding factors in this meta-analysis, and a further RCT should be conducted to prove
these results.

5. Conclusions

This systematic review and meta-analysis proved that the intrauterine infusion of
PRP has a positive effect on the pregnancy results for patients with unexplained repeated
implantation failures, who are undergoing an embryo transfer.
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Abstract: Ovarian hyperstimulation syndrome (OHSS) is often a complication of polycystic ovarian
syndrome (PCOS), the most frequent disorder of the endocrine system, which affects women in
their reproductive years. The etiology of OHSS is multifactorial, though the factors involved are
not apparent. In an attempt to unveil the molecular basis of OHSS, we conducted transcriptome
analysis of total RNA extracted from granulosa cells from PCOS patients with a history of OHSS
(n = 6) and compared them to those with no history of OHSS (n = 18). We identified 59 significantly
dysregulated genes (48 down-regulated, 11 up-regulated) in the PCOS with OHSS group compared to
the PCOS without OHSS group (p-value < 0.01, fold change >1.5). Functional, pathway and network
analyses revealed genes involved in cellular development, inflammatory and immune response,
cellular growth and proliferation (including DCN, VIM, LIFR, GRN, IL33, INSR, KLF2, FOXO1, VEGF,
RDX, PLCL1, PAPPA, and ZFP36), and significant alterations in the PPAR, IL6, IL10, JAK/STAT and
NF-κB signaling pathways. Array findings were validated using quantitative RT-PCR. To the best of
our knowledge, this is the largest cohort of Saudi PCOS cases (with or without OHSS) to date that
was analyzed using a transcriptomic approach. Our data demonstrate alterations in various gene
networks and pathways that may be involved in the pathophysiology of OHSS. Further studies are
warranted to confirm the findings.

Keywords: ovarian hyperstimulation syndrome (OHSS); polycystic ovarian syndrome (PCOS);
genome-wide gene expression; functional pathway; gene ontology; transcriptome; network analy-
ses; biomarker

1. Introduction

Ovarian hyperstimulation syndrome (OHSS) is a rare, iatrogenic complication of ovarian
hyperstimulation by assisted reproduction treatment and is potentially life-threatening [1–3].
Women with polycystic ovary syndrome (PCOS) are at a higher risk for developing OHSS
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due to having a large number of follicles on their ovaries and the tendency to over-respond
to the hormones used for inducing fertility [2]. The causes of OHSS are generally unknown.
Since complications can be severe and may even be life-threatening, it is critical to predict
whether a woman going through gonadotropin therapy may develop OHSS.

Previous studies have reported several risk factors for the development of OHSS, such
as young age, PCOS, low body mass index (BMI), and previous history of OHSS [4,5]. Gran-
ulosa cells (GC) are essential for ovarian folliculogenesis and are known to play a critical
role in follicular development and oocyte maturation [6,7]. Several studies have indicated
that GC dysfunction in women with PCOS may contribute to abnormal folliculogene-
sis [6,7]. Recent advances in omics technologies (genomics, transcriptomics, proteomics,
and others) have enabled researchers to better understand the molecular characteristics of
diseases and to identify disease biomarkers [7–11].

Genome-wide studies in various cells, including granulosa cells from women with
PCOS and non-PCOS controls, have revealed several potential genes and pathways, such
as the ERK/MAPK and VEGF signaling pathways [6,11]. However, OHSS (and PCOS)
has a complex etiology and genetic basis and the disease pathogenesis and mechanism
still largely remain unclear [5,6,12,13]. In this study, we aimed to identify the potentially
essential genes and pathways in PCOS patients who would be prone to developing OHSS
and to identify potential markers that may be linked to the OHSS and its pathobiology
using a transcriptomic approach. To this purpose, we investigated if the PCOS patients who
had developed OHSS have a distinct molecular profile in their granulosa cells as compared
to those who did not in order to understand the biology of its development.

2. Materials and Methods

2.1. Patients

Twenty-four infertile women with PCOS undergoing IVF treatment were identified
and examined by an IVF physician at Gynecology/IVF clinics at King Faisal Specialist
Hospital and Research Center (KFSHRC). PCOS was defined according to the criteria
established by the American Society of Reproductive Medicine and the European Society
of Human Reproduction and Embryology (ASRM/ESHRE) [14]. The PCOS patients who
are younger than 40 years, with FSH ≤ 12, body mass index (BMI) ≤ 35 kg/m2 and not
undergoing any immunosuppressive therapy, were asked to participate in the study. The
study was approved by the institutional review board (IRB) of the King Faisal Specialist
Hospital and Research Center (no.08-MED604-2; RAC#2100002; RAC#2110006) and it is
performed in accordance with the current version of the Helsinki Declaration. Written
informed consent was obtained from all patients before participation in the study.

The study included samples from 24 patients (n = 24) with PCOS. Pituitary down-
regulation was performed by administering gonadotrophin-releasing hormone (GnRH)
agonist long or short protocols as described earlier [10]. Six patients had a positive history
of OHSS (four patients had a history of OHSS and two had it in the current cycle) (referred
to as “OHSS” group; n = 6) and the control group was without any history of OHSS (referred
to as PCOS; n = 18). All OHSS cases were severe or moderate. Granulosa cells (3 mL) were
collected into 15 mL regular falcon conical tubes from participating subjects undergoing
control ovarian stimulation as described previously [10] for microarray and quantitative
RT-PCR (qRT-PCR) experiments.

2.2. RNA Isolation

The total RNA was isolated from granulosa cells using Trizol or Total RNA Isolation
Kit™ (ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer’s instruc-
tions. The quality and quantity of RNA were determined by measuring absorbance spectra
on a UV/Vis spectrophotometer, NanoDrop® ND-1000 (ThermoFisher Scientific, Waltham,
MA, USA). Further quality check was carried out using the RNA 6000 Nano Assay and
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The high-quality RNA
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was either immediately used in the experiments (for the real-time RT-PCR and microarray
experiments) or stored at −80 ◦C for further use.

2.3. Genome-Wide Gene Expression Profiling

Whole-genome gene expression profiling of samples from the OHSS (n = 6) and un-
related PCOS (n = 18) was performed using Affymetrix’s Human Genome U133 Plus 2.0
Array (ThermoFisher Scientific, Waltham, MA, USA). High-quality RNA was converted
into labeled cRNA, fragmented, hybridized onto the chip surface according to the man-
ufacturer’s protocols as described previously [15]. Briefly, the total RNA was converted
into double-stranded cDNA, and then the cDNA was used for cRNA synthesis during
which biotinylated UTPs and CTPs were incorporated into the cRNA. Target-labeled cRNA
was fractionated and then hybridized onto the chip’s surface. The experimental proce-
dures and quality control procedures at each critical step (before hybridization as well
as post-hybridization) were strictly followed according to the manufacturer’s guidelines.
Washing, staining, and scanning were performed according to the manufacturer’s instruc-
tions and guidelines.

Microarray data normalization was performed using GC Robust Multi-array Average
(GC-RMA) algorithm [16,17]. We performed independent two-sample t-test to identify
genes whose expression significantly varied between OHSS and PCOS groups. Differen-
tially expressed genes (DEGs) were defined as those with p-value < 0.01 and fold change
(FC) ≥ 1.5. Two-dimensional hierarchical clustering is performed using Pearson’s correla-
tion with average linkage clustering. Functional annotation and biological term enrichment
analysis were performed using DAVID Bioinformatics Resources [18]. Statistical analyses
were performed using SPSS version 20 (SPSS, Inc., Chicago, IL, USA) and PARTEK Ge-
nomics Suite (Partek Inc., Chesterfield, MO, USA). All statistical tests were two-sided and
p-value < 0.05 was considered statistically significant.

2.4. Functional, Pathway and Network Analyses

The functional, pathway, gene ontology enrichment, and network analyses were
performed using Ingenuity Pathways Analysis (IPA) (QIAGEN Inc., Venlo, Netherlands;
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis (accessed
on 18 September 2020). The DEGs were mapped to their corresponding gene object in
the Ingenuity Pathways Knowledge Base and significant gene interaction networks are
identified. Scores of ≥2 were considered significant after applying a 99% confidence
level. A right-tailed Fisher’s exact test was used to calculate a p-value determining the
probability that the biological function (or pathway) assigned to that data set is explained
by chance alone.

2.5. Quantitative RT-PCR (qRT-PCR)

To validate our microarray results, confirmatory qRT-PCR was performed using the
ABI 7500 Sequence Detection System (ThermoFisher Scientific, Waltham, MA, USA). For
this purpose, 50 ng total RNA procured from the same microarray study samples were
transcribed into cDNA using Sensiscript Kit (QIAGEN Inc., Venlo, The Netherlands) under
the following conditions: 25 ◦C for 10 min, 42 ◦C for 2 h, and 70 ◦C for 15 min in a total
volume of 20 μL. Then, 2–5 μL of cDNA was amplified under the following conditions:
Initial denaturation of 5 min at 95 ◦C followed by 34 cycles of “denaturation at 95 ◦C for
1 min, annealing at 60 ◦C for 1 min and extension at 72 ◦C for 1 min” and a final extension
of 10 min at 72 ◦C.

Twenty-one genes (FOXO1, FOXO3, FOXP1, GPC4, GPSM1, IL33, INSR, KLF2, MAN2B2,
MYO10, NAGA, PAPPA, PCSK5, PHEX, PLD2, RABGAP1, SIN3A, SQSTM1, TCF7L2,
USP9X, and ZFP36) were randomly selected amongst the significantly expressed genes
(p-value < 0.01) and primers were designed using Primer 3 web-toolsoftware (https://
primer3.ut.ee accessed on 18 September 2022). The list of primer sequences used in this
study is presented in Table S1. After primer optimization, the PCR assays were performed

107



J. Clin. Med. 2022, 11, 6941

in 6 μL of the cDNA using the QIAGEN Quantitech SYBR Green Kit (QIAGEN Inc., Venlo,
Netherlands), employing GAPDH as the endogenous control gene. All reactions were
conducted in triplicates. The data were analyzed using the delta delta CT method [19,20].

3. Results

3.1. Clinical Characteristics of the Patients

The study included 24 women with PCOS with or without a history of OHSS. Gran-
ulosa cells were isolated from six PCOS patients with a history of OHSS (referred to as
OHSS) and 18 without OHSS (referred to as the PCOS group). The clinical features were
similar between the two groups of patients in terms of age, weight, BMI, FSH, LH, total
testosterone, and androstenedione (Mann–Whitney U-test p-value > 0.05) (Table 1).

Table 1. Comparison of clinical parameters between OHSS group and PCOS group.

PCOS (n = 18) OHSS (n = 6)
p-Value *

Mean (SD) Mean (SD)

Age (years) 29.0 (3.7) 30.2 (6.3) 0.71

BMI (kg/m2) 24.8 (1.2) 24.2(1.4) 0.43

FSH (IU/L) 6.9 (2.2) 6.3 (1.1) 0.47

LH (IU/L) 13.0 (9.9) 7.5 (4.9) 0.14

Testosterone 2.5 (1.3) 2.2 (0.9) 0.76

Androstenedione 12.3 (6.8) 15.5 (4.8) 0.13
* Mann–Whitney U-test. BMI, Body mass index; FSH, Follicle stimulating hormone; LH, Lutenising hormone.
OHSS refers to PCOS patients with a history of OHSS and PCOS refers to patients without any history of OHSS.

3.2. Identification of Differentially Expressed Genes

We analyzed the genome-wide mRNA expression profiling of 24 samples from OHSS
and PCOS groups using Affymetrix’s GeneChip® Human Genome U133 Plus 2.0 Arrays,
which includes over 47,000 transcripts and variants using more than 54,000 probe sets. The
array technology is a well-established and reliable method to assess global gene expression
profiling [15,21]. Comparison of transcriptomes of OHSS with those PCOS patients with
no history of OHSS revealed significant dysregulation of 1520 probes, corresponding to
1188 genes (p-value < 0.01), of which 65 probes (corresponding to 59 genes) had a greater
than 1.5-fold change (FC) between the two groups (Table 2). The unsupervised principal
component analysis (PCA) and hierarchical clustering in both dimensions (samples and
genes) were performed using Pearson’s correlation with average linkage clustering, where
both analyses revealed clear discrimination of samples as PCOS and OHSS as well as the
pattern of genes deregulation defining two main transcriptome clusters (Figure 1A,B, re-
spectively) that clearly demonstrated the significant differences in gene expression profiles
of having a positive or negative history of OHSS among the PCOS patients.

Table 2. Significantly altered probes in PCOS patients with history of OHSS as compared to no history
of OHSS (p-value < 0.01 and >1.5-fold change).

Gene Gene Title p-Value FC

PAPPA pregnancy-associated plasma protein A,
pappalysin 1 0.000798 1.86

DCN Decorin 0.0044 1.76

PTPLA protein tyrosine phosphatase-like (proline
instead of catalytic arginine), member 0.005688 1.71

FKBP1A FK506 binding protein 1A, 12 kDa 0.002428 1.7
SHOX2 short stature homeobox 2 0.008934 1.64

ELOVL5 ELOVL family member 5, elongation of
long-chain fatty acids (FEN1/Elo2, SUR4/Elo) 0.000683 1.55

IL33 interleukin 33 0.003649 1.55
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Table 2. Cont.

Gene Gene Title p-Value FC

EIF5 eukaryotic translation initiation factor 5 0.007926 1.52
TMX1 thioredoxin-related transmembrane protein 1 0.000272 1.52
LIFR leukemia inhibitory factor receptor alpha 0.00038 1.51
RDX Radixin 0.005259 1.51

OBSL1 obscurin-like 1 0.009828 −1.5
RNPEP arginylaminopeptidase (aminopeptidase B) 0.000196 −1.5
BAT3 HLA-B associated transcript 3 0.001025 −1.51

DYNC1H1 dynein, cytoplasmic 1, heavy chain 1 0.004793 −1.51
FOXP1 forkhead box P1 0.001132 −1.51

MAP4K4 mitogen-activated protein kinase
kinasekinasekinase 4 0.000309 −1.51

GRN Granulin 0.008224 −1.52
MED14 mediator complex subunit 14 0.001012 −1.52

HS3ST1 heparan sulfate (glucosamine)
3-O-sulfotransferase 1 0.007768 −1.53

SEC14L1 SEC14-like 1 (S. cerevisiae) 0.005745 −1.53
SNRNP200 small nuclear ribonucleoprotein 200k Da (U5) 0.001182 −1.53

BBS1 Bardet–Biedl syndrome 1 0.000834 −1.54
MAN2B2 mannosidase, alpha, class 2B, member 2 0.00033 −1.54
MYLIP myosin regulatory light chain interacting

protein 0.006807 −1.55
KIAA0513 KIAA0513 0.004853 −1.56
KDM5A lysine (K)-specific demethylase 5A 0.000431 −1.57
PCSK5 proproteinconvertasesubtilisin/kexintype 5 0.002482 −1.58

GAS2L1 growth arrest-specific 2 like 1 0.005994 −1.59
MGC21881 hypothetical locus MGC21881 0.009274 −1.59

PLCL1 phospholipase C-like 1 0.009504 −1.59
ZSWIM5 zinc finger, SWIM-type containing 5 0.005745 −1.59

VIM Vimentin 0.001645 −1.6
CRISPLD2 cysteine-rich secretory protein LCCL domain

containing 2 0.00095 −1.61
GPSM1 G-protein signaling modulator 1 0.002004 −1.61
CHST3 carbohydrate (chondroitin 6) sulfotransferase

3 0.001192 −1.63
SCAP SREBF chaperone 0.008736 −1.63

LAMP1 lysosomal-associated membrane protein 1 0.008512 −1.64
SH3PXD2B SH3 and PX domains 2B 0.004433 −1.64

SP110 SP110 nuclear body protein 0.00000735 −1.66

PHEX phosphate regulating endopeptidase
homolog, X-linked 0.004347 −1.67

FOXO1 forkhead box O1 0.001054 −1.68
TPP1 tripeptidyl peptidase I 0.009215 −1.69

LGALS3BP lectin, galactoside-binding, soluble, 3 binding
protein 0.007244 −1.71

ABCA8 ATP-binding cassette, sub-family A (ABC1),
member 8 0.004646 −1.76

CADM1 cell adhesion molecule 1 0.003501 −1.77
CLSTN1 calsyntenin 1 0.002802 −1.77

FOS FBJ murine osteosarcoma viral oncogene
homolog 0.00617 −1.81

MYO10 myosin X 0.004334 −1.86
KLF2 Kruppel-like factor 2 (lung) 0.003583 −1.87
INSR insulin receptor 0.008567 −1.88
IER2 immediate early response 2 0.006056 −1.91

CNKSR3 CNKSR family member 3 0.004281 −1.99
GPC4 glypican 4 0.003565 −2.08

MYADM myeloid-associated differentiation marker 0.002895 −2.14
PXDN peroxidasin homolog (Drosophila) 0.00015 −2.15
DAPK1 death-associated protein kinase 1 0.001645 −2.17

ZFP36 zinc finger protein 36, C3H type, homolog
(mouse) 0.000679 −2.38

FC, fold change between patients with history of OHSS as compared to PCOS patients. Negative sign indicates
down-regulation.
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Figure 1. Global transcriptional changes associated with history of OHSS. (A) The unsupervised
principal component analysis (PCA) and (B) two-dimensional hierarchical clustering analysis clearly
distinguished individuals with PCOS with a positive history of OHSS from those without OHSS
(A,B, respectively). The expression level of each gene across the samples is normalized to [−3, 3]. Hi-
erarchical clustering was performed using Pearson’s correlation with average linkage clustering. Pink
spheres indicate OHSS, blue spheres indicate PCOS (without OHSS). Red and green in the heatmap
denote highly and weakly expressed genes, respectively. (C) Over-represented biological functions
and (D) significantly altered canonical pathways associated with DEG (up- or down-regulated) in
OHSS patients. X-axis indicates the significance (−log p-value) of the functional/pathway association
that is dependent on the number of genes in a class as well as biological relevance. The threshold line
represents a p-value of 0.05.

3.3. Functional, Pathway and Gene Network Analysis of Dysregulated Genes

The gene ontology (GO) and functional analyses of differentially expressed genes in
the OHSS group compared to PCOS were performed using IPA and DAVID Bioinformatics
Resources [18,22]. The biological functions assigned to the data set were ranked according
to the significance of the biological function to the dataset. As presented in Figure 1C,
differentially expressed genes were enriched with functional categories including cellular
development, connective tissue development and function, inflammatory and immune
response, cellular growth and proliferation (including DCN, FOXP1, GRN, IL33, INSR,
KLF2, FOXO1, FOS, VIM, PAPPA, and ZFP36). Significantly, altered canonical pathways in
the OHSS included the PPAR, IL6, IL10, NF-κB and 14-3-3-mediated signaling pathways
(Figure 1D).

To gain an in-depth insight into the interactions of the dysregulated genes involved
in the different pathways, genes that were significantly dysregulated in the OHSS were
mapped to the gene networks using the Ingenuity Pathway Analysis [22,23]. The network
analysis revealed potentially important hub genes, including DCN, IL33, VIM, VEGF, GPC4,
KLF2, ELOVL5, KDM5A, Immunoglobulin, ZFP36, and the NF-κB, FOXO, and JAK/STAT
signaling pathways that may be relevant to the pathophysiology of OHSS (Figure 2).
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Figure 2. Gene interaction network analysis of significantly dysregulated genes in OHSS group.
Top-scoring gene interaction networks with high relevancy scores are shown. Nodes represent genes
and the edges indicate biological relationship between the nodes. Straight and dashed lines represent
direct or indirect gene-to-gene interactions, respectively. The functional class of the gene product are
represented with different shapes (see legend). Red/green indicated up- (down-) regulated in OHSS
compared to PCOS group. The color intensity is correlated with fold change.

3.4. Confirmation of Gene Expression Using qRT-PCR

To validate the microarray results, confirmatory qRT-PCR was performed for randomly
selected 21 significantly differentially expressed genes (p-value < 0.01), namely FOXO1,
FOXO3, FOXP1, GPC4, GPSM1, IL33, INSR, KLF2, MAN2B2, MYO10, NAGA, PAPPA,
PCSK5, PHEX, PLD2, RABGAP1, SIN3A, SQSTM1, TCF7L2, USP9X, and ZFP36, in OHSS
compared to PCOS group (Figure S1). A strong correlation existed between the microarray
and the qRT-PCR results (r = 0.9).

4. Discussion

In this study, we performed a transcriptomic comparison of PCOS patients with a
history of OHSS to those patients with no history of OHSS using granulosa cells in order
to identify potential markers for OHSS and to understand its biology. To the best of our
knowledge, this is the largest cohort of Saudi PCOS cases (with or without OHSS) to date
that was analyzed using a transcriptomic approach.

Our results revealed the potentially important roles of genes related to cellular devel-
opment, connective tissue development and function, inflammatory and immune response,
cellular growth and proliferation, and reproductive system development and function,
including genes such as FOXP1, FOXO1, DCN, IL33, INSR, KLF2, PAPPA, VIM, and ZFP36,
that have significant gene expression changes in the OHSS group compared to PCOS
patients [24–26]. Forkhead box (FOX) transcription factor family members have critical
aspects in modulating the genes that are important for various cellular processes such as cell
growth, differentiation, and longevity and some of which have a crucial role in embryonic
development [27], particularly in female reproduction [28]. Interestingly, Forkhead box P1
(FOXP1) is known to cause estrogen-dependent endometrial cancers through the KRAS
pathway. Moreover, altered FOXP1 expression and Wnt-related β-catenin acetylation were
observed in endometriotic stromal cells from endometriosis patients [29]. Knockdown
experiments pointed out the dysregulation of genes involved in Wnt signaling and reca-
pitulated the endometriotic cellular activities such as reducing collagen gel contraction
and inhibiting cell proliferation [29]. Several studies have shown that the deletion of
the FOXO1 leads to embryonic cell death as a result of incomplete blood vessel develop-
ment [30,31] and may have a critical role in placental morphogenesis in the developing
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embryo [32,33]. FOXO1 was implicated in putatively regulating genes involved in lipid
and sterol biosynthesis, suggesting that it may play a role in follicular steroidogenesis
(Liu et al., 2009). Furthermore, the expression of FOXO1 is shown to be associated with
estrogen receptors alpha (ER-α) and beta (ER-β), which are produced primarily by the
ovaries and the placenta during pregnancy. The follicle-stimulating hormone (FSH) stimu-
lates the ovarian production of estrogens by the granulosa cells of the ovarian follicles and
corpora lutea [34,35]. The pregnancy-associated plasma protein A (PAPPA) is significantly
up-regulated in OHSS patients. PAPPA may have a role in female fertility by modulating
ovarian function, preeclamptic placentae and steroidogenesis [24,36].

Zing finger protein (ZFP36), Kruppel-like factor 2 (KLF2), insulin receptor (INSR),
elongation of very-long-chain fatty acid (ELOVL5) and Glypican-4 (GPC4) were found to be
significantly altered in OHSS. GPC4, which is an adipokine that interacts with the INSR and
influences insulin sensitivity [37], was down-regulated in OHSS, which may have a likely
role in affecting the control of cell division, growth regulation, body fat distribution, insulin
resistance, and arterial stiffness in OHSS [38]. Zing finger protein, ZFP36, was shown to be
crucial for female fertility and early embryonic development [25] and influences ovulation
and oocyte maturation [39,40]. Therefore, it was proposed as a promising candidate gene for
obesity-associated metabolic complications [41]. Altered insulin functions have long been
associated with abnormalities in female reproduction [42,43]. Conditions associated with
insulin resistance, such as obesity and diabetes mellitus, are often accompanied by increased
adiposity or hyperglycemia [44]. Obesity and diabetes are independently associated with
an altered female reproductive function [13,45,46]. Interestingly, a recent study reported
that ELOVL5 is involved in embryonic development and lipid metabolism [47]. KLF2 is
expressed in endothelial cells and inhibited by the inflammatory cytokine interleukin-1,
hence, implicated as a novel regulator response to proinflammatory stimuli [48]. KLF2′s
inhibition for endothelial cell migration and angiogenesis is partly attributed to its ability
to inhibit the VEGF receptor (VEGFR) 2/kinase insert domain-containing receptor (KDR)
expression [49]. Moreover, G-protein signaling modulator 1 (GPSM1) and Myosin X
(MYO10) also displayed dysregulation in OHSS patients. GPSM1 plays a critical role in
regulating mitotic spindle orientation, cell polarity, and adenylyl cyclase activity [50] and
MYO10 has key functions in filopodia. Experiments with fibroblast-like cells have revealed
that MYO10 localizes to the tips of filopodia and undergoes intrafilopodial motility [51].

The pathway and gene network analyses revealed significant alterations in the PPAR,
IL6, IL10, FOXO, JAK/STAT and NF-κB signaling pathways and potentially critical roles of
IL33, VEGF, INSR, FOS, TGf-β, LIFR, and immunoglobulin that may be relevant to the patho-
physiology of OHSS [52–54]. Indeed, previous studies also reported the involvement of the
immune system, cytokines, and growth factors in the pathogenesis of OHSS [52,53,55,56].
For example, VEGF was implicated as having a significant role in the development of
OHSS [26,52,54,57]. IL33 acts as both an extracellular cytokine and an intracellular nuclear
factor with transcriptional regulatory properties [58]. IL33 was shown to have higher levels
in PCOS patients compared to the controls [59]. Interestingly, dehydroepiandrosterone
(DHEA)-induced PCOS in rats was shown to respond to omega-6 fatty acid (γ-linolenic acid
(GLA)) treatment that led to a significant decrease in IL-33 levels in the rat’s ovaries, hence,
implicating GLA’s potential use for likely human-related treatments for inflammatory
responses in PCOS via the PPAR-γ pathway [60]. Previous studies have reported that the
JAK/STAT pathway plays a critical role in the regulation of functions including immune
regulation, growth, fertility, and embryogenesis [61–64].

A limitation of this study was that we had a relatively small sample size within the
OHSS group. As the occurrence of OHSS is quite low (about 5% of treated women may
encounter moderate and severe OHSS), we were able to recruit six patients with a history of
OHSS (n = 6) (four patients had a history of OHSS and two had it in the current cycle) and
18 without any history of OHSS (n = 18) for our whole-genome expression analysis. This
was, indeed, achieved after several years of sample collection. For whole-genome studies of
such rare human diseases, including PCOS/OHSS, this number is considered a reasonable
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number to be able to identify differentially expressed genes (DEGs) for discovery-related
investigations [6,54,65]. In addition, we used a stringent cutoff for selecting the DEGs; a
p-value (of less than 0.01) as well as the fold change criteria. Furthermore, we performed
an independent experimental method (qRT-PCR) to validate the microarray results and
there was a strong correlation that existed between the microarray and qRT-PCR results
(r = 0.9). Future studies may focus on investigating functional mechanisms and further
validating the findings on a larger group of patient cohorts.

5. Conclusions

In conclusion, in this study, we identified markers and altered pathways that may
have the potential to differentiate the patients who may be prone to developing OHSS
and understanding the biology of its development, which opens new avenues for further
research to confirm these findings.
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results (r = 0.9). Table S1: The sequences of 21 primers (forward and reverse) employing B-ACTIN as
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Abstract: Purpose: In recent years, a growing number of studies have supported the beneficial
effects of a very short abstinence period on sperm parameters, especially in patients with oligoas-
thenozoospermia. However, the results are controversial and no consensus exists regarding whether
to request a second semen collection in clinical practice. Therefore, this systematic review and
meta-analysis aimed to evaluate the influence of a very short abstinence period (within 4 h) on
conventional sperm parameters and sperm DNA fragmentation (SDF) rate. Materials and Methods:
The literature search was performed using Scopus and PubMed databases. The meta-analysis was
conducted according to the Preferred Reporting Items for Systematic Review and Meta-Analysis
Protocol (PRISMA-P) guidelines. All eligible studies were selected according to the Population,
Intervention, Comparison/Comparator, Outcomes, and Study design (PICOS) model. The quality
of evidence of the included studies was analyzed through the Cambridge Quality Checklists. The
standardized mean difference (SMD) was used to analyze the outcomes. Cochran-Q and I2 statistics
were used to evaluate statistical heterogeneity. Results: We assessed for eligibility 1334 abstracts,
and 19 studies were finally included. All 19 articles evaluated the effects of a very short abstinence
period on sperm parameters and, among these, 5 articles also evaluated the effects on SDF rate. The
quantitative analysis showed a significant reduction in semen volume after a very short abstinence pe-
riod in both normozoospermic men and patients with oligozoospermia, asthenozoospermia, and/or
teratozoospermia (OAT) patients. We found a statistically significant increase in sperm concentration
and total and progressive motility in the second ejaculation of patients with OAT. In contrast, the
SDF rate decreased significantly in the second ejaculate of OAT patients. Conclusions: This is the first
systematic review and meta-analysis investigating the impact of a very short abstinence period on
sperm parameters and SDF rate. The results suggest that collecting a second consecutive ejaculation
after a very short time from the first could represent a simple and useful strategy for obtaining
better-quality spermatozoa, especially in patients with abnormal sperm parameters.

Keywords: ejaculatory abstinence; sexual abstinence period; consecutive ejaculation; sperm DNA
fragmentation; couples infertility

1. Introduction

The World Health Organization (WHO) defines infertility as the inability to conceive
after at least 12 months of regular, unprotected sexual intercourse [1]. Infertility remains
a global public health issue, affecting approximately 8–12% of couples of reproductive
age [2]. The male factor is responsible for couples’ infertility in about half of the cases [3].
Several causes contribute to the increasing prevalence of male infertility, which may be
related to congenital, acquired, and idiopathic factors that impair spermatogenesis [3]. The
causes of male infertility can be classified as factors acting at the pre-testicular, testicular, or
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post-testicular level. Nevertheless, despite several steps forward, male infertility remains
a poorly understood area. In fact, to date, 50% of infertile patients have not received an
etiological diagnosis and are defined as having idiopathic infertility [3]. Lifestyle and
environmental factors, such as smoking [4], obesity [5], endocrine disruptors [6], exposure
to heavy metals [7], or psychological stress [8], can play an important role in increasing the
prevalence of male infertility.

Conventional sperm parameters (sperm concentration, motility, and morphology)
are among the many predictors of male fertility and, to date, are still regarded as the
cornerstone of fertility diagnosis despite the wide variability existing within and between
men [9]. These variations may be attributed to several modifiable factors, including the
latter and the length of sexual abstinence and the ejaculation frequency. Among these,
sexual abstinence is often overlooked, although the length of sexual abstinence has been
shown to influence sperm parameters. WHO laboratory manuals for the examination
and processing human semen published since 1980 and the most recently released in
2021 [10] recommend that semen should be collected for semen analysis after a minimum
of 2 days and a maximum of 7 days of sexual abstinence and this instruction has remained
unchanged in all these years. However, the European Society of Human Reproduction
and Embryology (ESHRE) recommends an abstinence period of only 3–4 days [11]. The
basis for these recommendations is unclear and much evidence shows that a change in the
current indications on the abstinence length is needed [12,13]. Many years ago, McLeod
and Gold indicated that the period of abstinence should be based on the frequency of
copulation [14]. They reported that a coital frequency of fewer than three times per week
could result in delayed fertility due to a missing ovulatory window and/or impaired sperm
parameters [14].

Several studies have investigated the influence of the length of sexual abstinence on
sperm parameters, although the results are still controversial. Indeed, a longer abstinence
period appears to improve semen fluid volume and sperm count whereas the effects on
sperm motility, morphology, and DNA fragmentation (SDF) rate are still contradictory [15].
Furthermore, a growing number of studies have focused on the possibility to use a second
ejaculation collected after a very short period of abstinence in infertile patients, especially
in patients with oligoasthenozoospermia (OA). We previously reported that a second
consecutive ejaculate (collected within 1 h from the first) resulted in better conventional
sperm parameters (motility and morphology) and a lower percentage of spermatozoa with
fragmented DNA in normozoospermic male partners of infertile couples and even more
in patients with oligoasthenoteratozoospermia (OAT) [16]. Our findings were in line with
the most recent literature [17–22]. However, no consensus exists on whether to request a
second successive sample.

Therefore, this systematic review and meta-analysis aimed to evaluate the influence of
a very short abstinence period on conventional sperm parameters and the SDF rate.

2. Materials and Methods

2.1. Sources

This study was performed by applying the Preferred Reporting Items for Systematic
Review and Meta-Analysis Protocols (PRISMA-P) [23]. The PRISMA checklist is reported in
Supplementary Table S1. The articles were selected through extensive searches in PubMed
and Scopus databases from their establishment until June 2022. In detail, the follow-
ing search string was used to search the Scopus database: TITLE-ABS-KEY (consecutive
AND ejaculate) OR TITLE-ABS-KEY (consecutive AND ejaculation) OR TITLE-ABS-KEY
(consecutive AND semen collection) OR TITLE-ABS-KEY (repeated AND ejaculate) OR
TITLE-ABS-KEY (repeated AND ejaculation) OR TITLE-ABS-KEY (repeated AND semen
collection) OR TITLE-ABS-KEY (second AND ejaculation) OR TITLE-ABS-KEY (second
AND ejaculate). Additional manual searches were carried out using the reference lists of
relevant studies. The search was limited to human studies and only English articles were
selected. All abstracts and relevant full texts were evaluated. Two authors independently
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(F.B. and A.C.) reviewed the abstracts and selected only the articles that were pertinent
to the objective of this study. Any disagreement was resolved by discussion with a third
investigator (R.C.). The reference lists of the identified articles were also used to find
pertinent studies.

2.2. Study Selection

All the eligible studies were selected following the PICOS (Population, Intervention,
Comparison/Comparator, Outcomes, Study design) model (Table 1). We considered for
inclusion all studies that evaluated the effects of a very short abstinence period (within
4 h) on sperm parameters (volume, concentration, total and progressive motility, and
morphology) and SDF rate. Case reports, comments, letters to the editor, systematic or
narrative reviews, and studies that did not allow extracting the outcomes of interest were
excluded from the analysis.

Table 1. Selection criteria in included studies (PICOS) (Population, Intervention, Compari-
son/Comparator, Outcomes, Study design) model of the current systematic review and meta-analysis.

Inclusion Exclusion

Population Men of reproductive age Azoospermia, age < 18 years

Intervention Short-second ejaculation (within 4 h) Second ejaculation > 4 h

Comparison Ejaculation after an abstinence sexual
period between 2–7 days /

Outcome

Sperm conventional parameters
(semen volume, sperm concentration,

sperm progressive motility, sperm
total motility, sperm morphology)

and SDF

/

Study type Observational, cohort, cross-sectional,
and case–control

Case reports, comments, letters to
the editor, systematic or narrative
reviews, in vitro studies, studies

on animals
Abbreviations: SDF, sperm DNA fragmentation.

2.3. Data Extraction

Data extraction was performed by one author (F.B.) and verified by a second one
(A.C.). Disagreements were resolved by a third author (A.E.C.). The following data were
collected: sperm conventional parameters (semen volume, sperm concentration, sperm
progressive motility, sperm total motility, sperm morphology) and SDF of the first and
second ejaculation, semen characteristics of patients enrolled (normozoospermic or OAT),
abstinence period of first ejaculate, abstinence period of second ejaculate (within 4 h), and
methods used for semen analysis and for the assessment of SDF.

2.4. Quality of Evidence

The quality assessment of the articles included in this systematic review and meta-
analysis was performed using the “Cambridge Quality Checklists” [24]. This checklist
comprises three domains designed to identify high-quality studies of correlates, risk factors,
and causal risk factors. The checklist for correlates consists of five items that can be given a
score of zero or one for a total of five. It evaluates the appropriateness of the sample size
and the quality of the outcome measurements. The checklist for risk factors consists of three
items; the selection of one of the three items excludes the other two, with a maximum score
of 3 points. This checklist assigns high-quality scores only to those studies with appropriate
time-ordered data. Finally, there is the checklist for causal risk factors that evaluates the
type of study design, assigning the highest score to randomized clinical trials (RCTs) and
the lowest score to cross-sectional studies without a control group. The maximum score
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is seven. To draw confident conclusions about correlates, the correlate score must be
high. This means that the sample size must be large and the outcome assessment must
be adequate and reproducible. To draw confident conclusions about risk factors, both
the checklists for correlates and risk factor scores must be high. Thus, the studies that
allow the most reliable conclusions to be drawn are prospective studies. To draw confident
conclusions about causal risk factors, all three checklist scores must be high. Thus, in the
absence of randomized clinical trials, confident conclusions can be drawn from studies
with adequately controlled samples.

2.5. Statistic Analysis

The standard mean difference (SMD) with the 95% confidential interval (CI) was
calculated for quantitative variables. The Cochran-Q and I2 statistics were used to evaluate
the statistical heterogeneity. Specifically, if I2 resulted in being lower or equal to 50%,
the variation in the studies was considered to be homogenous and the fixed effect model
was adopted. If I2 was higher than 50%, there was significant heterogeneity between
studies, and the random effects model was used. All p-values lower than 0.05 were
considered statistically significant. The analysis was performed using RevMan software
v. 5.4 (Cochrane Collaboration, Oxford, UK) and Comprehensive Meta-Analysis Software
(Version 2) (Englewood, NJ, USA).

We undertook the sensitivity analysis with the exclusion method one study at a time.
Therefore, the pooled effect size and corresponding CI were calculated after exclusion of
one study at a time. A study that resulted in the inference changing after its exclusion was
labeled a “sensitive study”.

We qualitatively analyzed the presence of publication bias from the asymmetry of the
funnel plot, which suggested some missing studies on one side of the graph. Quantitative
analysis of publication bias was performed using Egger’s intercept test, which assessed
statistical significance of publication bias. In case of publication bias, unbiased estimates
were calculated using the “trim and fill” method [25].

3. Results

The aforementioned search strategy identified 1334 records. After the exclusion of
103 duplicates, the remaining 1231 articles were screened. Of these, 1202 were judged to
be not pertinent for their topic after reading their titles and abstracts, 3 were excluded
because they were reviews, and 4 were excluded because they were studies conducted on
animals. One study was excluded because it was written in Chinese. Twenty-one studies
were carefully read. Among these, two studies were excluded for their experimental
design. Finally, 19 articles met our inclusion criteria and were, therefore, included in the
analysis [16–22,26–37]. All 19 articles evaluated the effects of a very short abstinence period
on sperm parameters and among these, 5 articles also evaluated the SDF rate [16,21,31,32,36]
(Figure 1). All studies were judged to be of low quality after the assessment with the
Cambridge Quality Checklists (Table 2). The main characteristics of the studies included in
the systematic review and meta-analysis are reported in Table 3.
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Figure 1. Flowchart of studies included.

Table 2. Evaluation of study quality using “The Cambridge Quality Checklists”.

Authors and Year of Publication
Checklist for

Correlates

Checklist
for Risk
Factors

Checklist
for Casual

Risk Factors
Total

Zverina et al., 1988 [26] 1 1 3 5/15

Tur-Kaspa et al., 1994 [27] 1 1 3 5/15

Barash et al., 1995 [28] 1 1 3 5/15

Bar-Hava et al., 2000 [29] 1 1 3 5/15

Sugiyam et al., 2008 [30] 1 1 3 5/15

Hussein et al., 2008 [31] 1 1 3 5/15

Bahadur et al., 2016 [17] 1 1 3 5/15

Ortiz et al., 2016 [18] 1 1 3 5/15

Mayorga-Torres et al., 2016 [32] 2 1 3 6/15

Alipour et al., 2017 [19] 2 1 3 6/15

Ragheb et al., 2018 [20] 1 1 3 5/15

Shen et al., 2019 [21] 2 1 3 6/15

Scarselli et al., 2019 [33] 2 1 3 6/15

Manna et al., 2020 [16] 2 1 3 6/15

Ciotti et al., 2021 [22] 1 1 3 5/15

Alipour et al., 2021 [34] 2 1 3 6/15

Barbagallo et al., 2021 [35] 2 1 3 6/15

Kulkarmi et al., 2022 [36] 1 1 3 6/15

Patel et al., 2022 [37] 1 1 3 5/15
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3.1. Effects of a Short Period of Abstinence on Semen Parameters
3.1.1. Semen Volume
Semen Volume: Qualitative Analysis

Eighteen studies evaluated the effect of a very short abstinence period on semen
volume [16–22,26–34,36,37] (Table 3). Seventeen of them (94.4%) showed a lower semen
volume after a very short sexual abstinence period [16–22,26–32,34,36,37]. Only one study
did not find any significant change in semen volume in three healthy men after a very
short abstinence period [32]. In detail, the authors evaluated the effects of four repeated
ejaculations on the same day at two-hour intervals on semen parameters. Data of only the
first two ejaculations (after 2 and 4 h, respectively) met our inclusion criteria and, therefore,
they were included in our analysis. The authors showed a decreasing trend in semen
volume in the second, third, and fourth collections after two hours of abstinence compared
to the first one after 3–4 days of abstinence [32]. The very small sample size (n = 3) of this
study may explain the lack of a statistically significant decrease in semen volume with
shorter abstinence.

Semen Volume: Quantitative Analysis

The quantitative analysis of semen volume was performed in data extracted from
16 studies [16–20,22,27–34,36,37]. Although reported a reduction in semen volume, the
study conducted by Shen et al. [21] was excluded from the quantitative analysis because
no data regarding media, median, and standard deviation were reported in the article. The
studies conducted by Tur-Kaspa et al. [27] and Alipour et al. [19,34] did not report data on
median and standard deviation (SD) for semen volume, however, they were included in
the quantitative analysis because they were calculated using the median, the minimum,
and maximum values. Zverina et al. did not report if the men included in their study were
normozoospermics or had OAT [26]. Furthermore, it was not possible to obtain these data
from sperm parameters of the first semen collection because the authors did not report
which WHO manual was used to perform semen analysis. For this reason, we decided to
include the study conducted by Zverina et al. only in qualitative analysis but not in the
quantitative one. The study by Hussein and colleagues [31] was considered twice since
they evaluated the effects of a short period of abstinence on semen volume in a group
of patients with oligo and/or asthenozoospermia and in a control group of fertile men.
Mayorga-Torres and colleagues evaluated the effects of four repeated ejaculations on the
same day at two-hour intervals (2, 4, 6, and 8 h) [32]. Therefore, Mayorga-Torres’s study
was considered twice because we included the data after 2 h and 4 h and we excluded data
regarding the samples after 6 and 8 h [32]. Again, Manna’s study [16] was also considered
twice because it included a group of normozoospermic men and a group of patients with
OAT. Furthermore, Tur-Kaspa and colleagues included two different groups: 27 patients
with oligozoospermia and 23 OAT patients; therefore, this study was considered twice [27].

The statistical analysis showed a significant reduction in semen volume after a short
period of abstinence in both normozoospermic men [SMD −1.16 (−1.44, −0.88); p < 0.00001]
and oligozoospermic, asthenozoospermic, and/or teratozoospermic patients [SMD −1.49
(−2.25, −0.74); p = 0.0001] (Figure 2).
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Figure 2. Forest plot of studies that evaluated the effects of a very short abstinence period on semen
volume (expressed in mL). The following studies were included in the quantitative analysis (in order
of appearance in the manuscript): Manna et al., 2020 [16], Bahadur et al., 2016 [17], Ortiz et al.,
2016 [18], Alipour et al., 2017 [19], Ragheb et al., 2018 [20], Ciotti et al., 2021 [22], Tur-Kaspa et al.,
1994 [27], Barash et al., 1995 [28], Bar-Hava et al., 2000 [29], Sugyam et al., 2008 [30], Hussein et al.,
2008 [31], Mayorga-Torres et al., 2016 [32], Scarselli et al., 2019 [33], Alipour et al., 2021 [34], Kulkarmi
et al., 2022 [36], and Patel et al., 2022 [37].

For the analysis of normozoospermic men, no inter-study heterogeneity was found, as
demonstrated by the Q-test (Q-value = 0.71; p-value = 0.98) and I2 = 0%. Egger’s regression
model and funnel plots reported no risk of bias (intercept = 0.096, 95% CI −0.96–1.16,
p = 0.40) (Supplementary Figure S1A). At the sensitivity analysis, no study was sensitive
enough to alter the above-reported results (Supplementary Figure S1B).

The analysis of patients with oligozoospermia, asthenozoospermia, and/or terato-
zoospermia showed the presence of inter-study heterogeneity (Q-value = 516.05; p-value
= 0.000; I2 = 97%) and, therefore, the random model was used. Egger’s regression model
and funnel plots reported risk of bias (intercept = −10.50, 95% CI −21.66–0.66, p = 0.03)
(Supplementary Figure S2A). Three studies were the source of bias [20,27,29]. Once the
data from these studies were excluded, heterogeneity decreased (Chi2 = 21.91, I2 = 30%)
and the reduction in semen volume in the second sample remained significantly lower
[SMD −0.79 (−0.96, −0.62); p < 0.00001]. However, at the sensitivity analysis, no study was
sensitive enough to alter the above-reported results (Supplementary Figure S2B).

3.1.2. Sperm Concentration
Sperm Concentration: Qualitative Analysis

Eighteen studies evaluated the effects of a short abstinence period on sperm concentra-
tion (Table 3) [16–22,26–36]. Among these, six studies described an increase in sperm con-
centration in the second ejaculation after a very short abstinence period [18,20,21,27,29,36].
Five of the six studies which demonstrated an improvement in sperm concentration were
conducted in patients with oligozoospermia, asthenozoospermia, and/or teratozoosper-
mia, whereas one study was conducted on 167 couples who underwent their first round of
IVF but information on semen parameters of the first ejaculate of male partners was not
reported [21]. Among these six studies, Tur-Kaspa et al. [27] evaluated two different groups:
27 patients with oligozoospermia and 23 with OAT. The authors found a statistically sig-
nificant increase in sperm concentration only in patients with OAT, whereas patients with
oligozoospermia had higher but not significant sperm concentration in the second ejacula-
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tion. In contrast, four studies reported a reduction in sperm concentration in the second
sample [16,19,31,34]. Interestingly, all these studies were conducted on normozoospermic
patients. In particular, Hussein et al. [31] included 20 patients with altered sperm param-
eters and 10 normozoospermic men. They found a statistically significant reduction in
sperm concentration only in the second group. Likewise, Manna et al. [16] reported a
decrease in sperm concentration only in 30 normozoospermic men and not in patients with
OAT. Alipour et al. found a statistically significant reduction in sperm concentration in the
second ejaculate collected after 2 h of the first one in 31 normozoospermic men [34]. The
remaining studies did not find statistically significant changes in sperm concentration after
a short period of abstinence

Sperm Concentration: Quantitative Analysis

Data from 16 studies were included in the quantitative analysis for the evaluation
of the impact of a short abstinence period on sperm concentration [16–20,22,27–36]. The
study by Shen et al. [24] was excluded from the quantitative analysis because no data on
mean, median, or standard deviation were reported. For the same reasons reported in
the paragraph on semen volume, the studies conducted by Tur-Kaspa et al. [27], Hussein
et al. [31], Mayorga-Torres et al. [32], and Manna et al. [16] were considered twice in
the quantitative analysis. The studies conducted by Tur-Kaspa [27] and Alipour et al.
in 2017 and 2021 [19,34] did not report data of mean and standard deviation for sperm
concentration but they were included in the quantitative analysis because media ± SD
were calculated using the median, the minimum, and maximum values. As reported
for semen volume, the study conducted by Zverina et al. [26] was not included in the
quantitative analysis because authors did not report if men included in their study were
normozoospermic or OAT.

The statistical analysis showed a reduction in sperm concentration in the second
ejaculation of normozoospermic men [SMD −0.73 (−1.13, −0.34); p = 00003]. In contrast,
sperm concentration significantly increased in patients with abnormal sperm parameters
[SMD 0.87 (0.22, 1.51); p = 0.009] (Figure 3).

 

Figure 3. Forest plot of studies that evaluated the effects of a very short abstinence period on
sperm concentration (expressed in mil/mL). The following studies were included in the quantitative
analysis (in order of appearance in the manuscript): Manna et al., 2020 [16], Bahadur et al., 2016 [17],
Ortiz et al., 2016 [18], Alipour et al., 2017 [19], Ragheb et al., 2018 [20], Ciotti et al., 2021 [22], Tur-
Kaspa et al., 1994 [27], Barash et al., 1995 [28], Bar-Hava et al., 2000 [29], Sugyam et al., 2008 [30],
Hussein et al., 2008 [31], Mayorga-Torres et al., 2016 [32], Scarselli et al., 2019 [33], Alipour et al.,
2021 [34], Barbagallo et al.,2021 [35], and Kulkarmi et al., 2022 [36].
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The I2 (40%) revealed no inter-study heterogeneity in the studies conducted on nor-
mozoospermic men. However, this was not confirmed by the Q-test (Q-value = 11.141;
p-value = 0.049). Egger’s regression model and funnel plots reported no risk of bias (inter-
cept = −1.38, 95% CI −5.03–2.27, p = 0.18) (Supplementary Figure S3A). At the sensitivity
analysis, no study was sensitive enough to alter the above-reported results (Supplementary
Figure S3B). The analysis of patients with abnormal sperm parameters revealed the presence
of inter-study heterogeneity, as confirmed by the Q-test (Q-value = 440.766; p-value = 0.000)
and I2 = 97%. The analysis of publication bias revealed no source of biases at Egger’s
regression model and funnel plots (intercept = 2.06, 95% CI −10.91–15.03, p = 0.36) (Supple-
mentary Figure S4A). At the sensitivity analysis, no study was sensitive enough to alter the
above-reported results (Supplementary Figure S4B).

3.1.3. Total Sperm Motility
Total Sperm Motility: Qualitative Analysis

Fifteen studies evaluated the impact of a very short abstinence period on total sperm
motility [16,18–20,22,26–30,32–36] (Table 3). The study by Hussein et al. [31] was excluded
because they did not report total sperm motility but only partial data regarding sperma-
tozoa with rapid progressive (A), slow progressive (B), and non-progressive motility (C),
and non-motile (D) spermatozoa. The authors described a significant increase in A and B
and a significant decrease in C. The study by Bahadur et al. was excluded for the same
reason [17]. They described a significant increase in A and a significant decrease in B, C,
and D. Similarly, Shen et al. reported a significant improvement in motile sperm count
in the second ejaculation compared to the first one [21]. Ten of the fifteen studies (66.6%)
demonstrated a statistically significant increase in total sperm motility in the second ejacu-
late [16,18,20,22,28–30,35,36]. In particular, 10 out of 11 studies were conducted on patients
with altered sperm parameters and only the study of Alipour et al. reported an increase
in total sperm motility in 43 normozoospermic men [19]. Manna et al. [16] included 30
normozoospermic men and 36 OAT patients, although, in both groups, they found an
increase in total sperm motility, the improvement reached statistical significance only in
OAT patients. Four of the sixteen studies were unable to show significant alterations in
sperm motility in the consecutive ejaculate collected within 4 h [27,32–34]. Only one study
reported a statistically significant reduction in sperm motility [26]. However, this study was
performed in 1988, and the WHO manual was not used to perform the semen analysis. The
authors evaluated sperm motility and sperm velocity of the second ejaculation collected 1 h
after the first one, in 107 men with an infertile marriage for at least one year. The different
methodologies used could explain the different results from all the others.

Total Sperm Motility: Quantitative Analysis

The data on the effects of a short abstinence period on total sperm motility could be
extracted from 14 studies [16,18–20,22,27–30,32–36]. The study conducted by Zverina et al.
was not included in the quantitative analysis because the authors did not report if the
men included in their study were normozoospermic or had OAT [26]. As for other sperm
parameters, the studies conducted by Tur-Kaspa et al. [27], Mayorga-Torres et al. [32],
Manna et al. [16] were considered twice in the quantitative analysis. For the studies
conducted by Tur-Kaspa [27] et al. and Alipour et al. 2017 and 2022 [19,34], the mean of
total sperm motility was calculated using the median, the minimum, and maximum values.
The statistical analysis showed that a second ejaculation after a short period of abstinence
improved total sperm motility only in patients with abnormal sperm parameters [SMD
7.59 (3.74, 11.44); p = 0.0001] without any significant changes in normozoospermic men
[SMD 4.32 (−1.03, 9.66); p = 0.11] (Figure 4).
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Figure 4. Forest plot of studies that evaluated the effects of a very short abstinence period on total
sperm motility (expressed in percentage). The following studies were included in the quantitative
analysis (in order of appearance in the manuscript): Manna et al., 2020 [16], Ortiz et al., 2016 [18],
Alipour et al., 2017 [19], Ragheb et al., 2018 [20], Ciotti et al., 2021 [22], Tur-Kaspa et al., 1994 [27],
Barash et al., 1995 [28], Bar-Hava et al., 2000 [29], Sugyam et al., 2008 [30], Mayorga-Torres et al.,
2016 [32], Scarselli et al., 2019 [33], Alipour et al., 2021 [34], Barbagallo et al., 2021 [35], and Kulka-
rmi et al., 2022 [36].

In the analysis of normozoospermic men, inter-study heterogeneity was observed, as
confirmed by the Q-test (Q-value = 37.389; p-value = 0.000) and the I2 = 84%. Therefore, the
random model was used. Egger’s regression model and funnel plots reported no risk of
bias (intercept = −1.207, 95% CI −10.03–7.61, p = 0.36) (Supplementary Figure S5A). At the
sensitivity analysis, no study was sensitive enough to alter these results (Supplementary
Figure S5B).

The analysis of subgroups with oligozoospermia, asthenozoospermia, and/or terato-
zoospermia (Chi2 = 627.2, I2 = 98%) found significant inter-study heterogeneity
(Q-value = 340.336; p-value = 0.000; I2 = 98%). At Egger’s regression model and fun-
nel plots, no risk of bias was found (intercept = 0.467, 95% CI −14.14–15.08, p = 0.47)
(Supplementary Figure S6A). Furthermore, no study was sensitive enough to alter the
above-mentioned results (Supplementary Figure S6B).

3.1.4. Progressive Sperm Motility
Progressive Sperm Motility: Qualitative Analysis

Ten studies evaluated the effects of a very short abstinence period on sperm pro-
gressive motility [16,18,20,22,29,32,34–37] (Table 3). The studies by Hussein et al. [31] and
Bahadur et al. [17] were excluded because they did not report the value of progressive
sperm motility (A + B) but only partial data regarding A, B, C, and D. However, Hus-
sein et al. described a significant increase in A and B, whereas Bahadur et al. reported a
significant increase in A and a significant decrease in B. Nine of the ten studies included
described an increase in sperm progressive motility in the second ejaculate. Only two
studies did not show any statistically significant change in the second ejaculate for pro-
gressive sperm motility [32,37]. In particular, the study conducted by Mayorga-Torres
et al. [32] was conducted in three normozoospermic patients. Therefore, the small sample
size of this study may explain the different results compared to other studies. Furthermore,
most of the studies that showed an improvement of progressive sperm motility included
patients with oligozoospermia, asthenozoospermia, and/or teratozoospermia. In particular,
Manna et al., [16] included both normozoospermic and OAT patients, however, they found
a statistically significant increase in progressive sperm motility only in the OAT group.
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Progressive Sperm Motility: Quantitative Analysis

Data from ten studies were included in the quantitative analysis to evaluate the impact
of a very short abstinence period on progressive sperm motility [16,18,20,22,29,32,34–37].
As for other parameters, the study by Shen et al. was not included in the quantitative
analysis because no data on mean, median, or ST were reported [21]. The studies conducted
by Mayorga-Torres et al. [32] and Manna et al. [16] were considered twice in the quantitative
analysis for the same reasons reported previously.

As for total sperm motility, the statistical analysis showed that a second ejaculation
after a very short abstinence period improved progressive sperm motility only in patients
with abnormal sperm parameters [SMD 1.28 (0.58, 1.99); p = 0.0004] without any significant
changes in normozoospermic men [SMD −1.55 (−6.96, 3.85); p = 0.57] (Figure 5).

 

Figure 5. Forest plot of studies that evaluated the effects of a very short abstinence period on
progressive sperm motility (expressed as a percentage). The following studies were included in the
quantitative analysis (in order of appearance in the manuscript): Manna et al., 2020 [16], Ortiz et al.,
2016 [18], Ragheb et al., 2018 [20], Ciotti et al., 2021 [22], Bar-Hava et al., 2000 [29], Mayorga-
Torres et al., 2016 [32], Alipour et al., 2021 [34], Barbagallo et al., 2021 [35], Kulkarmi et al., 2022 [36],
and Patel et al., 2022 [37].

The analysis of normozoospermic men found the presence of inter-study hetero-
geneity at the Q-test (Q-value = 6.645; p-value = 0.084), but not at the I2 (30%). Egger’s
regression model and funnel plots showed the presence of risk of bias (intercept = −2.41,
95% CI −5.70–0.87, p = 0.04) (Supplementary Figure S7A). However, no study was sensitive
enough to alter the above-mentioned results (Supplementary Figure S7B).

Furthermore, inter-study heterogeneity was found for the subgroups of oligozoosper-
mic, asthenozoospermic, and/or teratozoospermic patients (Q-value = 207.899;
p-value = 0.000; I2 = 97%). Egger’s regression model and funnel plots reported no risk of
bias (intercept = 4.364, 95% CI −14.98–23.71, p = 0.30) (Supplementary Figure S8A). At
the sensitivity analysis, no study was sensitive enough to alter the above-reported results
(Supplementary Figure S8B).

3.1.5. Sperm Morphology
Sperm Morphology: Qualitative Analysis

Ten studies investigated the impact of a very short abstinence period on sperm mor-
phology [16,17,20–22,26,28,33,35,37] (Table 3). Five studies showed no statistically signifi-
cant changes in sperm morphology in the second ejaculate [21,26,28,33,35]. The remaining
five studies demonstrated that a very short abstinence period improved sperm morphology.
In particular, Manna et al. [16] reported a statistically significant improvement of sperm
morphology in the second ejaculation only in OAT patients and not in normozoospermic
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men. Almost all (four out of five) participants reported an improvement of sperm morphol-
ogy after a very short abstinence period in a study conducted in patients with abnormal
sperm parameters, whereas only one was conducted in normozoospermic men [21].

Sperm Morphology: Quantitative Analysis

Quantitative analysis on sperm morphology was evaluated on data from eight stud-
ies [16,17,20,22,28,33,35]. The study by Manna et al. [16] was considered twice because they
included a group of normozoospermic men and a group of patients with OAT. The study
by Shen et al. [21] was not included in the quantitative analysis because no data on mean,
median, or standard deviation were reported. As for other sperm parameters, the study by
Zverina et al. [26] was not included in the quantitative analysis because the authors did not
report if the men included in their study were normozoospermics or OAT. In particular,
the statistical analysis did not show a significant improvement in sperm morphology in
patients with abnormal sperm parameters [SMD 0.35 (−0.03, 0.73); p = 0.07] (Figure 6).

Figure 6. Forest plot of studies that evaluated the effects of a very short abstinence period on sperm
morphology (expressed as a percentage). The following studies were included in the quantitative
analysis (in order of appearance in the manuscript): Manna et al., 2020 [16], Bahadur et al., 2016 [17],
Ragheb et al., 2018 [20], Ciotti et al., 2021 [22], Barash et al., 1995 [28], Sarselli et al., 2019 [33],
Barbagallo et al., 2021 [35].

Only one study [25] included a subgroup of normozoospermic men. Therefore, analy-
sis of publication bias and sensitivity analysis could not be performed in this sub-group.
Inter-study heterogeneity was found for the subgroups of oligozoospermic, asthenozoosper-
mic, and/or teratozoospermic patients (Q-value = 62.76; p-value = 0.000; I2 = 89%). Egger’s
regression model and funnel plots reported the presence of risk of bias (intercept = −7.10,
95% CI −15.06–0.85, p = 0.03) (Supplementary Figure S9A). However, at the sensitivity
analysis, no study was sensitive enough to alter the above-reported results (Supplementary
Figure S9B).

3.1.6. Sperm DNA Fragmentation
Sperm DNA Fragmentation: Qualitative Analysis

Five studies investigated the effect of a very short abstinence period on the SDF
rate [16,21,31,32,36] (Table 3). Four of the five studies reported a statistically significant re-
duction in the SDF rate after a very short abstinence period. In particular, Hussein et al. [31]
found a statistically significant reduction in spermatozoa with severe DNA damage in the
second ejaculation in both patients with abnormal sperm parameters and control men. In
the study, SDF was evaluated using the Comet assay. Shen et al. reported a statistically
significant reduction in SDF rate using the Sperm Chromatin Structure Assay (SCSA) in
167 patients; 61.1% of the patients enrolled in their study had normal sperm parameters [21].
According to Shen et al., Manna and colleagues reported a statistically significant reduction
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in SDF rate in both normozoospermic men and OAT patients using the Halosperm kit [16].
Furthermore, Kulkarmi et al. also showed lower SDF rates evaluated using the Qwik Check
DFI test assay in conventional bright-field microscopy, in the second ejaculates compared to
the first one of 67 oligozoospermic patients [36]. Only one study conducted by Torres et al.
did not find any statistically significant change in the DNA fragmentation index evaluated
using the SCSA kit. The small sample size (n = 3) could explain why this study did not find
any change in the SDF rate. Indeed, the authors investigated SDF in only three healthy men
at the second, third, and fourth evaluations after two hours of abstinence in comparison to
the first evaluation after 2–4 days of abstinence [32].

Sperm DNA Fragmentation: Quantitative Analysis

Quantitative analysis of the SDF rate was evaluated in four studies [16,31,32,36]. The
study by Shen et al. was not included in the quantitative analysis because no data on mean,
median, or standard deviation was reported [21]. For the same reasons reported for other
sperm parameters, the studies conducted by Torres et al. [32] and Manna et al. [16] were
considered twice for quantitative analysis.

In particular, the statistical analysis showed that a second ejaculation after a very short
abstinence period improved the SDF rate only in patients with abnormal sperm parameters
[SMD −3.92 (−6.97, −0.87); p = 0.01] without any significant changes in normozoospermic
men [SMD −2 (−4.72, 0.73); p = 0.15] (Figure 7).

 

Figure 7. Forest plot of studies that evaluated the effects of a very short abstinence period on
sperm DNA fragmentation (expressed as a percentage). The following studies were included in the
quantitative analysis (in order of appearance in the manuscript): Manna et al., 2020 [16], Hussein et al.,
2008 [31], Mayorga-Torres et al., 2016 [32], Kulkarmi et al., 2022 [36].

In the group of normozoospermic men, the analysis showed the presence of inter-
study heterogeneity (Q-value = 13.648; p-value = 0.003; I2 = 68%). No risk of bias was found
at Egger’s regression model and funnel plots (intercept = 1.610, 95% CI −8.507–11.727,
p = 0.28) (Supplementary Figure S10A). No study was sensitive enough to alter the above-
reported results (Supplementary Figure S10B).

In addition, no inter-study heterogeneity was found for the subgroups of oligozoosper-
mic, asthenozoospermic, and/or teratozoospermic patients (Q-value = 1011; p-value = 0.603;
I2 = 0%). No risk of bias was found at Egger’s regression model and funnel plots
(intercept = −1.353, 95% CI −26.50–23.79, p = 0.309) (Supplementary Figure S11A). The
study by Kulkarmi et al., 2022 [29] was sensitive enough to change these results. Indeed, its
removal led to the loss of significance (Supplementary Figure S11B).

4. Discussion

The optimal period of sexual abstinence is still a matter of debate. Data on the effect of
abstinence length on semen parameters are extremely heterogeneous and many publications
from several decades ago are not yet conclusive. A systematic review conducted by
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Hanson and colleagues including 28 studies investigated the impact of abstinence on
semen parameters and fertility outcome. Analysis of publications showed that a longer
abstinence was associated with increases in semen volume and sperm count. On the
contrary, studies evaluating the effect of abstinence on motility, morphology, and SDF
rate, although contradictory and not conclusive, showed a trend toward improvements
with shorter abstinence period [15]. However, the authors did not establish any cut off to
distinguish short and long abstinence period in their inclusion criteria.

Over time, many authors have supported the potential improvement of semen param-
eters in a second ejaculation collected after a very short period (within a few hours) from
the first semen collection. However, data are still controversial. To our knowledge, this
systematic review and meta-analysis, for the first time, pooled evidence for the influence of
a very short abstinence period on sperm parameters and the SDF rate.

Our quantitative analysis showed a significant reduction in sperm volume after a
very short abstinence period in both normozoospermic men and OAT patients. Sperm
volume reflects the secretory activity of the accessory glands and the subsequent smooth
muscle contractions that empty each gland in response to autonomous nerve stimulation
elicited by sexual arousal [10]. Previous studies did not find consistent relationship between
semen volume and fertility [14,38]. Of course, a minimal volume of semen is necessary
for conception, and hypoposia should be investigated because it could reflect different
pathological conditions (such as hypotestosteronemia, abnormalities of the neuroreceptor
systems, retrograde ejaculation, and obstructive diseases) [9]. According to the last edition
of the WHO manual for human sperm analysis, sperm volume should be equal to or more
than 1.4 mL [10]. Sexual abstinence significantly influences sperm volume. Indeed, sperm
volume was shown to increase by 11.9% per day in the first 4 days following ejaculation [39].

The present analysis also showed a decrease in sperm concentration in the second
ejaculation of normozoospermic men and, conversely, a significant increase in patients with
abnormal sperm parameters. Interestingly, also for total and progressive sperm motility,
the improvement in the second ejaculation was statistically significant only in patients
with OAT, without any changes in normozoospermic men. Furthermore, an improvement
in sperm morphology was found in OAT patients but it did not reach statistical signifi-
cance. Therefore, the results of the present meta-analysis support previous evidence on
the beneficial effect of a very short abstinence period, especially in patients with abnormal
sperm parameters.

The mechanism of sperm quality improvement in the second ejaculation collected
after a short interval is unclear. Among the different reasons hypothesized, a different
duration of the epididymal transit could play the main role. Human spermatozoa are
produced in the seminiferous tubules and then stored in the epididymis. The length of
spermatozoon epididymal transit time of spermatozoa ranges from 2 to 11 days [40] and its
duration is possibly related to the rate of passage through the cauda which, in turn, can
be influenced by the ejaculatory frequency [41]. During epididymal transit and storage,
spermatozoa are exposed to high levels of reactive oxygen species (ROS). The hostile
environment in the epididymis may be related to several causes, including dysfunctions
or partial obstructions of the epididymis itself, stasis of seminal fluids, accumulation of
senescent-degenerating spermatozoa, and packing of cells involved in the removal of aging
spermatozoa [42,43]. Therefore, a short period of abstinence could decrease the time of
exposure of spermatozoa to the harmful effects of ROS in the cauda epididymis and, in
turn, may result in a “healthier” population of spermatozoa [13]. Previous studies have
reported that prolonged exposure to ROS arising from dead spermatozoa and leukocytes
may be one reason for the association between reduction in sperm quality and an increase
in SDF rate with low ejaculation frequencies [44]. According to this hypothesis, Shen and
colleagues found an increased total antioxidant capacity in ejaculates from short (1–3 h)
compared with long (3–7 days) length of abstinence [21]. Moreover, Torres and colleagues
found a decreasing trend of intracellular ROS production in four repeated ejaculations on
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the same day at two-hour intervals, and the difference became statistically significant at the
fourth evaluation in comparison to the first one [32].

Interestingly, Johnson and Varner reported that the duration of epididymal transit
was three times longer in patients with oligozoospermia than in men with normozoosper-
mia [45]. Therefore, spermatozoa of patients with severe OA are stationed in the genital
tract for a prolonged time and, in turn, are more damaged by oxidative stress. This might
explain the greater improvement of sperm quality after a very short period of abstinence in
patients with abnormal sperm parameters compared to normozoospermic men.

Furthermore, during the epididymal transit, several epigenetic modifications oc-
cur [46] and it is a fundamental step for spermatogenesis, sperm maturation, and the
fertilization process [47]. In 2019, Shen and colleagues confirmed the potential molecular
diversity of spermatozoa ejaculated after 1–3 h compared to 3–7 days by proteomic tech-
niques [21]. Interestingly, the main differences were found in the expression of proteins
highly involved in sperm motility and capacitation. The acrosome reaction capability of
spermatozoa was markedly elevated after 1–3 h of abstinence [21]. To date, the role of
these proteins in abstinence-related sperm function is still unclear. However, these findings
suggest that a short abstinence period can alter the expression of sperm proteins, which
may be one of the reasons why short sexual abstinence may improve sperm quality [48].

The investigation of biofunctional sperm parameters after a very short abstinence
period could help us to understand the origin of this improvement. As reported in our
results, a very short abstinence period is associated with a significant improvement in the
SDF rate. This can be caused by extrinsic factors or intrinsic factors, including increased
oxidative stress [49]. Therefore, the reduction in sperm SDF supports previous hypotheses
that a short period of abstinence could decrease the time of exposure of spermatozoa to high
levels of ROS. Few studies have investigated the effects of a very short sexual abstinence
on other biofunctional sperm parameters. Shen and coworkers found a higher sperm
mitochondrial membrane potential (MMP) in ejaculates from short (1–3 h) compared to long
(3–7 days) length of abstinence [21]. MMP is a marker of sperm mitochondrial function that
strictly correlates with sperm motility [50]. Mayorga-Torres and colleagues demonstrated
that sperm MMP and plasma membrane integrity remained stable throughout four repeated
ejaculations on the same day at two-hour intervals [32]. Scarselli et al. found an increase in
the percentage of mature chromatin in ejaculates obtained after a very short abstinence time
(1 h) [33]. Sperm chromatin structure could be important for the maintenance of the right
epigenetic patterns during spermatogenesis. Epigenetic events in OAT patients directly
influence embryogenesis. It is known that failure of ART treatment in couples with male
partner infertility could be related to epigenetic alterations of blastocysts [47].

Furthermore, it was also speculated that the changes in seminal plasma composition
after a very short period of abstinence might influence sperm quality. In particular, Alipour
and colleagues compared the seminal plasma metabolomics profile of two consecutive
ejaculates collected from normozoospermic men. The first sample was collected after an
abstinence period of 4–7 days, whereas the second one was collected after a very short (2 h)
abstinence period. The authors found a lower absolute amount of all metabolites in the
second ejaculate [34]. This may be related to the insufficient time available for the secretion
and accumulation of these metabolites by accessory sex glands, including the epididymis.
However, the contemporary lower number of spermatozoa in the second ejaculate resulted
in increased absolute amounts of pyruvate and taurine per spermatozoa, together with
an improvement of sperm motility in these samples. Therefore, the authors speculated
that changes in the seminal plasma composition might influence spermatozoa motility and
kinematic parameters [34].

All the studies included in this systematic review and meta-analysis were judged
as of fair quality at the quality analysis. Nevertheless, some limitations should be con-
sidered. The main limitation is that many of the included studies were observational.
Furthermore, the analysis revealed a large heterogeneity in the studies included. This
inter-study heterogeneity could be partly explained by the different methods to evaluate

132



J. Clin. Med. 2022, 11, 7303

semen parameters and the SDF rate (Table 3). Many of the studies included have a rel-
atively small sample size. The significance of data from smaller studies should not be
ignored, although the larger studies included in our analysis had the statistical power to
provide more convincing evidence. Another limitation is that the majority of publications
included in the present meta-analysis evaluated different sperm parameters but not all
studies evaluated the same parameters, making it difficult to draw a strong conclusion
about some of these. Furthermore, cigarette smoking, caffeine intake, and lifestyle were
not analyzed, although a significant relationship between the aforementioned factors with
sperm quality was concluded by previous studies [4,51,52]. Further prospective random-
ized and larger studies are needed to evaluate the effects of a short abstinence period on
sperm quality. Further studies should evaluate the effects of a very short abstinence period
on biofunctional sperm parameters to better understand the reason for the improvement in
sperm quality. Furthermore, future studies should evaluate the sperm parameters of the
second ejaculation also based on the sexual abstinence length before the first collection.

5. Conclusions

This is the first systematic review and meta-analysis, which investigate the impact of a
very short abstinence period on sperm parameters and the SDF rate. Our results suggest
that a second ejaculation collected after a very short period from the first one contains
spermatozoa of better quality, in terms of sperm concentration, total and progressive
motility, and the SDF rate in patients with abnormal sperm parameters.

These results could have important implications in both natural and assisted reproduc-
tive technologies. For couples in reproductive age, these data suggest that more frequent
intercourse with a very short sexual abstinence period could enhance conception.
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Abstract: The cumulative live birth rate (CLBR) can better reflect the overall treatment effect by
successive treatments, and continuous rather than categorical variables as exposure variables can
increase the statistical power in detecting the potential correlation. Therefore, the dose–response
relationships might find an optimal dose for the better CLBR, offering evidence-based references
for clinicians. To determine the dose–response relationships of the factors and the optimal ranges
of the factors in assisted reproductive technology (ART) associated with a higher CLBR, this study
retrospectively analyzed 16,583 patients undergoing the first in vitro fertilization (IVF) or intracy-
toplasmic sperm injection (ICSI) from January 2017 to January 2019. Our study demonstrated the
optimal ranges of age with a higher CLBR were under 32.10 years. We estimated the CLBR tends to
increase with increased levels of AMH at AMH levels below 1.482 ng/mL, and the CLBR reaches a
slightly high level at AMH levels in the range from 2.58–4.18 ng/mL. The optimal ranges of basal
FSH with a higher CLBR were less than 9.13 IU. When the number of cryopreserved embryos was
above 1.055 and the number of total transferred embryos was 2, the CLBR was significantly higher. In
conclusion, there is a non-linear dose–response relationship between the CLBR with age, AMH, basal
FSH, and the number of cryopreserved embryos and total transferred embryos. We proposed the
optimal ranges of the five factors that were correlated with a higher CLBR in the first oocyte retrieval
cycle, which may help consultation at IVF clinics.

Keywords: dose–response relationship; cumulative live birth; anti-Müllerian hormone; age; follicle-
stimulating hormone; transferred embryos

1. Introduction

Currently, the incidence of infertility is gradually increasing, which is a global medical
concern affecting between 8 and 30% of reproductive-age couples worldwide [1–4]; hence,
the demand for infertility treatment is increasing [5]. Concomitant with the development of
assisted reproductive technology (ART), an increasing number of infertility couples obtain
a live birth through these technologies. Frozen embryo transfer (FET) is gaining popularity
for its advantages of convenience, safety, and efficacy [6–8]. The cumulative live birth rate
(CLBR) per oocyte retrieval (including fresh embryo transfer and subsequent FET) can
better reflect the overall treatment effect by successive treatments [9]. Likewise, the CLBR
is an important indicator of common concern for both clinicians and patients.

It has long been known that maternal age is the most significant factor affecting ART
outcomes [10]. Previous research found that female obesity adversely affected the CLBR in
their first in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) cycles [11].
Women with diminished ovarian reserves had substantially lower live birth rates [12], and
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the anti-Müllerian hormone (AMH) levels, the basal follicle-stimulating hormone (FSH)
levels, and AFC can be used as the indicators for ovarian reserve function [13–15]. There
are also studies that found an additional predictor of the CLBR was the number of retrieved
oocytes [16]. However, most of the previous research treated these factors as categorical
variables, which hampered the establishment of clear dose–response relationships between
these factors and the CLBR. Moreover, dose–response relationships might find an optimal
dose for the better CLBR, offering evidence-based references for clinicians.

Therefore, we designed a retrospective study to determine the optimal ranges of the
factors in ART associated with a higher CLBR in women undergoing the first IVF/ICSI.

2. Materials and Methods

2.1. Study Design and Population

This is a retrospective population-based study. Patients with a total of 30,530 retrieval
cycles were collected in this study between January 2017 and January 2019 from the Center
for Reproductive Medicine, Shandong University. The following cycles were excluded:
all preimplantation genetic testing (PGT); IVF/ICSI with donor oocytes; gamete transfer;
oocyte cryopreservation; not the first retrieval cycles; no AMH value or AMH > 1 year
from oocyte retrieval; premature ovarian insufficiency (POI) or polycystic ovary syn-
drome (PCOS). The final sample size for analysis was 16,583. This study was approved
by the institutional review board of the Center for Reproductive Medicine, Shandong
University (2022–59).

2.2. IVF/ICSI Protocols

All patients received a controlled ovarian stimulation protocol, oocyte retrieval, fer-
tilization, an embryo cultured and cryopreserved in vitro, and luteal phase support for
fresh embryo transfer (ET), or endometrial preparation and luteal phase support for frozen
embryo transfer, according to a routine method [17]. The protocols for controlled ovarian
stimulation in our study included luteal phase gonadotropin-releasing hormone (GnRH)
agonist long protocols (6536, 39.4%), GnRH agonist short protocols (4974, 30.0%), GnRH an-
tagonist protocols (2842, 17.1%), follicular phase GnRH agonist long protocol (1375, 8.3%),
mild stimulation protocol (258, 1.6%), natural cycle protocol (248, 1.5%), GnRH agonist
ultrashort protocol (12, 0.1%), and other protocols (338, 2.0%). The IVF-ET protocols used in
our center have been described in detail previously [7,18]. Ovarian response was monitored
using ultrasonography and serum sex steroid levels. A dose from 4000 to 10,000 IU human
chorionic gonadotropin (HCG) was administered when the size of at least two follicles
reached 18 mm, and oocyte retrieval was performed from 34 to 36 h later. According
to the male partner’s sperm quality, oocytes were fertilized by conventional IVF/ICSI.
All embryos were frozen, or up to two fresh embryos were transferred, at the cleavage
or blastocyst stage after fertilization. Luteal phase support [18] was started after oocyte
retrieval in women with fresh embryos transferred. Frozen blastocysts were thawed and
transferred, and subsequently provided luteal phase support protocol according to the
different endometrial preparation programs [19]. Pregnancy outcome follow-ups were
carried out as previously described [20].

2.3. Outcome

Our primary outcome of interest was the CLBR in the first index retrieval cycle. The
CLBR was defined as the percentage of live births per patient from the first index retrieval
cycle, including all fresh or subsequent two years of frozen embryo transfer after the oocyte
retrieval. Live birth (LB) was defined as the delivery of any viable infant at 28 weeks or
more of gestation.

2.4. Statistical Analysis

All analyses and plotting were performed with IBM SPSS statistics 26.0, R 4.1.3, or
GraphPad Prism 9. Continuous numeric variables were expressed as mean ± SD, and
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categorical variables were described as percentages. The Student’s t-test was used for
continuous numeric variables and the Chi-squared test was used for categorical variables.
Multivariate logistic regression analyses were performed to identify the influencing factors
of the CLBR. The candidate variables for multivariate logistic regression analyses were those
with p < 0.05 after the univariate analyses. Multivariate logistic regression analyses (the
backward logistic regression method) were conducted by fitting a logistic regression model.
Logistic regression was expressed as an odds ratio (OR) with 95% confidence intervals
(CI), and a forest plot was drawn by GraphPad Prism 9. The dose–response relationship
between variables (age, AMH, basal FSH, the number of cryopreserved embryos, and total
transferred embryos) and the odds ratio of the CLBR was evaluated by a restricted cubic
spline (RSC) with covariates adjusted. Sensitivity analyses were performed to evaluate the
stability of our findings by restricting the analytic samples to ovulatory women (n = 16,474)
and women without endometriosis (n = 15,605), respectively. p < 0.05 was considered
statistically significant.

3. Results

Of 30,530 retrieval cycles, 16,583 retrieval cycles/patients were included in the final
analysis. The study population is presented in a flow chart (Figure 1).

 
Figure 1. Flow chart of the study population. PGT: preimplantation genetic testing; IVF: in vitro
fertilization; ICSI: intracytoplasmic sperm injection; AMH: anti-Müllerian hormone; POI: premature
ovarian insufficiency; PCOS: polycystic ovary syndrome.

3.1. Characteristics of the Study Population

The characteristics of the 16,583 retrieval cycles/patients are shown in Table 1. A total
of 7967 (48.04%) patients achieved a live birth. Compared to those who did not obtain a
live birth, patients who obtained a live birth were younger (31.00 ± 4.15 vs. 34.221 ± 5.65,
p < 0.001), had slightly lower BMI (23.67 ± 3.50 vs. 24.11 ± 3.47, p < 0.001), slightly
shorter duration of infertility (3.62 ± 2.66 vs 3.84 ± 3.24, p < 0.001), and slightly lower
FBG (5.24 ± 0.81 vs. 5.27 ± 0.79, p = 0.028). They had higher AMH levels (3.87 ± 2.75
vs. 2.74 ± 2.64, p < 0.001) and lower basal FSH (6.60 ± 1.93 vs. 7.54 ± 3.10, p < 0.001),
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and they were less likely to be parous women (51.30% vs. 62.50%, p < 0.001). There were
differences in the incidence of uterine factor infertility (14.60% vs. 22.30%, p < 0.001),
male factor infertility (17.30% vs. 12.60%, p < 0.001), and unexplained infertility (5.30% vs.
7.60%, p < 0.001) between patients who obtained a live birth or were not among infertility
etiologies. Versus those who did not obtain a live birth, women who had a live birth had
a lower total Gonadotropin dose (2000.39 ± 969.78 vs. 2211.21 ± 1207.59, p < 0.001), a
slightly greater number of retrieved oocytes (11.19 ± 5.57 vs 7.69 ± 5.91, p < 0.001), more
cryopreserved embryos (3.05 ± 2.51 vs. 1.35 ± 2.12, p < 0.001) and transferred embryos
(1.83 ± 0.80 vs. 1.10 ± 1.14, p < 0.001), a higher proportion of cycles with oocytes retrieved
(100.00% vs. 96.70%, p < 0.001), embryos cryopreserved (86.60% vs. 47.90%, p < 0.001), and
total transferred embryos (100% vs. 59.30%, p < 0.001).

Table 1. Baseline and stimulation cycle characteristics.

Characteristic Total (n = 16,583) No Live Birth (n = 8616) Live Birth (n = 7967) p Value

Age 32.68 ± 5.24 34.22 ± 5.65 31.00 ± 4.15 <0.001
BMI 23.90 ± 3.49 24.11 ± 3.47 23.67 ± 3.50 <0.001

Duration of infertility 3.73 ± 2.98 3.84 ± 3.24 3.62 ± 2.66 <0.001
FBG 5.25 ± 0.80 5.27 ± 0.79 5.24 ± 0.81 0.028

AMH 3.28 ± 2.75 2.74 ± 2.64 3.87 ± 2.75 <0.001
Basal FSH 7.09 ± 2.64 7.54 ± 3.10 6.60 ± 1.93 <0.001

Gravidity ≥ 1 (%) 57.20 62.50 51.30 <0.001
Infertility etiology (%)

Tubal factor 79.40 79.10 79.70 0.327
Uterine factor 18.60 22.30 14.60 <0.001

Male factor 14.80 12.60 17.30 <0.001
Unexplained 6.50 7.60 5.30 <0.001

Endometriosis 5.90 6.10 5.70 0.276
Ovulatory dysfunction 0.70 0.60 0.70 0.502

Total Gonadotropin dose (IU) 2109.92 ± 1104.77 2211.21 ± 1207.59 2000.39 ± 969.78 <0.001
No. of retrieved oocytes 9.37 ± 6.01 7.69 ± 5.91 11.19 ± 5.57 <0.001

Cycles with oocytes retrieved (%) 98.30 96.70 100.00 <0.001
No. of cryopreserved embryos 2.17 ± 2.47 1.35 ± 2.12 3.05 ± 2.51 <0.001

Cycles with embryos cryopreserved (%) 66.50 47.90 86.60 <0.001
No. of total transferred embryos 1.45 ± 1.06 1.10 ± 1.14 1.83 ± 0.80 <0.001

Cycles with transferred embryos (%) 78.80 59.30 100.00 <0.001

BMI: body mass index; FBG: fasting blood glucose; AMH: anti-Müllerian hormone; FSH: follicle-
stimulating hormone.

3.2. Association of AMH and Other Factors with CLBR

A multivariate analysis was performed by logistic regression (the backward logis-
tic regression method) to examine the association between the CLBR and those candi-
date variables with p < 0.05 after the univariate analyses. Those candidate variables
included age, BMI, duration of infertility, FBG, AMH, basal FSH, infertility type, uter-
ine factor infertility, male factor infertility, unexplained infertility, total Gonadotropin
dose, the number of retrieved oocytes and cryopreserved embryos, and the number
of total transferred embryos. In adjusted models, age (OR 0.910, 95%CI 0.903–0.917,
p < 0.001), AMH (OR 1.021, 95%CI 1.006–1.037, p = 0.005), basal FSH (OR 0.967, 95%CI
0.951–0.983, p < 0.001), uterine infertility (OR 0.822, 95%CI 0.747–0.904, p < 0.001), male
infertility (OR 1.185, 95%CI 1.072–1.309, p = 0.001), the number of cryopreserved embryos
(OR 1.252, 95%CI 1. 231–1.274, p < 0.001), and the number of total transferred embryos
(OR 2.033, 95%CI 1.954–2.115, p < 0.001) were significantly associated with the CLBR
(Table 2 and Figure 2). That is, the CLBR increased with AMH, and the number of cry-
opreserved embryos and total transferred embryos decreased with age and basal FSH.
These couples with male infertility more often had a CLBR, and those women with uterine
infertility were significantly less likely to have a CLBR than women without uterine infer-
tility. The other covariates (BMI, duration of infertility, FBG, infertility type, unexplained
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infertility, total Gonadotropin dose, and the number of retrieved oocytes) were unrelated to
the CLBR and were not included in the multivariable-adjusted logistic regression model. In
sensitivity analyses, the association of these factors with the CLBR was similar to the results
in samples of women who were ovulatory (n = 16,474) or women without endometriosis
(n = 15,605), respectively (Table 2).

Table 2. Multiple logistic regression analysis.

Parameter Adjusted OR (95%CI) p Value

Total population (n = 16,583)
Age 0.910 (0.903–0.917) <0.001

AMH 1.021 (1.006–1.037) 0.005
Basal FSH 0.967 (0.951–0.983) <0.001

Uterine infertility 0.822 (0.747–0.904) <0.001
Male infertility 1.185 (1.072–1.309) 0.001

No. of cryopreserved embryos 1.252 (1.231–1.274) <0.001
No. of total transferred embryos 2.033 (1.954–2.115) <0.001
Ovulatory Women (n = 16,474)

Age 0.909 (0.902–0.917) <0.001
AMH 1.023 (1.007–1.038) 0.003

Basal FSH 0.966 (0.950–0.982) <0.001
Uterine infertility 0.824 (0.748–0.907) <0.001

Male infertility 1.181 (1.069–1.306) 0.001
No. of cryopreserved embryos 1.252 (1.231–1.274) <0.001

No. of total transferred embryos 2.035 (1.955–2.117) <0.001
Women without endometriosis (n = 15,605)

Age 0.910 (0.902–0.917) <0.001
AMH 1.020 (1.004–1.036) 0.012

Basal FSH 0.968 (0.951–0.985) <0.001
Uterine infertility 0.786 (0.711–0.869) <0.001

Male infertility 1.175 (1.061–1.300) 0.002
Total Gonadotropin dose/100 0.997 (0.993–1.000) 0.090
No. of cryopreserved embryos 1.247 (1.225–1.269) <0.001

No. of total transferred embryos 2.027 (1.946–2.112) <0.001

AMH: anti-Müllerian hormone; FSH: follicle-stimulating hormone.

Figure 2. Forest plot of multivariable regression analyses. AMH: anti-Müllerian hormone; FSH:
follicle-stimulating hormone. The red square is adjusted OR.

We further evaluated the dose–response relationship between the CLBR and AMH
and other variables (age, basal FSH, and the number of cryopreserved embryos and trans-
ferred embryos) by a restricted cubic spline (RSC). The results of the RSC are presented
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in Figure 3. After adjusted AMH, basal FSH, and the number of cryopreserved embryos
and transferred embryos, the CLBR decreased significantly with increasing age (non-linear,
p < 0.001, Figure 3A). We found the CLBR with an inverse association above 32.10 years of
age (OR 0.997, 95%CI 0.994–0.999). The association was more pronounced with increasing
age, the OR of the CLBR was 0.016 (95%CI 0.010–0.025) when the age was 48 years. After
adjusted age, basal FSH, and the number of cryopreserved embryos and transferred em-
bryos, the CLBR increased significantly with increasing AMH levels (non-linear, p < 0.001,
Figure 3B). We estimated the CLBR tends to increase with an increase in the levels of AMH
at AMH levels below 1.482 ng/mL (OR 0.896, 95%CI 0.817–0.984) and the CLBR to reach a
slightly high level at AMH levels in the range from 2.58–4.18 ng/mL (OR > 1.0, however,
the 95%CI included 1.0). After adjusted age, AMH, and the number of cryopreserved
embryos and transferred embryos, the CLBR was associated with basal FSH (non-linear,
p = 0.002, Figure 3C). The CLBR was significantly decreased when basal FSH was more
than 9.13 IU (OR 0.890, 95%CI 0.792–0.999). After adjusted age, basal FSH, AMH, and the
number of total transferred embryos, the CLBR was positively correlated with the number
of cryopreserved embryos (non-linear, p < 0.001, Figure 3D). When the number of cryopre-
served embryos was above 1.055 (OR 1.038, 95%CI 1.035–1.041), the CLBR was significantly
higher. After adjusted age, basal FSH, AMH, and the number of cryopreserved embryos, the
CLBR was associated with the number of total transferred embryos (non-linear, p < 0.001,
Figure 3E). The CLBR was significantly higher when the number of total transferred em-
bryos was two (OR 1.252, 95%CI 1.151–1.361), and was decreased when the number of total
transferred embryos was more than three (OR 0.595, 95%CI 0.535–0.662). When the number
of total transferred embryos was eight, the OR of CLBR was only 0.077 (95%CI 0.047–0.127).

Figure 3. Association of the five factors with CLBR ((A). Association of age with CLBR; (B). Asso-
ciation of AMH with CLBR; (C). Association of FSH with CLBR; (D). Association of the number
of cryopreserved embryos with CLBR; (E). Association of the number of total transferred embryos
with CLBR). AMH: anti-Müllerian hormone; FSH: follicle-stimulating hormone; Cnum: number of
cryopreserved embryos; Tnum: number of total transferred embryos.

In sensitivity analyses, the dose–response relationships between the CLBR and vari-
ables (age, AMH, basal FSH, the number of cryopreserved embryos, and the number of total
transferred embryos) were similar to the above findings in ovulatory women or women
without endometriosis (Figures S1 and S2).
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4. Discussion

In this study, the CLBR was non-linearly associated with age, AMH, basal FSH, and
the number of cryopreserved embryos and total transferred embryos. For the first time,
we found the optimal ranges of the five factors that were correlated with a higher CLBR in
the first oocyte retrieval cycle. The optimal ranges of age with a higher CLBR were under
32 years, the optimal ranges of AMH were from 2.58–4.18 ng/mL (but the differences were
not significant), and the optimal ranges of basal FSH were less than 9.13 IU. When the
number of cryopreserved embryos was above one and the number of total transferred
embryos was two, the CLBR was significantly higher.

Considering the development of modern ART, the CLBR per oocyte retrieval cycle
(including fresh embryos transferred and all frozen embryos transferred after oocyte
retrieval) has become a more meaningful outcome for patients and clinicians [9]. Therefore,
the CLBR served as the main outcome parameter in our study. Previous evidence has
demonstrated that female age is a major factor influencing fertility [21] and that decreasing
fecundity is associated with increasing age, due to a reduced ovarian reserve, poor quality
of oocytes, and an increased incidence of embryonic aneuploidy [22,23]. Whether after
assisted reproduction or not, the CLBR gradually decreased with an increase in the age
of females [24]. The majority of studies [25–29] have reported that the CLBR decreases in
females after the age of 35 compared with females under the age of 35; however, in our
study, the age moved to 32 years. This result is consistent with the previous opinion [30].
The advanced upper limit of optimal reproductive age might be related to the increase in
work stress, bad lifestyle, or environmental pollution today.

AMH is secreted by granulosa cells (GCs) of pre-antral and small antral follicles in the
ovary [31]. AMH levels can reflect the number of pre-antral and small antral follicles [32].
Converging evidence revealed that AMH can be considered a reliable indicator of ovarian
reserves [33,34] and for predicting the success rate of in vitro fertilization (IVF) [35–37].
Recently, a retrospective study with a large sample size pointed out that AMH highly
correlates with the CLBR in women with diminished ovarian reserves (DOR) independent
of age [14]. The similar result was found in a population of elderly women [38]. Low AMH
levels have been reported to have a negative effect on live birth in women undergoing
ART [29,39–41]. In our study, AMH levels below 1.482 n/mL were the risk factor of the
CLBR, which indicated that a low AMH level is associated with poor ovarian reserves.
The women with low AMH would yield fewer follicles, fewer transferable embryos, and,
therefore, have fewer chances of transfer. AMH with specific ranges would provide better
estimates of IVF outcomes [42]. At present, the optimal range of AMH levels has not been
clarified. Previous research has found that serum levels of AMH above 3.5 ng/mL do not
significantly increase the chance of a live birth [28], which is similar to our study findings
in all subjects. Results of a recent study showed that the CLBR had a decreasing trend
or was not significantly changed when the serum level of AMH was over 5 ng/mL in
young women (under 35 years of age) or over 7 ng/mL in older women (above 35 years).
Moreover, the optimal range of AMH levels was reported to be between 5 and 7 ng/mL
in all women. [28]. However, the AMH range in that study was artificially set and this
way is prone to anthropogenic impact. In the current analysis, RCS models allowed for
departures from linearity, which can flexibly model the relationship of AMH and CLBR to
determine the optimal range of AMH levels. Moreover, we used continuous rather than
categorical variables, as exposure variables can increase the statistical power in detecting
the potential correlation [43].

A previous study has concluded that high AMH levels might indicate more quantity
of oocytes or embryos, rather than a higher quality of oocytes or embryos [44]. However,
the specific mechanism of the high AMH levels affecting the quality of oocytes has not been
clarified. There was no correlation between AMH levels with oocyte quality in women
of advanced age [45]. Therefore, the CLBR is not significantly improved in the present
study when the serum AMH level is above 4.18 ng/mL. It was speculated that a high AMH
level might be associated with adverse perinatal outcomes. Recently, research found that
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high levels of serum AMH had a significantly higher risk of miscarriage in women with
or without PCOS [46]. Similarly, an increased rate of miscarriage has been reported in
women with high or low AMH levels [47]. High serum AMH levels were also associated
with an increased risk of preterm delivery in women with PCOS [48]. The result was
similar to those from another study, and another study proposed that closer monitoring
during the third trimester in patients with serum levels of AMH over 9.3 ng/mL might be
required [49]. In addition, we excluded the possible interference of the women with PCOS
or POI to the results, and adjusted other potentially influencing factors such as age, basal
FSH, or the number of cryopreserved embryos and total transferred embryos.

The basal FSH level is another clinical index to evaluate ovarian reserve, as basal FSH
concentration increases when the ovarian reserve declines [50]. Compared with AMH,
the ability of basal FSH to predict pregnancy outcomes was poor [35,51,52]. Our results
showed that basal FSH was higher than 9.13 IU, and the CLBR was significantly decreased.
Compared to previously published results, the cut-off of FSH in our study was a lower level,
and a more accurate range could lead to more valuable information for the clinician. This
could be useful for clinicians in clinical decision-making about ART for these patients. Over
the past few decades, the number of FETs has continuously increased for the improvement
of embryo culture conditions and the development of vitrification techniques [53]. FET is
gaining popularity for its advantages of convenience, safety, and efficacy [6–8]. Our results
were similar to those of the previous study [54–56], and the CLBR was positively correlated
with the number of cryopreserved embryos. Fewer cryopreserved embryos reduces the
chance to transfer; however, in our study, the CLBR no longer increased, as the number
of cryopreserved embryos increased to a certain number. It might be that the top-quality
embryos were given priority for transfer, so that transferring the surplus of poor embryos
would not have significantly helped to increase the CLBR [57]. The same patients with
several embryo transfers were unsuccessful, which may be associated with other factors,
such as the patients with a thin endometrium. Further, we identified that the CLBR was
significantly higher as the number of totals transferred was two. This result is different
from the findings of previous research [58]. This could be due to high-quality embryos
being preferentially selected for transfer, and women without obtained live birth needed to
perform repeated embryo transfers. It is an important reminder for clinicians not to pursue
the number of transfers, and prepared endometrium is an important factor affecting the
success of ART when top-quality embryos are transferred [59].

There are strengths and weaknesses in the present study. First, the CLBR served as
the main outcome parameter in our study. CLBR per oocyte retrieval can better reflect the
overall treatment effect by successive treatments, and it has become a more meaningful
outcome for patients and clinicians. Second, in this single-center and large-scale study,
the embryos were cultured in the same laboratory conditions, which minimized potential
bias to a large extent. Third, RCS models in the current analysis allowed for departures
from linearity, which can flexibly model the relationship between these factors and the
CLBR to determine the optimal ranges of these factors. We used continuous rather than
categorical variables as exposure variables can increase the statistical power in detecting
the potential correlation [43]. Dose–response relationships could find an optimal dose for
the better CLBR, and we surmise that the results obtained in the present study are more
precise and clinically more efficient than the previous research. In addition, we excluded
the possible interference of the women with PCOS or POI from the results and adjusted
other potentially influencing factors. However, the main limitation of our study was its
retrospective nature; although, we attempted to mitigate these limitations by controlling for
confounders and performing sensitivity analyses. Future prospective multicenter studies
are required to verify our findings. Another limitation of our study was the lack of data on
other risk factors, such as maternal lifestyle habits. Future studies should evaluate other
potential confounders, such as work stress, lifestyle habits, or environmental pollution.
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5. Conclusions

In conclusion, our study suggested that there is a non-linear dose–response relation-
ship between the CLBR with age, AMH, basal FSH, and the number of cryopreserved
embryos and total transferred embryos. We found the optimal ranges of the five factors that
were correlated with a higher CLBR in the first oocyte retrieval cycle, which may provide a
scientific basis for the clinical management and treatment of IVF. The results could guide
clinicians to better manage the ART procedures and provide proper counseling services for
infertile couples.
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Abstract: The protocols commonly used in assisted reproductive technology (ART) consist of long-
term embryo culture up to the blastocyst stage after the insemination of all mature oocytes, the
freezing of all the embryos produced, and their subsequent transfer one by one. These practices,
along with preimplantation genetic testing, although developed to improve the live birth rate (LBR)
and reduce the risk of multiple pregnancies, are drawing attention to the possible increase in obstetric
and perinatal risks, and adverse epigenetic consequences in offspring. Furthermore, ethical–legal
concerns are growing regarding the increase in cryopreservation and storage of frozen embryos. In
an attempt to reduce the risk associated with prolonged embryo culture and avoid embryo storage,
we have chosen to inseminate a limited number of oocytes not exceeding the number of embryos
to be transferred, after two days or less of culture. We retrospectively analyzed 245 ICSI cycles
performed in 184 infertile couples with a female partner aged ≥40 from January 2016 to July 2021.
The results showed a fertilization rate of 95.7%, a miscarriage rate of 48.9%, and a LBR of 10% with
twin pregnancies of 16.7%. The cumulative LBR in our group of couples was 13%. No embryos were
frozen. In conclusion, these results suggest that oocyte selection and embryo transfer at the cleaving
stage constitute a practice that has a LBR comparable to that of the more commonly used protocols in
older women who have reduced ovarian reserve.

Keywords: advanced maternal age; assisted reproductive technique; in-vitro fertilization; oocyte selection

1. Introduction

Louise Brown was born in 1978 with the transfer into the uterus of a single embryo
obtained after the laparoscopic retrieval of one oocyte without ovarian stimulation and
in vitro fertilization (IVF) [1]. In the following decade, controlled ovarian stimulation (COS)
made it possible to collect a higher number of oocytes with the simultaneous transfer
into the uterus of more embryos, increasing the success rate of the assisted reproductive
technique (ART). Subsequently, embryo freezing became a standard procedure in ART
centers to avoid multiple pregnancies. With the development of the vitrification technique,
oocyte freezing became possible, and the efficiency of embryo freezing improved.

Another relevant advance in ART is the extended embryo culture up to the blastocyst
stage [2]. This procedure has shown a higher implantation potential and a better live birth
rate (LBR) in fresh transfer compared to cleaving embryos [3]. However, other studies have
shown similar results in cumulative LBR between the two stages of embryo culture [4,5].

Nowadays, a constant trend is to freeze all embryos produced in ART cycles and
transfer them one by one—the so-called single embryo transfer (SET)—in a suitably pre-
pared endometrium to reduce multiple pregnancies and maximize the cumulative LBR [6].
Indeed, several studies have shown that SET reduces multiple pregnancies at a rate similar
to that of spontaneous pregnancies (3%); in the case of multiple embryo transfer, the rate of
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multiple pregnancy can be very high (20–50%) [7,8]. Multiple pregnancies are considered
the main iatrogenic complication of ART, due to their association with adverse events in
both mothers and children [9]. Furthermore, the costs of multiple pregnancies and deliver-
ies are 2–7 times higher than those of singletons [10]. However, not all embryos reach the
blastocyst stage (60% for the competence value of IVF laboratories, according to the ESHRE
Vienna Consensus of 2017) [11] and in a significant number of cycles the transfer is canceled:
17% in the study of Sainte-Rose et al., especially in older women [12], and 18.8% in the
study by De Croo et al. [13]. Furthermore, criticisms have been raised about the effects
of the SET policy on the LBR, which does not leave couples the freedom to choose more
blastocysts to transfer [14]. Finally, a longer in vitro culture time can be a stressful condition
for embryos and can be a source of other possible concerns such as increased obstetric
risk [15–19] and epigenetic risk [20–22]. Although the negative effects of a long culture
on embryos is not fully proven, previous studies reported an increased risk of preterm
birth (<37 weeks) [15], small-for-gestational age (SGA) [15] or large-for-gestational age
(LGA) [15,19], placenta previa, and placental abruption [15] in pregnancies after blastocyst
transfer as compared to pregnancies after cleavage-stage transfer. Furthermore, growing
evidence suggests an association between ART and epigenetic modifications that can be
transmitted to offspring [23]. Unphysiological conditions, including embryo culture, have
the potential to contribute to epigenetic dysregulation [23].

The most challenging endeavor in the ART laboratory is the ability to identify the
embryos with the best potential to produce a live birth. The morphological criteria are
subjective. Even with “time-lapse” technology, it is not possible to identify with certainty
embryos capable of successfully implanting [24]. Preimplantation genetic testing (PGT) is
considered useful for discarding aneuploid (PGT-A) embryos to improve the implantation
rate and reduce the miscarriage rate [25]. Many studies suggest that PGT-A can implement
the use of elective SET (eSET), which selects first-quality embryos based on their mor-
phology for transfer to patients undergoing ART [26], because the combination of the two
approaches increases the live birth rate and reduces the multiple pregnancy rate [26]. There
is also evidence that PGT-A in women between the ages of 35–40 can improve the clinical
and live birth rates, and reduce the negative effects of maternal age on outcomes. However,
the cumulative live birth rate does not appear to have improved [27,28]. Indeed, after more
than 15 years, this technique still arouses some perplexity [29] because it is not possible to
ascertain the ploidy of the whole embryo and, in particular, that of the inner cell mass with
a sample of 5–7 cells taken from the trophectoderm. This uncertainty arises from several
reasons: the high frequency of embryo mosaicism [30] due to chromosome instability [31],
the ability of the embryo to recover from aneuploidy [32,33], and the birth of normal chil-
dren after the transfer of aneuploid mosaic embryos [34]. Regarding mosaicism, a recent
study conducted on 46 surplus cryopreserved preimplantation embryos demonstrated a
low rate of cytogenetic concordance (48%) between the inner cell mass and trophectoderm.
These results should suggest caution for the clinical application of PGT-A, considering
that mosaicism was detected in 59% of embryos (n = 27/46) [35]. Accordingly, a recent
meta-analysis showed no significant effect of PGT on the reduction of the miscarriage
rate [36].

A particular concern in ART practice arises from embryo freezing, which leads to a
growing number of embryos stored in cryobanks for an indefinite period of time. Indeed,
there was a sharp increase in the United States (U.S.) from 2004 to 2013 of ART cycles in
which all embryos have been frozen, and this resulted in a higher and increasing number
of embryos stored [37], estimated to be 600,000 (or more) in the U.S. alone [38]. Concern
about this topic can arise also in some countries where this practice is not allowed. In
fact, in most countries, the mean age of women entering ART programs has seen an
increasing trend (34.6% for the ART Italian registry and 20.4% for the U.S. Registry in 2019).
Unfortunately, oocyte cryopreservation does not give acceptable results for a woman in
the second half of her 30s and, particularly, for patients over 40 [39]. More recently, some
authors describe a progression towards the industrialization of ART practices with possible
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negative consequences for couples such as a decline in ART birth rates [40], although
personalized treatments should be a relevant aim for ART [41].

In this complex framework that shows possible limits and risks related to ART prac-
tices, we report the results of a personalized clinical practice used in a subgroup of women
over 40 in our ART center. The protocol consisted of the selection of a limited number of
oocytes to be injected, no more than the number of embryos to be transferred, and after a
short time of embryo culture (two days or less). The primary aim of this retrospective study
was to evaluate the success rate of this protocol in the light of some of the more widespread
problems and emerging risks of ART practices.

2. Materials and Methods

2.1. Patient Selection

This clinical study included 245 ICSI cycles performed from January 2016 to July 2021
in 184 infertile couples with a female partner aged ≥40 years whose clinical charts were
evaluated retrospectively. The mean age of the women was 42.4 ± 1.7 (range 40–47 years)
and the mean of the previous failed ICSI attempts was 1.5 ± 1.9. The assessment of ovarian
reserve was performed through antral follicular count (AFC) which was evaluated by the
same experienced gynecologist (CM).

2.2. Controlled Ovarian Hyperstimulation

Controlled ovarian hyperstimulation protocols were performed using recombinant
human follicle-stimulating hormone (rhFSH) (Gonal-F, Merck Serono, Geneva, Switzerland)
according to ovarian reserve, and gonadotropin-releasing hormone (GnRH) antagonist
(0.25 mg) from the day when a follicle reached 15 mm in diameter.

We also administered recombinant human luteinizing hormone (LH) at 75 IU (Luveris,
Merck Serono, Geneva, Switzerland) every 12 h along with rhFSH increased by 75 IU
during GnRH administration, according to data showing better outcomes in older female
patients [42] and dramatic decrease in serum LH as a consequence of GnRH antagonist
administration [43]. Follicular development monitoring was performed by real-time ul-
trasound scans from day 2 of the treatment cycle to the day of hCG administration based
on the patient’s response to stimulation. The response was monitored by ultrasound,
and measurements of serum levels of 17ß-estradiol, progesterone, and FSH, including on
weekends or holidays. When at least one ovarian follicle reached a diameter of 18–20 mm,
ICSI was performed 36–38 h after administration of human chorionic gonadotropin (hCG,
Gonasi, 10,000 IU) (IBSA, Lodi, Italy).

2.3. Oocyte Retrieval

Oocyte retrieval was scheduled on a 7-day basis and performed with local analgesia or
under sedation 36–38 h after hCG administration based on response to ovarian stimulation.

2.4. Sperm Preparation

The first semen collection was obtained approximately 5–6 h before the microinjection
of oocytes, which was scheduled approximately 40 h after the hCG administration to the
female partner. All male partners had 2–7 days of abstinence, as suggested by the WHO
2010 criteria [44]. All semen samples were collected by ejaculation within the Fertility Center
to minimize conditions that could alter sperm parameters/function. All semen analyses
were performed by the same expert embryologist according to WHO 2010 criteria. The
assessment of sperm motility was performed on a 10 μL drop on a slide with a 22 × 22 mm
coverslip and a stage heated to 37 ◦C, with a reticule lens. The slides were examined
with phase-contrast optics at a magnification of 400×. We evaluated 400 spermatozoa
per replicate for an accurate assessment of motility. We asked male partners with severe
oligoasthenozoospermia (OA) to provide a second consecutive ejaculation 1 h after the
first, after explaining the possibility of having better sperm parameters in the second
ejaculate [45,46].
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2.5. Intracytoplasmic Sperm Injection Procedure

The ICSI procedure was performed with spermatozoa obtained by “swim-up” using
the first or second ejaculate according to the sperm parameters of the male partner as
described in Section 2.4. The “swim-up” technique was performed directly from the
liquefied semen. For this purpose, several aliquots of semen were taken from each sample
and placed in test tubes underneath an overlay of washing medium (Origio Italia Srl, Rome,
Italy). Round-bottom tubes or four-well dishes were used to optimize the interface surface
area between the semen layer and the culture medium. The samples were allowed to
incubate at 37 ◦C in an incubator for 30–45 min. Spermatozoa with the best motility and
ability to migrate were then collected.

Collected cumulus-enclosed oocytes were maintained in 500 μL of Continuous Single
Culture™ Medium-Complete (CSCM-C) (Irvine Scientific, FujiFilm, Tilburg, the Nether-
lands) in 4-well multi-dishes (Nunclon Surface, Roskilde, Denmark) under oil (oil for em-
bryo culture, Fuji Film, Europe), and maintained in the incubator for 2 h after their retrieval.
Afterward, they were decumulated in hyaluronidase drops (Hyaluronidase Solution, Fuji
Film, Europe). The ICSI procedure was performed according to the standard technique.

2.6. Selection of Oocytes and Transfer Policy

The choice of the oocyte to be inseminated was made after decumulation. The best
oocytes to inseminate were those with the following characteristics: small perivitelline
space and no granulation [47], intact first polar body (PB) [48,49], and a smooth surface [50].
We discarded oocytes with vacuolar cytoplasm or central granulation, ovoid-shaped forma-
tion [51], cytoplasmic inclusion [48], smooth endoplasmic reticulum (SER) aggregates [52],
and refractive bodies [53]. Oocyte selection was also based on oolemma elasticity, a parame-
ter that positively influences the outcome of ICSI. In particular, we have distinguished three
different degrees based on the elasticity of the oolemma: grade A refers to oocytes that have
penetrated the oolemma without the need for cytoplasmic aspiration (no elasticity); grade
B refers to oocytes showing oolemma penetration requiring mild or moderate cytoplasmic
aspiration (average elasticity); grade C refers to oocytes showing oolemma penetration
requiring strong cytoplasmic aspiration (excessive elasticity). If no oocyte reached the
highest grade, which is grade B, the closest grade was chosen based on the oolemma
characteristics (grade C and, lastly, grade A).

Embryo culture was performed in a standard incubator at 37 ◦C under 6% CO2 and
5% O2 in CSCM-C (Irvine Scientific, FujiFilm, Tilburg, The Netherlands). Embryo transfer
was usually performed after 2 days of culture. In some cases, the transfer was performed
at the pronuclear stage. After 36–44 h of culture, all embryos were carefully examined
with both a dissecting and an inverted microscope. The classification of the embryos was
carried out according to the system proposed by Puissant [54]. The number and size of
blastomeres as well as the presence or absence of anucleated fragments were carefully
recorded so that embryos could be scored as follows: 4 = embryos with clear and regular
blastomeres and no fragmentation or a maximum of five % of the embryo surface occupied
with small anucleated fragments; 3 = embryos with few or no fragments but with unequal
blastomeres (>1/3 difference in size); 2 = embryos with more fragments but less than 1/3 of
the embryo surface; 1 = fragments on >1/3 of the embryo surface. Two points were added
if the embryo had reached the 4-cell stage by 48 h after fertilization.

With regard to the maximum number of embryos to be transferred, we followed the
guidelines of the Practice Committee of the American Society for Human Reproduction and
Society for Assisted Reproductive Technology [9]. Therefore, in patients aged 40 years, three
or four embryos could be transferred in the case of a particularly unfavorable prognosis;
in patients aged 41–44 years, four embryos could be transferred, or even five when an
unfavorable prognosis was present. A prognosis was considered unfavorable in the case of
multiple previous ART cycle failures or no live births after an ART cycle. The informed
consent was signed by the couples after an extensive discussion with the physicians on
the maximum number of oocytes to be inseminated and, consequently, of embryos to be
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transferred. Eleven oocytes belonging to three couples were cryopreserved at their express
request. In all cases, the selection of oocytes for the transfer of the resulting embryos was
carried out according to the described criteria.

2.7. Ethical Approval

The study was conducted in the ART “Biofertility IVF Center” (Rome, Italy) on infertile
couples undergoing ICSI treatment. It was reviewed and approved by the Institutional
Review Board at the “Biofertility IVF Center”, which indicated that ethical approval was not
required for this study. Data collection followed the principles outlined in the Declaration of
Helsinki. All patients provided their informed consent, agreeing to supply their anonymous
information for this and future studies.

2.8. Statistical Analysis

Quantitative data were reported as mean ± SD throughout the study. The follow-
ing rates were calculated: fertilization rate (FR = number of fertilized oocytes/number
of oocytes inseminated), implantation rate (IR = number of gestational sacs/number of
embryos transferred), clinical pregnancy rate (CPR = number of pregnancies with at least
one fetal heartbeat/number of pick-up cycles with at least one oocyte retrieved), live birth
delivery rate (LBR = number of deliveries with at least 1 live birth/number of pick-up with
at least 1 oocyte retrieved), miscarriage rate (MR = number of spontaneous abortions/total
number of pregnancies), and cumulative live birth rate (CLBR = number of deliveries with
at least 1 live birth/total number of women with aspirated oocyte(s)) were calculated. Data
were analyzed with SPSS 23.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

A total of 245 ICSI cycles performed in 184 couples with female partners aged ≥40 years
were considered. Among the 184 couples enrolled, 39 couples underwent two ICSI cycles,
7 couples three attempts, and 2 couples four cycles.

Table 1 shows the clinical and demographic characteristics of the couples enrolled in
this study and their previous failed ICSI attempts, which include both attempts performed
in our and other ART centers. In six cycles, no oocytes were retrieved. Considering the
repeated attempts for each couple, only two women had no transfer. Therefore, 182 women
aged ≥40 years underwent 239 cycles with oocyte retrieval and embryo transfer. A total of
705 embryos were transferred with a mean number of 2.9 ± 1.4 embryos per transfer. In
35 cycles, the embryos were transferred at the pronuclear stage.

Twenty-four women have had at least one pregnancy. All pregnancies occurred in
women between the ages of 40 and 44 years. As reported in the Materials and Methods
section, according to the guidelines of the Practice Committee of the American Society for
Human Reproduction and Society for Assisted Reproductive Technology [9], we transferred
a maximum of five embryos when an unfavorable prognosis was present. In total, we
transferred five embryos in 48 cycles of our cohort. Interestingly, all pregnancies occurred
when at least three embryos were transferred, except in five cases where two embryos were
transferred. In detail, if we consider the 24 cycles with pregnancy leading to delivery and
live birth: in half of them (12 cycles), five embryos were transferred; in five cases, four
embryos were transferred; in two cases, three and in five cases, two. Of the 24 pregnancies,
four were twins; in three of those cases, five embryos were transferred, while in one case
five embryos were transferred. No triplets occurred. In Table 3, we report the number
and grade of embryos transferred and the related success rates. Four pregnancies with
deliveries occurred among 35 cycles with embryo transfer at the pronuclear stage, with
a LBR of 11.4% (4/35), and included the two cycles with women at 44 years ending with
normal delivery. Table 4 presents the LBR based on the age of the women. The twenty-four
women who achieved pregnancy had a previous mean failure of 1.9 ± 1.8. The causes of
infertility of the couples enrolled are reported in Figure 1.
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Table 1. Demographic and clinical characteristics of the female and male partners of the couples
enrolled in this study.

Parameters Results

Women

Age (years, mean ± SD) 42.4 ± 1.7

Antral follicle count (mean ± SD) 8.4 ± 4.9

Total dosage of gonadotropin administered (IU) (mean ± SD) 3376.6 ± 1335.9

Men

Age (years, mean ± SD) 43.9 ± 5.9

Sperm concentration (mil/mL, mean ± SD) 46.7 ± 40.6

Total sperm motility (%, mean ± SD) 47.4 ± 21.3

Progressive sperm motility (%, mean ± SD) 26.3 ± 16.8

Spermatozoa with normal morphology (%, mean ± SD) 15.2 ± 10.3

Couples

Number of previous ART failures (mean ± SD) 1.5 ± 2
Legend: IU: international unit.

The outcomes of ICSI cycles are shown in Table 2.

Table 2. Intracytoplasmic sperm injection outcomes.

Fresh cycles 245

Number of oocytes retrieved (mean ± SD) 5.2 ± 4.1

Number of oocytes inseminated (mean ± SD) 3.1 ± 1.5

Number of oocytes fertilized (mean ± SD) 3.1 ± 1.5

Number of oocytes cryopreserved (mean ± SD) 0.06 ± 0.5

Peak of stimulated 17ß-estradiol (pg/mL) 1271.0 ± 744.5

Fertilization rate
Number of fertilized oocytes/number of oocytes inseminated (%)

715/747 (95.7%)

Implantation rate
Number of gestational sacs/number of embryos transferred (%)

47/705 (6.7%)

Clinical pregnancy rate
Number of pregnancies with least 1 fetal heartbeat/number of pick-up cycles with at least 1 oocyte (%)

31/239 (13%)

Live birth delivery rate
Number of deliveries with at least 1 live birth/number of pick-ups with at least 1 oocyte (%)
• Singletons
• Twins

24/239 (10%)
20

4 (16.7%)

Birth weight (g, mean ± SD) 3112.3 ± 698.9

Miscarriage rate
Number of spontaneous abortion/total number of gestational sacs (%)

23/47 (48.9%)

Cumulative live birth rate
Number of deliveries with at least 1 live birth/total number of women starting treatment (%)

24/184 (13%)
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Table 3. Number and grade of embryos transferred and related success rates.

Number of
Embryos

Transferred

Total Number
of Embryo-
Transfers

Embryos
Grade I

Embryos
Grade II

Embryos
Grade III–IV

PN
Live

Births
Twin
Birth

Multiple
Births (≥3)

1 n = 42 (17.6%) n = 23 n = 10 n = 4 n = 5 n = 0 n = 0 n = 0

2 n = 59 (24.7%) n = 69 n = 32 n = 1 n = 16 n = 5 n = 0 n = 0

3 n = 55 (23.0%) n = 97 n = 39 n = 5 n = 24 n = 2 n = 1 n = 0

4 n = 35 (14.6%) n = 91 n = 27 n = 5 n = 17 n = 5 n = 0 n = 0

5 n = 48 (20.1%) n = 156 n = 54 n = 14 n = 16 n = 12 n = 3 n = 0

Legend: grade I = blastomeres of equal size, without fragmentation or with <10% fragmentation; grade II = slight
asymmetry between blastomeres and fragmentation of 10–25%; grade III–IV = asymmetric blastomeres and
fragmentation of ≥35%. Abbreviations: PN = pronuclear stage.

Table 4. Live birth rates based on the woman’s age and the number of cases (n).

Age of Women (Years) Number of Live Births (%)

40 (n = 33) 7/24 (29.2%)

41 (n = 53) 6/24 (25%)

42 (n = 51) 5/24 (20.8%)

43 (n = 42) 4/24 (16.7%)

44 (n = 39) 2/24 (8.3%)

≥45 (n = 27) 0/24 (0%)

Figure 1. (Left panel): Main causes of infertility found in the 184 couples enrolled in this study.
(Right panel): Detail of the main causes of female infertility.

4. Discussion

The results of the present study indicate that the selection of oocytes before ICSI to
obtain a predetermined number of fresh cleaved embryos to be transferred is effective
in terms of FR and LBR in a group of women ≥40 years. Our delivery rate (number of
monitored deliveries/number of pick-ups or DR) was not lower than that of the Italian
registry for the same age group (4.7% = 728/15,419) published in 2019 and not far from all
age groups (11.2% = 5151/46,090) [55]. Furthermore, we reported a cumulative delivery
rate (CLBR) for fresh cycle of 13%, whereas the Italian registry reported a CLBR of 5.9% for
women aged between 40–42 years and 1.6% for women aged ≥43 years. With regard to
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CLBR per pick up, the Italian registry listed 10.3% for women aged between 40–42 years
and 3.2% for women aged ≥ 43 years, whereas the U.S. registry reported a cumulative
transfer live birth delivery (LBD) rate per pick-up of 13% in 2019 [56]. It should be noted
that the CLBR with frozen embryos rules out cycles unable to give enough embryos for
freezing procedures.

With regard to the success rate of blastocyst transfer in aged women, Tannus and
colleagues reported a higher LBR than ours (21.6%), although the mean AFC was 14, mean
of previous failed cycles was 0.5, and oocytes collected was 11 [57]. Our patient group
exhibited a less favorable AFC (8.4) and a higher number of previous failed ART cycles
(1.5 ± 1.9) (Table 1). In another study conducted by De Croo and colleagues, in women
with a mean age of 35 years, the comparison of LBRs with transfer at the blastocyst stage
(1 or 2 embryos) versus cleaved embryos was 21.1% and 19.1%, respectively [13].

A specific and usual reason for long-term embryo culture up to the blastocyst stage is
to perform PGT-A. Apart from the reduced rate of blastocyst formation in patients over
40 years of age, several concerns have been raised for the PGT-A technique, such as the high
genetic mosaicism rate, which interferes with the precise evaluation of embryo chromoso-
mal arrangement and the mismatch in the aneuploidy rate between the trophectoderm and
the inner cell mass [29]. Furthermore, increased obstetric and perinatal risks are reported
with PGT-A compared with non-PGT-A cycles, particularly the development of hyperten-
sion in pregnancy [58]. However, PGT-A has become the most widely utilized add-on
procedure in ART practice [29] and is a reference for validating or at least comparing the
results of many clinical trials in the U.S.

One of the possible advantages of reconsidering embryo transfer in the cleavage
stage is the epigenetic risk after embryo exposure to a long culture environment in terms
of fetal health. Many studies have shown that extended embryo culture significantly
affects obstetric and perinatal outcomes [19,59–61]. Large-for-gestational age/macrosomia,
hypertensive disorders, and perinatal mortality appear to increase with frozen embryo
transfer [62]. Vroman and colleagues have demonstrated that embryo culture from the
one-cell to blastocyst stage results in placental overgrowth, reduced fetal weight, and lower
placental DNA methylation in rats [63]. Surprisingly, a recent study demonstrated that
human genomic activation initiates at the one-cell stage [64].

There is evidence that the longer the in vitro cultures last (i.e., blastocyst transfer in
comparison to the cleavage stage), the more epigenetic changes occur [65,66]. We know
that only a percentage of fertilized oocytes arrive at the blastocyst stage in vitro and recent
observations suggest that metabolic and epigenetic dysfunctions underlie the arrest of
human ART embryos before their compaction [67].

From a biological point of view, we cannot rule out the existence of better “culture”
conditions for embryos in uterus rather than in vitro (temperature, pH, osmolarity, and
numerous unknown factors). Interestingly the LBR subsequent to transfer at the pronuclear
stage (at 44 years, two of them delivered at term without obstetric or perinatal complica-
tions) does not seem negligible (11.4%), supporting the idea that an artificial incubator
environment might be more stressful than that within the uterus for embryos in older
women. Most of the studies on obstetric and perinatal risk in ART are linked to placental
abnormalities that are increased when ART is the chosen treatment of infertility, particularly
in more stressful conditions for embryos, such as long-term cultures and PGT-A [68].

Concerns about the possible consequences of ICSI for the health of the offspring have
been reported since its first introduction into clinical practice [69]. Although ICSI use was
associated with a significantly higher risk of congenital malformations [70], other studies
did not report a significant difference in terms of congenital malformation between children
conceived with IVF/ICSI compared to natural conception [71,72]. A recent systematic
review and meta-analysis showed no differences in the epigenetic effects of offspring
between couples treated with ICSI or traditional IVF [73]. In summary, after many decades
of ICSI practice and according to most reports, children born after ICSI have perinatal
outcomes comparable to those conceived after standard IVF.
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With regard to the possible success rate of oocyte selection in ART practice, in 2004
and for many years, the Italian ART legislation limited the maximum number of oocytes to
be fertilized during an ART cycle to three, and all resulting embryos had to be transferred
at once due to the banning of embryo cryopreservation [74]. Ragni and colleagues, in a
study including 1861 cycles performed in seven Italian fertility centers, showed that the
pregnancy rate per oocyte retrieval and the rate of multiple pregnancies before and after
the new law were 27 and 24.2% (p = 0.18), and 25.8 and 20.9% (p = 0.11), respectively [68].
It is worth noting that in countries such as Germany and Switzerland, it is impossible to
cryopreserve embryos and selection is based on oocytes at the pronuclear stage.

Regarding the problem of twin pregnancy rate, our results (16.7%) appear acceptable,
considering that the Italian registry showed a rate of 10.6% in 2019 and it was 16.9% in
Europe [75]. Recent reports criticize the SET policy in favor of double embryo transfer
at the blastocyst stage [6]. However, our transfers were performed at the cleavage stage,
in which a higher number of embryos transferred is to be considered comparable with
a lower number at the blastocyst stage. Considering the risk of twin or multiple-order
pregnancies and their resultant cost, the results of our study should be taken with caution
for general clinical practice. Indeed, as reported in Table 3, in a considerable number of
cycles we decided to transfer three or more embryos because there was a poor prognosis. At
present, insemination with the transfer of more than two embryos should not be a routinely
offered practice, even though the latest U.S. guidelines allow the transfer of more than two
embryos for older women, low-quality embryos, and repeated implantation failures. On
the other hand, blastocyst transfer is associated with a higher risk of monozygotic twinning
(MZT) [76] which has a more severe prognosis than dizygotic twinning for the risk of
twin-to-twin transfusion due to their shared placenta. After 8435 frozen-thawed single
blastocyst transfers with hormone replacement treatment, MZT was observed in 2.32%
of cases [77], while the natural prevalence was 0.4% [78]. However, the transfer of a very
limited number of embryos at their cleavage stage after insemination of selected oocytes
may represent a practical option in cases of high risk for twin or multiple pregnancies.

Clinical trials with a mix of oocyte selection and embryo selection at the cleavage stage
may be considered, even in couples with female partners under the age of 40. It could rep-
resent a kind of double selection in order to simultaneously reduce the obstetric/epigenetic
risk and the risk of multiple pregnancies.

Regarding the efficiency of oocyte selection, we notice that our FR was higher (95.7%)
compared with the usually reported data such as that of ESHRE/Alpha consensus (≥65%
for competence value) [11], probably due to a selection of oocytes based on multiple
morphologic elements studies [48,49,79].

We recognize that oocyte selection in ART is mostly still imperfect, mainly because it
is subjective. However, with the introduction of artificial intelligence in ART, new tools
may be available to promote more objective observations [80,81], as we have previously
proved [82]. Nevertheless, we should not forget that even the current embryo selection
is also a subjective laboratory procedure. The possible transition from embryo to oocyte
selection, using more reliable methods, could provide us with valuable information on
the relationship between oocyte quality and stimulation protocols and, consequently,
embryo development.

In summary, our study showed the success rate and twin delivery rate in women over
the age of 40 using a protocol with oocyte (rather than embryo) selection and transfer of
embryos in the cleavage stage. Non-negligible LBR and moderate multiple pregnancy rates
were recorded. No embryos were frozen.

The application in clinical practice of the results described in the present study can be
relevant for geographical areas where embryo freezing is not possible for ethical reasons or
law restrictions, or for couples with low prognosis with a female partner aged ≥40 who do
not accept oocyte donation.

Furthermore, the financial implications and cost/benefits of this protocol, i.e., strong
personalization and drug use, are to be considered. In this regard, milder stimulation for
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this group of patients based on their residual ovarian reserve could offer similar chances
of success. The small size of this subgroup of patients undergoing ART and the lack of
a control group are the main limitations of our study. However, we enrolled a particular
group of couples with female partners aged ≥40 years, which made it difficult to establish
a control group. Certainly, further prospective randomized controlled trials are needed to
assess the relevance of our retrospective findings.

5. Conclusions

In conclusion, the possibility of oocyte selection and embryo transfer at the cleavage
stage appears to be a reasonable strategy in older women who have reduced ovarian
reserve and a high number of previous ART failures. As clinicians, we should consider
current trends in reproductive medicine from a broad perspective, taking into account
all possible consequences involving obstetricians, neonatologists, pediatricians and all
other professionals interested in the long-term health consequences of ART laboratory
practice. Although further studies are needed to confirm these findings, our preliminary
results suggest that a return to more natural steps in reproductive medicine may be safer if
the obstetric risks and epigenetic consequences on offspring linked to long-term culture
protocols are confirmed in the future.
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Abstract: Background: Concomitant with delays in childbearing, concerns have been raised of whether
advanced paternal age is associated with adverse reproductive outcomes, but the evidence is controver-
sial in part due to the uncertain threshold in which to consider advanced paternal age and confounding
maternal factors. This retrospective study aimed to evaluate the effect of paternal age on reproductive
outcomes related to the pregnancy and perinatal health of the offspring. Methods: We retrospectively
evaluated 16,268 cases of patients who underwent IVF or ICSI (using autologous sperm and donated
oocytes, between January 2008 and March 2020, at Spanish IVIRMA clinics. Patients were divided
based on paternal age at conception [≤30 (n = 204), 31–40 (n = 5752), and >40 years (n = 10,312)], and
the differences in obstetrical and perinatal outcomes were analyzed by descriptive analysis, followed
by univariate and multivariate analysis. Results: Fathers 31–40 and >40 years old were associated
with lower odds of caesarean delivery [AOR 0.63 (95% CI, 0.44–0.90; p = 0.012) and AOR 0.61 (95% CI,
0.41–0.91; p = 0.017), respectively] and longer pregnancies [ARC 5.09 (95% CI, 2.39–7.79; p < 0.001) and
ARC 4.54 (95% CI, 1.51–7.58; p = 0.003), respectively] with respect to fathers ≤30 years old. Furthermore,
fathers aged 31–40 years old had lower odds of having a female infant (AOR, 0.70; 95% CI, 0.49–0.99;
p = 0.045) than those ≤30. The rest of obstetrical and perinatal outcomes, which we deemed more
medically-relevant as they were considered serious for health, were comparable between groups with
our adjusted model. Conclusions: Despite this hopeful message to fathers of advanced paternal age,
future studies should consider the short- and long-term outcomes of the offspring and try to better
elucidate the associations of advanced paternal age with reproductive outcomes and the molecular
mechanisms underlying the observed associations.

Keywords: paternal age; assisted reproductive technology (ART); obstetrical outcomes; perinatal
outcomes; donated oocytes; pregnancy; offspring’s health

1. Introduction

In recent years, delays in childbearing have increased the average maternal and
paternal age at which the first child is conceived [1,2]. These delays are due to various
sociocultural factors including educational, professional, economic, and personal changes,
increased life expectancy, improved contraception, advanced age at marriage, and the
availability of assisted reproductive technologies (ARTs). In this regard, studying the
possible effect(s) of age on reproductive outcomes is becoming increasingly relevant [3–9].

While the influence of advanced maternal age (>35 years) on reproductive outcomes,
pregnancy, and offspring health has been extensively characterized [10–13], it has been difficult
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to establish a similar cut-off in men (although it has been proposed as >40 [14–16]), since the
evidence on the effects of advanced paternal age is currently limited. With the considerable
reduction in fertility and elevated chromosomal aneuploidy (notably augmenting the risk of
Down syndrome, among other disorders) correlated with advanced maternal age, concerns
have been raised of whether advanced paternal age may also be associated with adverse
reproductive outcomes, or potential obstetrical or perinatal risks.

Among the few studies that have evaluated the consequence(s) of advanced paternal
age on male fertility potential, reproductive success, pregnancy, and offspring health, the
findings are controversial, and the study designs were not appropriate [5,6,17–20]. Al-
though some studies have not found associations [21,22], others have agreed that advanced
paternal age affects reproductive hormones, testicular function, and spermatogenesis,
altering clinical semen parameters (measured with basic semen analysis), molecular mark-
ers related to fertility (e.g., reactive oxygen species, telomeres, and DNA integrity), and
offspring genetics (through aneuploidy, epigenetics, and de novo mutations), ultimately
resulting in infertility and/or adverse reproductive outcomes [3,5,14,19,23–25]. Recently,
several studies have pointed out the potential involvement of the increase in paternal
age in a wide range of adverse outcomes related to the pregnancy and health of the off-
spring. In this regard, advanced paternal age has been associated with an increased risk
of spontaneous miscarriage [15], stillbirth [26], premature birth, low birth weight [27,28],
low Apgar score [29], gestational diabetes, and caesarean section [14,24]. However, not all
studies have found such associations between any of these variables and increased pater-
nal age, so the results are controversial [20,30,31]. Offspring pathologies that have been
associated with advanced paternal age include several cancers (e.g., pediatric brain cancers,
retinoblastoma, acute lymphoblastic leukemia, and non-Hodgkin lymphoma [32,33]; and
adult breast, prostate, and nervous system cancers [34]), orofacial clefts (i.e., cleft lip and
palate) [14,23,34], achondroplasia [26], and Apert syndrome [35], along with congenital
heart defects [34,36,37]. Indeed, Fang et al. found that compared to fathers aged 25–29,
fathers ≥40 years old could increase the risk of cardiovascular abnormalities, facial deformi-
ties, urogenital abnormalities, and chromosome disorders in the offspring [38]. Additionally,
the prevalence of Down syndrome, autism spectrum disorders [39], schizophrenia [40], and
bipolar disorders [41] is also postulated to be augmented in association with advanced pa-
ternal age [14]. Finally, while some studies have found an increase in embryo chromosomal
aneuploidy with advanced paternal age [42,43], others have not [6,7]. Taken together, this
evidence suggests that paternal age could be associated with reproductive risks related to
pregnancy and offspring health, however, further research is necessary.

As advanced paternal age is often accompanied by advanced maternal age, which may
also contribute to negative obstetric and perinatal outcomes [12], studies using donated
oocytes can, to some extent, standardize and homogenize the female factors [44,45] to
more confidently study the effects of the male factors. In this regard, two novelties of this
current study were the use of donated oocytes and the consideration of maternal age in the
adjusted analysis to more confidently evaluate the possible association(s) of paternal age
with greater risks of problems related to the pregnancy and offspring health.

The present study aimed to evaluate the effect of paternal age on the reproductive
outcomes related to the pregnancy and offspring health in couples undergoing in vitro
fertilization (IVF) or intracytoplasmic sperm injection (ICSI) using donated oocytes and au-
tologous sperm in a large population of patients in order to control the female contribution
to the main outcomes evaluated.

2. Materials and Methods

2.1. Study Design

This retrospective, observational, multicentric cohort study evaluated the reproductive
outcomes of couples that underwent at least one IVF or ICSI cycle (using the father’s own
sperm and donated oocytes) between January 2008 and March 2020 at a Spanish IVIRMA
clinic, and had clinical follow-up during and after the pregnancy. Cases in which the semen
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samples were obtained from testicular biopsy or epididymis aspirate were excluded. We
also excluded IVF/ICSI cycles in which half of the oocytes were inseminated by IVF and
the other half by ICSI. Only singleton deliveries were included, and only the first delivery
of each patient was considered. We included couples when a pregnancy was achieved
whether they had a live birth or not.

Patients included in the study had different female and male etiologies for infertility, or
did not have any. Teratozoospermia, oligozoospermia, or karyotype alteration were some
of the male etiologies for infertility. Regarding female etiologies, some of them included
karyotype alteration, endometriosis, low ovarian reserve, maternal age, premature ovarian
failure, or polycystic ovarian syndrome.

Relevant clinical outcomes were extracted from the electronic medical records of the
patients, and compiled into a database to filter erroneous or incomplete data and analyze
the study variables.

2.2. Assisted Reproductive Technologies

Ejaculated semen samples were liquefied for 30 min at 37 ◦C and 5% CO2, and standard
semen analysis was used to evaluate several macroscopic (i.e., volume, pH, and viscosity)
and microscopic parameters (i.e., concentration, motility, and morphology). Sperm was
capacitated using the swim-up technique [46] or density gradients [47].

Oocyte donors and recipients underwent controlled ovarian stimulation and endome-
trial preparation, respectively, as previously described [48,49]. Oocytes were retrieved from
donors, decumulated, and inseminated by conventional IVF or ICSI [50]. The resulting em-
bryos were cultured, and embryo development was evaluated [47]. If clinically indicated,
embryos were biopsied for preimplantation genetic testing (PGT) [51]. Finally, embryos
were transferred, and a clinical follow-up was conducted to assess the reproductive out-
comes of the couple.

2.3. Outcome Measures

The outcome measures of the following study included several obstetrical and perina-
tal outcomes. In terms of obstetrical outcomes, we considered type of delivery (caesarean
versus vaginal), preterm birth (<37 weeks), gestational diabetes, anemia, hypertension,
pre-eclampsia (presence of hypertension and proteinuria after 20 weeks of gestation), and
premature rupture of membranes (PROM; before week 37). Regarding the perinatal out-
comes, we evaluated the neonate’s gestational age, sex, weight (low birth weight was
defined as <2500 g), length, cranial perimeter, Apgar score (1, 5, and 10 min), and admission
to the neonatal intensive care unit (NICU). We also measured the gestational results in
terms of fetal death, perinatal death, live birth, and premature live birth. Data export
was conducted to obtain the clinical database followed by the filtering of the data and the
statistical analysis.

2.4. Statistical Analysis

We first conducted a descriptive analysis, followed by univariate and multivariate
model analysis using the youngest group of men (≤30 years) as a reference for the models.
In the descriptive analysis, ANOVAs were used to compare the continuous variables, while
Chi-squares were employed for the categorical variables. For the univariate model analysis,
generalized linear models were applied for the categorical variables and linear models
were applied for the continuous variables. Multivariate analysis was performed adjusting
for maternal age, maternal body mass index (BMI), paternal age, fresh sperm sample
concentration and progressive motility, insemination technique, cycle type, gestational age,
transfer on day 5, and type of delivery (when appropriate).

All analyses were carried out in R (version 4.0.3). In all cases, p < 0.05 was considered
statistically significant.
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3. Results

3.1. Baseline Patient and ART Characteristics

A total of 16,268 couples (with fathers aged 21–54 years old) were included in the study.
Patients were arbitrarily divided into three groups, based on paternal age at conception
[≤30 (n = 204), 31–40 (n = 5752), and >40 years old (n = 10,312)]. The clinical characteristics
of the participants in each group including the patient, cycle, and semen characteristics
are presented in Table 1. Patients included in the study had different female and male
etiologies for infertility, or did not have any.

Table 1. Baseline characteristics and ART details of the study population.

≤30 31–40 >40 p

Number of patients 204 5752 10,312
Paternal age (years) 28.71 (28.48–28.95) 37.42 (37.36–37.48) 43.93 (43.88–43.97) <0.001 *

Paternal BMI (kg/m2) 23.66 (23.10–24.22) 23.03 (22.93–23.12) 23.48 (23.41–23.56) <0.001 *
Maternal age (years) 28.47 (28.21–28.72) 37.14 (37.08–37.21) 43.58 (43.54–43.63) <0.001 *

Maternal BMI (kg/m2) 23.60 (23.06–24.14) 23.02 (22.93–23.12) 23.47 (23.40–23.54) <0.001 *
Oocyte donor age (years) 24.95 (24.37–25.52) 25.44 (25.33–25.55) 25.42 (25.33–25.50) 0.254

Sperm concentration
(million/mL) 47.06 (41.76–52.36) 42.66 (41.78–43.53) 44.29 (43.61–44.96) 0.006 *

Progressive motility
of sperm 28.79 (25.35–32.23) 32.62 (32.04–33.21) 31.32 (30.90–31.74) <0.001 *

Number of oocytes 13.10 (12.56–13.65) 12.96 (12.86–13.06) 12.78 (12.71–12.86) 0.013 *
Insemination technique <0.001 *

IVF 8.82% (5.31–13.59) 3.46% (3.00–3.96) 3.44% (3.10–3.81)
ICSI 91.18% (86.41–94.69) 96.54% (96.04–97.00) 96.56% (96.19–96.90)

Oocyte state <0.001 *
Fresh 51.60% (44.21–58.93) 57.92% (56.61–59.23) 55.10% (54.11–56.08)

Vitrified 46.81% (39.51–54.21) 40.20% (38.90–41.50) 43.76% (42.78–44.74)
Mixed 1.60% (0.33–4.59) 1.88% (1.54–2.27) 1.14% (0.94–1.37)

Cycle type <0.001 *
Stimulated 1.49% (0.31–4.28) 0.62% (0.43–0.86) 0.38% (0.27–0.52)

Natural 4.46% (2.06–8.29) 8.22% (7.52–8.97) 6.22% (5.76–6.71)
Substituted 94.06% (89.85–96.89) 91.16% (90.39–91.89) 93.39% (92.89–93.87)

Capacitation method 0.019 *
Density gradient 51.47% (44.39–58.51) 56.43% (55.14–57.72) 56.74% (55.78–57.70)

Swim-up 41.67% (34.82–48.76) 35.34% (34.11–36.60) 35.04% (34.12–35.97)
Only washed 1.96% (0.54–4.94) 2.54% (2.15–2.98) 3.29% (2.95–3.65)

Embryo transfer <0.001 *
Prior to day 5 31.37% (25.07–38.22) 26.73% (25.59–27.89) 22.29% (21.49–23.10)

On or after day 5 68.63% (61.78–74.93) 73.27% (72.11–74.41) 77.71% (76.90–78.51)

Results are presented as a proportion (for categorical variables) or mean (for continuous variables) with corre-
sponding 95% confidence intervals and p value of the comparisons between age groups. BMI, body mass index;
ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization. * p < 0.05.

3.2. Association of Paternal Age and Obstetrical Outcomes

Paternal age (i.e., ≤30, 31–40, and >40 years old) had no significant effect on
the comparison of gestational results between groups in terms of fetal death [0.00%
(95% CI, 0.00–1.79), 0.03% (95% CI, 0.00–0.13), and 0.07% (95% CI, 0.03–0.14), respec-
tively], perinatal death [0.00% (95% CI, 0.00–1.79), 0.14% (95% CI, 0.06–0.27), and
0.07% (95% CI, 0.03–0.14), respectively], live birth [97.55% (95% CI, 94.37–99.20), 99.04%
(95% CI, 98.76–99.28), and 99.02% (95% CI, 98.81–99.20), respectively], or premature live
birth [2.45% (95% CI, 0.80–5.63), 0.78% (95% CI, 0.57–1.05), and 0.84% (95% CI, 0.68–1.04),
respectively] over the total number of pregnancies.

Significant differences were found between the age groups in terms of gestational
diabetes, hypertension, pre-eclampsia, PROM, and type of delivery, but not for anemia or
preterm birth (Table 2).
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Table 2. Obstetrical outcomes associated with paternal age following in vitro fertilization or intracy-
toplasmic sperm injection using autologous sperm and donated oocytes.

Proportion (95% CI) p OR (95% CI) p AOR (95% CI) Adjusted p

Gestational
diabetes <0.001 *

≤30 6.49% (2.14–14.51) Reference - Reference -
31–40 9.80% (8.68–11.01) 1.56 (0.63–3.91) 0.338 1.11 (0.38–3.23) 0.845
>40 12.80% (11.84–13.80) 2.11 (0.85–5.25) 0.107 1.04 (0.33–3.21) 0.953

Anemia 0.167
≤30 3.95% (0.82–11.11) Reference - Reference -

31–40 10.70% (9.53–11.95) 2.92 (0.91–9.31) 0.071 3.47 (0.82–14.69) 0.092
>40 10.51% (9.63–11.44) 2.86 (0.90–9.10) 0.076 3.43 (0.77–15.35) 0.107

Hypertension <0.001 *
≤30 22.67% (13.79–33.79) Reference - Reference -

31–40 10.49% (9.33–11.75) 0.40 (0.23–0.70) 0.001 * 0.53 (0.25–1.10) 0.089
>40 12.77% (11.80–13.79) 0.50 (0.29–0.86) 0.013 * 0.58 (0.25–1.35) 0.206

Preeclampsia 0.029 *
≤30 7.58% (2.51–16.80) Reference - Reference -

31–40 3.04% (2.39–3.81) 0.38 (0.15–0.98) 0.045 * 0.42 (0.12–1.42) 0.162
>40 4.04% (3.47–4.69) 0.51 (0.20–1.30) 0.158 0.48 (0.12–1.99) 0.314

PROM 0.016 *
≤30 10.81% (4.78–20.20) Reference - Reference -

31–40 4.25% (3.50–5.11) 0.37 (0.17–0.78) 0.009 * 0.81 (0.22–3.00) 0.756
>40 4.06% (3.50–4.68) 0.35 (0.17–0.74) 0.006 * 1.15 (0.26–5.17) 0.851

Preterm birth 0.132
≤30 15.92% (11.15–21.73) Reference - Reference -

31–40 11.64% (10.82–12.49) 0.70 (0.47–1.02) 0.065 0.64 (0.40–1.02) 0.063
>40 11.39% (10.78–12.02) 0.68 (0.46–1.00) 0.047 * 0.61 (0.35–1.06) 0.079

Delivery by
cesarian
section a

<0.001 *

≤30 47.31% (39.96–54.75) Reference - Reference -
31–40 50.95% (49.60–52.29) 1.16 (0.86–1.55) 0.33 0.63 (0.44–0.90) 0.012 *
>40 64.04% (63.06–65.00) 1.98 (1.48–2.65) <0.001 * 0.61 (0.41–0.91) 0.017 *

Men were divided according to their age at conception (i.e., ≤30, 31–40, or >40 years old). Results are presented as
a percentage with 95% confidence intervals (CI), odds ratio (OR) with 95% CI and p value of the comparison, and
adjusted OR (AOR) and adjusted p value. PROM, premature rupture of membranes (prior to 37 weeks). * p < 0.05.
a Proportion/probability of caesarean section (rather than vaginal) delivery.

The partners of men ≤30 years old had a significantly increased risk of developing
hypertension than the partners of men aged 31–40 (OR, 0.40; 95% CI, 0.23–0.70; p = 0.001)
or >40 years old (OR, 0.50; 95% CI, 0.29–0.86; p = 0.013); experiencing preeclampsia than
partners of men 31–40 years old (OR, 0.38; 95% CI, 0.15–0.98; p = 0.045); PROM than the
partners of men 31–40 (OR, 0.37; 95% CI, 0.17–0.78; p = 0.009) or >40 years old (OR, 0.35;
95% CI, 0.17–0.74; p = 0.006); and having a preterm birth than the partners of men >40 years
old (OR, 0.68; 95% CI, 0.46–1.00; p = 0.047). Furthermore, fathers >40 years old were
associated with a significantly increased risk of caesarean delivery (OR, 1.98; 95% CI,
1.48–2.65; p < 0.001) (Table 2).

Given the retrospective nature of our study and the possibility to have relevant vari-
ables related to the outcomes differently distributed among groups, to avoid potential
biases derived from the difference between the groups, the statistical differences we ob-
served among our groups (Table 1) were accounted for in subsequent statistical modeling.
Specifically, we adjusted for maternal age and BMI, paternal age, fresh sperm sample
concentration and progressive motility, insemination technique, cycle type, gestational age,
embryo transfer on day 5, and type of delivery (when appropriate). Considering these
potential confounders, paternal age did not significantly affect gestational diabetes, anemia,
hypertension, preeclampsia, PROM, or preterm birth. However, paternal age ≤30 years
old was found to significantly increase the risk of having a caesarean delivery, with respect
to fathers that were 31–40 (AOR, 0.63; 95% CI, 0.44–0.90; p = 0.012) and >40 years old
(AOR, 0.61; 95% CI, 0.41–0.91; p = 0.017), assuming all other covariates were at the baseline
(Table 2).

167



J. Clin. Med. 2023, 12, 1014

3.3. Association of Paternal Age and Perinatal Outcomes

Among the 16,244 deliveries that resulted in a live birth, 204 were from fathers ≤30 years
old; 5742 were from fathers 31–40 years old; and 10,298 were from fathers >40 years old.
Comparing the different age groups, we found significant differences related to gestational
age (in days; p < 0.001), infant length (p = 0.010), and cranial perimeter (p = 0.012). However,
paternal age was not significantly related to infant sex (p = 0.11), weight (p = 0.535), low birth
weight (p = 0.279), NICU admission (p = 0.063), or Apgar score at 1, 5, and 10 min (p = 0.256,
p = 0.478, and p = 0.112, respectively) (Table 3).

Table 3. Perinatal outcomes associated with paternal age following in vitro fertilization or intracyto-
plasmic sperm injection using autologous sperm and donated oocytes.

Proportion (%)/Mean (95% CI) p OR/RC
(95% CI)

p AOR/ARC (95% CI)
Adjusted p

Value

Gestational age (days) <0.001 *
≤30 270.11 (267.39–272.84) Reference - Reference -

31–40 273.60 (273.18–274.02) 3.49 (1.23–5.74) 0.002 * 5.09 (2.39–7.79) <0.001 *
>40 271.80 (271.50–272.11) 1.69 (−0.55–3.93) 0.139 4.54 (1.51–7.58) 0.003 *

Sex a 0.11
≤30 54.97% (47.63–62.16) Reference - Reference -

31–40 47.81% (46.47–49.15) 0.75 (0.56–1.00) 0.052 0.70 (0.49–0.99) 0.045 *
>40 48.72% (47.72–49.72) 0.78 (0.58–1.04) 0.088 0.75 (0.50–1.11) 0.153

Birth weight 0.535
≤30 3118.60 (3010.19–3227.02) Reference - Reference -

31–40 3166.93 (3148.48–3185.38) 48.33 (−51.13–147.79) 0.341 63.75 (−25.13–152.64) 0.16
>40 3172.08 (3158.36–3185.80) 53.48 (−45.29–152.24) 0.289 81.96 (−18.31–182.23) 0.109

Low birth weight 0.279
≤30 12.32% (7.34–18.99) Reference - Reference -

31–40 10.90% (9.95–11.90) 0.87 (0.52–1.46) 0.599 0.95 (0.41–2.19) 0.898
>40 10.04% (9.34–10.78) 0.79 (0.48–1.33) 0.38 0.92 (0.35–2.41) 0.865

Length at birth 0.010 *
≤30 48.89 (48.16–49.63) Reference - Reference -

31–40 49.71 (49.62–49.81) 0.82 (0.27–1.37) 0.003 * 0.38 (−0.14–0.90) 0.156
>40 49.73 (49.66–49.80) 0.84 (0.30–1.39) 0.002 * 0.50 (−0.08–1.08) 0.09

Cranial
perimeter 0.012 *

≤30 34.00 (33.43–34.57) Reference - Reference -
31–40 34.38 (34.28–34.47) 0.38 (−0.17–0.92) 0.179 −0.02 (−0.55–0.52) 0.948
>40 34.52 (34.45–34.59) 0.52 (−0.02–1.06) 0.061 0.03 (−0.56–0.62) 0.922

Apgar score 1 0.256
≤30 9.00 (8.65–9.35) Reference - Reference -

31–40 8.77 (8.71–8.83) −0.23 (−0.56–0.09) 0.163 −0.33 (−0.70–0.05) 0.085
>40 8.81 (8.76–8.85) −0.20(−0.52–0.13) 0.24 −0.28 (−0.69–0.14) 0.187

Apgar score 5 0.478
≤30 9.72 (9.56–9.88) Reference - Reference -

31–40 9.60 (9.56–9.64) −0.12 (−0.34–0.10) 0.28 −0.21 (−0.47–0.05) 0.107
>40 9.62 (9.59–9.64) −0.11 (−0.32–0.11) 0.346 −0.20 (−0.48–0.08) 0.164

Apgar score 10 0.112
≤30 9.75 (9.49–10.01) Reference - Reference -

31–40 9.76 (9.70–9.82) 0.01 (−0.29–0.30) 0.97 −0.21 (−0.55–0.13) 0.229
>40 9.82 (9.79–9.86) 0.07 (−0.22–0.37) 0.625 −0.20 (−0.57–0.18) 0.309

NICU
admission 0.063

≤30 19.54% (11.81–29.43) Reference - Reference -
31–40 11.55% (10.44–12.73) 0.54 (0.31–0.92) 0.025 * 0.74 (0.35–1.54) 0.418
>40 11.42% (10.60–12.28) 0.53 (0.31–0.91) 0.021 * 0.83 (0.36–1.93) 0.661

Men were divided according to their age at conception (i.e., ≤30, 31–40, or >40 years old). Results are presented as
a proportion or mean with corresponding 95% confidence intervals (CI) and computed p values of the comparison
between the three groups; odds ratio (OR) or regression coefficient (RC) with corresponding 95% CI and a p value
of the comparisons, and adjusted OR (AOR) or adjusted RC (ARC) and adjusted p value. * p < 0.05. NICU,
neonatal intensive care unit. a Percentage of live female births over the total number of live births.

Using the group of fathers ≤30 years old as the reference, partners of fathers 31–40 years
old had significantly longer gestations (RC 3.49; 95% CI, 1.23–5.74; p = 0.002), and infants
born to fathers 31–40 and >40 years old were significantly longer (RC 0.82 [95% CI, 0.27–1.37;
p = 0.003] and RC 0.84 [95% CI, 0.30–1.39; p = 0.002], respectively), and had significantly
lower odds of being admitted to the NICU (OR 0.54 [95% CI, 0.31–0.92; p = 0.025] and
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OR 0.53 [95% CI, 0.31–0.91; p = 0.021], respectively). No significant differences were found
among the remaining variables analyzed (Table 3). Notably, after adjusting for the potential
confounding variables, the effect of paternal age on the duration of the pregnancy was even
more pronounced, with an ARC of 5.09 (95% CI, 2.39–7.79; p < 0.001) for the fathers aged
31–40, and ARC of 4.54 (95% CI, 1.51–7.58; p = 0.003) for fathers >40. Fathers aged 31–40
had 30% lower odds of having a female infant (AOR, 0.70; 95% CI, 0.49–0.99; p = 0.045) than
those ≤30. As for the remaining perinatal outcomes, no significant associations were found
(Table 3).

4. Discussion

The present retrospective study aimed to evaluate the effect(s) of paternal age on
obstetrical and perinatal outcomes, following IVF or ICSI using autologous sperm and
donated oocytes, in a nationwide-population cohort. Using donated oocytes allowed us
to adequately model male contributions to the reproductive outcomes by removing, to
some extent, the female biases (e.g., advanced maternal age) [44,45]. Indeed, our findings
demonstrated that maternal and paternal age were positively correlated (Table 1), but the
mean oocyte donor age was comparable between all groups (24.95 for ≤30 vs. 25.44 for
31–40 vs. 25.42 for >40; p = 0.254).

While several studies have pointed out the potential involvement of the increase in
paternal age in a wide range of adverse outcomes related to pregnancy and the offspring’s
health [14,24,26–29], the evidence remains controversial [20,30,31]. Our study did initially
find statistically significant differences for a few obstetrical and perinatal outcomes between
men aged 31–40 and >40 with those ≤30 years. However after accounting for several
confounding variables (i.e., maternal age and BMI, paternal age, fresh sperm sample
concentration and progressive motility, insemination technique, cycle type, gestational age,
embryo transfer on day 5, and type of delivery [when appropriate]), advanced paternal age
at conception was only associated with a minor risk of having a caesarean delivery, a longer
pregnancy, and lower odds of having a female infant, which, sometimes has more to do
with personal rather than medical decisions, in the case of caesarean, or that have limited
clinical relevance as for having a female newborn or having relatively higher gestational
age. Indeed, the outcomes that we considered to have more medical relevance (as they were
considered serious for the health of the mother or newborn) were found to be comparable
by our adjusted model. Nevertheless, due to the evident delays in childbearing highlighted
by this study (with 35.36% of participants between 31 and 40 and 63.39% >40 years old), the
effects of advanced paternal age merit further evaluation with future prospective studies
that consider the short- and/or long-term outcomes of the offspring, and preclinical models
that try to elucidate the molecular mechanisms underlying the observed differences [5].

Regarding obstetrical complications, our initial comparisons revealed that anemia
more than doubled when the paternal age was >40 rather than ≤30 (10.51% vs. 3.95%,
respectively), which corresponded with the AOR of 3.43 (95% CI, 0.77–15.35) we found
between these two groups, however, these results were not significant. Similarly, our initial
comparisons revealed that the risk of gestational diabetes doubled with paternal age >40
compared to ≤30 (12.80% vs. 6.49%, respectively), and our univariate and multivariate
models confirmed this finding with an OR of 2.11 (95% CI, 0.85–5.25) and an AOR of 1.04
(95% CI, 0.33–3.21), but there were no significant differences. Interestingly, Khandwala
et al. also reported a higher OR of gestational diabetes when the father was aged older than
45 [14,24], however, their study did not involve ART nor oocyte donation. On the other
hand, after accounting for maternal age and other risk factors, Hurley and DeFranco did
not find that increased paternal age was associated with a significant increase in the rates
of preeclampsia, preterm birth, or NICU admission [20,30,31], as was the case with our
multivariate analysis.

Although our findings support those of Chen et al., in that advanced paternal
age (>40 years) was not a risk factor for adverse outcomes in the offspring [20,30,31],
there was a discord with other previous studies with regard to the perinatal outcomes.
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Specifically, we found no significant difference between the mean Apgar scores (1, 5, and
10) of infants born to fathers aged 31–40 or >40 years compared to ≤30, which contradicts
a study from Sun et al., who found a modest effect of advanced paternal age on the Apgar
score [29]. Furthermore, our univariate and multivariate analyses indicated that paternal
age was not significantly associated with birth weight or low birth weight (<2500 g),
in contrast to the study by Chung et al., who found that paternal age, among others,
was significantly associated with low birth weight in the univariate and multivariate
analysis [28], and to the study by Goisis et al., who also found an association between
paternal age and low birth weight [27].

In some countries, advanced maternal age is a limitation for the access to, efficacy, and
success of ART, but such limitations do not currently exist for men, mainly because there is
no consensus on what is considered to be advanced paternal age, and the effects it may
have on reproductive outcomes remain controversial. We acknowledge that the different
cut-offs used for the paternal age classes in each study can influence the interpretation of
the results and impede the discovery of possible associations. In this regard, establishing
and standardizing a threshold age for men where fertility decreases and reproductive
risks increase (comparable to the one established for women at 35 years of age) can dually
aid in personal family planning and clinical decision-making, especially in the context of
reproductive medicine counselling and fertility care. Moreover, it should also be considered
if studies used oocyte donation or adjusted for maternal age to control for this important
confounding factor. Furthermore, although several investigations have examined the
possible association between the increase in paternal age and reproductive variables, there
is still a need to better clarify the molecular mechanisms that can cause these associations [5].

Finally, due to the retrospective nature of this study, there were some clinical biases
and there was some missing data (i.e., incomplete patient histories) limiting the sample
size, but statistical power was still achieved by evaluating a nationwide-population cohort.
It must be noticed that the major strength of this study was the use of oocyte donation
standardizing female factors (to some extent).

5. Conclusions

Due to the evident delays in fatherhood, concerns have been raised of whether ad-
vanced paternal age can be associated with adverse reproductive outcomes, and studies
focusing on this topic are increasing, although evidence on this matter remains controver-
sial. Our study revealed some statistically significant associations between the increase
in paternal age and obstetrical and perinatal outcomes following IVF or ICSI using au-
tologous sperm and donated oocytes. Specifically, we found that fathers >30 years old
were associated with a decreased risk of caesarean delivery and longer gestations, and
fathers 31–40 years old had lower odds of having a female infant than men ≤30. Although
these findings were interesting, we considered them to be of less clinical relevance than the
other outcomes we evaluated, and within this context, our study sends a hopeful message
to fathers of advanced paternal age. Nonetheless, future perspectives comprise the need
for further well-defined preclinical and prospective clinical studies to respectively better
elucidate the associations of advanced paternal age with reproductive outcomes and the
molecular mechanisms underlying the observed associations, and improve reproductive
counselling and fertility care. Finally, the consideration of oocyte donation treatments stan-
dardizing female factors (to some extent) and the large sample size should be emphasized
as important points of the study.
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Abstract: The influence of endometrioma on oocyte and embryo competence is inconclusive. Further-
more, the benefits of surgical treatment remain uncertain. This study aimed to investigate the effect of
endometrioma on oocyte and embryo quality from a morphological perspective and further explore
whether surgery could contribute to improving oocyte and embryo competence. A total of 664 IVF
cycles with endometrioma (538 cycles underwent surgeries) and 3133 IVF cycles from the control
group were included. The propensity score matching was used to balance the baseline differences
between groups. There was a lower MII oocyte rate (85.0% versus 87.8%, p < 0.001; 84.9% versus
87.6%, p = 0.001) and a similar good-quality embryos rate in women with endometrioma (and those
who underwent surgeries) compared with control group. For women with endometrioma, the rates
of blastocyst development (67.1% versus 60.2%; p = 0.013) and good blastocyst development (40.7%
versus 35.2%; p = 0.049) were significantly higher in those who had undergone surgical treatment
compared with those who had not, but the rates of MII oocytes (79.9% versus 87.7%; p < 0.001) and
normal fertilization (55.2% versus 66.2%; p < 0.001) were lower. The study indicates that endometri-
oma, including its surgical treatment, compromises the oocyte maturity not the embryo quality at the
cleavage stage; however, the surgery seems to contribute to improving blastocyst development.

Keywords: endometrioma; oocyte quality; embryo quality; IVF

1. Introduction

Endometriosis is a common gynecological disease characterized by the presence of
endometrial glands and stroma outside the uterine cavity, increasingly considered a chronic
inflammatory condition [1,2]. This affects 5–10% of reproductive aged women and up to
50% of infertile women [3,4]. Endometrioma, the most common pathotype of endometriosis,
is present at 17–44% of patients [5]. Numerous studies have demonstrated the negative
effect of endometriosis, especially endometrioma, on female fertility [6–8]. It is estimated
that 30–50% of patients are afflicted with infertility [9]. A meta-analysis by Harb et al.,
pooling the results from 27 observational studies, a total of 8984 patients, showed a lower
implantation rate and clinical pregnancy rate in women with stage III/IV endometriosis
compared with women without endometriosis [10]. Opøien et al. reported a significantly
decreased live birth rate in women with endometriomas by classifying women with stage
III/IV endometriosis into groups with and without endometriomas [11]. However, the exact
pathogenic mechanisms of endometrioma-related infertility remain unclear. Several factors
have been proposed to account for this problem such as distorted tubo-ovarian anatomy,
mechanical stretching, alteration in follicular microenvironment, impaired endometrial
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receptivity, chronic inflammatory changes in the pelvic cavity, and reduced oocyte and
embryo competence [12–15].

It is already acknowledged that oocyte and embryo quality is vital to a successful
outcome of in vitro fertilization (IVF). At present, a number of criteria for evaluating oocyte
and embryo quality mainly based on morphological characteristics have been established
to select high-quality oocytes and embryos for improving subsequent pregnancy outcomes.
In recent years, the issue that the influence of endometrioma on oocyte and embryo compe-
tence has raised growing attention; nevertheless, the results of these studies are inconclusive.
González-Foruria et al. indicated that the number of oocytes retrieved and metaphase
stage II (MII) oocytes was lower in 101 women with endometriomas in comparison with
822 women with infertility factors other than endometriosis [7]. Conversely, Reinblatt et al.
failed to find this significant difference in the number of retrieved oocytes and MII oocytes
between women with bilateral endometriomas and those who had undergone IVF due to
tubal or malefactor infertility [16]. Moreover, Filippi et al. conducted a prospective cohort
study, and the result showed the oocytes quality and the rate of high-quality embryos
were comparable between affected and intact ovaries in women with unoperated unilateral
endometrioma [17]. Surgery is the major treatment modality for endometrioma when inter-
vention is required, however, the benefits of surgery remain uncertain, including whether
surgery would damage an ovarian reserve or improve oocyte and embryo competence.

This study aims to investigate the effect of endometrioma on oocyte and embryo
quality from the morphological perspective and further explore whether surgery could
contribute to improving the oocyte and embryo competence.

2. Materials and Methods

2.1. Study Design and Population

This retrospective cohort study analyzed IVF data from the Reproductive Hospital
Affiliated to Shandong University between January 2013 and December 2019. The study
population was patients with endometrioma diagnosed by ultrasonography. All patients
from the endometrioma with surgery group had undergone cystectomy by laparoscopy
or laparotomy. The control group consisted of women with infertility due to tubal factors
during the same period. The inclusion criteria were as follows: age ≤ 40 years; women
without non-endometriotic ovarian cyst; control population had not undergone surgery
for ovary; normal sperm (concentration ≥ 15 × 106/mL, total motility ≥ 40%, normal
morphology ≥ 4%) in the male according to the fifth edition of World Health Organization
(WHO) guidelines. The exclusion criteria included: intracytoplasmic sperm injection
(ICSI), preimplantation genetic testing (PGT), hydrosalpinx, pelvic adhesions, polycystic
ovarian syndrome (PCOS), primary ovarian insufficiency (POI), premature ovarian failure
(POF), decreased ovarian reserve, hyperprolactinemia, hyperthyroidism, hypothyroidism,
adrenal disease, adenomyosis, and cycles with donated oocytes or sperm. This research
was approved by the Institutional Review Board (IRB) of Reproductive Hospital affiliated
to Shandong University (2020-14).

2.2. IVF Procedures

Controlled ovarian hyperstimulation, oocyte retrieval, fertilization, embryo culture,
and evaluation were in line with our center’s standard protocols as previously reported [18].
In brief, the ovarian stimulation protocol was determined based on the patient’s infertility
cause, ovarian function, age, and menstrual cycle. Several commonly used stimulation
protocols included long gonadotropin releasing hormone (GnRH) agonist protocol, short
GnRH agonist protocol, ultra-long GnRH agonist protocol, and GnRH antagonist pro-
tocol, whilst other unconventional protocols included a mild stimulation protocol and
natural cycle protocol, but the above stimulation protocols were previously described
in detail [19]. The gonadotropin dose was adjusted depending on the follicular growth
monitored by transvaginal ultrasound (TVUS) scan and serum sex steroids tests. In our
hospital, recombinant follicle stimulating hormone was administered during controlled
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ovarian hyperstimulation and human menopausal gonadotropin could be added at the
discretion of different doctors. The final oocyte maturation was triggered with human
chorionic gonadotropin (hCG) at a dose of 4000–10,000 IU when at least two follicles mea-
sured 18 mm or more in mean diameter. Oocyte retrieval guided by TVUS was performed
34–36 h after hCG administration. IVF was carried out according to the semen parameters
approximately 4–6 h after follicular aspiration. Embryo development was assessed by
morphologic criteria at our center. The cleavage stage embryos were scored by Puissant
criteria on the basis of the number and size of blastomeres as well as the percentage of
anucleate fragments [20]. The blastocysts were graded by Gardner criteria on the basis of
the degree of blastocyst expansion as well as the development of the inner cell mass (ICM)
and trophectoderm (TE) [21]. Fresh embryo transfer could be cancelled in some cases such
as ovarian hyperstimulation syndrome (OHSS), early elevated progesterone level, no viable
oocytes or embryos, and thin endometrium.

2.3. Study Outcomes

The primary outcome was a good-quality embryo rate which was defined as the
proportion of good-quality embryos over normally fertilized oocytes. The good-quality
embryos were defined as 7–10 cells without multinucleation, ≥3 points, and cultured from
normal zygotes on Day 3. The second outcomes were the number of oocytes retrieved,
rates of MII oocytes, normal fertilization, embryo development (Day2, Day3), blastocyst
development, and good blastocyst development. The good blastocysts were considered
embryos with an expansion score ≥ 3, without C in the development of ICM and TE on
Day 5 and Day 6. The detailed definitions of the above study outcomes were in accordance
with the Vienna consensus [22].

2.4. Statistical Analysis

The normality of data was assessed using the Shapiro–Wilk test. Continuous variables
were represented as median (interquartile range), with the Mann–Whitney U test for
between-group differences. Categorical data were expressed as frequency and percentage,
and the differences between groups were examined via Pearson chi-square test or Fisher’s
exact test. A p value < 0.05 was considered statistically significant. To reduce the impact
of selection bias and confounding factors, propensity score matching (PSM) was used.
The propensity score model was built using the multivariable logistic regression analysis
that included all baseline characteristics. A 1:1 matching was performed using nearest
neighbor matching with a caliper width of 0.02, and without replacement. The standardized
mean difference (SMD) was calculated to assess the between-group balance of baseline
characteristics before and after matching. An absolute value of SMD less than 0.1 was
interpreted as comparability. All statistical analyses were conducted with the use of R
programming language (version 4.1.2, R Core Team 2021, Vienna, Austria) and Statistical
Package for the Social Sciences (SPSS) software (version 26.0, IBM, Chicago, IL, USA).

3. Results

3.1. Basal Characteristics between Groups

A total of 664 IVF cycles with endometrioma, among which 538 cycles underwent
endometrioma-related surgeries, and 3133 IVF cycles from control group were included
in the analysis. No differences were observed only in sperm concentration and total
motility, the proportion of short GnRH agonist protocol, days of ovarian stimulation,
and gonadotrophin initiating dose of all 19 baseline variables between endometrioma
and control group. After matching, 532 pairs of cycles were included, and all baseline
characteristics were comparable between groups (Table 1). For subgroup analysis, before
matching, the absolute value of SMD for all baseline variables was more than 0.1 except
for sperm concentration and total motility, the proportion of short GnRH agonist protocol,
days of ovarian stimulation, gonadotrophin initiating dose, and endometrial thickness on
the hCG trigger day between the endometrioma with surgery and control groups. After

177



J. Clin. Med. 2023, 12, 2416

matching, the two comparison groups were balanced, and 441 pairs of cycles were included
(Table S1). For endometrioma with and without surgery, before matching, there were
significant differences in the 13 baseline characteristics between endometrioma with and
without surgery. After matching, 109 pairs of cycles were included, and the between-group
differences were not significant (Table S2).

Table 1. Baseline characteristics of the women with endometrioma and control group before and
after PSM.

Before Matching After Matching

Characteristic
Endometrioma
Group (n = 664)

Control Group
(n = 3133)

SMD
Endometrioma
Group (n = 532)

Control Group
(n = 532)

SMD

Age (years) 31 (28–34) 32 (29–35) 0.212 31 (29–34) 31 (28–35) 0.013

BMI (kg/m2) 22.33 (20.36–24.22) 23.3
(21.22–25.88) 0.367 22.5 (20.66–24.68) 22.23

(20.11–25.01) 0.024

Type of infertility
Primary 367 (55.3) 940 (30.0) 0.508 263 (49.4) 256 (48.1) 0.026

Secondary 297 (44.7) 2193 (70.0) 0.508 269 (50.6) 276 (51.9) 0.026
Basal FSH (IU/L) 7.23 (5.99–8.91) 6.55 (5.6–7.81) 0.283 7.21 (6.00–8.55) 7 (5.91–8.48) 0.006
Basal LH (IU/L) 4.84 (3.73–6.17) 4.5 (3.36–5.88) 0.122 4.76 (3.58–5.97) 4.52 (3.40–6.09) 0.010

Basal oestradiol (pg/mL) 37.8 (27.03–52.38) 33.8 (25.72–45) 0.195 36.90 (26.05–50.78) 35.60
(25.33–49.08) 0.007

AMH 1.91 (0.92–3.75) 2.5 (1.35–4.26) 0.199 1.99 (0.98–3.88) 2.09 (1.03–3.73) 0.027
AFC 9 (6–13) 12 (9–17) 0.629 9 (7–14) 10 (7–13) 0.020

Sperm concentration (×106/mL) 60.45 (40.23–84.58) 59 (39.3–86.1) 0.030 60.25 (40.33–82.5) 61.1 (38.70–85.30) 0.012

Sperm motility (%) 66.90 (56.13–79.4) 67.10 (55.9–78.3) 0.028 66.55 (56.63–78.65) 68.75
(56.90–79.10) 0.059

Sperm normal morphology (%) 5.91 (4.85–7.41) 6.00 (4.95–7.56) 0.122 5.91 (4.88–7.34) 5.91 (4.89–7.39) 0.020
Ovarian stimulation regimen
Long GnRH agonist protocol 192 (28.9) 1512 (48.3) 0.427 188 (35.3) 186 (35.0) 0.008

Ultra-long GnRH agonist
protocol 154 (23.2) 174 (5.6) 0.418 77 (14.5) 83 (15.6) 0.027

Short GnRH agonist protocol 169 (25.5) 826 (26.4) 0.021 150 (28.2) 144 (27.1) 0.026
GnRH antagonist protocol 79 (11.9) 511 (16.3) 0.136 73 (13.7) 79 (14.8) 0.035

Other 70 (10.5) 110 (3.5) 0.229 44 (8.3) 40 (7.5) 0.024
Days of ovarian stimulation 10 (9–12) 10 (9–11) 0.069 10 (9–12) 10 (9–12) 0.027
Gonadotrophin starting dose

(IU) 187.5 (150–225) 150 (150–225) 0.091 175 (150–225) 175 (150–225) 0.003

Total gonadotrophin dose (IU) 2100 (1500–2913) 1800 (1356–2475) 0.194 2000 (1500–2769) 2025 (1500–2700) 0.010
Endometrial thickness on HCG

trigger day (cm) 1.10 (1.00–1.25) 1.00 (0.90–1.20) 0.148 1.10 (0.95–1.25) 1.10 (0.95–1.20) 0.021

LH level on HCG trigger day
(IU) 2.67 (1.43–5.08) 2.66 (1.65–4.35) 0.155 2.71 (1.52–4.82) 2.73 (1.57–4.92) 0.020

Oestradiol level on HCG trigger
day (pg/mL) 2341 (1421–3425) 2825 (1802–4169) 0.266 2416 (1492–3559) 2364 (1450–3583) 0.010

Progesterone level on HCG
trigger day (ng/mL) 0.81 (0.55–1.14) 0.67 (0.46–0.97) 0.136 0.80 (0.52–1.11) 0.68 (0.46–1.00) 0.035

Values are presented as median (interquartile range) or n (%). BMI: Body mass index; FSH: Follicle-stimulating
hormone; LH: Luteinizing hormone; AMH: Anti-Müllerian hormone; AFC: Antral follicle count; GnRH: Go-
nadotropin releasing hormone; HCG: Human chorionic gonadotropin; PSM: Propensity score matching; SMD:
Standardized mean difference. SMD values of less than 0.1 were considered no statistical significance.

3.2. Outcomes

The MII oocytes rate was significantly lower in the endometrioma group than in the
control group (85.0% versus 87.8%; p < 0.001). Additionally, there was a trend toward
a lower good-quality embryos rate in the endometrioma group compared with control
group, although the difference did not reach statistical significance. In addition, other
outcomes such as the number of oocytes retrieved, the rates of normal fertilization, embryo
development (Day 2, Day 3), blastocyst development, and good blastocyst development
were similar between the two groups. There were no significant differences in the rates of
clinical pregnancy, miscarriage, and live birth (Table 2).
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Table 2. Outcomes of the women with endometrioma and control group after PSM.

Outcome
Endometrioma Group

(n = 532)
Control Group

(n = 532)
p Value

No. of oocytes retrieved 7 (4–12) 8 (4–12) 0.336
MII oocytes rate 3787/4455 (85.0) 3996/4550 (87.8) <0.001

Normal fertilization rate 2724/4455 (61.1) 2851/4550 (62.7) 0.139
Embryo development rate on Day 2 1905/2724 (69.9) 2023/2851 (71.0) 0.402
Embryo development rate on Day 3 1061/2724 (39.0) 1121/2851 (39.3) 0.778
Good-quality embryos rate on Day 3 1482/2724 (54.4) 1601/2851 (56.2) 0.189

Blastocyst development rate 1721/2724 (63.2) 1747/2851 (61.3) 0.143
Good blastocyst development rate 1004/2724 (36.9) 1005/2851 (35.3) 0.212

Cycles cancellation rate 199/532 (27.2) 167/532 (23.9) 0.149
Clinical pregnancy rate 178/333 (53.5) 191/365 (52.3) 0.766

Miscarriage rate 21/178 (11.8) 19/191 (9.9) 0.568
Live birth rate 152/333 (45.6) 166/365 (45.5) 0.965

Values are presented as median (interquartile range) or n (%). MII: metaphase stage II; PSM: propensity
score matching.

The good-quality embryos rate appeared to be higher in endometrioma with surgery
than in the control group, however, the difference was not statistically significant. The
cycles of endometrioma with surgery was associated with lower MII oocytes rate than
the control group (84.9% versus 87.6%; p = 0.001). Beyond that, other outcomes including
pregnancy outcomes did not differ significantly between comparison groups (Table 3).

Table 3. Outcomes of the women with endometrioma who received surgery and the control group
after PSM.

Outcome
Endometrioma with Surgery

(n = 441)
Control Group

(n = 441)
p Value

No. of oocytes retrieved 7 (4–11) 7 (4–12) 0.657
MII oocytes rate 3140/3700 (84.9) 3255/3717 (87.6) 0.001

Normal fertilization rate 2224/3700 (60.1) 2298/3717 (61.8) 0.130
Embryo development rate on Day 2 1552/2224 (69.8) 1615/2298 (70.3) 0.717
Embryo development rate on Day 3 877/2224 (39.4) 877/2298 (38.2) 0.381
Good-quality embryos rate on Day 3 1239/2224 (55.7) 1239/2298 (53.9) 0.226

Blastocyst development rate 1399/2224 (62.9) 1425/2298 (62) 0.535
Good blastocyst development rate 830/2224 (37.3) 864/2298 (37.6) 0.847

Cycles cancellation rate 161/441 (26.7) 165/441 (27.2) 0.850
Clinical pregnancy rate 148/280 (52.9) 156/276 (56.5) 0.385

Miscarriage rate 17/148 (11.5) 14/156 (9.0) 0.469
Live birth rate 125/280 (44.6) 141/276 (51.1) 0.128

Values are presented as median (interquartile range) or n (%). MII: metaphase stage II; PSM: propensity
score matching.

For endometrioma with and without surgery, the MII oocytes rate was significantly
lower in the endometrioma group with surgery (79.9% versus 87.7%; p < 0.001), while the
good-quality embryos rate was comparable between groups. The surgery for endometrioma
may result in a lower normal fertilization rate (55.2% versus 66.2%; p < 0.001). Nevertheless,
there were higher rates of blastocyst development and good blastocyst development in
the endometrioma group with surgery (67.1% versus 60.2%, p = 0.013; 40.7% versus 35.2%,
p = 0.049). As for other outcomes including pregnancy outcomes, no significant between-
group differences were found (Table 4).
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Table 4. Outcomes of the endometrioma women with and without surgery after PSM.

Outcome
Endometrioma with Surgery

(n = 109)
Endometrioma without Surgery

(n = 109)
p Value

No. of oocytes retrieved 8 (5–13) 8 (5–12) 0.950
MII oocytes rate 811/1015 (79.9) 880/1003 (87.7) <0.001

Normal fertilization rate 560/1015 (55.2) 664/1003 (66.2) <0.001
Embryo development rate on Day 2 405/560 (72.3) 453/664 (68.2) 0.119
Embryo development rate on Day 3 237/560 (42.3) 273/664 (41.1) 0.670
Good-quality embryos rate on Day 3 310/560 (55.4) 361/664 (54.4) 0.729

Blastocyst development rate 376/560 (67.1) 400/664 (60.2) 0.013
Good blastocyst development rate 228/560 (40.7) 234/664 (35.2) 0.049

Cycles cancellation rate 44/109 (28.8) 36/109 (24.8) 0.444
Clinical pregnancy rate 33/65 (50.8) 45/73 (61.6) 0.198

Miscarriage rate 2/33 (6.1) 4/45 (8.9) 0.974
Live birth rate 30/65 (46.2) 40/73 (54.8) 0.311

Values are presented as median (interquartile range) or n (%). MII: metaphase stage II; PSM: propensity
score matching.

4. Discussion

The study demonstrated that there was a lower MII oocytes rate and a similar good-
quality embryos rate in women with endometrioma (as well as those who underwent
surgical treatment) compared with the control group, other outcomes were comparable.
For women with endometrioma, the rates of blastocyst development and good blastocyst
development were significantly higher in those that had prior surgical treatment compared
with those who had not; however, the rates of normal fertilization and MII oocytes were
lower. Moreover, other outcomes including good-quality embryos rate did not significantly
differ between the two groups.

A growing number of cohort studies have investigated the effect of endometrioma
on oocyte and embryo quality in IVF/ICSI, but there was substantial heterogeneity across
these studies whether in study design or results. Benaglia et al. included 39 women
with unoperated bilateral endometriomas and 78 control subjects by 1:2 matching, and
reported a comparable number of high-quality embryos but a significantly lower number
of oocytes retrieved and suitable oocytes which included MII oocytes and type 1 cumulus-
oocyte complex in the endometriomas group [23]. Similarly, Suzuki et al. failed to detect a
difference in the rate of good-quality embryos between 80 IVF cycles with endometrioma
and 283 cycles with tubal factor infertility, and they found a lower number of oocytes
retrieved in the study group, but the MII oocytes rate was not shown [24]. Notably,
these studies were all small sample sizes. In contrast, a large retrospective cohort study
conducted by Wu et al. indicated a significantly lower number of top-quality embryos
and blastocyst rates, in addition to a decreased number of oocytes retrieved and oocyte
maturation rate in endometrioma group compared with control group [25]. Furthermore,
a meta-analysis by Yang et al., pooling the results from nine studies, reported a similar
number of good-quality embryos but a lower number of MII oocytes in endometrioma
group, they also made comparisons in unilateral endometrioma, but no difference was
found in the number of MII oocytes and embryos formed between ovaries affected and
contralateral normal ovaries [26]. There are many underlying mechanisms for the negative
effect of endometrioma on oocytes quality. It has been proposed that the altered follicular
microenvironment such as excessive reactive oxygen species and free radicals production
and high expression of inflammatory cytokines would lead to DNA damage and meiotic
spindle disorganization; thus, the oocytes quality is compromised [27–29]. However, the
exact pathophysiology remains to be elucidated.

The surgical management of endometrioma prior to IVF/ICSI is a point deserving
attention, with increasing evidence questioning the benefits of surgery. More recent studies
have observed the decreased ovarian reserve after cystectomy, and the damage may be
due to the removal of the normal ovarian tissue or electrocoagulation injury during opera-
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tion [30,31]. Our research indicated that surgery for endometrioma had no negative impact
on embryos quality on Day 3, but was associated with compromised oocytes maturity.
Furthermore, the blastocysts quality was found to be improved in this population, and this
finding would contribute to patient counselling and clinical practice as the blastocyst-stage
embryo transfer—especially the frozen single blastocyst transfer—strategy is becoming
increasingly popular [32]. In line with our results, Li et al. reported a comparable high-
quality embryo rate per oocyte retrieved and a lower number of MII oocytes in women
with endometrioma having undergone cystectomy compared with those who underwent
aspiration, whereas the difference in the viable blastocyst rate was not observed [33]. At
present, only one randomized controlled trial on this issue was published, enrolling a total
of 99 women with endometriomas measuring 3–6 cm in diameter, which demonstrated
that surgery for endometrioma resulted in a reduced number of retrieved mature oocytes
while the embryonic development was ignored [34]. Additionally, in a recent meta-analysis,
Hamdan et al. extracted data from 33 eligible studies, in which the synthetic results showed
there were no differences in the number of oocytes retrieved between women with en-
dometrioma who received prior surgical treatment and those who did not [35]. In general,
the effect of endometrioma, especially its surgical treatment, on embryo quality, is still
poorly investigated, as most existing literature focuses on its effect on oocyte quantity and
quality. More research on this aspect is needed to draw a definite conclusion. The latest
guideline on endometriosis developed by the European Society of Human Reproduction
and Embryology (ESHRE) does not recommend the routine performance of surgery for
endometrioma prior to IVF/ICSI, considering its negative impact on ovarian reserve, but it
can be performed to improve the accessibility of follicles at the time of oocyte retrieval [36].
In practice, clinicians should comprehensively evaluate various clinical variables such
as previous interventions, ovarian reserve, pain symptoms, bilaterality, sonographic fea-
ture of malignancy, growth, and size to determine whether the benefits of surgery for
endometriomas outweigh its potential risk [37].

The strengths of this study include the large sample size and detailed baseline charac-
teristics that enhance statistical power. Beyond that, the indicators for evaluating oocyte
and embryo quality, as recommended by the Vienna consensus, are comprehensive and
systematic. Currently, in other studies of this field, the indexes used to assess embryo
quality do not cover the entire process of embryonic development. More importantly, the
use of PSM to balance baseline differences between groups, combined with the incorpora-
tion of all variables into the propensity score model due to the large sample size, makes
the analysis more statistically efficient and robust, thus reinforcing the persuasiveness of
the results.

There are also some limitations to be noted in this study. Firstly, the diagnosis of
endometrioma is made by ultrasonography instead of pathology, which could result in
the selection bias of the study population. This is also a common limitation in the field
investigating the impact of endometrioma on IVF/ICSI cycle outcomes. It is estimated that
the TVUS has good accuracy for endometrioma with a sensitivity and specificity of 93% and
96%, which makes this technology more practical [38]. Secondly, the evaluation for embryo
quality is based on morphological criteria in this study, however, the embryos retrieved
from women with endometrioma may be intrinsically changed, which would not translate
into morphological alterations. At present, the dominant laboratory performance indicators
for assessing embryo quality are based on morphological features, although some other
methods such as the analysis of morphokinetics by time-lapse imaging have been applied.
Thirdly, the non-homogeneity of the stimulation protocols is another problem of note.
Admittedly, many different stimulation protocols have been used in this retrospective study
which could negatively impact the statistical data. However, the proportions of different
stimulation protocols are not significantly different between the comparison groups with
the use of PSM, although many different stimulation protocols have been used. Finally,
both the study and control populations are confined to IVF cycles, meaning that the results
cannot be extrapolated to other populations.

181



J. Clin. Med. 2023, 12, 2416

5. Conclusions

To conclude, our results suggest that endometrioma, including the corresponding
surgical treatment, compromises the oocyte maturity not the embryo quality at the cleavage
stage; however, surgery does not significantly influence the live birth rate, although the
surgery seems to contribute to improving the blastocyst development. Furthermore, more
high-quality evidence is required to elucidate the effect of endometrioma, especially its
surgical treatment on embryo competence.
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Abstract: Selecting the best embryo for transfer is key to success in assisted reproduction. The use of
algorithms or artificial intelligence can already predict blastulation or implantation with good results.
However, ploidy predictions still rely on invasive techniques. Embryologists are still essential, and
improving their evaluation tools can enhance clinical outcomes. This study analyzed 374 blastocysts
from preimplantation genetic testing cycles. Embryos were cultured in time-lapse incubators and
tested for aneuploidies; images were then studied for morphokinetic parameters. We present a
new parameter, “st2, start of t2”, detected at the beginning of the first cell cleavage, as strongly
implicated in ploidy status. We describe specific cytoplasmic movement patterns associated with
ploidy status. Aneuploid embryos also present slower developmental rates (t3, t5, tSB, tB, cc3, and
t5-t2). Our analysis demonstrates a positive correlation among them for euploid embryos, while
aneuploids present non-sequential behaviors. A logistic regression study confirmed the implications
of the described parameters, showing a ROC value of 0.69 for ploidy prediction (95% confidence
interval (CI), 0.62 to 0.76). Our results show that optimizing the relevant indicators to select the most
suitable blastocyst, such as by including st2, could reduce the time until the pregnancy of a euploid
baby while avoiding invasive and expensive methods.

Keywords: embryo quality; preimplantation genetic testing; morphokinetics; time-lapse; ploidy

1. Introduction

The selection of the best embryo for transfer is key to success in in vitro fertilization
(IVF) treatments. Identifying the embryo with the greatest potential for producing an evo-
lutive pregnancy results in better clinical outcomes while minimizing the associated risks,
multiple gestations, and potential complications, both maternal and fetal [1,2]. Embryo
evaluation is mainly based on morphological criteria, such as fragmentation, multinucle-
ation or cell size and number, following common grading methods [3]. Major advances
in assisted reproductive technologies, especially regarding embryo culture, have allowed
for the extension of long-term cultures up to the blastocyst stage, enabling better embryo
scoring parameters [4–6].

However, while these techniques have been useful for more than 30 years, there is an
evident lack of information considering that embryonic development follows a sequence
of timed and coordinated events, which require specific developmental rates. Time-lapse
(TL) technology solved the problem of static observations and opened new horizons for
the study of these dynamic processes. Since the introduction of TL technology, new kinetic
markers have been identified and are associated with higher implantation rates. Using this
non-invasive scoring method, several studies have found an association between human
embryo ploidy and morphokinetics: slower progression, delayed blastulation, and specific
cleavage times, such as t3 or the interval t5–t2, have previously been associated with
chromosomal aberrations [7–10].

Nevertheless, clinical pregnancy rates remain at ≈30% [11], a relatively low figure.
Clinicians and embryologists urge to find new approaches to improve the selection method
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and raise these rates without increasing the number of embryos transferred. Genetic screen-
ing of embryos may seem a promising solution for this issue, as several studies demonstrate
chromosomal alterations to be one of the most common causes of abnormal embryos in IVF
(and, thus, of poor clinical outcomes) [12–14]. Aneuploid embryos, which often present
apparently good development and morphology, are associated with implantation failure,
miscarriage, and congenital defects [15].

Preimplantation genetic testing (PGT) for aneuploidies allows for the selection of chro-
mosomally normal embryos. This can raise implantation rates up to 70% when transferring
an euploid embryo [16]. However, PGT is not always possible or indicated. Some risks are
associated with the technique, as it is an invasive methodology and not completely reliable.
The possibility of misdiagnosis, an embryo lacking a diagnosis, or inconclusive results
should be considered. Furthermore, the financial cost of embryo testing is elevated; there
may be social reasons to discard the embryos, and some clinics do not have the advanced
technology required. Therefore, new non-invasive embryo selection methods need to be
studied. The search for an association between morphokinetic variables and aneuploidy has
recently gained attention, with researchers seeking to find models or algorithms that could
help to predict embryo ploidy status, most recently with the help of artificial intelligence
(AI). Most authors agree on the importance of early cleavages and also associate delayed
blastulation with chromosomal abnormalities, but they apply different pivotal parameters
in their predicting models [17–19]. In this context, risk models are often not applicable to
all TL devices and clinics and depend on the subjectivity or working methodology of each
team. The use of AI is promising and can already predict blastulation and implantation
with good results, but it cannot yet predict ploidy. Moreover, AI presents some other limita-
tions at present (i.e., the software needs to be trained and often corrected by embryologists,
embryos with aberrant development are often miss-annotated, it represents an expensive
investment for small clinics, etc.). Therefore, embryologists are still essential for embryo
evaluation and the selection of the best embryos for transfer.

The aim of this study is to understand the implications and relation of several classic
and novel morphokinetic markers to embryo behavior and to elucidate their ploidy pre-
diction potential, incorporating this information as a key selection tool that is accessible to
all. We describe a strategy for predicting the ploidy status of an embryo while avoiding
invasive methods and establish the best indicators to select the most suitable blastocyst to
achieve a pregnancy with a euploid baby.

2. Materials and Methods

2.1. Study Design

This retrospective study was conducted at the Gravida Fertilitat Avançada center
in Barcelona, Spain. The cohort of the study was drawn from a total of 85 treatments of
73 patients, including 374 blastocysts fertilized using both conventional in vitro fertilization
(IVF) (n = 202) and intracytoplasmic sperm injection (ICSI) (n = 172) in cycles from January
2018 to February 2020. Owing to its retrospective nature and the absence of a priori
intervention, the present study did not require the approval of an external review board.
The data collection is part of the routine clinical procedure, is not sensitive, and is de-
identified; therefore, this observational study posed no risk in terms of compromising the
identity or safety of the studied individuals. Among the cases included in the study, with
a total of 674 embryos fertilized, 374 (55.5%) of the embryos developed to the blastocyst
stage and were able to be biopsied and therefore analyzed by PGT for aneuploidies on the
fifth or sixth day of culture (D5 or D6). The annotation of morphokinetic characteristics
was performed on all available and analyzed embryos, and the study was blinded to
ploidy. Embryos with incomplete annotations failed amplification, and/or abnormal or no
fertilization were excluded from the analysis.

This study included patients undergoing PGT due to recurrent miscarriage, repeated
implantation failure, advanced maternal age, altered karyotype, and also those doing so
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electively. A minimum number of embryos to proceed with PGT was not set. The female
age ranged from 26 to 45 years (mean ± standard deviation, 38.0 ± 3.9).

2.2. Ovarian Stimulation

The ovarian stimulation protocol was based on the patient’s age, hormone levels,
antral follicle counts, and prior treatments. Briefly, recombinant alpha or beta FSH (with
or without urinary menotropins) were used for ovarian stimulation, ranging from 150
to 375 IU, according to the patient type and ovarian reserve (Gonal F® (Merck, Darm-
stadt, Germany) or Menopur® (Ferring, Kastrup, Denmark)). To prevent ovulation before
egg collection, GnRH antagonists (Orgalutran® (Organon, Amsterdam, The Netherlands)
were administered daily starting on day 5 or 6 after FSH administration. Final follicular
maturation was triggered with hCG and/or a GnRH agonist (Ovitrelle® (Merck, Darm-
stadt, Germany) and Decapeptyl® (Ipsen, Boulogne-Billancourt, France), respectively).
GnRH agonist was used when patients had ≥10 follicles over 14 mm or estradiol levels
≥2500 pg/mL. If lower levels of follicles were found, a combination of hCG and GnRH
was administered.

2.3. Oocyte Retrieval and Embryo Culture

Oocytes were retrieved 36 h after the follicular maturation trigger using a transvaginal
ultrasound-guided needle. The procedure was performed with the patients under sedation.
Oocytes were incubated for around 3 h in Global for Fertilization® medium (LifeGlobal,
Guilford, USA) under an oil overlay (OvoilTM, Vitrolife, Gothenburg, Sweden) at 37 ◦C
and 6.6% CO2 and 5% O2 (previously equilibrated overnight). For ICSI samples, cumulus
cells surrounding the oocytes were removed enzymatically with hyaluronidase (HYASETM,
Vitrolife) and by pipetting, and ICSI was performed on metaphase II oocytes, which
were placed on individual microwells of Geri® (Merck) TL or conventional culture plates,
depending on the case. For conventional IVF, oocyte–cumulus complexes were coincubated
with sperm overnight. Fertilization was checked 16–18 h post-insemination. Normally
fertilized oocytes from IVF were also placed in individual multiwells of the Geri® or
conventional culture plates and loaded into the Geri® system or conventional incubator,
respectively. Both culture methods were performed in Global Total LP® medium (Vitrolife)
covered in mineral oil for up to 6 days at 37 ◦C with 6–6.7% CO2 and 5% O2. The culture
was briefly interrupted on day 3 in order to perform the assisted hatching and ensure that
all embryos were able to hatch prior to the biopsy.

For the TL technology embryos, images of each fertilized oocyte were acquired au-
tomatically every 5 min through 11 focal planes. These time-lapse images were used
for the assessment of the embryo’s development and to identify the precise timing of
developmental events as they were assessed by the embryologists studying the images.

2.4. Trophectoderm Biopsy and PGT

Biopsy was performed on day 5/6 of development in all high-quality blastocytes,
including grading A and B for the inner cell mass (ICM) and trophoectoderm (TE). Briefly,
a combination of laser pulses and mechanical separation was performed to achieve 5–10 TE
cells to be used for genetic screening. The biopsied cells were washed and collected in sterile
PCR tubes. After the TE biopsy, the embryos were vitrified according to the manufacturer’s
instructions (Kitazato, Shizuoka, Japan).

Biopsied cells were diagnosed using whole-genome amplification (NGS, Next Gen-
eration Sequencing) by an external genetic analysis laboratory. The NGS platform was
used to detect 24-chromosome aneuploidies from a single whole-genome sample. The
copy-number values were determined to identify deviations (positive for gains and nega-
tive for losses). Each chromosome region was classified as euploid (<30% aneuploidy) or
aneuploid (≥30% aneuploidy). Euploid embryos were those showing euploid values for
all chromosomes.
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2.5. Time-Lapse Analysis and Recording of Kinetic and Morphological Parameters

Time-lapse images acquired during the culture period to the point of the biopsy were
used for the assessment of the embryo’s development. The time of insemination by ICSI
or the hour when the conventional IVF was performed was programmed into the Geri
System when the slide was loaded. Embryologists studying time-lapse images annotated
the precise timing of the developmental events observed using the viewer. All times
were recorded in hours and normalized to the pronuclei fading time (using tPNf as t0) to
enable us to study the embryos from IVF and ICSI together. Table S1 shows definitions
of the dynamic events studied. Morphological features were also tracked, including the
morphology of the cells, fragmentation, multinucleation at the 2- or 4-cell stage, pronuclei
morphology, direct and reverse cleavage, and the compaction process. Strict guidelines
were established for the annotation of video footage. Embryo grading was performed
following the recommendations of Alikani et al. [20], the Gardner classification [4], and
ESHRE and ASRM guidance [8,21].

A novel parameter is described and studied (start of t2, st2), corresponding to the
first cytoplasmic movements prior to the first cytokinesis (Video S1). The cytoplasmic
movements were divided into 3 groups depending on their observed phenotype: Pattern
0 for no detectable movements at the microscope level (Video S2); Pattern 1 for non-
patterned movements (Video S3); and Pattern 2 for circular movements (Video S4). The
initial detection of all these movements in groups 1 and 2 were labeled as st2 for each
embryo. Group 0 embryos lack st2 annotation. Thus, st2 annotation corresponds to the
first detectable frame of the following movements: halo disappearance, cytoplasmic waves
(which usually lead to anarchic blebbing), or circling cytoplasm movements. Specific
membrane movements, such as pseudo-furrows or rubbing movements, among others,
were not considered, as st2 refers only to cytoplasmic movements. All annotations were
blinded to ploidy.

2.6. Statistical Analysis

Continuous data are expressed as means with standard deviations, and categorical data
are expressed as percentages. The relationship between the various parameters studied and
the chromosomal dotation was assessed. Categorical data and proportions were analyzed
using Chi-square tests. The normality of continuous data was assessed, and a T-test was
used for continuous variables. Univariate and multivariate logistic regression analyses
were used to create a model for enhanced selection based on aneuploidy, and the odds
ratio (OR) was expressed in terms of the 95% confidence interval (95% CI) and significance.
Receiver operating characteristic (ROC) curves were used to test the predictive value of all
variables included in the model with respect to chromosomal normality. Statistical analysis
was performed using GraphPad software. p < 0.05 was considered statistically significant.

3. Results

In this study, 374 embryos from 85 IVF/ICSI cycles were studied for aneuploidy.
The mean age of the female partners was 38.0 years, ranging from 22 to 45 years. The
patient demographics, indications for performing genetic testing on the embryos, and
cycle characteristics are summarized in Table S2. A total of 158 embryos were diagnosed
as euploid, resulting in a 42.2% global euploidy rate (38.3% per cycle). No differences
were observed in this rate when comparing embryos from different fertilization techniques
(conventional IVF (38.1%) or ICSI (47.1%)).

Several morphokinetic parameters showed a high association with ploidy status
(Table 1). Euploid embryos appear to be faster in their development, reaching specific
division times (st2, t3, t5) and blastocyst formation moments (tSB, tB) earlier than the
aneuploid group. Similarly, some intervals also appear to be shorter in the euploid group
(cc3, t5–t2). The mean times for these parameters for euploid and aneuploidy embryos,
respectively, are as follows: st2: 1.5 ± 0.9 vs. 1.6 ± 0.7; t3: 12.9 ± 3.4 vs. 13.6 ± 2.6; t5:
25.5 ± 6.1 vs. 27.1 ± 4.5; tSB: 73.8 ± 7.0 vs. 76.3 ± 7.5; tB: 83.6 ± 7.4 vs. 86.2 ± 7.6; cc3:
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12.5 ± 4.8 vs. 13.6 ± 2.9; t5-t2: 22.9 ± 6.2 vs. 24.4 ± 4.7. Data from the euploid group
are distributed more equally, while the aneuploid population tends to be more dispersed,
especially above the median.

Table 1. Annotations for morphokinetic parameters were analyzed using time-lapse technology.

Euploid Embryos Aneuploid Embryos p-Value

Mean (h) ± 95% CI n Mean (h) ± 95% CI n

st2 1.5 ± 0.9 128 1.6 ± 0.7 157 0.03

t2 2.6 ± 0.5 156 2.7 ± 0.6 216 ns

t3 12.9 ± 3.4 157 13.6 ± 2.6 215 0.05

t4 14.4 ± 2.4 155 14.6 ± 2.2 213 ns

t5 25.5 ± 6.1 156 27.1 ± 4.5 215 0.004

t8 34.8 ± 7.4 154 35.2 ± 7.3 213 ns

tSC 54.2 ± 11.5 156 54.7 ± 11.3 216 ns

tSB 73.8 ± 7.0 158 76.3 ± 7.5 216 0.001

tB 83.6 ± 7.4 151 86.2 ± 7.6 212 0.001

t2–st2 1.2 ± 0.9 128 1.1 ± 0.8 157 ns

cc2 (t3–t2) 10.4 ± 3.4 156 10.8 ± 2.9 215 ns

cc3 (t5–t3) 12.5 ± 4.8 156 13.6 ± 2.9 215 0.006

t5–t2 22.9 ± 6.2 156 24.4 ± 4.7 215 0.008

s2 (t4–t3) 1.5 ± 1.0 155 1.2 ± 1.3 213 ns

s3 (t8–t5) 9.2 ± 3.7 154 8.3 ± 3.6 213 ns

tSC–t8 19.6 ± 5.5 154 19.5 ± 5.8 213 ns

tB–tSB 9.9 ± 2.6 151 10.0 ± 2.9 212 ns

ns: not significant.

St2, a novel and poorly studied parameter, was shown to be highly discrepant between
euploid and aneuploid blastocysts. St2 was considered to be the initial cytoplasmatic move-
ment that embryos present prior to the first cell cleavage. These phenomena presented
different expressions, divided into three corresponding groups. Some of the embryos
(Pattern 0) did not present any detectable movements when observed under the micro-
scope. These embryos did not present halo dissolution or redistribution of the cytoplasmic
material, either towards the cortex (as commonly described) or in any other textural change.
A small group of embryos lacking a flare or halo, in addition to not showing any other cyto-
plasmic reorganization, are included in this group. The cleavage to the two-cell stage was
smooth (Video S2). Pattern 1 includes embryos with cytoplasmic or peripheral (adjacent to
the membrane) vibration-like movements prior to the first cell division. These movements
do not follow any identifiable pattern and have a random appearance. Movements anno-
tated in this group include halo disappearance (Video S3A), cytoplasmic polarization, or
random waves (Video S3B,C), which usually lead to anarchic blebbing. However, specific
membrane movements, such as pseudo-furrows or rubbing movements, among others,
were not considered; we only focused on cytoplasmic movements. Commonly, these start
after the PN breakdown, but we also detected them immediately prior to the pronuclei
disappearance (referring specifically to halo fading). When this was the case, st2 was anno-
tated and, accordingly, adopted negative values after the PN fading correction was applied.
Pattern 2 embryos present clear circular wave movements at the cytoplasm (Video S4).
Circular movements are often repeated, and most of the embryos presenting this cortical
rotation exhibit at least 2–3 complete rotations before cell cleavage. The occurrence of
each pattern is shown in Table 2 and shows a clear correlation with chromosomal dotation
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(p value < 0.0001). Pattern 2 was highly associated with euploid embryos: 90% of the
embryos with circular movements were diagnosed as euploid. In contrast, Pattern 0 was
more frequently observed in aneuploid embryos compared to euploid blastocysts (66.3%
vs. 33.7%, respectively).

Table 2. Occurrence of the different cytoplasmic patterns of st2 in euploid and aneuploid embryos.

Euploid Embryos Aneuploid Embryos p-Value

Pattern 0 30 (33.7%) 59 (66.3%)
<0.0001Pattern 1 110 (41.5%) 155 (58.5%)

Pattern 2 18 (90.0%) 2 (10.0%)

Regarding the morphological variables visible with TL technology, we studied multi-
nucleation, direct or reverse cleavage, the size and symmetry of pronuclei, the presence
of exclusion cells, and the compaction process. None of these parameters appear to be
significantly associated with the ploidy status.

The correlation between the various morphokinetic timings and intervals studied is
represented in a correlation matrix. For euploid embryos, especially in the case of intervals
(Figure 1), we found a positive correlation for most of them. Initial divisions, as well as
the blastulation process, appear to be significantly involved in chromosomal dotation,
with early cleavages presenting a clear correlation with blastulation time. On the contrary,
aneuploid embryos showed null or insignificant correlations, with r values that were not
statistically different from 0.

Figure 1. Correlation matrix of the studied interval parameters. The left panel shows the matrix
obtained for euploid embryos; the right shows that obtained for aneuploid embryos. Numbers inside
cells show r values. The color legend shows the degree of correlation: green (1.0), positive correlation;
red (−1.0), negative correlation; 0, no correlation.

Using univariate logistic regression models, we confirmed the parameters that most
strongly affect the ploidy status (Table 3). We filtered the most relevant parameters ac-
cording to all of our results, controlled the data for egg age (as it is a known confounder),
and performed a multivariate logistic regression study to develop a model using the Odds
ratios (Table 4). The area under the ROC curve was AUC = 0.69, with a 95% confidence
interval (0.62 to 0.76), which suggests an existing but moderate predictive ability. Using this
system, we were able to identify 49.5% of euploid embryos. However, 80.6% of aneuploid
embryos were correctly classified. When looking at the specific weight of each parameter
on the model, only the st2 pattern significantly affected the outcome as an independent
predictive factor.
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Table 3. Univariate logistic regression analysis.

Parameter Odds Ratio 95% IC p-Value

st2 0.763 1.017–1.936 0.04
t2 1.265 0.887–1.844 ns
t3 1.061 0.990–1.138 ns
t4 1.014 0.926–1.110 ns
t5 1.058 0.017–0.097 0.005
t8 1.008 0.980–10.37 ns
tSC 1.005 0.988–1.023 ns
tSB 1.051 1.021–1.083 <0.001
tB 1.049 1.020–1.081 <0.001
t2–st2 0.715 0.537–0.899 <0.0001
cc2 (t3–t2) 1.043 0.976–1.115 ns
cc3 (t5–t3) 1.080 1.022–1.146 0.006
t5–t2 1.053 1.013–1.096 0.008
s2 (t4–t3) 0.931 0.845–1.023 ns
s3 (t8–t5) 0.983 0.955–1.013 ns
tSC–t8 1.000 0.983–1.017 ns
tB–tSB 1.006 0.961–1.056 ns
st2 pattern 0.635 0.468–0.845 0.001

ns: not significant.

Table 4. Multivariate logistic regression analysis.

Parameter Odds Ratio 95% IC p–Value

st2 0.979 0.642–1.493 ns
t5 0.655 0.362–1.143 ns
tSB 0.968 0.899–1.044 ns
tB 0.984 0.916–1.052 ns
cc3 (t5–t3) 1.380 0.820–2.398 ns
(t5–t2) 1.012 0.8725–1.167 ns
st2 pattern 1.648 1.088–2.539 0.02

ns: not significant.

4. Discussion

This study retrospectively analyzed the relationship between embryo development
data and chromosomal dotation, and the results show that morphokinetics of embryo
development are related to embryo ploidy. Embryonic aneuploidies may affect the devel-
opment and cleavage behavior of embryos. By using time-lapse culture systems, we were
able to monitor and identify those kinetic events and transient morphological attributes
that can help us better select embryos for transfer by predicting embryo ploidy without
using PGT. While an improvement in clinical outcomes has been seen over recent years
when using TL incubators, meta-analyses comparing these studies show little to no evi-
dence of the improvement of embryo selection when using TL embryo selection software
compared to conventional assessments [22]. Therefore, it is necessary to refine TL embryo
evaluation systems.

We found no differences between embryos from conventional IVF versus ICSI, either
in fertilization or in euploidy rates. The majority of published studies focus on ICSI
cycles. We believe that neglecting conventional IVF in these studies is a mistake, as
it is an optimal technique for many couples, especially in cases with non-male-factor
infertility. Additionally, while ICSI used to be mandatory before PGT studies to avoid
sperm DNA contamination, by switching from a D3 to a TE biopsy, this potential risk can
be overlooked [23]. By including IVF cycles in our study, we are able to apply the results
obtained to all our patients, regardless of the fertilization technique that is suitable for them.
We did find differences in maternal age between the euploid and aneuploid groups. While
oocyte age is one of the main known factors affecting euploidy, we applied corrections to
our prediction models to discard age as a confounding factor.
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It is worth mentioning that PGT-A does not increase cumulative pregnancy rates.
The probability of achieving a successful pregnancy after transferring a euploid embryo
is significantly higher compared to the results of transferring an embryo without genetic
analysis. However, it does not have superior outcomes for a whole embryo pool. Focusing
on individual embryo transfers and not on cumulative outcomes falsely suggests that
PGT-A improves outcomes, but it actually shortens the time and transferences required to
achieve these results [24,25]. IVF treatments can be onerous and tedious for patients with
fertility problems; they are associated with stress, and they represent a significant economic
burden for the patients. Reducing the time and attempts needed for the whole process is
a benefit in and of itself, so the advantages of PGT-A for specific patients are undeniable.
However, questions continue to be raised regarding the invasiveness of the technique and
the question of whether only a specific subset of patients truly benefit more from its usage
(e.g., in cases with advanced maternal age or previous miscarriages).

Novel techniques for identifying euploid embryos without the technical and economic
drawbacks of invasive and non-invasive preimplantation screening must be found. Reduc-
ing transfer failures could lead to fewer patients discontinuing treatment. Nowadays, new
approaches for diagnosing embryo ploidy using novel, less invasive techniques are being
developed, such as non-invasive preimplantation genetic testing, which is based on the
analysis of DNA found within the blastocoel fluid of blastocysts and in spent media culture
(niPGT) [26–28]. However, despite the significant potential of niPGT, we are a long way
from making those procedures accessible to all patients, both because problems related to
complexity, technical complications, and limitations remain unsolved and also because of
the high economic cost such procedures can entail despite not being diagnostic methods
but giving a “recommendation” result instead. A polar body biopsy is also an alternative.
This technique is less invasive than TE biopsy, it does not affect embryo morphokinetics,
and it has no negative impact on implantation events. However, only maternal genetic
information is obtained. Although 90% of human aneuploidies at birth are of maternal
origin, the possibility of paternal aneuploidies cannot be dismissed [29].

Meanwhile, the use of algorithms and grading systems based on morphokinetic
parameters to predict ploidy can be of great help when selecting embryos for transfer.
Even for those patients who do not have a medical recommendation to perform PGT-A,
we could increase the success rates of IVF treatments by increasing the probability of
transferring euploid embryos. Our results, in line with previously published studies [10,30],
show that high-quality embryos also present aneuploidies at a considerable rate (50.3% of
AA blastocysts are aneuploidy in our study). Thus, we need more than a static grading
system based on quality, from which we can predict the genetic content of the embryo. AI
prediction models are, in this sense, promising. However, they are still in the development
phases and do not reach the same level of specificity as PGT.

Regarding the morphological markers observed thanks to TL, including pronuclei
morphology, multinucleation, chaotic cleavages, or the compaction process, none of the
studied variables appeared to be related to the embryo’s ploidy status. These markers
were previously identified as critical parameters for blastocyst formation [31–33]. However,
some seem to also be clearly related to ploidy abnormalities, such as an aberrant number of
cell nuclei. Two main hypotheses can explain this fact. First, defective markers are highly
associated with bad blastulation, and we only analyze high-quality blastocysts for the PGT
study. Those embryos presenting altered parameters affecting blastocyst formation would
not reach the optimal stage to be biopsied and, thus, would not have been included in
this study. During preimplantation development, there is a progressive loss of abnormal
embryos caused by growth arrest or degeneration. Accordingly, the sample size for these
variables was extremely small in most of the cases. Second, embryos may present “self-
correction” systems for some of these parameters. For example, while excluded cells may be
associated with chromosomal defects, this may be the reason that these particular cells are
excluded from the blastocyst [34]. It has also been noted that multinucleated cells have the
potential for self-correction during the first cleavages and develop euploid blastocysts [35].
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Similarly, some studies report that around 20% of trisomies in cleavage-stage embryos are
self-corrected and lead to euploid blastocysts [36]. However, in all of these self-correcting
cases, there can exist collateral abnormalities such as uniparental disomies.

Focusing on kinetic markers, we found seven timings to be particularly strongly as-
sociated with chromosomal status: st2, t3, t5, tSB, tB, cc3, and t5–t2. These key markers
demonstrate that there are critical steps throughout the whole embryo development process.
Our results agree with those of previous studies, which described synchronized and early
cleavages, as well as early blastulation, as being valuable for ploidy prognosis [17–19].
Furthermore, we performed a test to identify outliers prior to the study. Interestingly,
more extreme values were found in the aneuploid population. Thus, abnormal or aberrant
behaviors are often related to altered chromosomal content. In most of the studies pub-
lished, slower blastocyst formation is associated with poorer embryo viability [37]. We also
obtained similar results, whereby delayed timings are associated with aberrant embryos.
The sooner and shorter those changes are, the higher the probability of euploidy. This delay
in development could be explained by the abnormal activation of the spindle assembly
checkpoint [38] in those cells presenting aneuploidy, as the aneuploid chromosome en-
counters difficulties in aligning with the metaphase plate. Additionally, a defective or lax
checkpoint during embryonic development may lead to further development with chaotic
or aberrant divisions [39].

Curiously, we found higher aneuploidy rates to be associated with delayed blas-
tulation, but we found no difference in the ploidy status between D5 and D6 biopsied
embryos. A consistent conclusion has not yet been reached in this ongoing debate. Some
authors suggest better clinical outcomes for D5 embryos [40,41], whereas other studies
find no differences associated with the embryo transfer day [42–44]. A common explana-
tion for lower pregnancy outcomes for D6 transfer is the discordance between the patient
endometrium and the embryo stage. Particularly in fresh cycles, when the implantation
window is advanced after ovarian stimulation, we face an embryo–endometrium desyn-
chronization scenario, especially in D6 transfers. When only high-quality embryos in fresh
transfers were considered, no differences were found between D5 and D6 blastocysts [45].
Low-quality embryos could present with slower development and also be associated with
chromosomal anomalies that could impair their viability and the implantation potential of
those fresh D6 blastocysts. Again, only high-quality embryos are candidates for embryo
biopsy and PGT-A in our clinic, excluding those potentially altered embryos. Moreover,
we normalize our study times to the disappearance of PN, suggesting that the impact of
D5 vs. D6 potential may not rely on pure timings themselves but rather on the way they
progress from one stage to another (especially because we include conventional IVF cycles).
Delayed fertilization followed by a chronological and punctual division can result in a
euploid and viable D6 blastocyst, while early fertilization followed by decompensated or
delayed division steps can be associated with a D5 embryo with a poor prognosis. Thus,
delayed blastulation refers to the embryonic inner time spent until the start of or complete
blastulation, but it does not directly correlate to “our” D5 or D6.

We found a poorly studied parameter that is of special importance in this context:
st2. St2 refers to the initial cytoplasmic macroscopic observable movements that precede
the first cytokinesis. We demonstrated that the start of the t2 division is key to the ploidy
outcome, as delayed times for this first movement are associated with a higher likelihood
of aneuploidy and affect the following cleavages. There are molecular steps required
for cell division (maturation, chromosome division, protein machinery, etc.) that can
translate into these ooplasmic movements. This organelle reorganization, which prepares
the cell to divide, could be more important than the time spent in proper cytokinesis itself.
For example, halo disappearance is related to the microtubule-mediated withdrawal of
mitochondria and other cytoplasmic components of perinuclear regions, and mitochondrial
activity is highly involved in cell cycle regulation [46]. Fertilization cytoplasmic dynamics
have been described in detail in relation to the PN appearance, alignment, and fading
events and can predict clinical outcomes [47]. Fast cleavage is related to good blastocyst
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formation with regard to membrane ruffling [48]. St2, meanwhile, is an ooplasmic event
prior to the first cell cleavage that could also be used in embryo evaluation, as we found it
to be related to ploidy. Based on our results, embryos presenting early st2 movements are
more likely to present euploid complements, while membrane blebbing is usually observed
later. Additionally, the nature of the cortex dynamics is important, as we describe three
types of movement. A lack of movement is associated with poor blastulation prognosis [49],
and we see a tendency towards aneuploidy. Embryos diagnosed as aneuploid in Pattern
0 are almost twice as numerous as the euploid group. While cytoplasmic movements are
found in both euploid and aneuploid populations, circular waves, in particular, appear to
be a characteristic of euploid embryos. All of the embryos presenting this rotation, except
two, were diagnosed as euploid. However, while the statistical power of these results
is strong, the proportion of Pattern 2 embryos is small compared to the total sample of
embryos studied. A bigger study could be valuable in further corroborating these results.

We also found an interesting correlation between most of the kinetic markers ex-
clusively in euploid embryos. This confirms that aneuploid embryos present altered
cleavage and developmental times, not only promoting delayed blastulation but also de-
synchronizing most of the sequential steps and division without a clear pattern. This
chaotic behavior in aneuploid embryos is reinforced by the conventional grading system, as
these embryos present oscillating gradings throughout their development. Our correlation
matrix reveals that synchronic even cleavages (which lead to even numbers of cells, e.g.,
t4–t3) positively condition blastulation time. In contrast, synchronized and sequential odd
cleavages (which lead to odd numbers of cells, e.g., t3–t2) inversely affect blastocyst forma-
tion and are a good prognostic for normal chromosomal content. The logistic regression
model derived from this study presents an AUC = 0.69 and can help us to discard aneuploid
embryos in 80.6% of cases. This can be useful when trying to select the best embryo for
transfer, by rejecting those with a higher probability of aneuploidy. As mentioned above,
machine learning algorithms and AI are promising tools, but they are still not fully reliable
for ploidy selection. In this study, we tested our embryo populations retrospectively using
AI to obtain a score and ranking of ploidy prediction. The present embryo evaluation
system based on morphokinetic parameters, including st2, obtains slightly better results
than the use of AI-integrated predictors (AUC 0.69 vs. 0.64, respectively) [50]. While it
was a small study, together, these results suggest the potential benefit of adding the novel
markers described here to embryo selection systems.

Several algorithms and models have been developed to predict embryo ploidy [18,51].
However, some studies found no correlation in distinguishing euploidy [52]. Not only that,
but some authors applied published models and failed to obtain accurate predictions for
their cohort of blastocysts [53]. Considering all these discrepancies, it is imperative that all
TL embryologists are meticulously trained to identify all of the developmental markers
equally. Not only may the annotation vary slightly from one center to another (where
slight variation is enough to invalidate a given model), but external factors may also bias
the developmental morphokinetics (e.g., ovarian stimulation, temperature, pH, or culture
media, among others). Therefore, we contend that it is useful not to apply an external
model but to identify key markers that may condition every cohort independently of the
center and laboratory. When using AI, the decision-making process of machine learning
models is a black box. We cannot overlook the fact that AI could be taking into account
parameters still unknown to embryologists, such as st2. Thus, it is crucial that we decipher
these parameters and optimize evaluation systems, both to improve embryologists’ work
and to optimize future artificial systems.

While none of these promising methods are fully developed, we can (or must) improve
embryologists’ grading tools for selecting the best embryos for transfer. Embryologists
remain essential for embryo selection. While it could be helpful to have software helping
them to decide, it is crucial that we understand what is behind these decisions. Identifying
novel developmental events can help us to better understand AI models and ploidy impli-
cations. We present st2 as an improvement tool to include in evaluation systems, paying
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special attention to the movement type (circular, not patterned or absent). This study has
some limitations due to the sample size in some variables or groups and the retrospective
nature of the analysis. Future studies, including large prospective RCTs, could be useful in
maximizing time-lapse technology embryo assessments as a non-invasive, cost-effective
alternative to PGT-A.

5. Conclusions

Morphokinetic analysis is not able to detect aneuploid embryos as accurately as PGT
does, but it has the potential to identify the most suitable embryos and reduce the time
to pregnancy. We have found two potential tools that can help to select the best embryo
for transfer. (i) Our study demonstrates the importance of the relation between a wider
group of developmental stages instead of focusing on one or two markers. By paying
close attention to the correlation between crucial markers, especially the synchronicity
and sequentially of the cleavages, we can discard potentially aneuploid embryos. (ii) We
describe st2 as a novel parameter that strongly influences the developmental progress of
the following steps and which is strongly associated with chromosomal status. Specific
cytoplasmic waving patterns correlate with ploidy diagnosis, with circling movements
being the most strongly correlated with euploidy. Including this marker in conventional
grading systems, as well as in selection models and algorithms, will lead to better results
by improving embryo selection.
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Abstract: This umbrella review aims to appraise the methodological quality and strength of evidence
on the association between maternal periodontitis and adverse pregnancy outcomes (APOs). PubMed,
CENTRAL, Web-of-Science, LILACS, and Clinical Trials were searched until February 2023, without
date or language restrictions. Two authors independently screened studies, extracted data, performed
the risk-of-bias analysis, and estimated the meta-analytic strengths and validity and the fail-safe
number (FSN). A total of 43 SRs were identified, of which 34 conducted meta-analyses. Of the
28 APOs, periodontitis had a strong association with preterm birth (PTB), low birth weight (LBW), and
gestational diabetes mellitus (GDM), PTB and LBW showed all levels of strength, and pre-eclampsia
showed only suggestive and weak strength. Regarding the consistency of the significant estimates,
only 8.7% were likely to change in the future. The impact of periodontal treatment on APOs was
examined in 15 SRs, 11 of which conducted meta-analyses. Forty-one meta-analyses were included
and showed that periodontal treatment did not have a strong association with APOs, although
PTB revealed all levels of strength and LBW showed only suggestive and weak evidence. Strong
and highly suggestive evidence from observational studies supports an association of periodontitis
with a higher risk of PTB, LBW, GDM, and pre-eclampsia. The effect of periodontal treatment
on the prevention of APOs is still uncertain and requires future studies to draw definitive and
robust conclusions.

Keywords: adverse pregnancy outcomes; oral health; periodontitis; umbrella review

1. Introduction

Periodontitis is a chronic disease characterized by persistent inflammation that pro-
gressively damages the tissues surrounding the teeth [1,2]. The homeostasis disruption
results in a host immune and inflammatory response in the periodontium with tissue
destruction, gingival bleeding, and systemic inflammatory repercussions [1,2]. Among the
several systemic conditions linked to periodontitis, adverse pregnancy outcomes (APOs)
stand out [3–5] with their impact on maternal and infant health.

Approximately 40% of pregnant women worldwide are estimated to suffer from pe-
riodontitis [3,6]. During pregnancy, hormonal changes promote vascular permeability,
which increases the likelihood of gingival inflammation [5,7]. The oral microbiome of
pregnant women is a relatively stable community [8], but it can shift to distinct composi-
tions [9–11] that may increase the risk of periodontitis [7] and, consequently, the association
withother maternal complications such as gestational diabetes mellitus (GDM) [12]. Yet,
prenatal dental care effectively reduces the carriage of oral pathogens (such as Streptococcus
mutans) [8].

J. Clin. Med. 2023, 12, 3635. https://doi.org/10.3390/jcm12113635 https://www.mdpi.com/journal/jcm
199



J. Clin. Med. 2023, 12, 3635

Since Offenbacher et al. in 1996 first reported a possible association between periodon-
tal disease and preterm birth (PTB) [13], a new series of studies in periodontal medicine has
linked maternal periodontitis to APOs, namely PTB, low birth weight (LBW), pre-eclampsia,
GDM, and miscarriage/stillbirth (M/SB) [4,14].

With the exponential increase in clinical studies, a large number of systematic reviews
regarding this association have emerged. In the light of current knowledge, five previous
umbrella reviews summarized the available evidence and identified gaps in this associ-
ation [15–19]. Nevertheless, none of the latter explored the statistical consistency of the
estimates in the context of the available research. Therefore, an umbrella review assessing
the methodological quality and strength of evidence on the association between maternal
periodontitis and APOs was deemed timely.

2. Materials and Methods

This umbrella review was defined a priori by all authors, published online in the PROS-
PERO platform (ID: CRD42022358842), and conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Supplementary
Data S1) [20].

2.1. Focused Question and Eligibility Criteria

The following focused PI(E)CO questions were addressed: “Do women with peri-
odontitis have an increased risk of APOs compared to women without periodontitis?”
(Population: Pregnant women; Exposure: Periodontitis; Comparison: Non-periodontitis;
Outcomes: APOs) and “Does periodontal treatment reduce the risk of APOs?” (Popula-
tion: Pregnant women; Intervention: Periodontal treatment; Comparison: No periodontal
treatment; Outcomes: APOs).

Studies were eligible for inclusion based on the following criteria: (1) systematic re-
views with or without meta-analysis; (2) retrieved data from human studies; (3) evaluated
the association between APOs and periodontal disease (either observational or interven-
tional). There were no restrictions regarding the year or language of publication. Exclusion
criteria were as follows: (1) systematic reviews of systematic reviews (umbrella reviews);
(2) commentaries, abstracts, letters to the editor, or consensus; (3) unsuitable inclusion
criteria; and (4) inclusion of animal studies in the meta-analysis.

2.2. Study Selection

We conducted a comprehensive search of the following five electronic databases:
PubMed (via MEDLINE), Cochrane Database of Systematic Reviews, Web of Science (WOS),
Latin-American Scientific Literature in Health Sciences (LILACS), and Clinical Trials.gov,
from the earliest data available up to February 2023. We merged keywords and subject
headings according to the thesaurus of each database: #1: (periodontal diseases[MeSH])
OR (gingivitis[MeSH]) OR (gingival inflammation) OR (periodontal health) OR (root plan-
ing[MeSH]) OR (periodontal therapy) OR (periodontal treatment) OR (scaling and root plan-
ing) OR (supragingival and subgingival scaling); #2: (Pregnant Women[MeSH]) OR (Preg-
nancy[MeSH]) OR (Parturition[MeSH]); #3: (pregnancy outcome[MeSH])) OR (pregnancy
complications[MeSH]) OR (premature birth[MeSH]) OR (low birth weight) OR (gestational
Age[MeSH]) OR (Diabetes, Gestational[MeSH]) OR (Abortion, Spontaneous[MeSH]); #3:
(systematic review) OR (meta-analysis) OR (metaanalysis); #1 AND #2 AND #3. The search
was adapted according to each database, using the same keywords and word combinations.
Additional relevant literature was included after a manual search of six periodontology-
and gynecology-specific journals (namely, Obstetrics and Gynecology, British Journal of
Obstetrics and Gynecology, American Journal of Obstetrics and Gynecology, Journal of
Periodontal Research, Journal of Clinical Periodontology, and Journal of Periodontology).
The grey literature was searched using the OpenGrey portal (http://www.opengrey.eu/
(accessed on 23 February 2023)). The electronic search was performed by two researchers
(M.F. and V.M.) who independently screened the titles and abstracts of all the retrieved
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articles and excluded duplicates and unrelated studies. Any disagreements were resolved
by discussion with a third reviewer (J.B.).

2.3. Data Items and Data Collection Process

A predefined table was used to extract the necessary data from each eligible study,
including study identification (authors, publication year, country of origin), search period,
number and type of the included studies, population size, periodontal case definition and
clinical measures, obstetric complication outcomes, methodological quality tool used, effect
size and 95% CI, and funding information. All information was extracted by two indepen-
dent researchers (M.F. and V.M.), and any disagreements were resolved by discussion with
a third researcher (J.B.). Intra- and inter-examiner agreement was assessed using Cohen’s
Kappa statistic (0.89; 95% CI: 0.87–0.90). Corresponding authors were contacted, when
necessary to clarify data or obtain missing information.

2.4. Methodological Quality Appraisal

The included systematic reviews were independently assessed by two reviewers
(M.F. and V.M.) using the A MeaSurement Tool to Assess Systematic Reviews (AMSTAR
2) [21]. AMSTAR 2 is a comprehensive 16-item tool that rates the overall confidence in
the results of the review. According to the AMSTAR 2 guidelines, systematic reviews are
categorized as: High (“zero or one non-critical weakness”); Moderate (“more than one
non-critical weakness”); Low (“one critical flaw with or without non-critical weaknesses”);
and Critically Low (“more than one critical flaw with or without non-critical weaknesses”).

2.5. Meta-Analytical Estimates Strengths and Validity

Data were processed and managed using Excel from MS Office 365 to calculate inferen-
tial statistical analyses. To grade meta-analyses, we used a previously defined methodology
by Papadimitrou et al. (2021) [22]. Therefore, associations were defined into four levels of
evidence: strong, highly suggestive, suggestive, and weak evidence [22,23], as follows:

• Strong evidence: >1000 cases included in the meta-analysis, based on a threshold that
ensured 80% power for hazard ratios ≥ 1.20 (α = 0.05) 38; p-value ≤ 10−6 of statistical
significance in meta-analysis 50–52; heterogeneity (I2) below 50%; the null value was
excluded by the 95% prediction interval; and no evidence of small study effects or
excess significance bias.

• Highly suggestive: >1000 cases were included in the meta-analysis; p-value ≤ 10−6,
and the largest study in the meta-analysis was statistically significant.

• Suggestive evidence: >1000 cases were included in the meta-analysis, and random
effects ≤ 10−3 50–52 was categorized.

• Weak evidence: if the latter conditions were not verified.

The fail-safe number (FSN) for statistically significant meta-analyses was then calcu-
lated using Rosenberg’s FSN [24], followed by the median and range for each evidence
grade (strong, highly suggestive, suggestive, and weak).

2.6. Overlap

Total overlap according to the association of periodontal disease with APOs or the
effect of periodontal therapy on APOs was determined using the formula proposed by
Pieper et al. [25]. The results were expressed as percentages and corrected covered area
(CCA) values between 0 and 15. A CCA value of 0–5 indicates low overlap, 6–10 moderate
overlap, 11–15 high overlap, and >15 very high overlap.

3. Results

3.1. Study Selection and Systematic Reviews Characteristics

The search strategy yielded a total of 678 potentially relevant studies (Figure 1). After
removing duplicates (n = 119), a total of 559 records were screened for eligibility criteria
by title and abstract, and 487 records were excluded. After full-paper assessment, 29 were
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excluded with the respective reasons for exclusion detailed in Supplementary Data S2.
As a result, 43 systematic reviews met all of the eligibility criteria and were included for
qualitative synthesis and 19 for quantitative analyses.

Figure 1. PRISMA flowchart showing the exclusion and inclusion process of the literature review.

Overall, we included 34 and 9 systematic reviews with and without meta-analysis,
respectively (Supplementary Data S3). Of the 43 articles analyzed, 37.2% (n = 16) were
published in dental journals, 32.6% (n = 14) in obstetrics and gynecology journals, and
30.2% (n = 13) in general medical journals. Almost 40% (n = 17) of all the included articles
were published between 2010 and 2013. Regarding study type, 16 systematic reviews
included only controlled trials, 20 included only observational studies, and 7 included both.
Twenty-eight systematic reviews addressed the association between maternal periodontal
status and the risk of APOs, while the other 15 studies aimed to evaluate the impact of
periodontal treatment during pregnancy on perinatal outcomes. The majority followed the
PRISMA guidelines (39.5%, n = 17), although 39.5% (n = 17) did not prepare the review
process according to any standardized guideline (Supplementary Data S3). Regarding
methodological quality assessment, Cochrane tools (27.9%, n = 12) and the Newcastle-
Ottawa scale (23.3%, n = 10) were the most commonly used instruments.

3.2. Methodological Quality Assessment

Good inter-examiner reliability was found for the AMSTAR 2 screening (Cohen Kappa
score = 0.84; 95% CI: 0.81–0.88). Overall, 35 studies were judged to be of critically low
quality, 2 as of low quality, 1 as of moderate quality and 5 of high methodological quality
(Supplementary Data S3, Figure 2 and detailed in Supplementary Data S4). Of those of
high quality, 2 studies explored the association of periodontal disease with APOs and the
remaining 3 studies investigated the effect of periodontal treatment on APOs. Only one of
the included systematic reviews fully met the AMSTAR-2 checklist. Regarding language
restriction, 7 systematic reviews did not report this characteristic, 18 applied a language
restriction, and the remaining 18 studies had no language restrictions. Furthermore, most
systematic reviews failed to report the sources of funding for the studies included in the
review (90.7%, n = 39), to search for grey literature (86.0%, n = 37), to specify a plan to
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investigate causes of heterogeneity (65.1%, n = 28), to search trial and/or study registries
(58.1%, n = 25), and to provide a list of excluded studies with justification (53.5%, n = 23).
Study selection and data extraction in duplicates were not performed in 20.9% (n = 9) and
32.6% (n = 14), respectively. In addition, the definition of the review methods a priori was
considered in only 5 studies (11.6%) for all included systematic reviews.

Figure 2. Diagram showing results from the methodological quality assessment of included system-
atic reviews.

3.3. The Association of Periodontal Disease with APOs

Overall, 28 systematic reviews analyzed the association of periodontal disease with
APOs, of which 14 systematic reviews conducted meta-analyses (53.8%). A total of 28 meta-
analytical estimates were conducted and analyzed below. The overlap observed was58.7%
with a CCA of 5.74% (Supplementary Data S5).

3.3.1. Meta-Analytic Strength of Estimates

Of the twenty-eight estimates, periodontal disease had a strong association with three
APOs: PTB (less than 37 weeks), LBW (less than 2500 g), and gestational diabetes mellitus
(Figure 3). PTB (less than 37 weeks) and LBW (less than 2500 g) showed all the remaining
levels of strength, yet pre-eclampsia showed suggestive and weak evidence. In addition,
highly suggestive evidence was found for the combination PTB/LBW (n = 3). Small for
gestational age was the only APO that did not show significance of association.

Figure 3. Evidence grading map of systematic reviews on the association of periodontal disease with
adverse pregnancy outocmes (APOs). The information at the top of the map shows the evidence
grading scale (from left to right, increasing the evidence level). At the left side of the map, each APO
(with detailed information) is presented.

3.3.2. Consistency of Evidence

When analyzing the consistency of the significant estimates (weak to strong) shown in
Figure 3, only 8.7% of the estimates (2 out of 23) were likely to change in the future, accord-
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ing to the FSN statistics, indicating a fairly robust consistency (Supplementary Data S3).
Of these two, both were classified as weak meta-analyses for PTB (less than 37 weeks) and
LBW (less than 2500 g). None of the strong meta-analytic estimates had the potential to
change in the future, indicating consistency.

3.4. Periodontal Treatment Effect on APOs

A total of fifteen systematic reviews analyzed the effect of periodontal treatment
on APOs, of which 11 conducted meta-analyses (73.3%). A total of 41 meta-analytical
estimates were conducted and analyzed below. Overlap was 77.4%, with a CCA of 33.4%
(Supplementary Data S6).

3.4.1. Meta-Analytic Strength of Estimates

Of the 41 estimates, periodontal treatment did not have a strong association with
APOs (Figure 4). Nevertheless, PTB (less than 37 weeks) showed all the remaining levels
of strength, but LBW (less than 2500 g) showed only suggestive and weak evidence. In
addition, perinatal mortality was the only APO that showed weak significancant association.
The remaining APOs showed no significant association with periodontal treatment.

Figure 4. Evidence grading map from a meta-analysis studying the association of periodontal
treatment with adverse pregnancy outcomes (APOs). The information at the top of the map shows
the evidence grading scale (from left to right, increases the evidence level). On the left side of the
map, each APO (with detailed information) is presented.

3.4.2. Consistency of Evidence

When analyzing the consistency of the generated estimates shown in Figure 4, 58.3% of
the estimates (7 out of 12) were likely to change in the future, according to the FSN statistics,
indicating a little robust consistency (Supplementary Data S3). Of these seven, four related
to PTB (less than 37 weeks) (one highly suggestive, one suggestive, and two weak), two
suggestive meta-analyses for LBW (less than 2500 g), and one weak meta-analysis for
perinatal mortality (Supplementary Data S3).

4. Discussion

4.1. Main Findings

The present umbrella review evaluated a total of 43 systematic reviews with a total sample
of 67 meta-analytic comparisons to assess the quality of evidence in two main categories:
(i) pregnant women with periodontitis have an increased risk of APO; and (ii) periodontal
treatment effects on APO. Three associations were supported by strong meta-analytic evidence,
endorsing highly significant results with no suggestive bias. These associations were between
periodontitis diagnosis and a higher risk of LBW (less than 2500 g) [26] and PTB (less than
37 weeks) [4], as well as GDM [27]. Fourteen associations were supported by highly suggestive
evidence, most involving periodontitis and a higher risk of LBW (less than 2500 g) [5,26,28,29],
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PTB (less than 37 weeks) [5,28,29], PTB/LBW [28–30], and pre-eclampsia [31,32]. Additionally,
periodontal treatment was inversely associated with the risk of PTB (less than 37 weeks) [33,34].

Several factors have been clearly associated with the risk of LBW, PTB, pre-eclampsia,
and GDM. Although periodontitis-related factors are an established risk for increasing
systemic inflammatory burden, the association of periodontitis with APO risk is less known
and potentially biased due to exposure measurement error and reporting bias. To overcome
this obstacle, we used statistical tests and sensitivity analyses to search for evidence of
bias. A total of 71 meta-analyses were evaluated, but on average, they contained relatively
few studies (median = 8). Almost 52% (n = 37) of the included associations between
periodontitis diagnosis or treatment and APOs risk reported a statistically significant
summary random-effects estimate. Additionally, this proportion of significant associations
decreased to 25.4% (n = 18) when a lower p value threshold (p < 10−6) was used, pointing
to a lack of existing robust associations. One in three associations showed high levels of
heterogeneity (I2 ≥ 50%). Moreover, when the FSN research method was used to consider
observational studies, the majority of studies (21 out of 23) were unlikely to change the
current evidence for associations. Otherwise, when the FSN was calculated in interventional
studies, more than 58.3% (7 out of 12) were likely to change the existing research.

The present umbrella supports the notion that there are a limited number of periodontal-
related factors and periodontal treatment follow-up data that are robustly associated with
APOs risk. Nevertheless, it is critical to continue and increase research efforts in this field
because APOs can be life-threatening to both the mother and the fetus/baby.

4.2. Agreement and Disagreement with Previous Umbrella Reviews

To the best of the authors’ knowledge, eight umbrella reviews addressed and sum-
marized the available evidence in this association between periodontitis and APOS, and
the effect of periodontal disease on pregnancy complications [15–19,35–37]. In all eight
published umbrella reviews, the authors only analyzed and interpreted the methodological
quality and described the main findings of the included systematic reviews on maternal
periodontitis and APOs. This umbrella review goes beyond these very basic aims of a
systematic review. We have analyzed the meta-analytic estimates of all systematic re-
views with meta-analyses and provide definitive conclusions on whether future research
is likely to change the results of existing significant meta-analyses. Briefly stated, we
provide solid and enduring evidence maps that will decisively contribute to draw oral
and periodontal care strategies for pregnant women with the primary goal of minimizing
pregnancy complications. This, to the best of our knowledge, has no equivalent umbrella
review conclusion.

Regarding the methodological quality, four of five umbrella reviews used AMSTAR-1
(the first version of this tool, published in 2007), whereas only two umbrella reviews [35,37]
used AMSTAR-2 as we did. Furthermore, Condylis et al. [15] did not assess the method-
ological quality of the evidence of the included studies at all, which can be considered a
serious methodological flaw. Lavigne et al. [36] used the PRISMA checklist to assess the
quality of systematic reviews, although this checklist was not designed for this purpose.

This umbrella review analyzes the evidence that has been produced in this field. We
did not limit our search to a specific area (observational or interventional) or time period.
Therefore, we have results from over six APOs associations with periodontitis diagnosis
and thirteen effects of periodontal treatment in APOs. In contrast, only one umbrella
review [19] examined the association of periodontitis with three APOs (LBW, PTB, and
pre-eclampsia) through observational studies, in contrast to ours (six in total: PTB and LBW
[both individual or combined outcomes], small for gestational age, gestational diabetes
mellitus, and pre-eclampsia). Furthermore, while the previous umbrella reviews examined
the effect of periodontal therapy on a few specific APOs (PTB [<37 weeks; <35 weeks], LBW
and pre-eclampsia), ours explored this effect on thirteen APOs (PTB [<37 weeks; <35 weeks
and <32 weeks], LBW [<2500 g and <1500 g], stillbirth, spontaneous fetal death, small for
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gestational age, gestational diabetes mellitus, and additional analyses such as gestational
age at delivery and mean birth weight).

Overall, 44 systematic reviews from inception to February 2023 were included, while
Condylis et al. [15] included 15 RCTs and 5 meta-analyses published until January 2011,
Lopez et al. [16] included 6 systematic reviews published between 2003 and March 2012,
Vilares-Builes et al. [19] included 19 systematic reviews and did not report the search period,
Rangel-Ricon et al. [18] included 18 systematic reviews, and Matei et al. [17] included 9 studies
in the periodontal field published between January 2005 and October 2016. Notwithstanding,
we included 18 systematic reviews that were not included in previously published umbrella
reviews, accounting for nearly 40% of all available meta-evidence.

4.3. Strengths and Limitations

This umbrella review presents strengths and shortcomings worth discussing to help
readers interpret these findings. First, it provides a comprehensive overview of the available
systematic reviews on the relationship between maternal periodontitis and APOs, following
a strict protocol with a transparent and evidence-based methodology. Second, it presents an
evidence grid map from nonsignificant to strong associations and distributes information
by APO. Third, this umbrella review goes beyond the classical approach by attempting to
explore whether the current evidence is likely to change using an FSN methodology. In
other words, the application of these metrics demonstrates whether or not further research
can influence the existing meta-analytic evidence and therefore provides guidance for
future research agendas and public health policy. However, readers must also be aware
of the limitations of the FSN methodology. The FSN represents the number of studies
required to refute a significant meta-analytic mean, and is purely mathematical estimate,
focusing on whether the p-value reaches an arbitrary threshold. It is also highly dependent
on the assumed mean intervention effect of the unpublished studies. In this respect, the
level of evidence appears to be much more consistent at the observational level (8.7% of
estimates are likely to change with future research) than at the interventional level (58.3%
of estimates are likely to change with future research).

Nevertheless, the majority of the included systematic reviews are of critically low
quality (high risk of bias), and this is the most relevant shortcoming of this review. This
conclusion is based on the methodological quality assessment conducted with AMSTAR-2
and will guide future evidence-based research. In addition, this review makes clear that
most evidence is based on observational data with a low percentage of longitudinal studies
and randomized trials. Additionally, consideration of overlap is critical when conducting
systematic reviews [25]. We observed moderate and high levels of overlap for observational
and interventional studies, respectively. To address this issue, we presented the overlap
as a percentage and the CCA for each outcome and comparison. Hence, the current
evidence is based upon more non-inferential evidence than definitive causal assumptions.
A further shortcoming is that almost all meta-analyses produced unmeasured estimates for
confounding variables, and it is therefore recommended that future studies report effect
sizes adjusted for confounding factors.

4.4. Implications for Practice and Research

The results of this umbrella review highlight the importance of periodontal health
during pregnancy for the systemic health of both mother and child. The relationship
between maternal periodontal status and the risk of APOs, namely PTB, LBW, and GDM,
has been demonstrated by a large body of evidence. However, pregnant women do
not seek dental care [38] due to unawareness, fear, and/or lack of access. Obstetricians-
gynecologists and other obstetric care providers (e.g., nurses, midwives) can play a critical
role in changing this paradigm, as they are the health professionals who maintain the
closest contact with expectant mothers. For this reason, it is very important that articles on
this topic be published in obstetric and gynecologic journals. This information is extremely
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relevant and allows for a more holistic approach to pregnancy and the integration of oral
health programs into prenatal care.

These findings also emphasize that more studies are warranted to further investigate
the interplay between maternal periodontitis and APOs, as well as its underlying biological
mechanisms. Additionally, the level of evidence found in this umbrella makes clear the
need for more trials and increased patient data to face the uncertainty of meta-analytic esti-
mates published so far. Therefore, further exploration of the clinical efficacy of periodontal
therapy before and during pregnancy is still a necessary topic of research through inter-
vention studies. The use of the new 2018 Classification for Periodontal and Peri-implant
Diseases [39] is highly recommended to improve the standardization of studies and allow
future conclusions on this association.

5. Conclusions

Strong and highly suggestive evidence from observational studies supports an as-
sociation of periodontitis with an increased risk of PTB, LBW, GDM, and pre-eclampsia.
Additional similar research is unlikely to change the current evidence for the association
between periodontitis status and APOs, with few exceptions, indicating robust consistency.
The level of evidence on the effect of periodontal treatment on the prevention of APOs is
still uncertain and requires future studies to draw definitive and robust conclusions. These
results strongly recommend periodontal primary prevention care as a key health standard
in prenatal and perinatal care programs.
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Abstract: Varicocele treatment in infertility still remains controversial. It is clear, in fact, that in
many patients, varicocele has no impact on fertility. Recent scientific evidence demonstrated that
varicocele treatment is beneficial in improving semen parameters and pregnancy rate when an
appropriate selection of patients is made. The purpose of treating varicocele in adults is mainly
to improve current fertility status. On the other hand, the goal of treatment in adolescents is to
prevent testicular injury and maintain testicular function for future fertility. Hence, the key to the
success of varicocele treatment seems to be a correct indication. The aim of this study is to review
and summarize current evidence in managing varicocele treatment focusing on the controversies
regarding surgical indications in adolescent and adult patients, and in other specific situations such
as azoospermia, bilateral or subclinical varicocele, and prior to ART.

Keywords: varicocele repair; varicocelectomy; ART; infertility

1. Introduction

A varicocele is defined as an abnormal dilatation and/or tortuosity of the pampiniform
venous plexus in the scrotum. It is a pathological condition caused by an alteration in the
drainage of the testicle due to venous reflux in the internal spermatic vein (ISV). In fact, the
left side is mainly affected due to anatomical reasons related to the ISV. In a previous study,
using femoral and spermatic venographies, we observed the exclusive involvement of ISV
in primary and recurrent varicoceles [1].

The condition occurs in 15% of the healthy general male population, in 35% of men
with primary infertility, and in up to 80% of men with secondary infertility [2]. Several
different clinical [3] and US sonographic classifications have been proposed for varicocele
assessment, but unfortunately, there is no standardization, and a clear consensus has not yet
been reached, which obviously also leads to difficulties in comparability [4]. According to
the fourth edition of WHO classification [5], there are three grades of varicocele depending
on the severity of it, from 1 to 3, with no reference to an absolute measure of the vein
diameter or sonographic evidence of reflux with velocity measurement. On the other
hand, Sarteschi describes a five-part classification, depending on the presence of dilated
veins while supine and/or standing, the anatomical relationships of the dilated veins with
the testis, the characteristics of reflux, and testicular size [6]. Cavallini et al. focused on
varicocele grade and degree of reflux, showing that surgery to improve OAT and, thus,
chances of successful ART should be reserved for Dubin and Amelar grade 2 and grade 3
varicoceles with continuous venous reflux at duplex Doppler assessment [7]. Furthermore,
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no global consensus has been established on the need for sonographic examination in
the diagnosis of varicocele: on the first hand AUA/ASRM guidelines sustain that scrotal
ultrasound should not be routinely performed in the initial evaluation of the infertile
male; on the other hand, the EAU Guidelines, in accordance with the European Society of
Urogenital Radiology Scrotal and Penile Imaging Working Group, consider scrotal Doppler
necessary if physical examination is inconclusive or semen analysis remains unsatisfactory
after varicocele repair to identify persistent and recurrent varicocele [8–10].

Varicocele may cause spermatogenetic damage resulting in altered seminal parameters,
abnormalities in the development and growth of the affected testis, and, rarely, symptoms
such as discomfort and pain [11]. Thus observational studies suggest that men with a varic-
ocele tend to have a higher proportion of spermatozoa with fragmented DNA, lower total
sperm counts, lower progressive sperm motility, lower sperm vitality, and higher abnormal
forms when compared to control groups [12]. The exact pathophysiology and, especially,
the cause–effect relationship between the presence of varicocele and abnormalities of the
semen analysis has not been clearly established [13]. Conversely, a recent systematic review
and meta-analysis provide a high level of evidence in favor of a positive effect of VR to
improve conventional semen parameters in infertile men with clinical varicocele [14].

The aim of our study is to review the latest reports on varicocele treatment and provide
simple and practical steps for managing a correct indication of treatment, focusing on the
controversies on this issue.

2. Surgical Treatment

Several therapeutic options are available for varicocele treatment and may involve an
endovascular or surgical approach [13].

In Europe, endovascular techniques are popular due to their minimally invasive
nature, despite their higher recurrence rates [15]. They include:

1. Retrograde sclero-embolization, trans-femoral or trans-brachial;
2. Antegrade sclerotherapy (Tauber technique) [16].

Concerning surgical approach, this may be:

• Retroperitoneal;
• Inguinal;
• Sub-inguinal.

The retroperitoneal access involves an incision in the supra inguinal site and the
ligation of the ISV immediately above the internal inguinal ring (Ivanissevich technique) or
higher up at the level of the anterior iliac spine (Palomo technique).

A recent Palomo technique variant consists of sparing a few lymphatic vessels with
the aid of an operating microscope, to avoid post-operative hydrocele which might occur
after the standard Palomo procedure [17–20]. The approach is moved from the sub-inguinal
to the pre-peritoneal level, just above the internal inguinal ring, as described by Jones for
nonpalpable testes [21]. The internal spermatic veins are reached by splitting the muscle
plane and thus preserving the integrity of the inguinal channel. The deferential vein can be
evaluated but not necessarily ligated, considering that dilation is not synonymous with
reflux [17] (Figure 1).

Retroperitoneal repair can also be performed using the laparoscopic technique, partic-
ularly in bilateral disease [22]. In our view, laparoscopic repair appears to be more invasive
and costly than the other techniques, due to general anesthesia, pneumoperitoneum issues
and extremely rare but possible dreadful complications [23]; however, it has the advantage
of excellent visibility of the posterior abdominal wall allowing a thorough search of sites
known to be responsible for recurrent varicoceles, such as renal, caval and pelvic cross-over
veins. Moreover, optical magnification optimizes the surgeon’s ability to preserve the testic-
ular artery and lymphatic channels while ligating all veins to minimize the risk of hydrocele
formation or varicocele recurrence. Finally, the laparoscopic approach allows a simultane-
ous correction of bilateral varicocele. Some evidence demonstrates lower recurrence rates
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(3–6%), especially when compared to sclero-embolization procedures, which were shown
to reach 4–11% of varicocele recurrence [24]; furthermore, sclero-embolization procedures
have their specific complications, such as inadvertent femoral artery perforation, radiation
exposure, sclerosant agent local irritation or orchitis and coil migration that, despite being
very uncommon, should be taken into account [25,26].

 

Figure 1. Microsurgical lymphatic sparing Palomo technique (arrow: spared lymphatics).

The sub-inguinal microsurgical technique, instead, is widely used in the United States
with very low reported recurrence rates [27,28].

Different subinguinal microsurgical modified approaches have been subsequently
proposed [27,29]. According to EAU guidelines and AUA/ASRM [30], the use of an
operating microscope makes microsurgical subinguinal varicocelectomy the preferred
method of treatment due to its lower incidence of complications and recurrence rates, as
well as its potential for greater improvement in semen parameters [30,31]. However, it is
technically demanding and needs access to an operating microscope [32].

Regarding the outcomes of the different techniques, there is still debate in the literature:
a meta-analysis by Cayan et al. suggested that surgical intervention was better than
embolization with regard to spontaneous pregnancy rates (41.97% for microsurgery versus
33.20% for embolization, p = 0.001) [23] and recurrence rates (1.05% for microsurgery
versus 12.70% for embolization, p = 0.001) [23]. A randomized controlled trial (RCT)
from Al-Kandari et al. demonstrated that, compared with open inguinal and laparoscopic
varicocelectomy, subinguinal microsurgical varicocelectomy offers the best outcome only
in terms of complications (hydrocele) and recurrence [33]. In our experience, the modified
lymphatic-sparing Palomo technique appears to offer excellent results in terms of outcomes
and complication rates: one of the authors (F.F.), in the period January 2009–September 2020,
treated 633 children and adolescents using this technique with a recurrence rate of 2.8% and
postoperative hydrocele rate of 0.4% (unpublished data). Therefore, no technique has been
proven to be certainly superior to the others. Each one of them has its own advantages and
disadvantages (Table 1). High-qualities studies comparing different surgical approaches are
still missing, and results of the available studies in the literature appear to be inconclusive.

3. Varicocelectomy Indications

The role of varicocele treatment in improving sperm parameters and, most importantly,
pregnancy and live birth rate, in other words, in enhancing male fertility, has represented a
matter of discussion between authors and specialists.
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While initially, some studies and metanalysis denied benefits on fertility in patients
treated for varicocele [34,35], recent scientific evidence demonstrated that varicocele treat-
ment improves semen parameters and pregnancy rates, when an appropriate selection of
patients is made [22,36,37].

A recent global survey involving 574 experts from 59 countries showed wide disagree-
ment regarding varicocele management and poor adherence to guidelines [37]. Current
American Urological Association (AUA) and European Urology Association (EAU) guide-
lines suggest treating varicocele in well-selected patients when specific conditions are
present [9,28].

We will focus on the main indications for varicocelectomy, seeking to answer the
relevant question of whether or not varicocelectomy improves the fertility status of the
patient. Various clinical scenarios involving varicocele repair (VR) will be discussed below
in detail:

• VR in children and adolescents;
• VR in infertile couples, oligoasthenoteratozoospermia and sperm DNA fragmentation;
• VR in azoospermia;
• VR prior to assisted reproductive techniques (ART);
• VR in subclinical varicocele;
• VR in bilateral varicocele.

3.1. Role of Varicocelectomy in Children and Adolescents

A particular situation is represented by the presence of varicocele in children and ado-
lescents. In this delicate period of life, the presence of a varicocele might jeopardize normal
testicular growth and impair the spermatogenetic process, and it would be reasonable to
believe that the early repair of this vascular anomaly might prevent testicular damage [38].
However, there is still confusion about who should be treated in the pediatric population.
Without the aid of a semen analysis, the selection of the children to be treated is only based
on the presence of reduced growth of the affected testis (testicular hypotrophy). Instead, in
adolescents, current recommendations for VR are based on the clinical findings of impaired
testicular growth and/or altered seminal parameters when available [39].

Important studies have focused on this issue; in particular, Cayan et al. evaluated
408 patients (age 12–19) with clinical varicocele undergoing microsurgical varicocelectomy
vs. observation only. Their results showed a significant increase in paternity rates, reduced
time to conception and no additional treatment necessary to conceive post-operatively
in adolescents who received VR compared to ones observed only. In particular, patients
with varicocele who underwent microsurgical VR will have better sperm parameters and
3.63 times increased odds of achieving paternity compared to controls not undergoing
varicocele surgery and followed conservatively [40].

An interesting meta-analysis by Silay et al. on the treatment of adolescent varicocele
states that “moderate evidence exists on the benefits of varicocele treatment in children
and adolescents in terms of testicular volume and sperm concentration. Current evidence
does not demonstrate the superiority of any of the surgical/interventional techniques
regarding treatment success. Long-term outcomes including paternity and fertility still
remain unknown” [41]. The editorial of this article, by J. Elder, concludes that RCTs will be
necessary to “prevent a potentially damaging process from going untreated, while at the same time
avoiding unnecessary interventions for a highly prevalent condition” [42].

Current European Association of Urology (EAU) guidelines recommend treating varic-
ocele when one of the following conditions is present: (A) is associated with testicular
hypotrophy (size difference >20%), (B) an additional testicular condition affecting fertility
is present, (C) is symptomatic and (D) a pathological sperm quality is detected. According
to a recent study, varicocelectomy in adolescents may also be associated with increased
sperm DNA integrity and mitochondrial activity [43]. Based on current evidence, all these
indications are discussed in detail in a recent review by Cannarella et al. who created
a flow chart for the management of childhood and adolescent varicocele: conservative

214



J. Clin. Med. 2023, 12, 4062

management may be suggested in patients with peak retrograde flow (PRF) <30 cm/s, tes-
ticular asymmetry <10% and no evidence of sperm and hormonal abnormalities; in patients
with 10–20% testicular volume asymmetry or 30 < PRF ≤ 38 cm/s or sperm abnormalities,
careful follow-up may ensue. In the case of absent catch-up growth or sperm recovery,
varicocele repair should be suggested. Finally, treatment can be proposed at the initial
consultation in painful varicocele, testicular volume asymmetry ≥20%, PRF > 38 cm/s,
infertility and failure of testicular development [44].

3.2. Role of Varicocelectomy in Infertile Couples, OAT and DNA Fragmentation

Since the Evers and Collins meta-analysis, stating that varicocele treatment had no role
in improving couple infertility, a large mass of new studies, including RCTs, global consen-
sus surveys and meta-analyses, have been published, which also demonstrated a significant
role of treatment in improving sperm parameters and pregnancy rates [36,37,45,46]. The
same Evers and Collins group in 2012 published a new meta-analysis, which concluded that
the treatment of varicocele in men from couples with otherwise unexplained subfertility
may improve a couple’s chance of pregnancy [22]. A meta-analysis from Marmar et al.
supporting this hypothesis reported a pregnancy rate of 33% (31 of 96) in surgically treated
men compared with 15.5% (27 of 174) in untreated men, corresponding to an OR of 2.87
(95% CI 1.33–6.20). The analysis included two randomized trials and three observational
studies comprehending infertile men with an abnormal semen analysis and a palpable varic-
ocele [47]. These data are in line with those obtained in another randomized controlled trial
by Abdel-Meguid and colleagues, in which a similar odds ratio for achieving a spontaneous
pregnancy after varicocelectomy was reported (OR 3.04; 95% CI 1.33–6.95) [36].

Overall, the available evidence supports a beneficial effect of varicocelectomy on
pregnancy outcomes. In fact, the Cochrane reviews denying the beneficial role of VR
have been criticized for their inclusion of men with subclinical varicocele and normal
semen parameters [22]. Therefore, sufficiently powered RCTs with homogenous patient
populations are needed to overcome these partly conflicting results.

The key point, in our view, is the correct indication to treat varicocele, and selecting
the right patients to treat will lead to a significant improvement in their fertility.

Both EAU and AUA guidelines suggest the treatment of varicocele in infertile cou-
ples [8,9]. However, as far as infertile couples are concerned, EAU guidelines discourage
treatment in men who have normal semen analysis and/or subclinical varicocele (grade A
recommendation) and suggest treatment in those with clinical varicocele, oligospermia and
otherwise unexplained infertility in the couple (grade A recommendation).

Varicocelectomy represents a useful and generally simple procedure for the treatment
of men with oligoasthenoteratozoospermia (OAT), and this is often expressed in global
practice patterns and in the EAU and AUA/ASRM guidelines. In fact, they recommend
surgical treatment if a palpable varicocele and infertility are associated with “abnormal
semen parameters, except for azoospermic men”. The latest Cochrane review about this
issue suggests an improvement in pregnancy rates for men with OAT who underwent VR,
but it is uncertain whether live birth rates increase as well [48].

Sperm DNA fragmentation (SDF) has emerged as an important measure of sperm
function and a predictor of reproductive outcomes. VR is associated with an improvement
in SDF, including both single-strand and double-strand DNA fragmentation, as well as
seminal oxidative stress [49–51]. Two recent meta-analyses calculated a mean reduction in
SDF after VR of 7.23% and 6.14%, respectively [50,52]. According to a recent study from
Yan et al., the possible role of varicocele treatment in improving sperm DNA fragmentation
in infertile couples should urge a change in the current guidelines on varicocele treat-
ment [53]. Concerning the guidelines, an important discrepancy between their statements
and current evidence must be acknowledged. In fact, AUA/ASRM declare “there are no
well-controlled studies that VR will reduce risk of recurrent pregnancy loss in men with elevated
SDF”. On the other hand, several studies have confirmed the role of varicocelectomy in
improving semen quality, increasing the pregnancy rate, and significantly decreasing the
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miscarriage rate [54,55]. To note, Ghanaie et al. evaluate the effects of varicocelectomy
on semen parameters, pregnancy rates, and live birth in couples with first-term recurrent
miscarriage in a randomized-control trial and their results showed a significant difference
in the varicocele repair arm, in terms of improved outcomes [56]. EAU guidelines report
that there is “increasing evidence” that VR may improve SDF and ART outcomes and
recommends VR for men with raised SDF and failed ART. Finally, a recent global survey
on the management of SDF states that there are no specific recommendations regarding the
general approach to managing infertile men with elevated SDF in the guidelines; however,
possible first-line treatments consist of lifestyle modification strategies, including maintain-
ing a healthy lifestyle to overcome obesity, the cessation of smoking and alcohol use, as
well as treating genital infections and eliminating toxic exposure [57].

Concerning the male age factor, controversy exists as to whether varicocelectomy
is as effective in older men, as it is believed that long-standing varicoceles can cause
irreversible testicular damage, or that older testes may have limited potential for recovery
from varicocele-induced damage [58]. The clinical implication is that if varicocelectomy
is less effective in older men, perhaps it should not be offered, with men electing assisted
reproduction instead. However, some studies [59,60] showed that age does not necessarily
need to be an exclusion factor for varicocele treatment. In fact, evaluating varicocele’s
outcomes in couples of different ages, Firat and Erdemir [59] found increased semen
parameters; although pregnancy rates after varicocelectomy were higher in the younger
group compared with the others, this difference was not statistically significant. Therefore,
even couples with male partners over 35 years of age might have a reasonable chance of
natural pregnancy after VR. Naturally, the female age factor tends to be more important in
an infertile couple, and paternal age contributes relatively smaller to the overall age-related
decline in the fertility of a couple when compared with maternal age.

In the conclusion of this chapter, very often, the urologist is faced with the dilemma of
treating varicocele or sending the couple directly to ART. A flowchart for the treatment of
varicocele or ART in infertile couples is presented in Figure 2.

Figure 2. Flow chart analyzing indications to treat varicocele or perform ART.

3.3. Role of Varicocelectomy in Azoospermia

As stated recently in a global consensus on the management of varicocele for male
infertility, there is a wide discrepancy in dealing with an azoospermic patient affected
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by varicocele [37]. Starting from the evidence supported by AUA/ASRM, the guidelines
state that “the couple should be informed of the absence of definitive evidence supporting
VR prior to ART”. The EAU guidelines instead declare that VR in men with NOA may
result in the appearance of sperm in the ejaculate (20.8% to 55%) and is associated with
improved surgical sperm retrieval rates (OR, 2.65; 95% CI, 1.69–4.14). However, it cautions
that the evidence is based on observational studies only and suggests fully discussing the
risks and benefits of VR with the patient with NOA and a clinical varicocele. Certainly,
clinicians must first evaluate medical history, genetic testing, and hormonal exams to
distinguish obstructive azoospermia (OA) from non-obstructive azoospermia (NOA). Then,
it is necessary to exclude the possibility that the varicocele is an incidental finding in a
patient with azoospermia certainly unrelated to varicocele. If such conditions are excluded,
a varicocelectomy may be performed in men with NOA, resulting in beneficial effects
on sperm retrieval rates (SRR), as demonstrated in a recent meta-analysis showing an
increased SRR in men with NOA who underwent varicocelectomy compared with men
with NOA who did not undergo varicocelectomy (OR 2.65; 95% CI 1.69–4.14; p < 0.001) [61].
Despite these results, there is still reluctance in offering VR to these patients: a major
criticism is that in almost all cases published, the sperm count achieved in the ejaculate
is very low, and ICSI is still needed [62]. Sometimes, the appearance of sperm is only
transitory [63,64]. Furthermore, none of these studies are controlled, and the appearance
of sperm in these men may be due to spontaneous variation and not be due to the VR [9].
A study observed a beneficial effect of VR only in azoospermic patients with a testicular
histologic pattern of hypospermatogenesis or late maturation arrest (MA) while those with
Sertoli cell-only syndrome (SCOS) showed no change [65]. However, scheduling a testicular
biopsy routinely prior to VR in azoospermic patients might be difficult to accept.

In conclusion, we believe that the selection of NOA patients for varicocele repair
remains a matter of personal belief and choice. In our view, the advantages of VR in
azoospermic patients are very limited and rarely of clinical significance.

3.4. Role of Varicocelectomy Prior to ART

Correcting a varicocele before proceeding with IVF-ICSI is a controversial topic and
many ART centers do not even consider the presence of a clinical varicocele.

As previously mentioned, there is fair evidence that the surgical repair of clinical
varicocele may improve semen parameters and may decrease seminal oxidative stress and
sperm DNA fragmentation, thus increasing the chances of natural conception. However,
it is unclear whether performing varicocelectomy in men with clinical varicocele prior to
ART may improve treatment outcomes [66].

Support for VR before ART is derived from the fact that surgical VR is certainly a
minor and less expensive procedure than ART itself. Furthermore, VR might improve
semen quality and facilitate spontaneous pregnancies or enhance the success rate of ART.
Positive outcomes are illustrated in a meta-analysis by Esteves et al. who reported increased
clinical pregnancies (OR = 1.59, 95% CI: 1.19–2.12, I2 = 25%) and birth rate (OR = 2.17,
95% CI: 1.55–3.06, I2 = 0%) in patients who underwent varicocelectomy prior to ART vs.
ART without VR [67]. Another meta-analysis by Kirby et al. found that VR improved the
ART live birth rate in men with oligospermia (odds ratio [OR], 1.699) [68]. On the other
hand, VR might delay the ART procedure by 6 to 12 months for an uncertain benefit; the
presence of female factors (age > 35 years, etc.) may induce clinicians to immediately offer
ART-avoiding VR. However, our policy in the case of advanced female age and indications
of varicocele correction is to offer immediate ART together with VR. In this way, there is no
delay in ART, but in the event of an unsuccessful result of it, the couple will benefit from
the advantages of VR. It is clear, hence, that the decision to perform VR before ART should
be individualized based on other variables such as the female partner’s age, history of
prior failure, varicocele grade, SDF levels, duration of infertility, etc., and, of course, wide
counseling of the infertile couple. As a matter of fact, different studies have investigated
several factors implicated in ART success rate after VR [69,70]. EAU guidelines do not
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indicate whether VR prior to IVF will improve pregnancy rates but suggest VR in men with
OAT or when elevated SDF is present [9].

Another aspect that may be considered is the cost-effectiveness of the procedures
involved in ART. The cost of the various ART procedures is an important consideration
for couples and society, considering that often coverage for these procedures is not pro-
vided routinely and there is wide variability of cost-effectiveness when comparing across
various ART procedures [71]. For instance, Dubin et al. recently demonstrated through a
cost-effectiveness analysis that varicocelectomy increases semen parameters in severely
oligospermic patients, thus providing previously ineligible couples an opportunity to elect
for intra-uterine insemination (IUI), a less invasive and less expensive alternative to in vitro
fertilization (IVF) or intracytoplasmic sperm injection (ICSI) [72].

3.5. Role of Varicocelectomy in Subclinical Varicocele

Another complex topic about the indication of varicocelectomy involves subclinical
varicocele. In fact, considerable confusion and diversity of opinion and practice appear to
be when it comes to subclinical and grade 1 clinical varicoceles too.

On the one hand, clinicians often do not believe that correcting a grade 1 varicocele is
of benefit, and, usually, its repair is not recommended. On the other hand, paradoxically,
when there is nothing to offer to a man with idiopathic OAT, for instance, many clinicians
would recommend VR if a varicocele was detected through US [37].

Again, even though guidelines are clear in recommending against subclinical varico-
cele repair, there are nevertheless studies claiming some benefit from varicocelectomy in
this type of patient [73,74]. This statement is confirmed by evidence from the literature
which analyzed fertility and semen parameters outcomes in subclinical varicocele repair. In
a randomized controlled trial by Yamamoto et al., men with subclinical varicocele received
either high ligation or no treatment. No difference in terms of pregnancy rates was found
(6.7% versus 10%, p = 0.578), although those who underwent high ligation demonstrated
significant increases in sperm density and total motile sperm (p < 0.006 and p < 0.008,
respectively) [75].

Grasso et al. investigated 68 men with a left-sided subclinical varicocele who randomly
underwent either high ligation or no treatment and showed no improvement in semen
quality or pregnancy outcomes in either group [76].

Notwithstanding the heterogeneity of these studies, depending on different diagnostic
methods, different surgical techniques and different patients’ characteristics, these biases
highlight the lack of standardization, which makes drawing comparisons difficult. In our
opinion, subclinical varicocele seems to be a para-physiological condition and there is no
evidence of the efficacy of its treatment on improving semen parameters and pregnancy
outcomes; thus, varicocelectomy should only be offered to men presenting with clinically
palpable varicoceles, preferably grade 2 or 3.

3.6. Role of Varicocelectomy in Bilateral Varicocele

The bilateral ligation of the spermatic veins has also been debated between urologists
and andrologists. Regarding the anatomy, the left gonadal vein drains perpendicularly into
the left renal vein, and the “nutcracker” effect on the left renal vein of the compass between
the aorta and the superior mesenteric artery results in higher hydrostatic pressure in the left
renal vein with increased chances of venous reflux into the left internal spermatic vein when
compared to the right one, which drains directly into the inferior vena cava. The study of
Pallwein et al. [77] confirms this phenomenon, showing a significantly higher varicocele
recurrence rate in patients with left renal vein entrapment compared with patients without.
Therefore, venous reflux on the right side seems to be very unlikely. However, particular
relevance should be placed on the rare true cases of bilateral clinical varicocele or on
the more frequent cases of a left-sided grade 2 or 3 clinical varicocele combined with a
subclinical or grade 1 right-sided varicocele [78]. More specifically, an extremely rare case
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report of isolated right-sided varicocele diagnosed after an extensive work-up was reported
in a patient with venous anomalies and a spontaneous portosystemic shunt [79].

Once again, European and American guidelines are not clear on whether or not to
treat a subclinical right-side varicocele in the presence of a left-side clinical varicocele.

Recent studies suggested that bilateral varicocelectomy is better than unilateral to
improve spontaneous pregnancy rates in patients with left clinical and right subclinical
varicocele [80–82]. Among these, a meta-analysis of four RCTs reported no significant
difference in sperm concentration and motility between the two groups, but the sponta-
neous pregnancy rate showed an odds ratio of 1.73, suggesting better results in the bilateral
ligation group [82]. Another prospective randomized trial from Sun et al. demonstrated the
same results as the previous study, confirming the role of bilateral varicocele treatment [83].
Indeed, there are some limitations upon those trials: only spontaneous pregnancy was
evaluated, rather than assisted reproductive pregnancy, and thus it may affect conclusions.
Furthermore, as stated by the authors, different surgeons, different surgical techniques and
different follow-up times may have led to different rates of spontaneous pregnancy rates.

With this knowledge in mind, a definitive recommendation cannot be made. In our
opinion, the rare true clinical bilateral varicocele deserves bilateral treatment, while the
more frequent grade 1 or subclinical reflux on the right side accompanying grade 2 or 3
varicocele on the left one should receive repair only on the left side.

Table 1. Varicocele surgical techniques: pros and cons.

Technique Pros Cons

Open retroperitoneal high ligation
(Palomo) [23,33,48,83] Complete ligation General anesthesia,

Higher hydrocele risk
Microsurgical lymphatic sparing Palomo
[13,17–20]

Complete ligation
Lower hydrocele risk

General anesthesia
Access to operating microscope

Microsurgical subinguinal or inguinal
surgery [23,28,33]

Less invasive (local anesthesia)
Lower recurrence rate
Lower hydrocele risk

Access to operating microscope
Longer surgical time

Laparoscopic surgery
[23,32,33]

Bilateral varicocele
Higher magnification
Lower recurrence rate

High costs
More invasive (intraperitoneal)
General anesthesia

Sclero-embolization
[15,16,23–26,48]

Minimally invasive
Short time
Outpatient

Limited applicability
Higher recurrence rate
Radiation exposure

4. Summary

In summary, the strongest recommendations for varicocele repair are represented by
couple infertility, OAT, grade 2 or 3 clinical varicocele, partner <37 yrs, patient age <40 yrs
and testicular hypotrophy in children and adolescents. Indications are reinforced when
OAT is severe and in younger patients. On the other hand, little indication exists to
treat varicocele in azoospermic patients. Finally, an additional indication is represented by
elevated sperm DNA fragmentation, particularly in partners of women who had undergone
an unsuccessful ICSI or repeated miscarriages.

5. Conclusions

A conclusive answer to the Hamletic doubt of the title, to treat or not to treat varicocele,
is not yet possible. Varicocele is the most common correctable cause of male infertility.
In selected cases, varicocele treatment is beneficial in improving semen parameters and
pregnancy rates. On the other hand, the high prevalence of the disease, together with
the knowledge that many patients with varicocele are fertile, might lead to overtreatment.
Urologists and andrologists, as well as any clinician who plays an important role in dealing
with this common disease, must carefully counsel patients after having analyzed their
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history, physical examination findings and all pertinent clinical parameters before leading
them to the operating theatre.
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Abstract: Since the birth of Louise Brown in 1978, more than nine million children have been
conceived using assisted reproductive technologies (ARTs). While the great majority of children
are healthy, there are concerns about the potential epigenetic consequences of gametes and embryo
manipulation. In fact, during the preimplantation period, major waves of epigenetic reprogramming
occur. Epigenetic reprogramming is susceptible to environmental changes induced by ovarian
stimulation, in-vitro fertilization, and embryo culture, as well as cryopreservation procedures. This
review summarizes the evidence relating to oocytes and embryo cryopreservation and potential
epigenetic regulation. Overall, it appears that the stress induced by vitrification, including osmotic
shock, temperature and pH changes, and toxicity of cryoprotectants, might induce epigenetic and
transcriptomic changes in oocytes and embryos. It is currently unclear if these changes will have
potential consequences for the health of future offspring.

Keywords: human in-vitro fertilization (IVF); assisted reproductive technology (ART); cryopreservation
procedure; vitrification; epigenetics modifications; offspring health

1. Introduction

Over the past forty years, ART has been steadily on the rise, allowing millions of
infertile couples to conceive. Currently, it is estimated that over nine million children have
been conceived using ART [1,2]. While the number of IVF cycles varies widely worldwide,
approximately 5% of births are secondary to the use of ART in some European countries [2].
The main driver of IVF utilization is individuals being affected by infertility (approximately
15% of couples). However, there is a continuous rise in the number of individuals who
freeze their eggs or embryos for future use [2–7]. For example, nearly 310,000 frozen
embryo transfer (FET) cycles were performed in Europe in 2018 [2].

Current evidence indicates that ART is safe; however, an association between ART and
an increased incidence of low birth weight, birth defects, altered growth, and metabolic
disorders has been reported [8,9]. These findings might be secondary to epigenetic dysreg-
ulation of gametes and embryos [10–12]. Given the continuous rise in the number of cycles
that involve oocytes and embryo cryopreservation, it is critical to understand whether
cryopreservation is harmful to the future health of children. In this manuscript, we describe
the impact that vitrification has on potential epigenetic modifications and consequences for
future offspring health.

2. Increased Use of Oocyte and Embryo Vitrification in ART Practice

The advancements in oocyte cryopreservation found a perfect application for fertility
preservation for social reasons or in patients affected by cancer. Indeed, societal changes
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have resulted in the postponement of the age of the first pregnancy [1,2], at the time when
diminished ovarian reserve significantly reduces the chance of success. Therefore, multiple
patients aim to freeze their eggs for future use. In the UK, elective egg freezing is the fastest
growing fertility treatment, with an increase of 10% per year [13]. In Spain, egg freezing
cycles increased from 4% of total vitrification procedures to 22% in 10 years [14]. In the
USA, fertility preservation cycles increased from 9607 in 2017 to 13,275 in 2018; similar
trends have been observed in other countries [15,16].

Egg freezing is also used by young cancer patients, since treatment for malignancies
might negatively affect future fertility [17,18]. According to the International Agency for
Research on Cancer, in 2020, there were an estimated 19.3 million new cancer cases, with
nearly 10 million cancer deaths. Female breast cancer has surpassed lung cancer as the
most commonly diagnosed cancer, with more than two million new cases per year [17].

Another important application of oocyte cryopreservation is in egg donor programs [19].
Since the description by Trounson of the first successful pregnancy following oocyte do-
nation in Australia [20], the number of oocyte donation cycles has doubled in the last
decade. For example, in the USA, the number of cycles increased from 10,801 in 2000 to
24,300 in 2016 and 49,193 in 2017 [21]. In 2017, 17,099 donors underwent an average of
2.4 oocyte collections [22]. The need for finding a large number of egg donors has resulted
in the creation of multiple oocyte banks. In particular, an oocyte bank performs the egg
retrieval and cryopreservation of oocytes, which are later transported to the receiving clinic.
Then, the imported oocytes, in the IVF laboratory of the recipient center, are warmed,
fertilized with the ICSI technique using fresh or frozen sperm, cultured, and transferred to
the recipient’s uterus or possibly biopsied for PGT procedure and frozen again [23–26].

Several studies have analyzed the efficiency of oocyte vitrification. Importantly, egg
donor vitrification provides high survival rates after warming and a similar pregnancy rate
compared to cycles performed using fresh donor oocytes (Figure 1) [25–28].

Figure 1. Description of the imported oocyte donation program from a foreign oocyte bank. eSET,
elective single embryo transfer; ICSI, intracytoplasmic sperm injection; MII, metaphase II oocyte; OS,
ovarian stimulation.

In addition to egg freezing cycles, the ART field has assisted in a significant increase in
embryo freeze-all cycles. It has been estimated that 600,000 embryos were stored from 2004
to 2013 in the USA alone, and 309,475 FET were completed in 2018 in Europe (Figure 2) [2].
Reasons for embryo cryopreservation are multiple and include storage of surplus em-
bryos following a fresh transfer [29,30], fertility preservation for cancer patients, and
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pre-implantation genetic testing (Table 1) [31,32]. Additional reasons include abnormalities
of the stimulation cycle, including elevated progesterone at the time of trigger (which has
been reported to have a negative impact on pregnancy outcomes [33]) or prevention of
ovarian hyperstimulation syndrome, a potentially life-threatening complication [34–36].

Figure 2. Proportion of fresh and frozen embryo transfers (FETs) performed in Europe (data 1997–
2018). Adapted with permission from Wyns and colleagues [2].

Table 1. Main indications for the application of human embryo cryopreservation.

Embryo Cryopreservation in ART Practice

Preimplantation genetic testing

Genetic assessment is facilitated by the opportunity to utilize
the cryopreservation method to store embryos to be transferred
in a future cycle, and to overcome the time interval between the

blastocyst biopsy and genetic result

Avoiding ovarian hyperstimulation syndrome (OHSS)
When a fresh embryo transfer cannot be performed due to the
risk of OHSS, embryos might be cryopreserved and used in a

future cycle

Increasing the policy of elective single embryo transfer (eSET)

The cryopreservation of surplus embryos is considered a valid
method to reduce the number of embryos transferred during a

fresh cycle and to thus minimize the risk of multiple
pregnancies and to increase the policy of eSET—as well as to

reduce the need for repeated stimulation cycles

Embryo freezing for cancer patients In women with a stable partner about to go through
gonadotoxic/chemotherapy treatment for cancer

Elevated progesterone or other
conditions, such as endometriosis

Elevated progesterone in the late follicular phase has a negative
impact on pregnancy outcomes; or other conditions and

medical pathology that might affect fertility

It is important to note that FET is associated with a higher birth weight compared
to fresh embryo transfer and no embryo freezing [37–39]. A meta-analysis of 26 studies
reported that singletons born following freezing and thawing had higher birth weights,
were large for gestational age, and the pregnancy had an increased risk of hypertensive
disorders [40]. An increased birthweight in ART babies conceived following FET has been
reported by several authors [41–44]. At present, it is unclear whether the vitrification
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procedure itself, the use of cryoprotective agents (CPAs), the drugs used for endometrial
preparation, or parental infertility are responsible for the higher birthweight in offspring.
However, since no difference in birth weight has been observed when embryos are trans-
ferred in a natural cycle, it is possible that the drugs applied for endometrial preparation
might be responsible for that condition [45].

3. Cryopreservation and Cryoprotectants

Cryopreservation enables the long-term preservation of tissue or cells at ultra-low
temperatures (stored in liquid nitrogen at −196 ◦C) in a state of suspended animation. This
process interrupts all biological activities and maintains cell viability and physiological
competency for future use. The first report of a live birth following the transfer of a
cryopreserved and thawed embryo was recorded in Australia by Trounson and Mohr in
1983 by the “slow freezing” procedure [46]. Later, in the 1990s, a great advancement in
the field was achieved with the introduction of the “vitrification” protocol in Japan and
Australia [4,5,47]. Vitrification was rapidly adopted since it achieved better outcomes
in terms of gamete and embryo survival and higher pregnancy rates, compared to slow
freezing [29,30,48]. Vitrification is performed using a high concentration of CPAs. These
agents increase viscosity and inhibit ice crystal formation, inducing the solution to enter a
“glassy state” [7]. The success of vitrification is correlated with several factors, such as the
temperature in the vitrification and warming steps, which depends on the choice of carrier
used (open or closed vitrification) and, most importantly, the concentration and type of
CPAs used (Table 2). Regarding the temperature, it has been clearly shown that the warming
rate is as important as the cooling rate. Seki and Mazur reported that cryo-damage might
also be induced by re-crystallization in the warming step. They examined the relationship
between cooling versus warming rates in a mouse model and concluded that a warming
rate of at least 3000 ◦C/min is imperative to obtain an acceptable survival rate above
80% [49]. CPAs play a critical role in the success of cryopreservation and are classified into
two categories: Permeating and non-permeating agents. The first group includes small
molecular weight compounds (less than 400 Da) that can cross cell membranes and, once
inside, protect the cell from cryo-induced damage. Permeating agents include ethylene
glycol (EG), dimethyl sulfoxide (DMSO; an amphipathic molecule), propylene glycol or
1,2 propanediol (PG), glycerol (GLY), formamide (FMD), methanol (METH), and butanediol
(BD; 2,3-butanediol). DMSO and glycerol are the two most used (Table 3). Non-penetrating
CPAs are non-diffusible, normally have a higher molecular weight, and therefore cannot
cross the cell membrane. Examples are trehalose, sucrose, glucose, mannitol, galactose, and
polyvinylpyrrolidone (PVP). These molecules induce an osmotic gradient that removes
water from inside to outside the cell (dehydration), reducing the temperature at which ice
starts to form and thus preserving membranes and intracellular structures [50,51].

Table 2. Membrane permeability coefficient of some cryoprotectants (Times 10−5 cm/s).

Cryoprotectant
Red Blood Cells at 4 ◦C

Study Reference [52]
Sperm Cells at 22 ◦C
Study Reference [53]

Oocytes at 22 ◦C
Study Reference [54]

Methanol 11.35 N/A N/A

Formamide 8.05 N/A N/A

Ethylene glycol 3.38 13.2 1.95

Dimethyl sulfoxide 1.30 1.33 2.60

Propylene glycol 1.79 3.83 3.83

Glycerol 0.58 3.50 Low
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Table 3. Minimal concentration required to vitrify (C-Vit) for some permeating cryoprotectants at a
pressure of 1 atmosphere according to Fahy and colleagues 1984 [55].PG, propylene glycol; DMSO,
dimethyl sulfoxide; EG, ethylene glycol; GLY, glycerol.

Cryoprotectants Concentration Required to Vitrify (C-Vit) %/Volume

DMSO 49–50

PG 43.5

EG 55

GLY 65

4. Potential Damaging Effects of Cryopreservation

The principal problem that can occur with cryopreservation is the formation of ice
crystals. Human embryos and oocytes contain a high content of water, which might be
converted into ice, causing irreversible damage and cellular death. This concern was ele-
gantly described by Mazur in 1963 [56]. The sharp reduction of temperature might lead
to cold-shock harm and impair the function of several sensible structures located in the
oocyte cytoplasm, including membrane permeability, cytoskeleton architecture, and, impor-
tantly, the meiotic spindle apparatus [57,58]. The meiotic spindle is a cytoskeletal structure,
formed of microtubules and associated proteins [59]. It is considered an indicator of oocyte
health; its stability is linked with normal fertilization and is directly responsible for the
correct segregation of chromosomes, avoiding errors in chromatin division, accountable
for aneuploidies and miscarriage [60]. It is well established that temperature changes can
debilitate meiotic spindle stability [61]. At a temperature of 33 ◦C or lower, the meiotic spin-
dle starts to depolymerize, and only a few minutes of exposure to non-physiologic pH or
temperature is sufficient to induce disassembly of the spindle [62]. Several studies on both
animals and humans have demonstrated a negative association between temperature, as
well as osmolality on normal microtubule disassembly, and spindle alterations [59–63]. Ad-
ditional impairment following cooling and warming includes premature hardening of the
zona pellucida (ZP), which is essential at the time when sperm fertilizes the oocyte. These
facts indicate the use of ICSI to fertilize oocytes. However, questions remain concerning the
impact of ZP hardening and implantation of the embryo [64]. It is also possible to observe
cryo-damage to intracellular organelles, as well as an increased risk of parthenogenetic
activation of the oocytes [65]. Oocyte exposure to CPAs might cause ultrastructural modifi-
cation of the mitochondria and smooth endoplasmic reticulum [66,67]. Animal studies have
suggested that oocyte cryopreservation, particularly vitrification, might be associated with
increased levels of reactive oxygen species (ROS) and apoptotic events [68–70], which might
alter the epigenetic mechanisms associated with oocyte competence and future embryo
development and viability [70,71]. In particular, DMSO is a known radical scavenger and,
as an antioxidant, helps to protect cells from the damage caused by free radicals. How-
ever, at normal or decreased levels of ROS, it may restrict cell metabolism by scavenging
the electrons needed for ATP production. Therefore, a decrease in DMSO-induced ATP
might cause downstream effects that may disrupt cellular function, fetal development,
and implantation potential [72–75]. Finally, over the past few years, several reports have
shown the detrimental effects of cryopreservation programs on the epigenetic makeup of
the embryo, protein expression, and DNA integrity [76–80], as well as alteration of such
genes involved in critical biological processes [79–81], inducing an increase in free radical
production and apoptosis [81–85].

5. Epigenetic Changes Occurring during Preimplantation Embryo Development

In 1942, Conrad Waddington, a biologist at Edinburgh University, was the first to
emphasize the importance of environmentally directed changes during the early stages of
mammalian embryo development and introduced the term “Epigenetics”. Epigenetics is a
gene-regulatory mechanism that leads to heritable changes in gene function that are not
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associated with changes in DNA sequence [86]. The importance of epigenetics in the ART
field is secondary to the fact that epigenetic changes can be caused by different environ-
mental agents and that important epigenetic changes occur during embryo development.
There are two epigenetic reprogramming phases. The first resets DNA methylation marks
in primordial germ cells (PGCs) when they migrate to the fetal gonadal ridge. The second
wave of DNA methylation changes occurs during the early stage of embryo development,
following fertilization; the parental genome is actively demethylated, while the maternal
genome is passively demethylated with a wave of re-methylation at the blastocyst stage
(Figure 3) [87–89]. In summary, the epigenome of the preimplantation embryo is highly
susceptible to external and internal modifications.

Figure 3. Summary of sensitive genetic and epigenetic events occurring during preimplantation
embryo development and when the vitrification procedure is performed. Several stressors exist, and
these can act synergistically, causing more negative effects.

DNA methylation is the most investigated epigenetic process and involves the ad-
dition of a methyl group at the 5′ carbon position of the cytosine pyrimidine ring in the
context of CG dinucleotide (CpG sites). Those epigenetic modifications are maintained by
daughter cells throughout cell divisions by DNA methyltransferases (DNMTs). To date,
five different types of DNMTs have been identified: Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, and
Dnmt3L [90,91]. DNA methylation is generally correlated with gene silencing, but it is also
involved in other regulatory mechanisms such as imprinting or X-chromosome inactivation
and silencing of centromeric sequences [90–92]. Additional epigenetic regulations comprise
post-translational histone modifications, including acetylation, methylation, phosphoryla-
tion, and glycosylation ubiquitination [6]. Histone lysine acetylation is particularly impor-
tant, since it plays a role in cellular differentiation and might be associated with disease
processes [93]. This histone modification is regulated by histone acetyltransferases (HATs)
and histone deacetylases (HDACs) and is generally associated with transcriptionally active
regions of the genome, as it relaxes the chromatin structure, allowing for increased accessi-
bility of the DNA to transcription factors and other regulatory proteins [92–94]. Acetylation
leads to open chromatin configuration, enhances transcriptional activity, and encourages
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transcription factor binding to DNA. On the contrary, deacetylation is correlated with tran-
scriptional inactivation and gene silencing [94]. SUMOylation and de-SUMOylation marks
indicate the addition and removal of SUMO (small ubiquitin-related modifier) polypeptides
on lysine residues [95], which are essential for the occurrence of oocyte maturation, meiotic
resumption, and spindle formation [95–97]. Finally, another newly identified epigenetic
modification is lactylation, affected by cellular lactate levels, which directly stimulates gene
transcription [98].

An important subgroup of genes affected by epigenetic regulation are imprinted
genes [99,100]. Currently, around 150 genes have been identified in mice, and less than
100 in humans [100]. A list of the current mammalian imprinted genes is available online at
[https://www.otago.ac.nz/biochemistry/research/facilities/otago652955.html, accessed
on 1 January 2023]. These genes are characterized by a monoallelic expression that is
dependent on the parental origin of the allele. The parental imprint is linked to differential
epigenetic labeling of parental alleles, and importantly is established during gametogenesis
and maintained during the early stage of preimplantation embryo development [101–103].
The correct expression of those imprinted genes depicts a critical role in growth and de-
velopment and are prevalently located in the placenta and brain [104–107]. Examples
include loss of imprinted DNA methylation at the Kvdmr icr, found in ART-conceived
children with Beckwith–Wiedemann syndrome (BWS) [108] or gain of methylation because
of maternal uniparental disomy on chromosome 7 at the Mest icr in approximately 10% of
Silver–Russell Syndrome (SRS) cases, as well as Angelman syndrome (AS) and Prader–Willi
syndrome [106–113]. While epigenetic changes can affect the individual, new evidence sug-
gests that there could be a transgenerational transmission of epigenetic information [114].
It is therefore possible that the presence of chemical compounds such as cryoprotective
agents could alter the reprogramming machinery and cause long-term risk of disease, as
postulated by the Developmental Origin of Health and Disease [115–118].

6. Potential Impact of Vitrification on the Epigenome of Oocytes and Embryos

In the past few years, several research groups have investigated the relationship
between vitrification and epigenetic disruption in early embryo development [119]. The
most studied molecule and the one most widely used is DMSO. DMSO may impact
cellular functions, metabolism, enzyme activities, cell growth, and apoptosis, as well
as might induce alterations in microRNAs (miRNA) and epigenetic changes [120,121].
Studies have shown that DMSO has temperature-, time-, and concentration-dependent toxic
effects [73,74]. Studies focusing on the effect of DMSO and epigenetic changes have reported
that DMSO interferes with the activity of the enzyme DNMT3a, even though the specific
mechanism is unknown [119–121]. Studies on animal models have shown that following
vitrification-warming of mouse oocytes, the expression of the imprinted gene Kcnq1ot1
decreased significantly [122]. Chen and collaborators reported that following vitrification
of mature bovine oocytes, the expression of imprinted genes Peg10, Kcnq1ot1, and Xist in
blastocysts obtained by ICSI increased abnormally [123]. The same group in a subsequent
publication found that vitrification of mouse MII oocytes affected the expression of the
maternally imprinted genes Peg3, Peg10, and Igf2r in oocytes, and maternally imprinted
genes Peg3 and Peg10 and paternal imprinted gene Gtl2 in cleavage stage embryos [124].
Another study found that methylation of imprinted genes H19, Peg3, and Snrpn decreased
in mouse blastocysts obtained from vitrified mouse oocytes [125]. Comparable results have
been reported by other authors, showing a reduction in the overall DNA methylation level
in oocytes and early embryos following the vitrification process [126,127]. In summary,
animal models suggest that vitrification may affect the normal expression of imprinted
genes by changing the DNA methylation level, affecting the regulatory region of those
genes (Table 4).
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Table 4. Summary of both human and animal studies showing the effects of vitrification on DNA
methylation and histone modifications. GV, oocyte at germinal vesicle stage; MII, oocyte at metaphase
II stage; IVM, in vitro maturation; 5hmC, 5-hydroxymethylCytosine; 5mC, 5-methylCytosine; DMR,
differentially methylated regions.

Study
[Ref.]

Materials:
Human or Animal

Oocytes or
Embryo Analyzed

(n)

Technology of
Assessment

Studied
Sequences
or Genes

Main Findings

De Munck et al.
[128]

(Human)
Mature (MII)

donated oocytes

31 embryos (Day 3)
from 17 fresh
oocytes and

14 after vitrification

Immunofluorescence
(5mC, 5hmC)

Global
Analysis

No differences in
fluorescence intensities

between embryos from fresh
and vitrified oocytes

Liu et al.
[129]

(Human)
Vitrified mature

oocytes (MII), and
MII from GV

matured in-vitro

56 in vivo MII, 106
MII from GV

matured in-vitro,
122 MII from
vitrified GV

Immunofluorescence
(5mC)

Global
analysis

No significant differences in
fluorescence intensities

between groups

Al-Khtib
et al. [130]

(Human)
GV oocytes

donated
for research and

IVM to MII

77 MII after IVM
from 184 vitrified
GV stage, and 85

MII from
120 fresh GV

Pyrosequencing

Methylation profile
of H19 and

KCNQ1OT1,
H19DMR

and KvDMR1

Oocyte vitrification at the GV
stage does not affect the
methylation profiles of

H19-DMR and KvDMR1

Cantatore et al.
[131]

(Mouse)
Cleavage stage
embryos and

blastocysts from
vitrified

MII oocytes

Two-cell embryos
and blastocysts

from
vitrified oocytes

q-PCR Igf2r and Gtl2 No significant
differences observed

Zhao et al. [126] (Bovine)
Oocytes

Vitrified MII
oocytes

matured in-vitro

Single-cell
whole-genome

methylation
sequencing

Global
analysis

Peg3 methylation level
significantly

decreased in the
derived blastocysts

Chen et al. [124] (Mouse)
Oocytes

MII oocytes and
two-cell
embryos

q-PCR and
bisulfite

sequencing

Gtl2, H19, Igf2,
Peg3, Peg10, Igf2r

Peg3, Peg10, and Igf2r were
significantly different in MII

oocytes and two-cell
embryos

after vitrification

Chen et al. [123] (Bovine)
Oocytes

Vitrified MII
oocytes

matured in vitro
q-PCR

Peg3, Peg10,
Kcnq1ot1,
Xist, Igf2r

Peg10, Kcnq1ot1, and Xist
significantly increased

after vitrification

Cheng et al. [76] (Mouse)
Blastocysts

Blastocysts from
vitrified

MII oocytes

Bisulfite
sequencing H19, Peg3, Snrpn

No significant differences
in oocytes; decrease in

blastocysts after
oocyte vitrification

Ma et al. [122] (Mouse)
Oocytes

Mature metaphase
II oocytes

WGBS combined
with RNA-seq

Global
analysis

Kcnq1ot1 was significantly
downregulated in the

vitrified oocytes

Jahangiri et al.
[132]

(Mouse)
Embryos

Mouse blastocysts
from vitrified

two-cell embryos
q-PCR H3, H19 and Mest

The expression level of the
chosen imprinted genes
increased significantly in

experimental groups
compared to

in vivo blastocysts

Movahed et al.
[133]

(Mouse)
Embryos

Mouse blastocysts
from vitrified

two-cell embryos
q-PCR Gtl2 and Dlk1

Gtl2 was downregulated
and Dlk1 was
upregulated

after vitrification
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Table 4. Cont.

Study
[Ref.]

Materials:
Human or Animal

Oocytes or
Embryo

Analyzed (n)

Technology of
Assessment

Studied
Sequences
or Genes

Main Findings

Barberet et al. [134] (Human)
Placenta Human placenta Pyrosequencing

and q-PCR

H19, IGF2,
KCNQ1OT1

SNURF

The placental DNA
methylation levels of

H19/IGF2 were lower in the
fresh embryo transfer group

than in the control
(H19/IGF2-seq1) and frozen

embryo transfer
(H19/IGF2-seq2) groups

Yao et al. [135] (Human)
Placenta

Human placenta
obtained from

vitrified embryos

q-PCR, Western
blotting,

and pyrosequencing
SNRPN

The expression level of
SNRPN increased
after vitrification

Human studies are limited. A study on the effects of DMSO on the DNA methylation
profile in human cardiac microtissues found dysregulation of DNA methylation pathways.
Methyltransferase DNMT1, a key factor for the maintenance of DNA methylation, as well
as DNMT3A, essential for both de novo and maintenance of DNA methylation, were
upregulated, while TET1, which plays an important role in active de-methylation, was
downregulated [121]. Overall, no or limited changes in DNA methylation and imprinted
gene expression were found in human oocytes or embryos following vitrification (Table 4).
The imprinted genes H19 and Kcnq1ot1 showed no differences in DNA methylation in
vitrified oocytes. In this study immature oocytes were donated after egg retrieval, and
after vitrification warming were in-vitro matured to MII stage [130]. Liu and colleagues
estimated the effects of vitrification on nuclear configuration and global DNA methylation
in GV-stage oocytes after vitrification warming and in-vitro maturation to MII stage. They
found no significant differences in the distribution of mitochondria and global DNA methy-
lation patterns between the groups. However, the authors reported a significantly higher
abnormal configuration of the spindle following vitrification [129]. De Munck reported
no significant change in the overall DNA methylation level of in-vitro cultured eight-cell
embryos derived from vitrified oocytes [128]. Huo and colleagues, using 16 donated human
MII oocytes, observed that a total of 1987 genes were differentially expressed following
oocyte vitrification warming compared to fresh mature oocytes and found that about 82%
of these genes were downregulated, while 18% were upregulated [136]. Those genes in-
volved in several critical biological processes, such as two meiosis-related genes, Ncapd2
and Tubgcp5, were significantly downregulated following oocyte vitrification. In addition,
cryopreservation might induce histone changes in oocytes and preimplantation embryos.
Suo and colleagues found that the acetylation status of histone H4 at lysine K12 in mouse
oocytes was significantly increased in cryopreserved compared to fresh oocytes [137]. An-
other study evaluated the consequences of mouse embryo vitrification at two cell stages
on specific histone marks (H3K9 methylation and H3K9 acetylation) for the genes Igf2
and Oct4. The authors found no significant difference in the expression level of these
genes and their histone marks in vitrified and non-vitrified embryos, while only embryo
culture induced changes on these loci [138]. Other pathways that were altered following
vitrification included several physiological processes, such as oogenesis, cellular response
to heat, microtubule-based processes, methylation, ubiquinone biosynthetic processes,
sister chromatid migration, DNA repair, oxidative phosphorylation, and ATP metabolic
processes [139–142]. The authors also investigated the time of storage of vitrified oocytes in
nitrogen and found no alteration in gene expression, suggesting that overall, the potential
damage resulting from oocyte vitrification might be associated with the cryopreservation
process itself rather than the storage [136]. This finding was confirmed by Stigliani and
collaborators, who analyzed the gene expression status between surviving warmed oocytes
after three and six years of storage in liquid nitrogen and found no differently expressed
genes [143]. The effects of the length of freezing embryos in liquid nitrogen on thawing
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survival, blastocyst viability, and implantation were recently investigated by Yan and
colleagues, who evaluated pregnancy outcomes following different lengths of storage
(from less than three years up to 10 years). The authors found a reduced survival rate for
blastocysts that were stored for longer than six years. Similarly, clinical pregnancy and
live birth rates were significantly decreased in blastocysts stored for more than six years
compared with the group frozen for less than three years. No difference was reported in
the rates of miscarriage and ectopic pregnancy [144]. In summary, while epigenetic changes
in oocytes and embryos following cryopreservation exist, their significance and clinical
consequences remain to be fully elucidated [145–148]. Future studies are needed to clarify
this important issue [148].

7. Potential Impact of Vitrification on the Epigenome Spermatozoa

Sperm cryopreservation is an essential component of ART that has wide clinical ap-
plications while being critical for cancer patients to protect their fertility before receiving
chemotherapy or radiotherapy [149–151]. Cryopreservation of human sperm has been
practiced for more than 50 years [151]. In the past decade, sperm vitrification has been
shown to achieve a higher survival rate and reduced sperm DNA damage compared to
slow-freezing protocols [151–154]. Several studies have investigated the impact of sperm
cryopreservation on epigenetic markers, including DNA methylation, histone modification,
and non-coding RNA molecules [155–162]. De Mello and co-authors investigated the effect
of CPA, methanol, ethyl glycol, and glycerol dimethylsulfoxide on DNA methylation of
Colossoma macropomum sperm and embryo evolution and found that the cryoprotectants
investigated induced an overall reduction in DNA methylation levels in spermatozoa,
and also caused a significant delay in embryonic development [163]. In contrast, a study
by Depince and collaborators reported that DNA methylation of zebrafish spermatozoa
significantly increased after cryopreservation with methanol [164]. Salehi and colleagues
studied DNA methylation and histone modification, as well as cellular features, including
membrane integrity, mitochondria activity and apoptosis, and fertility potential, of rooster
semen before and after cryopreservation. The results showed that cryopreservation leads
to significantly reduced values of the parameters examined when correlated with fresh
samples. Furthermore, there was a significant reduction in H3K9 acetylation and H3K4
methylation compared to the fresh samples [165]. Another study showed that cryopro-
tectant and freezing–thawing protocols significantly increased global DNA methylation
levels in ram spermatozoa [166]. Additionally, a study on humans by Khosravizadeh and
co-authors investigated the effects of cryopreservation on DNA methylation in promoter
regions of the SNURF–SNRPN and UBE3A imprinted genes, PWS-ICR, and AS-ICR in the
chromosome 15q11–q13 region [167]. The authors reported the cryopreservation method to
be safe concerning DNA methylation in the chromosome 15q11–q13 region. They found
that exposure to cryoprotectants had no significant effect on ROS levels and DNA fragmen-
tation. Neither cryopreservation nor exposure to cryoprotectant significantly affected DNA
methylation of the selected gene regions. However, DNA fragmentation had a positive
correlation with DNA methylation of AS-ICR [167]. Different mechanisms could lead
to epigenetic changes following cryopreservation. First, cryoprotectant agents could be
responsible. For example, CPA, a widely used agent for sperm cryopreservation, is cyto-
toxic and can harm sperm cells, causing osmotic injury and physiological alterations and
potentially influencing the epigenetic state of sperm cells indirectly [149,154–157]. Second,
raising the level of ROS during the freezing–thawing process [156,159–161] might induce
site-specific hypermethylation through either the upregulation of DNA methyltransferases
(DNMTs) or the formation of new DNMT-including complexes [158,159]. It is important
to emphasize that sperm epigenetic changes could be secondary to additional factors,
including sperm manipulation alone or patient characteristics [166–170]. For example, it
is well known that oligospermic men have more epigenetic changes than normospermic
men [160–162]. However, the number of studies currently available on the topic is still
limited. Given the relatively low number of studies conducted using human spermatozoa,
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additional multicenter studies utilizing the same cryopreservation protocols and DNA
methylation analysis are needed to clarify the issue.

8. Conclusions

In the last decade, advancements made in the field of cryobiology have contributed
to the increased success of ART. However, concerns about the association between cry-
opreservation and alteration in epigenetic reprogramming exist. This is relevant, given
the association between epigenetic changes and future offspring health. Unfortunately,
evidence is lacking, and the number of published reports is limited. Future studies and
utilization of novel technologies (such as single-cell sequencing and epigenomics) are
needed to fully assess the potential epigenetic aberration that occurs at the time of oocytes
or embryo cryopreservation, in order to improve its safety and efficacy in ART.
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