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Over the past 40 years there has been a worldwide critical change in the field of
assisted reproduction technology (ART), leading to the increased application of
single blastocyst transfer, which is extremely important to avoid the risks of
multiple pregnancy and associated complications for both mother and babies.
Indeed, advancements in ART over the last few decades have been obtained
thanks to several improvements, including ovarian stimulation, embryo culture
conditions and, of course, progress in cryopreservation methods, especially with
the application of vitrification. The ability to cryopreserve human embryos has
improved significantly with vitrification compared to the initially adopted slow-
freezing procedures. Since the introduction of vitrification, it has become the
gold standard method to effectively cryopreserve human blastocysts. However,
some new protocols are now being explored, such as the short warming
procedure and even shorter exposure to the equilibration solution before
vitrification, which seem to provide optimal results. Therefore, the main aim of
the current narrative review, will be to illustrate the benefit of vitrification as an
effective method to cryopreserve the human blastocyst and to illustrate new
protocols and variations which in future may increase the performance of
vitrification protocols.

KEYWORDS

assisted reproductive technology, infertility, slow-freezing, vitrification, human
blastocysts, clinical pregnancy outcomes

Introduction

In recent times the expectation of pregnancy after a relationship or marriage has often
met with infertility challenges as many couples nowadays have not been able to conceive at
all or to carry a pregnancy to term. Increasing numbers of couples have difficulties
conceiving and as a result this might induce anxiety, sadness, depression, and
sometimes might even be the cause of divorce. Since the birth of L. J. Brown in 1978
(Steptoe and Edwards, 1978), assisted reproductive technology (ART) has been steadily on
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the rise, allowing millions of infertile couples to conceive (Calhaz-
Jorge et al., 2020). Currently, it has been estimated that more than
eight million children have been born globally following ART
(Smeenk et al, 2023). Further, infertility affects millions of
people around the world who are of reproductive age; it has been
reported that between 48 million couples and 186 million people
worldwide suffer from infertility (Smeenk et al., 2023). The
advancement in ART has been achieved thanks to many
improvements, including ovarian stimulation protocols, sperm
preparation techniques, fertilization, and embryo culture methods
and, importantly, progress in cryopreservation of gametes and
embryos. Cryopreservation has improved cumulative pregnancy
and live birth outcomes and has enabled the application of a
single embryo transfer (ET) policy, with a reduction in the risk
of multiple gestation. Cryopreservation of human embryos by “slow
freezing” procedures started in the 1980s (Chen, 1986), which was
subsequently replaced by the “vitrification” procedure (Kuwayama
et al,, 2005). This practice has been considered a real breakthrough
in ART, allowing embryologists to obtain a higher survival rate at
warming and, following frozen ET (FET), increased pregnancy
outcomes compared to the slow freezing procedure (Potdar et al.,
2014; Rienzi et al.,, 2017). Practically, cryopreservation enables the
long-term preservation of cells and tissues (gametes/embryos) at
ultra-low temperatures in a state of suspended animation. To obtain
that state it is fundamental to avoid ice crystal formation, which will
irreversibly damage cell membranes and induce cell death. This can
be achieved by vitrification, using a high concentration of
cryoprotective agents (CPAs) to increase viscosity and inhibit the
growth and formation of ice crystals, finally inducing the
vitrification solution to enter a “glassy state” (Huber et al., 2014).
One of the most applied CPAs during cryopreservation of human
gametes and embryos is dimethyl sulfoxide (DMSO): an
amphipathic chemical compound. Especially when used at high
concentration, DMSO might impact cellular functions, metabolism,
enzyme activities, cell growth and apoptosis (Santos et al., 2003;
Iwatani et al., 2006; Verheijen et al,, 2019) and, as suggested by
animal studies, might induce epigenetic dysregulation (Kohaya et al.,
2013; Christou-Kent et al., 2020). Further studies have reported that
vitrification might be associated with increased levels of reactive
oxygen species (ROS) and apoptotic events (Kohaya et al., 2013;
Zhao et al, 2016; Verheijen et al, 2019). Importantly, ART
procedures and cryopreservation coincide with the period of
epigenome reprogramming, going from fertilization through to
blastocyst formation. Modifications at this very delicate point
might have repercussions during the future life of the conceived
baby (Sendzikaite and Kelsey, 2019; Barberet et al., 2020; Chen et al.,
2022). Thus, elements associated with vitrification protocols, such as
the consequences of chilling, osmotic induced stress, and high
concentrations of CPAs, might have an influence on epigenome
integrity and transcript stability, with potential consequences for the
offspring (Barberet et al., 2020; Chen et al., 2022). Therefore, the
main aim of this narrative review is to describe the value and efficacy
of the vitrification programme in modern ART, and highlight the
current state of knowledge about the impact that a high
concentration of CPAs, used with the vitrification process, might
have on epigenetic alteration and possible consequences for future
generations.
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History of cryopreservation

Cryopreservation protocols enable freezing of biological
materials with subsequent storage in liquid nitrogen (LNy;
-196°C), to interrupt all biological processes and maintain their
viability for future use. The frozen embryos can be easily warmed
and replaced into the uterus, without any ovarian stimulation, for
couples who want an additional pregnancy or should fresh embryo
replacement prove unsuccessful. Since the 1970s, cryopreservation
in ART cycles has been successfully utilized to freeze gametes and
embryos. The first report of a live birth following the transfer of a
cryopreserved-thawed embryo was announced in Australia by
Trounson and Mohr in 1983 using the so-called “slow freezing”
procedure (Trounson and Mohr, 1983). In the late 1990s, a great
advancement in the field was achieved with the introduction of the
“vitrification” protocol in Japan and Australia (Mukaida and
Wanda, 1998; Kuwayama et al., 2005). Rapidly, the vitrification
method replaced slow-freezing and was applied to achieve better
outcomes in terms of cryo-survival and pregnancy rates, compared
to standard freezing. Indeed, the ability to cryopreserve human
embryos, using vitrification, has notably improved and, currently,
there is enough evidence showing that results obtained from
vitrification are enhanced compared to those achieved with the
slow freezing protocols (Li et al., 2014; Sciorio et al., 2018; Sciorio
et al., 2019). The success of vitrification is correlated with several
features, such as the temperature during the vitrification and
warming steps, which partly depends upon the choice of the
carrier applied and, most importantly, the concentration and
type of CPAs used. Regarding temperature, it has been clearly
demonstrated in the literature that the warming rate is just as
important as the cooling rate, if not more so. Seki and Mazur
reported that cryo-damage might also be induced by re-
crystallization during the warming step (Seki and Mazur, 2009).
They examined the relationship between cooling versus warming
rates in a mouse oocyte model and concluded that a warming rate
of at least 3,000°C/min was imperative to obtain an acceptable
survival rate above 80%. As mentioned earlier, selection of the
carrier applied, and whether LN, encounters the droplet
containing the embryo (open vitrification) or not (closed
vitrification) might impact the cooling rate and impair the
efficiency of the vitrification process. Additionally, using an
open device for vitrification, the LN, itself can contain
microbes or pathogens, and therefore, concerns have been
raised over sterility which might be compromised during the
process, increasing the risk of potential cross-contamination
between the embryo being vitrified and the LN,. This risk,
though minimal, is however not completely excluded, and has
been described by others (Bielanski et al., 2000; Bielanski, 2012).
Published studies have shown that closed vitrification devices can
be used for successful cryopreservation of human embryos
(Vanderzwalmen et al., 2010; Chen et al., 2013; Sciorio et al.,
2019) but closed carriers are still not totally accepted by the IVF
community owing to the perception that they might reduce the
survival rate. Studies have suggested the benefits of sterilization of
LN, using ultraviolet light (Parmegiani et al., 2010) or storage in
the vapour phase of LN,, which contains a lower density of
contaminants (Cobo and Romero, 2010).
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Cryoprotectants used with vitrification:
advantages and concerns

The choice and the concentration of CPAs represent an
important decision to take, which is directly associated with
CPAs are
equilibration and vitrification media to defend cells from cryo-
damage (Table 1). There are two different types of CPAs:
“penetrating” and “non-penetrating”. The former have a small

vitrification ~ outcomes. supplemented to the

molecular weight (less than 400 Da) and are therefore able to pass
through the cell membrane and, once inside, protect the cell from
cryo-induced damage. This group includes glycerol, ethylene
glycol (EG), DMSO, propylene glycol or 1,2 propanediol
(PROH) and acetamide. Probably DMSO, glycerol and PROH
are the more common and mostly used penetrating CPAs. 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, polyethylene glycol and polyvinylpyrrolidone, since they
have a high molecular weight, and are therefore able to induce an
osmotic gradient which diffuses water from inside to outside the
cell, thereby reducing the risk of intracellular ice formation
(Karlsson and Toner, 1996). Indeed, it is worth mentioning that
CPAs, especially when used at high concentrations, might cause
toxicity in a time and temperature dependent manner (Fuller,
2004). With this concern, a few studies have been recently
published, effects of the
cryopreservation procedure on the epigenetic makeup of the
embryo (Barberet et al.,, 2020; Chen et al., 2022). Also, reports
suggest that cryopreservation may affect some cellular processes,

such as cell functionality, protein expression, DNA integrity,

reporting some detrimental

cytoskeletal and nuclear structures (Kader et al., 2009; Kopeika
etal., 2015; Verheijen et al., 2019; Palomares and Rodriguez, 2022).
As cryopreservation becomes more widely used, not only in ART
but also in other fields, such as regenerative medicine or
transplantation medicine, it is extremely important to examine
potential genomic and epigenetic changes associated with current
cryopreservation practices (Xu et al., 2010; Chen et al,, 2022). A
retrospective study reported that singleton pregnancies obtained
from vitrified-warmed embryo replacement are associated with
less obstetric and perinatal morbidity, and had reduced odds of low
birth weight, preterm birth and small for gestational age (SGA)
(Pelkonen and Koivunen, 2010; Wennerholm and Henningson,
2013; Ishihara et al., 2014; Maheshwari et al., 2018). Added to this,
there is an increased need to optimize the vitrification procedure,
and probably embryo exposure times to CPAs could be slightly
modified. An attempt to investigate this concern has been
performed by Xiong and colleagues in 517 frozen-warmed
human embryos (Xiong et al., 2016). They split FET cycles into
four groups according to the equilibration time pre-vitrification:
5-6 min, 7-8 min, 9-10 min and 11-12 min, and found no
differences in terms of survival rate between the groups. But
implantation and live birth rate (LBR) were lower in the
5-6 min exposure group compared with the three other groups.
These preliminary data need to be confirmed by additional future
studies. Finally, further epidemiological studies performed on a
large-scale are necessary to evaluate the implications of the
cryopreservation process and CPAs on the health and wellbeing
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of the offspring, not only at the time of delivery but also during
later adult life.

Indications for FET in ART practice

Recent societal modifications and the increasing desire and
opportunity to preserve fertility for a variety of reasons, have
raised the application of ART and have also increased the
reasons for which ART is currently utilised. In this scenario,
lately, embryo cryopreservation plays an active role in ART, and
it is routinely and extensively applied (Table 2). In the past, embryo
cryopreservation was adopted to store a surplus number of embryos
following fresh ET, for infertile women undergoing ART. Nowadays,
the storage of gametes (sperm and oocytes), embryos, and
reproductive tissues (ovarian and testicular tissues) for use in
ART is included in the field of fertility preservation. Thus,
advancements in cryopreservation allow scientists to safely
handle those cells and tissues, which represent a unique and
valid option for cancer patients, who can cryo-store their
reproductive tissues for future use once they have completed
their cancer therapy (Somigliana et al., 2015; Sciorio and
Anderson, 2020). Indeed, further application of this technology
includes those women who lack the ability to produce their own
eggs or who have a hereditary condition they wish to avoid passing
on, who now have the option to receive donated embryos thanks to
cryopreservation. Other interesting reasons why individuals adopt
cryopreservation include age-related changes in gender or gender
transitioning, preimplantation genetic testing (PGT), and ovarian
hyperstimulation syndrome (OHSS) (Sciorio and Esteves, 2020).
Indeed, PGT relies upon embryo cryopreservation which allows for
the time interval between blastocyst biopsy and genetic analysis
(Coates et al., 2017). Furthermore, vitrification is also very useful for
other medical reasons such as severe endometriosis or elevated
progesterone in the late follicular phase, which has been reported
to have a negative impact on pregnancy outcomes; in such instances,
it is recommended to cryopreserve all available embryos and
perform a FET in a future cycle (Venetis et al, 2013; Santos-
Ribeiro et al., 2014; Groenewoud et al, 2018). To prevent the
risk of OHSS, a potentially life-threatening complication, fresh
ET cannot always be performed (Kawwass and Kissin, 2015;
Sciorio and Esteves, 2020). Finally, since multiple pregnancies are
one of the most critical and avoidable problems in ART, culturing
embryos until the blastocyst stage, and vitrifying every single good
quality blastocyst for future use, represents a valid alternative to
reduce the incidence of multiple pregnancies, while still maintaining
high cumulative pregnancy rates. This approach has been reported
in several studies by others (Liebermann and Tucker, 2006; Johnston
etal., 2014; Sciorio et al., 2018; Sciorio et al., 2019; Liebermann, 2021;
Liebermann et al., 2023).

Application of double vitrification
(re-cryopreservation)

In ART, sometimes it might be useful to perform a repeated
cryopreservation event, in order to further increase the cumulative
clinical pregnancy rate and reduce the risk of multiple pregnancies.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1398049

Sciorio et al.

TABLE 1 Minimal concentration required to vitrify for some permeating
cryoprotectants at a pressure of 1 atmosphere according to Fahy and
colleagues 1984. PG, propylene glycol; DMSO, dimethyl sulfoxide; EG,
ethylene glycol; GLY, glycerol.

Cryoprotectants  Concentration required to vitrify
%/volume
DMSO 49-50
PG 435
EG 55
GLY 65

Also, double vitrification-warming has been described to allow
retesting of inconclusively diagnosed blastocysts in PGT, to
circumvent limitations associated with national policies on
embryo culture in certain countries, and in the case of donor
vitrified-warmed oocytes that following fertilization are cultured to
the blastocyst stage and re-vitrified for future use. A recent
retrospective study by Hallamaa and collaborators, investigated
a cohort of vitrified and slow-frozen embryos and reported no
detrimental impact of double cryopreservation on clinical and
neonatal outcomes (Hallamaa et al, 2021). Another study
published by Makieva and colleagues has investigated this
aspect, comparing the clinical pregnancy rate (CPR) and LBR
following double vitrification-warming in those cycles where
vitrification was performed first at the zygote stage and the
second procedure occurred at the blastocyst stage in the
absence of biopsy (Makieva et al., 2023). The authors in this
retrospective analysis compared the pregnancy outcomes
following single blastocyst transfers in embryos obtained after
single vitrification-warming (n = 310) with those of double
vitrification-warming (n = 97). Results showed a similar CPR
(44.3% in double versus 42.3% in single vitrification) and LBR
(30.9% in double versus 28.7% in single vitrification) between the
two groups. Also, the miscarriage rate was comparable in the two
groups (27.9% in double and 32.1% in single vitrification). A study
by Shen and co-authors has investigated the perinatal outcomes of

10.3389/fcell.2024.1398049

singletons born following events of embryo re-cryopreservation
(Shen et al., 2023). This was a retrospective study, in which a total
of 647 singleton live births after FET were analysed, of which
55 cases were once vitrified blastocysts, and 592 cases were twice
vitrified blastocysts. Results showed comparable birthweights
between the two groups (3,390.6 + 601.5g versus 3,412.8 +
672.6 g, p > 0.05). Also, the percentage of preterm birth (20.4%
versus 16.7%), low birthweight (3.7% versus 7.4%), macrosomia
(11.1% versus 16.7%) and large for gestational age (LGA: 29.6%
versus 22.2%) were not significantly different between the two
groups. Following logistic regression analysis, the authors
concluded that double vitrification-warming events did not
(Shen et 2023). Re-
cryopreservation has also been also investigated by Wang and
colleagues in a systematic review and meta-analysis (Wang et al.,
2023). The authors analysed 14 studies including 4,525 FETs, with
3,270 following single cryopreservation and 1,255 after double

impair perinatal outcomes al,

cryopreservation procedures. In contrast with the previously cited
studies, Wang’s investigation reported that double vitrification is
associated with a decreased LBR (OR, 0.67; 95% CI, 0.50-0.90) and
an increased miscarriage rate (OR, 1.52; 95% CI, 1.16-1.98) when
compared with single cryopreservation. No significant difference
was found in neonatal outcomes. Therefore, since re-
cryopreservation might impair embryo viability, clinical teams
should maintain a cautious attitude toward double vitrification

events during ART cycles.

Efficiency of vitrification protocols

Unlike conventional slow freezing protocols, vitrification
strategies enable plunging of the blastocyst into LN, at —196°C
after a significantly shorter exposure to CPAs (150 min versus
5-15 min). The transition from an aqueous solution into a glass-
like solid during the cooling curve minimises significantly the
possibility of ice formation during the process, and therefore any
potential impact on blastocyst integrity, survival, and clinical
outcomes (Nagy et al., 2020). Globally, zygotes and cleavage-stage

TABLE 2 Main indication for human embryo cryopreservation in ART treatments.

Indication Rationale for cryopreservation

Preimplantation genetic testing

Risk of ovarian hyperstimulation syndrome (OHSS)

Genetic assessment is facilitated by the opportunity to utilize cryopreservation to store
embryos to be transferred in a future cycle, and to overcome the necessary time interval
between blastocyst biopsy and genetic analysis (Coates et al., 2017)

When fresh embryo transfer cannot be performed due to the risk of exacerbating OHSS
should pregnancy occur, embryos might be cryopreserved and used in a future cycle
(Kawwass et al., 2015; Sciorio and Esteves, 2020)

Elective single embryo transfer (eSET)

Preservation of fertility

The cryopreservation of surplus embryos is considered a valid method to reduce the
number of embryos transferred during a fresh cycle and thus minimize the risk of
multiple pregnancy, and reduces the need for repeated stimulation cycles [Johnston
et al., 2014; Sciorio et al., 2019; Liebermann, 2021]

In women with a stable partner about to go through gonadotoxic/chemotherapy
treatments for cancer, there may be time in which to undergo a cycle of IVF and have
blastocysts cryopreserved [Somigliana et al.,, 2015; Sciorio and Anderson, 2020]

Elevated progesterone or other conditions affecting endometrial receptivity, such
as endometriosis, endometritis, hydrosalpinges, and fluid within the endometrial
lumen
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Elevated progesterone in the late follicular phase has a negative impact on pregnancy
outcomes. Or other conditions and medical pathology that might affect fertility (Venetis
et al., 2013; Groenewoud et al., 2018)
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embryos display comparable and consistent results with slow
freezing, while at the blastocyst stage, the increasing amount of
water contained within the blastocoel fluid could jeopardize the
efficiency of the standard traditional cryopreservation method. The
survival rate of cryopreserved embryos after warming represents a
clear and immediate measure of efficiency for a cryopreservation
procedure (Stehlik et al., 2005; Balaban et al., 2008; Nagy et al., 2009;
Valojerdi et al., 2009; Cobo et al,, 2013). Since the introduction of
vitrification, IVF laboratories have benefited over recent decades
from vitrification’s consistently high survival rate, simplicity, and
reduced time, which has contributed to widespread implementation
(Nagy et al., 2009; Wilding et al., 2010; Fasano et al., 2014; Debrock
et al,, 2015). So far, data has revealed a significant improvement in
blastocyst post-warming cryo-survival rates (Sifer et al., 2012; Wang
et al., 2012; Liu et al., 2013; Zhu et al., 2015; Summers et al., 2016). A
meta-analysis published by Rienzi and colleagues, based on several
randomized controlled trials (RCTs), supports vitrification as a
superior approach to slow-freezing, not only in blastocysts but
also in human oocytes and cleavage-stage embryos. Even though
high variability ~was reported
implementation of vitrification in a regular facility led to an

among laboratories, the
increase in embryo cryo-survival rate (from ~60% to 78%-100%)
along with increased CPR and LBR per embryo when compared to
slow-freezing (Rienzi et al., 2017). Globally, this technique has
significantly improved embryo post-warming survival rates, even
though there is considerable variation (30%-93%). In general, the
current efficiency of vitrification technology is so high that almost all
vitrified blastocysts survive and preserve their implantation
potential (Valojerdi, et al, 2009). The improved viability of
vitrified-warmed blastocysts is directly translated into increased
implantation and pregnancy rates, leading to equal or even
higher results than those with fresh embryo replacement (Cobo
et al,, 2012; Ozgur et al., 2015; Wang et al., 2017). However, the
specific procedure varies from laboratory to laboratory, contributing
to significant variability. Though some attempts with automatic
vitrification have been described by others (Roy et al., 2017; Arav
etal,, 2018), and will be subsequently discussed, vitrification remains
a predominantly manual and highly operator dependent procedure.

Vitrification protocols

Every vitrification (also called non-equilibrium cryopreservation)
protocol is based on the same principle: a short exposure to small
volumes of highly concentrated solution containing CPAs and a very
high rate of cooling/warming (>10,000°C/min) to prevent the
formation of intercellular and intracellular ice crystals. A wide
variety of commercial kits, including different cryoprotectant
solutions, carrier tools and times of exposure have been described.
Current approaches use a combination of different CPAs at lower
concentrations to ameliorate the toxicity of one single CPA at an
otherwise higher concentration (Rall et al., 1987; Ali and Shelton,
1993). Following the introduction of open-pulled straws such as the
Cryotop, closed systems have been developed to avoid contact with
LN, and thereby provide a safer and more sterile alternative (Vajta
etal,, 2015). Most current devices share a common design that allows
them to employ small volumes of vitrification solutions to achieve the
highest rates of temperature change (Nagy et al., 2020). One of the
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most adopted vitrification protocols (the rest are identical or slightly
modified) uses a minimum volume (<1 pL) carrier device called the
Cryotop together with a mixture of two permeating CPAs, 15%
(27M) EG and 15% (2.1M) DMSO plus 0.5M sucrose or
trehalose as external CPAs (Figure 1) (Kuwayama et al, 2005).
Previously, the embryo is maintained for 10-15min in the
equilibration medium (EG: 1.35 M + DMSO: 1.05 M). Based on an
osmolality of approximately 280 mOsm/Kg in culture media, the
exposure and removal of CPAs entails extreme osmolality changes
during vitrification and warming procedures. The osmotic pressure
shifts up to 2,700 mOsm/Kg in the equilibration solution and then is
further raised to 5,600 mOsm/Kg when the embryo is briefly (1 min)
transferred to the vitrification solution prior to being submerged in
LN, The warming procedure mainly involves a rapid dilution and
reduction in osmolality from 5,600 to 1,280 mOsm/Kg in the warming
solution (37°C), followed by two re-hydration stages at room
temperature further reducing osmolality to 780 mOsm/Kg (3 min)
and then 280 mOsm/Kg (5-6 min). Typically, the warming kit
contains 1.0 M sucrose (thawing solution; TS), 0.5M sucrose
(dilution solution; DS), and HEPES buffered solution alone
(washing solution, WS) which allows control over the speed of
extracellular water diffusion and controls cell swelling during re-
hydration (Figure 2). A cell's membrane may be ruptured if it
rehydrates too fast (Kuwayama et al, 2005). Finally, it is worth
mentioning that during the vitrification-warming procedures the
blastocyst is exposed to non-physiological oxygen tension, and the
high concentration of oxygen might be correlated with increased
levels of ROS and apoptotic events, with potential repercussions in the
adult life of the conceived baby (Sendzikaite and Kelsey, 2019;
Verheijen et al., 2019; Barberet et al., 2020; Chen et al,, 2022). In
that respect, the addition of antioxidants to vitrification media may be
beneficial for embryo development, especially under oxidative stress.
A study from Truong and Gardner, investigated the benefits of an
antioxidant combination, specifically N-acetyl-L-cysteine, acetyl-L-
carnitine, and a-lipoic acid, during vitrification of mouse embryos
(Truong and Gardner, 2020). The study showed that mouse
blastocysts vitrified with no antioxidants had significantly lower
cell numbers (p < 0.001) and higher apoptotic cells (p < 0.05)
compared to non-vitrified embryos. Addition of antioxidants
during the vitrification and warming protocols was associated with
a significant increase in inner cell mass (ICM) number (p < 0.001) and
total cell number (p < 0.01), and an increase in outgrowth area (p <
0.05) compared to embryos vitrified without any antioxidants. This
aspect might be further developed as it may present an intriguing
avenue for enhancing protocols.

Ultra-fast warming method

Despite the high efficiency of current protocols, over recent
years alternative approaches have been proposed to improve results
and optimize laboratory workflow. The main critical concerns in
successful vitrification of the human embryo are the removal of
cytotoxic CPAs and rehydration in serial osmotic solutions to
prevent osmotic shock, to increase cryo-survival. Logic implies to
quickly remove CPAs and allow water to gradually rehydrate the
embryo to minimize damage during the vitrified-warming process.
This feature is normally achieved through multi-step warming
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strategies, that involve moving the blastocyst through a series of
solutions of decreasing osmolality to remove the CPAs, and have
shown good outcomes, though the procedure is certainly time-
demanding (10-15 min) and is a laborious routine in the IVF
laboratory. Thus, reducing the amount of time required to
rehydrate the embryo has been proposed as an alternative ultra-
fast warming approach (Manns et al., 2021; Manns et al., 2022;
Taylor et al., 2022). Ultra-fast warming involves neither dilution nor
washing and only requires plunging the embryo into the TS for
1 min at 37°C before transfer into culture media. So far, the 1-min
one-step rehydration approach has shown consistently high survival
rates and, more importantly, comparable implantation and
pregnancy rates (Manne et al., 2021; Manns et al., 2022; Taylor
et al,, 2022; Liebermann et al., 2023). In a study by Gallardo and
colleagues, the authors advocate that during the vitrification-
warming protocol, reducing the time and the duration of the
procedure would be desirable to improve the workflow in the
IVF setting and also reduces the duration of exposure to
suboptimal temperature, osmolality, a high concentration of
oxygen, and potential toxicity of CPAs. In this work they
investigated a short, rehydration-based protocol, in which the
warming was performed with only 1 minute exposure in TS,
compared to a standard protocol, using discarded human oocytes
and abnormally fertilized zygotes donated for research (Gallardo
et al., 2019). With human oocytes and abnormal (3PN) zygotes
exposed to this experimental vitrification protocol with 1 minute
rehydration, survival rates were 30/30 (oocytes) and 27/27 (zygotes),
which was comparable to the standard warming procedure. Of those
27 survived abnormal zygotes (3 PN), 24 managed to cleave in
culture after 24 h. A study by Liebermann and co-workers, which is
the largest published study so far, showed that not only is fast
warming quicker and simpler than the multi-step protocol, but also
the results are quite promising (Licbermann et al, 2023). They
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retrospectively analyzed 3,439 FETSs, and they compared clinical
outcomes between the one-step rehydration protocol and a control
group, which was the standard multi-step rehydration protocol.
Results showed the same survival rates for the two arms (99.5%).
The CPR was 63.0% in the one-step warming protocol, which was
comparable to 59.9% in the multi-step rehydration protocol. A
significant increase was observed in the ongoing pregnancy rate
(60.4% in the one-step rehydration versus 55.4% in the multi-step
rehydration groups, p = 0.011) and implantation rate (63.6% in one-
step versus 57.0% in the control group, p = 0.0005), with significantly
lower spontaneous miscarriage rates (4% in one-step versus 7.6% in
the control arm, p = 0.0001). Shortening the time that embryos are
out of the incubator during the one-step warming protocol may
contribute to these higher outcomes. Globally, in addition to the
significant time saving (from 10-15 to 1 min of bench time for the
embryologist), eliminating DS-WS steps results in identical survival
rates and, above all, does not negatively impact pregnancy or
implantation rates. In that respect, an extreme approach has been
recently proposed by Chan and co-authors, who have validated
ultra-fast warming of vitrified human blastocysts by immerging
them directly into regular embryo culture media devoid of any CPAs
(Chan et al, 2024). The study was divided into pre-clinical and
clinical phases. In the first technical stage, 63 donated human
blastocysts were warmed directly in five different types of culture
media. The blastocysts were immerged in pre-warmed medium at
37°C (pre-equilibrated overnight) and incubated for 1 minute at a
heat-top workstation before being transferred to a time-lapse
incubator for further observation. They reported a survival rate
of 100%, assessed with time-lapse technology and observation of re-
expansion following warming. The second stage was the clinical
phase, which included a cohort of 96 patients who were scheduled
for FET, 20 of which were subjected to direct warming in culture
media: 19 of these were single ET and one patient was for double ET.
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All warmed blastocysts survived in both groups (one-step and
standard warming procedures). The implantation rate in the
direct warming arm was significantly higher [61.9% (13 sacs/
21 blastocysts)] compared to the standard warming procedure
[37.2% (29/78)]. Though the LBR was higher in the direct
warming group [45% (9 live births/20 FETs)] compared to the
standard group [36.8% (28 live births/78 FETs)], this difference was
non statistically significant. The direct thawing procedure in embryo
culture medium reduced embryology time and significantly reduced
the cost per FET performed. The saving was estimated by the
authors to be around 90% per FET.

Blastocyst shrinkage before
vitrification, and assisted hatching
post-warming

Cryopreservation of human blastocysts, using the vitrification
approach, should consistently avoid intracellular ice-crystal
formation compared to the traditional slow-freezing method;
however, the large fluid-filled cavity in expanded blastocysts
may inhibit sufficient permeation of CPAs inside the blastocoel,
and might be responsible for ice crystal formation which can induce
cell death. Applying artificial shrinkage (AS), thus reducing the
volume of the blastocoel might increase the survival rate at
warming and pregnancy outcomes following FET. Several
authors have described different methods to induce AS, such as
creating a hole in the trophectoderm layer, either by puncturing it
with a needle (Son et al., 2003), by repeated micropipetting of the
blastocyst (Hiraoka et al., 2004) or by laser pulse (Mukaida et al.,
2006). Studies by different authors using these methods, have
reported being able to obtain immediate collapse of the
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blastocoelic cavity just before vitrification, resulting in a positive
effect on survival after warming (Vanderzwalmen et al, 2003;
Mukaida et al., 2006; Levi-Setti et al., 2016; Wang et al., 2017;
Sciorio et al.,, 2018). Therefore, use of AS by a laser pulse or any
other method described earlier, might increase the diffusion of
cryoprotectants into the embryo, and thus, the embryo’s exposure
to the equilibration solution can be reduced to obtain an efficient
vitrification process (Sciorio et al., 2019). Fully expanded
blastocysts include a high amount of fluid in the blastocoel
cavity, which during the process of vitrification can produce ice
crystals, therefore those blastocysts might benefit from AS to
augment vitrification efficiency. Using a laser pulse, those
expanded blastocysts can be easily collapsed, lose fluid in a short
time and be converted into a morula-like stage. Laser technology is
simple, accurate and effective, and has been applied in different
fields, including ART for more than 30 years. A laser pulse at a
minimal setting, orientated at the gap junction between two
trophectoderm cells, away from the ICM, can be applied to
induce AS just a few minutes before the vitrification starts
(Sciorio et al,, 2018), to improve cryo-survival. This approach
has been amply reported by others (Vanderzwalmen et al., 2003;
Mukaida et al., 2006; Van Landuyt et al., 2015; Levi-Setti et al., 2016;
Wang et al., 2017; Sciorio et al., 2019; Kovaci¢ et al., 2022). The
application of a laser can also be used to induce zona drilling, in a
procedure generally known as assisted hatching (AH) in both fresh
and FET; this aspect has been investigated by several authors with
controversial results. Retrospective trials have reported no benefit
of the procedure (Graham et al., 2000; Dayal et al., 2006), except for
some specific groups of patients: such as advanced maternal age
(Meldrum et al., 1998), poor prognosis patients, or those with
previous failed IVF cycles (Cohen et al,, 1992; Schoolcraft et al.,
1994; Grace et al., 2007). Sifer and collaborators (Sifer et al., 2006),
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in a prospective randomized study of cryopreserved embryos at the
cleavage stage, reported no improvement in pregnancy outcomes: a
similar implantation and CPR was observed between the AH and
control groups. In contrast, a prospective blinded randomized
study (Gabrielsen et al., 2004) performed on FET at the cleavage
stage found an increased implantation rate in the AH group
compared with the control group (11.4% versus 5.8%; p <
0.005).  Also,
encouraging results following AH; they analysed 281 blastocysts

Vanderzwalmen and collaborators found
after vitrification and warming, concluding that artificial opening of
the ZP significantly increased the percentage of implantation and
pregnancy rates (Vanderzwalmen et al., 2003). Finally, two recent
studies again reported divergent findings. Wei and colleagues
analysed 3,535 FETs, out of which 2,297 were non-AH cycles
and in 1,238 laser AH was applied (Wei et al., 2023). Their
results found a higher LBR in the AH group compared to the
non-AH group (34.9% versus 31.4%, p = 0.024). Furthermore, the
laser AH group showed a reduction in pregnancy loss and ectopic
pregnancy rates, but those variations were not statistically
significant (p = 0.078, p = 0.063 respectively). Opposite results
were found by Alteri and collaborators in a comparative RCT
performed in two centres (Alteri et al., 2024). The investigation
enrolled 698 participants, which were randomized as follows:
352 patients were assigned to the AH group and the remaining
346 to the control arm. AH was applied to remove approximately
one-third of the zona pellucida. The primary outcome of the study
was LBR; and similar results were reported [105 (29.8%) in AH arm,
versus 101 (29.2%) in the control group]. Secondary end-points
included CPR, miscarriage, multiple pregnancies, and the authors
were unable to find any clinical scenario that could benefit from AH
in thawed blastocysts. Overall, based on the findings presented
above, it seems that currently there is not enough evidence showing
a clear benefit of AH in FET, of LBR and
pregnancy outcomes.

in terms

Automated vitrification

Over the last decade, we have witnessed an incremental application
of automated systems to perform mainstream laboratory procedures
with the goal of increased standardization in methodologies and results,
as well as decreasing the manual workload. Along those lines, application
of automated vitrification platforms may help to standardize the
procedure, lower the variation in performance between operators and
cut down the amount of time-consuming manual work in the
embryology laboratory. The first attempt of semi-automated
vitrification was reported by Roy and colleagues; they found a
decrease in time spent with similar laboratory outcomes to both
human and mouse blastocysts vitrified using a manual method (Roy
et al, 2014; Roy et al, 2017; Arav et al, 2018). The authors used an
automated platform, the so called “Gavi~ system”, which was developed
by a team of embryologists, scientists, and engineers at Genea in Sydney,
in collaboration with Planet Innovation (Melbourne, Australia). The
Gavi® system can execute automated vitrification using a closed system of
up to four embryos simultaneously. This system is a semi-automated
machine for vitrification capable of monitoring critical features including
temperature, volume, concentration, and exposure time to CPAs during
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the vitrification procedure. The system includes an instrument that
performs fluid exchange using a robotic liquid handling unit with
individual pipettes, has a heat-sealing unit, and includes a LN,
bucket. Further details of the Gavi~ system have been described by
others (Roy et al,, 2014). Using the Gavi® system, the authors found
equivalent in-vitro outcomes with mouse embryos to that of Cryotop
controls. They vitrified mouse blastocysts with both the Gavi~ system
(n =176) and the manual Cryotop method (n = 172) and achieved a 99%
recovery rate, of which 54% and 50%, respectively, progressed to fully
hatched blastocysts 48 h after warming. Though the number treated was
lower, human blastocysts vitrified with the Gavi~ system (n = 23) or with
Cryotop controls (n = 13), resulted in a 100% recovery for both groups, of
which 17% and 15%, respectively, progressed to fully hatched blastocysts
48 h after warming (Roy et al, 2014). Dal Canto and colleagues have
recently reported the first two cases of ongoing pregnancy in Europe,
following blastocyst vitrification/warming using the Gavi' vitrification
system (Dal Canto et al, 2019). Another study on the application of the
Gavi’ system was published by Miwa and co-workers (Miwa et al., 2020).
The authors retrospectively compared the survival rate, and clinical and
perinatal outcomes following vitrified-warmed blastocyst transfer
between Gavi® (398 cases) and the Cryotop (208 cases). They found
similar survival rates [Cryotop: 98.6% (208/211) versus Gavi™: 99.3%
(398/401)], pregnancy rates [Cryotop: 34.3% (72/208) versus Gavi':
33.4% (133/398)], and comparable miscarriage rates between the two
groups [Cryotop: 22.2% (16/72) versus Gavi': 24.8% (33/133)]. From
those studies, it can be concluded that Gavi~ semi-automated vitrification
can be considered as an alternative vitrification procedure in ART and
might be introduced into routine laboratory practice, especially in a busy
IVF program (Dal Canto et al,, 2019; Miwa et al., 2020). Another semi-
automated vitrification device, recently produced by a company located
in China (Biorocks Company Limited), is able to incorporate the CPAs
and delivery to the cell using the form of hydrogel. This device is able to
achieve a cooling rate of 31,900°C/min, and warming rates of 24,700°C/
min. This innovative device has been described in a recent publication by
Wang and co-workers (Wang et al., 2023). To assess the efficacy of this
device (Biorocks vitrification system) the authors used mouse oocytes
and embryos, and poor quality human day 6 blastocysts (grade CC
according to Gardner and Schoolcraft, 1999), and obtained outcomes
equivalent to the manual Cryotop method. They reported a survival rate
of 98% for mouse oocytes with the Biorocks system (n = 46) and 95% for
the Cryotop (n = 39), of which 46% and 41%, respectively, progressed to
blastocysts on day 5 after IVF. Regarding the human blastocysts (day-
6 grade CC) processed with the Biorocks device (n = 39), a re-expansion
rate of 92% was observed within 2 h post warming, compared to 90%
obtained with the Cryotop (n = 30). However, these are the very early
days of automated vitrification, and there might be extensive opportunity
for improvement. Therefore, we believe that further and larger well-
designed studies are required to evaluate its impact upon CPR and LBR.

Vitrification: neonatal outcomes, _
safety, and potential adverse obstetric
complications

Recent data show that an increasing percentage, between 30% and
40%, of children born following ART cycles worldwide result from
cryopreservation practices, from both cleavage and blastocyst stages
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(Roy et al., 2014; Kupka et al., 2016). Furthermore, concerns associated
with the health of ART-conceived babies, as well as from FETs, have
been discussed for several years, and have been the object of many
investigations by different research groups. Currently, not much is
known about the safety of the technique especially on obstetric
complications in long-term follow-up. With the increasing use of
vitrification, other risks seem to be highlighted, especially those
associated with high, potentially toxic concentrations of CPAs,
compared to what was used in the slow-freezing procedure. One of
the concerns investigated by several authors has been the potential
detrimental effect that the duration of storage time may have on vitrified
human embryos, especially when some studies found an association
between cryo-storage length and decreased clinical results. A study by
Cobo and co-workers evaluated this concern in a retrospective study
including 58,001 vitrified/warmed day-5 blastocyst transfers. The
storage time ranged from <1.8 months to >34.81 months. Their
results found that blastocysts did not show statistical differences
across the categories of storage time; and no association was found
between storage time and clinical outcome (Cobo et al, 2024).
Regarding the perinatal outcome of children born following
vitrification, observational studies have revealed some impairments,
such as an increased risk of placental problems, pregnancy induced
hypertension, and pre-eclampsia following FET (Sazonova et al., 2012;
Opdahl et al., 2015; Barsky et al., 2016; Jeve et al., 2016). A systematic
review and meta-analysis published by Jeve and collaborators, including
81,752 cycles compared the obstetric outcomes among FET and fresh
transfer (Jeve et al,, 2016). The authors found that the risk of developing
hypertensive disorders in pregnancy was significantly higher following
vitrification. Other outcomes including SGA, caesarean section, and
preterm delivery, as well as hypertension and pre-eclampsia were all
significantly higher in pregnancies obtained after vitrification (Sazonova
et al, 2012; Opdahl et al, 2015; Barsky et al, 2016). However, a
multicentre RCT analysing 2,157 women found no significant
differences in pre-eclampsia or hypertensive disorders, as well as
other obstetrical and neonatal complications between the two groups
(FET and fresh ET) (Shi et al., 2018). Also, a study by Takahashi and co-
authors analysed 1,129 vitrified blastocysts and showed no differences
in obstetric outcomes for babies born after vitrified blastocyst transfers
compared to those children born following fresh transfers. However,
there was a preterm birth rate of 18.5% compared to 12.4% in the fresh
group (Takahashi et al, 2005). The debate is ongoing since several
authors have reported perinatal and neonatal outcomes after FETs
comparable to those following fresh ET (Devine et al., 2015; Ainsworth
etal,2019; Hwang et al., 2019; Maris et al., 2019). Furthermore, FET has
been correlated with similar rates of congenital malformations when
compared to fresh ET (Belva et al, 2016). A meta-analysis by
Maheshwari and collaborators presents novel interesting evidence
concerning divergences in terms of neonatal outcomes arising from
fresh ET or FET (Maheshwari et al.,, 2018). Their analysis found that
singleton children born from FET cycles were associated with a lower
risk of preterm delivery or having low birthweight and SGA compared
to those conceived following fresh ET, but a higher risk of high
birthweight, LGA and, above all, their mothers faced an increased
risk of hypertensive disorders during pregnancy. The authors found no
difference in the risk of congenital anomalies and perinatal mortality, or
admission to the neonatal intensive care unit between the two groups.
However, an increased birthweight in ART babies conceived after FET
has also been reported by large epidemiological studies in the UK

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1398049

(Maheshwari et al., 2016), and by several studies from Northern Europe
(Pelkonen and Koivunen, 2010; Pinborg et al,, 2013; Pinborg et al.,
2014). In that regard, a study by Terho and co-workers (Terho et al,
2024), reported data extracted from the Finnish register from 1995 to
2006, and compared the singletons born following FET (n = 1,825),
fresh ET (n = 2,933) and natural conception (n = 31,136). They found
that adolescent boys (age 7-18 years), born following FET have a higher
mean proportion and increased odds of overweight compared to those
born after fresh ET. The FET boys had a higher mean proportion of
overweight compared to fresh ET (28% versus 22%, p < 0.001) and
compared to natural conception (28% versus 26%, p = 0.014). However,
it is worth mentioning that it is very difficult to differentiate between
whether the FET protocol itself is responsible for the higher birthweight
or if other features might contribute such as the use of CPAs or mode of
endometrial preparation. Along those lines, no difference in birthweight
was seen by Shi and co-authors when embryos were transferred in a
natural cycle, leading one to consider that endometrial preparation
might play a crucial relevant role in that regard (Shi et al., 2018). Similar
results were also found in a systematic review and meta-analysis
performed by Zaat and colleagues (Zaat et al, 2023) including
1,546 studies in which FETs were compared between natural cycles
(n = 56,445) and artificial cycles (n = 57,231). The authors reported a
decreased risk of adverse obstetric and neonatal outcomes when a
natural cycle was adopted compared with artificial treatments. An
additional study by Rosalik and collaborators (Rosalik et al., 2021) also
showed that programmed FET cycles resulted in a higher foetal weight,
as well as higher risk for macrosomia and LGA when compared with
natural FET cycles. Also, a Nordic register study by Terho and co-
workers found that singletons born after FET are heavier and there is a
higher risk of LGA compared to fresh ET (Terho et al., 2021). A critical
aspect worth mentioning is the potential risk that the vitrification
procedure might induce on epigenetic dysfunction and, by doing so,
impair embryonic gene expression and imprinting. Potential
consequences might include alterations in placenta and foetus
formation, and induced modifications in growth patterns and
metabolic parameters, potentially resulting in adult life diseases (De
Baun et al,, 2003; Cassidy et al., 2012; Azzi et al,, 2014; Xu and Xie,
2018). Indeed, epigenetic regulation and imprinted genes play critical
roles in cell growth and differentiation, and it is important to avoid any
alteration, especially during the first few days of embryo development
when embryos are cultured in the embryology laboratory, that might
otherwise generate disorders in the offspring (De Baun et al,, 2003;
Mabb et al,, 2011; Cassidy et al., 2012; Fleming et al., 2018). However,
only limited evidence is currently available in humans and those
investigations seem to suggest that imprinted genes and DNA
methylation are not significantly altered following vitrification (Liu
et al,, 2017) (Table 3). An example is the study from De Munck and
collaborators, who reported no significant change in the overall DNA
methylation level of in-vitro cultured 8-cell embryos derived from
vitrified/warmed oocytes (De Munck et al, 2015). However, in
contrast, Huo and co-authors have studied a total of 1,987 genes
and found different expression following oocyte vitrification/
warming compared with fresh oocytes and reported that 82% of
these genes were downregulated, while 18% were upregulated (Huo
et al,, 2021). Most of the genes investigated were involved in several
critical biological processes or were cell cycle related, such as NCAPD2,
TUBGCP5 and TUBB4. Also, other aberrant gene expression after
vitrification was found in genes whose activities were correlated with
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TABLE 3 Summary of human studies showing the effects of vitrification on DNA methylation and histone modification. GV; oocyte at germinal vesicle stage,
MIl; oocyte at metaphase Il stage, IVM; in-vitro maturation, 5hmC; 5-hydroxymethylCytosine, 5mC; 5-methylCytosine. DMR; differentially methylated

regions.

Materials
Human or
animal

Embryos
analyzed (n)

Technology of

assessment

Studied
Sequences or genes

Main findings

De Munck (Human) 31 embryos (Day-3) from Immunofluorescence Global No differences in fluorescence
et al. (2015) Mature (MII) donated 17 fresh oocytes and (5mC, 5hmC) Analysis intensities between embryos from
oocytes 14 after Vitrification fresh and vitrified oocytes
Al-Khtib (Human) 77 MII after IVM from Pyrosequencing Methylation profile of H19 and Oocyte vitrification at the GV
et al. (2011) GV oocytes donated 184 vitrified GV stage, and KCNQ1OT1H19DMR and stage does not affect the
for research and IVM 85 KvDMRI1 methylation profiles of H19-DMR
to MII MII from 120 fresh GV and KvDMR1
Liu et al. (Human) 56 in-vivo MII, 106 MII Immunofluorescence Global analysis No significant difference in
(2017) Vitrified mature (MII) = from GV matured in-vitro, (5mC) fluorescence intensities between

oocytes and MII from
GV matured in-vitro

122 MII from vitrified GV

the groups

Barberet et al. (Human) Human placenta
(2020) Placenta
Yao et al. (Human) Human placenta obtained
(2020) Placenta from vitrified embryos
Mani et al. (Human and Mouse) =~ Human placenta following
(2022) Placenta frozen and fresh ET.

Mouse placenta from fresh

Pyrosequencing and
q-PCR

q-PCR, Western blot and
pyrosequencing

850K Infinium
MethylationEPIC
BeadChip array

H19, IGF2, KCNQ10T1
SNURF

SNRPN

Infinium Mouse Methylation
BeadChip array

The placental DNA methylation
levels of H19/IGF2 were lower in
the fresh embryo transfer group
than in the control (H19/IGF2-
seql) and frozen embryo transfer
(H19/IGF2-seq2) groups

The expression level of SNRPN
increased after vitrification

Human and mouse placentae
were significantly
hypermethylated after frozen ET

and frozen ET

compared with fresh

oogenesis, cellular response to heat, microtubule-based processes,
biosynthetic ~ processes,
migration, DNA repair, as well as ATP production and metabolic

methylation, ubiquinone chromosome
processes, which are overall biological processes correlated with oocyte
quality and viability (Stigliani et al., 2015). Along those lines, a registry-
based cohort study using data from the four Nordic countries,
Denmark, Finland, Norway, and Sweden, performed by Sargisian
and co-authors (Sargisian et al, 2022) aimed to analyse whether
children born after ART and specifically after FET, are at higher
risk of childhood cancer compared to fresh ET or natural
conception. The study included around eight million children, with
171,774 babies born after use of ART and 7.772,474 children born after
natural conception. After adjustment performed for sex, plurality, year
of birth, country of birth, maternal age at birth, and parity, the authors
found that individuals born after FET had a higher risk of cancer
(48 cases) when compared to natural conception or fresh ET. There
were higher risks of epithelial tumors and melanoma after any ART
method, and of leukemia after FET. However, the authors concluded
that those results should be interpreted with high caution, considering
the limited number of children with cancer (n = 48) (Sargisian et al,,
2022). To conclude, considering the fast spread of vitrification
procedures in modern ART cycles, further follow-up studies are
urgently required to clarify and better understand the functional
processes that are responsible for complications associated with FET
and any potential epigenetic risks associated with vitrification (Hiura
et al., 2017; Marjonen et al., 2018; Osman et al., 2018; Verheijen et al,
2019). Evidence already exists in humans showing that programmed
FET cycles might have complications and adverse obstetric outcomes
compared to natural conception or to FET in natural cycles. However,
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the epigenetic mechanisms responsible for those observed alterations
remains generally unknown and currently are limited and marginally
understood in humans. Further investigations are needed on the use of
CPAs and vitrification, and large registry studies are essential to evaluate
vitrification/warming procedures in humans, including neonatal
outcomes and any potential long-term diseases.

Conclusive remarks

In the last few years, we have witnessed a consistent improvement
in cryopreservation techniques. The vitrification method, considered a
real breakthrough in ART, has almost replaced the traditional slow-
freezing method, and has induced an absolute change in how physicians
manage and handle IVF treatment. Indeed, there is enough published
evidence showing that following FET, the implantation and pregnancy
outcomes are comparable to those obtained from fresh ET in infertility
patients undergoing ART and, therefore, FET has been perceived as a
valid alternative to fresh ET. Thus, the widespread use of FET has found
several and compelling applications, including when performing
embryo biopsy for genetic testing or fertility preservation in cancer
patients. Importantly, blastocyst vitrification represents a valid tool
when introducing elective single ET, without compromising the
pregnancy rate. Nowadays, extended culture until the blastocyst
stage is more commonplace, allowing the selection of more viable
embryos, and lowering the number of embryos to replace, especially
when analysing the cumulative pregnancy rate from a single oocyte
recovery. In addition, the higher number of cells within the blastocyst
better compensates for any cryoinjuries, with considerable viability and
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faster recovery at the warming stage, resulting in a greater potential to
implant. Finally, the safety aspects of cryopreservation to both women
and their offspring necessitate further and long-term assessment. The
use of high concentrations of CPAs might be associated with changes in
cell biology mechanisms and asperity to promote alterations in the
epigenetic landscape. Indeed, it is critical to further investigate these
potentially negative long-term consequences that might be transmitted
to later generations. However, despite the important role of such
epigenetic mechanisms in cell-fate decisions, the number of reports
available on the impact of CPAs and cryopreservation procedures on
epigenetic mechanisms in the human is limited and remain conflicting.
To conclude, blastocyst vitrification in ART has largely modified the
application of ART, and its practice evolves as scientists learn more
about ways to improve protocols and their application to specific groups
of patients undergoing ART.

Author contributions

RS: Conceptualization, Investigation, Methodology, Project
administration, Supervision, Validation, Writing-original draft,

Writing-review and editing. GC: Investigation, Methodology,
Writing-original ~ draft. LT: Data curation, Investigation,
Writing-original ~ draft. GM: Investigation, Methodology,
Writing-original ~ draft. ~ AS:  Investigation, Methodology,
Writing-original ~ draft. ~ RT:  Supervision,  Validation,
Writing-original ~ draft. NP:  Investigation, Methodology,

References

Ainsworth, A. ], Wyatt, M. A, Shenoy, C. C., Hathcock, M., and Coddington, C. C.
(2019). Fresh versus frozen embryo transfer has no effect on childhood weight. Fertil.
Steril. 112, 684-690. doi:10.1016/j.fertnstert.2019.05.020

Ali, J, and Shelton, J. N. (1993). Design of vitrification solutions for the
cryopreservation of embryos. J. Reprod. Fertil. 99, 471-477. doi:10.1530/jrf.0.0990471

Al-Khtib, M., Perret, A., Khoueiry, R., Ibala-Romdhane, S., Blachere, T., Greze, C.,
et al. (2011). Vitrification at the germinal vesicle stage does not affect the methylation
profile of H19 and KCNQ1OT1 imprinting centers in human oocytes subsequently
matured in vitro. Fertil. Steril. 95 (6), 1955-1960. doi:10.1016/j.fertnstert.2011.02.029

Alteri, A., Reschini, M., Guarneri, C., Bandini, V., Bertapelle, G., Pinna, M., et al.
(2024). The effect of laser-assisted hatching on vitrified/warmed blastocysts: the
ALADDIN randomized controlled trial. Fertil. Steril. 9 (24), 00091-00098. doi:10.
1016/j.fertnstert.2024.02.010

Arav, A, Natan, Y., Kalo, D., Komsky-Elbaz, A., Roth, Z., Levi-Setti, P. E,, et al. (2018). A
new, simple, automatic vitrification device: preliminary results with murine and bovine
oocytes and embryos. J. Assist. Reprod. Genet. 35,1161-1168. doi:10.1007/s10815-018-1210-9

Azzi, S., Habib, A. W., and Netchine, 1. (2014). Beckwith-wiedemann and russell-
silver syndromes: from new molecular insights to the comprehension of imprinting
regulation. Curr. Opin. Endocrinol. Diabetes Obes. 21, 30-38. doi:10.1097/MED.
0000000000000037

Balaban, B., Urman, B., Ata, B., Isiklar, A., Larman, M. G., Hamilton, R, et al. (2008).
A randomized controlled study of human Day 3 embryo cryopreservation by slow-
freezing or vitrification: vitrification is associated with higher survival, metabolism and
blastocyst formation. Hum. Reprod. 23, 1976-1982. doi:10.1093/humrep/den222

Barberet, ]., Barry, F., Choux, C., Guilleman, M., Karoui, S., Simonot, R,, et al. (2020).
What impact does oocyte vitrification have on epigenetics and gene expression? Clin.
Epigenetics 12 (1), 121. doi:10.1186/5s13148-020-00911-8

Barsky, M., St Marie, P., Rahil, T., Markenson, G. R, and Sites, C. K. (2016). Are
perinatal outcomes affected by blastocyst vitrification and warming? Am. J. Obstet.
Gynecol. 215 (603), e1-e603. doi:10.1016/j.2j0g.2016.06.002

Belva, F., Bonduelle, M., Roelants, M., Verheyen, G., and Van Landuyt, L. (2016).
Neonatal health including congenital malformation risk of 1072 children born after
vitrified embryo transfer. Hum. Reprod. 31, 1610-1620. doi:10.1093/humrep/dew103

Bielanski, A. (2012). A review of the risk of contamination of semen and embryos
during cryopreservation and measures to limit cross-contamination during banking to

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2024.1398049

Supervision, Validation, Writing-original draft. SF: Supervision,
Validation, Visualization, Writing—original draft, Writing-review
and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article. Open
access funding by University of Lausanne.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

prevent disease transmission in ET practices. Theriogenology 77, 467-482. doi:10.1016/j.
theriogenology.2011.07.043

Bielanski, A., Nadin-Davis, S., Sapp, T., and Lutze-Wallace, C. (2000). Viral
contamination of embryos cryopreserved in liquid nitrogen. Cryobiology 40 (2),
110-116. doi:10.1006/cry0.1999.2227

Calhaz-Jorge, C., De Geyter, C. H., Kupka, M. S., Wyns, C., Mocanu, E., Motrenko, T.,
et al. (2020). Survey on ART and IUT: legislation, regulation, funding and registries in
European countries: the European IVF-monitoring consortium (EIM) for the European
society of human reproduction and embryology (ESHRE). Hum. Reprod. Open 2020 (1),
hoz044. doi:10.1093/hropen/hoz044

Cassidy, S. B., Schwartz, S., Miller, J. L., and Driscoll, D. J. (2012). Prader-willi
syndrome. Genet. Med. 14, 10-26. doi:10.1038/gim.0b013e31822bead0

Chan, D. Y. 1, Xu, M., Wu, W,, Fung, K. K,, Lock, C. H. Y., Zhang, L., et al. (2024). Live
Birth resulted from a direct thawing of vitrified human blastocyst in a regular embryo
culture medium. medRxiv Prepr. doi:10.1101/2024.03.20.24304140

Chen, C. (1986). Pregnancy after human oocyte cryopreservation. Lancet 1, 884-886.
doi:10.1016/s0140-6736(86)90989-x

Chen, H., Zhang, L., Meng, L., Liang, L., and Zhang, C. (2022). Advantages of
vitrification preservation in assisted reproduction and potential influences on imprinted
genes. Clin. Epigenetics 14 (1), 141. doi:10.1186/s13148-022-01355-y

Chen, Y., Zheng, X., Yan, J., Qiao, J., and Liu, P. (2013). Neonatal outcomes after the
transfer of vitrified blastocysts: closed versus open vitrification system. Reprod. Biol.
Endocrinol. 21 (11), 107. doi:10.1186/1477-7827-11-107

Christou-Kent, M., Dhellemmes, M., Lambert, E., Ray, P. F., and Arnoult, C. (2020).
Diversity of Rna-binding proteins modulating post-transcriptional regulation of protein
expression in the maturing mammalian oocyte. Cells 9 (3), 662. doi:10.3390/
cells9030662

Coates, A., Kung, A., Mounts, E., Hesla, J., Bankowski, B., Barbieri, E., et al. (2017).
Optimal euploid embryo transfer strategy, fresh versus frozen, after preimplantation
genetic screening with next generation sequencing: a randomized controlled trial. Fertil.
Steril. 107, 723-730. doi:10.1016/j.fertnstert.2016.12.022

Cobo, A., Castello, D., Vallejo, B., Albert, C., de los Santos, J. M., and Remohi, J.
(2013). Outcome of cryotransfer of embryos developed from vitrified oocytes: double
vitrifica-tion has no impact on delivery rates. Fertil. Steril. 99, 1623-1630. doi:10.1016/j.
fertnstert.2013.01.106

frontiersin.org


https://doi.org/10.1016/j.fertnstert.2019.05.020
https://doi.org/10.1530/jrf.0.0990471
https://doi.org/10.1016/j.fertnstert.2011.02.029
https://doi.org/10.1016/j.fertnstert.2024.02.010
https://doi.org/10.1016/j.fertnstert.2024.02.010
https://doi.org/10.1007/s10815-018-1210-9
https://doi.org/10.1097/MED.0000000000000037
https://doi.org/10.1097/MED.0000000000000037
https://doi.org/10.1093/humrep/den222
https://doi.org/10.1186/s13148-020-00911-8
https://doi.org/10.1016/j.ajog.2016.06.002
https://doi.org/10.1093/humrep/dew103
https://doi.org/10.1016/j.theriogenology.2011.07.043
https://doi.org/10.1016/j.theriogenology.2011.07.043
https://doi.org/10.1006/cryo.1999.2227
https://doi.org/10.1093/hropen/hoz044
https://doi.org/10.1038/gim.0b013e31822bead0
https://doi.org/10.1101/2024.03.20.24304140
https://doi.org/10.1016/s0140-6736(86)90989-x
https://doi.org/10.1186/s13148-022-01355-y
https://doi.org/10.1186/1477-7827-11-107
https://doi.org/10.3390/cells9030662
https://doi.org/10.3390/cells9030662
https://doi.org/10.1016/j.fertnstert.2016.12.022
https://doi.org/10.1016/j.fertnstert.2013.01.106
https://doi.org/10.1016/j.fertnstert.2013.01.106
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1398049

Sciorio et al.

Cobo, A., Coello, A., De Los Santos, M. J., Remohi, J., and Bellver, J. (2024). Embryo
long-term storage does not affect ART outcome: analysis of 58001 vitrified blastocysts
over an 11-year period. Am. J. Obstet. Gynecol. Mar. 23. doi:10.1016/j.ajog.2024.03.033

Cobo, A., de los Santos, M. J., Castello, D., Gamiz, P., Campos, P., and Remohi, J.
(2012). Out-comes of vitrified early cleavage-stage and blastocyst-stage embryos in a
cryopreservation program: evaluation of 3,150 warming cycles. Fertil. Steril. 98,
1138-1146. doi:10.1016/j.fertnstert.2012.07.1107

Cobo, A., Romero, J. L., Pérez, S., de los Santos, M. J., Meseguer, M., and Remohi, J.
(2010). Storage of human oocytes in the vapor phase of nitrogen. Fertil. Steril. 94 (5),
1903-1907. doi:10.1016/j.fertnstert.2009.10.042

Cohen, J., Alikani, M., Trowbridge, J., and Rosenwaks, Z. (1992). Implantation
enhancement by selective assisted hatching using zona drilling of human embryos
with poor prognosis. Hum. Reprod. 7, 685-691. doi:10.1093/oxfordjournals.humrep.
al37720

Cui, M., Dong, X., Lyu, S., Zheng, Y., and Ai, J. (2021). The impact of embryo storage
time on pregnancy and perinatal outcomes and the time limit of vitrification. A
Retrosp. Cohort Study Front. Endocrinol. (Lausanne) Oct. 25 (12), 724853. doi:10.
3389/fendo.2021.724853

Dal Canto, M., Moutier, C., Brambillasca, F., Guglielmo, M. C., Bartolacci, A., Fadini,
R, et al. (2019). The first report of pregnancies following blastocyst automated
vitrification in Europe. J. Gynecol. Obstet. Hum. Reprod. 48 (7), 537-540. doi:10.
1016/j,jogoh.2019.05.012

Dayal, M. B., Kovalevsky, G., and Patrizio, P. (2006). Rate of blastocyst development
from excess embryos remaining in culture after day 3 embryo transfer. Int. J. Fertil.
Womens Med. 51, 136-139.

DeBaun, M. R., Niemitz, E. L., and Feinberg, A. P. (2003). Association of in vitro
fertilization with Beckwith-Wiedemann syndrome and epigenetic alterations of
LIT1 and H19. Am. J. Hum. Genet. 72 (1), 156-160. doi:10.1086/346031

Debrock, S., Peeraer, K., Fernandez Gallardo, E., De Neubourg, D., Spiessens, C., and
D’Hooghe, T. M. (2015). Vitrification of cleavage stage day 3 embryos results in higher
live birth rates than conventional slow-freezing: a RCT. Hum. Reprod. 30, 1820-1830.
doi:10.1093/humrep/dev134

De Munck, N., Petrussa, L., Verheyen, G., Staessen, C., Vandeskelde, Y.,
Sterckx, J., et al. (2015). Chromosomal meiotic segregation, embryonic
developmental kinetics and DNA (hydroxy) methylation analysis consolidate
the safety of human oocyte vitrification. Basic Sci. Reprod. Med. 21 (6), 535-544.
doi:10.1093/molehr/gav013

Devine, K., Connell, M. T., Richter, K. S., Ramirez, C. I, Levens, E. D., De Cherney, A.
H., et al. (2015). Single vitrified blastocyst transfer maximizes liveborn children per
embryo while minimizing preterm birth. Fertil. Steril. 103, 1454-1460. doi:10.1016/j.
fertnstert.2015.02.032

Fahy, G. M., MacFarlane, D. R., Angell, C. A, and Meryman, H. T. (1984).
Vitrification as an approach to cryopreservation. Cryobiol. Aug 21 (4), 407-426.
doi:10.1016/0011-2240(84)90079-8

Fasano, G., Fontenelle, N., Vannin, A. S., Biramane, J., Devreker, F., Englert, Y., et al.
(2014). A randomized controlled trial comparing two vitrification methods versus slow-
freezing for cryopreservation of human cleavage stage embryos. J. Assist. Reprod. Genet.
31, 241-247. doi:10.1007/s10815-013-0145-4

Fleming, T. P., Watkins, A. J.,, Velazquez, M. A., Mathers, J. C., Prentice, A. M.,
Stephenson, J., et al. (2018). Origins of lifetime health around the time of conception:
causes and consequences. Lancet 391, 1842-1852. doi:10.1016/S0140-6736(18)30312-X

Fuller, B. J. (2004). Cryoprotectants: the essential antifreezes to protect life in the
frozen state. Cryo Lett. 25, 375-388.

Gabrielsen, A., Agerholm, I, Toft, B., Hald, F., Petersen, K., Aagaard, J., et al. (2004).
Assisted hatching improves implantation rates on cryopreserved-thawed embryos. A
randomized prospective study. Hum. Reprod. 19, 2258-2262. doi:10.1093/humrep/
deh434

Gallardo, M., Saenz, J., and Risco, R. (2019). Human oocytes and zygotes are ready for
ultra-fast vitrification after 2 minutes of exposure to standard CPA solutions. Sci. Rep. 9
(1), 15986. doi:10.1038/s41598-019-52014-x

Gardner, D. K, and Schoolcraft, W. B. (1999). Culture and transfer of human
blastocysts. Curr. Opin. Obstet. Gynecol. 11 (3), 307-311. doi:10.1097/00001703-
199906000-00013

Grace, J., Bolton, V., Braude, P., and Khalaf, Y. (2007). Assisted hatching is more
effective when embryo quality was optimal in previous failed IVF/ICSI cycles. J. Obstet.
Gynaecol. 27, 56-60. doi:10.1080/01443610601056335

Graham, M. C., Hoeger, K. M., and Phipps, W. R. (2000). Initial IVF-ET experience
with assisted hatching performed 3 days after retrieval followed by day 5 embryo
transfer. Fertil. Steril. 74, 668-671. doi:10.1016/s0015-0282(00)01528-4

Groenewoud, E. R, Cohlen, B. J., and Macklon, N. S. (2018). Programming the
endometrium for deferred transfer of cryopreserved embryos: hormone replacement
versus modified natural cycles. Fertil. Steril. 109, 768-774. doi:10.1016/j.fertnstert.2018.
02.135

Hallamaa, M., Seikkula, J., Willman, S., Ollila, H., and Jokimaa, V. (2021). Pregnancy
potential and perinatal outcomes of embryos cryopreserved twice: a case-control study.
Reprod. Biomed. Online Oct43 43, 607-613. doi:10.1016/j.rbmo.2021.06.028

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2024.1398049

Hiraoka, K., Hiraoka, K., Kinutani, M., and Kinutani, K. (2004). Blastocoele collapse
by micropipetting prior to vitrification gives excellent survival and pregnancy outcomes
for human day 5 and 6 expanded blastocysts. Hum. Reprod. 19, 2884-2888. doi:10.1093/
humrep/deh504

Hiura, H., Hattori, H., Kobayashi, N., Okae, H., Chiba, H., Miyauchi, N., et al. (2017).
Genome-wide microRNA expression profiling in placentae from frozen-thawed
blastocyst transfer. Clin. Epigenetics 9, 79. doi:10.1186/s13148-017-0379-6

Hubel, A., Spindler, R., and Skubitz, A. P. N. (2014). Storage of human biospecimens:
selection of the optimal storage temperature. Biopreservation Biobanking 12, 165-175.
doi:10.1089/bi0.2013.0084

Huo, Y., Yuan, P., Qin, Q., Yan, Z., Yan, L., Liu, P., et al. (2021). Effects of
vitrification and cryostorage duration on single-cell RNA-Seq profiling of vitrified-
thawed human metaphase II oocytes. Front. Med. Feb 15 (1), 144-154. doi:10.1007/
511684-020-0792-7

Hwang, S. S., Dukhovny, D., Gopal, D., Cabral, H., Diop, H., Coddington, C. C., et al.
(2019). Health outcomes for Massachusetts infants after fresh versus frozen embryo
transfer. Fertil. Steril. 112 (5), 900-907. doi:10.1016/j.fertnstert.2019.07.010

Ishihara, O., Araki, R., Kuwahara, A., Itakura, A., Saito, H., and Adamson, G. D.
(2014). Impactof frozen-thawed single-blastocyst transfer on maternal and neonatal
outcome: an analysis of 277042 single-embryo transfer cycles from 2008 to 2010 in
Japan. Fertil. Steril. 101, 128-133. doi:10.1016/j.fertnstert.2013.09.025

Iwatani, M., Tkegami, K., Kremenska, Y., Hattori, N., Tanaka, S., Yagi, S., et al. (2006).
Dimethyl sulfoxide has an impact on epigenetic profile in mouse embryoid body. Stem
Cells Nov. 24 (11), 2549-2556. doi:10.1634/stemcells.2005-0427

Jeve, Y. B., Potdar, N., Opoku, A., and Khare, M. (2016). Donor oocyte conception
and pregnancy complications: a systematic review and meta-analysis. BJOG 123,
1471-1480. doi:10.1111/1471-0528.13910

Johnston, J., Gusmano, M. K., and Patrizio, P. (2014). Preterm births, multiples, and
fertility treatment: recommendations for changes to policy and clinical practices. Fertil.
Steril. 102, 36-39. doi:10.1016/j.fertnstert.2014.03.019

Kader, A., Agarwal, A., Abdelrazik, H., Sharma, R. K., Ahmady, A., and Falcone, T. (2009).
Evaluation of post-thaw DNA integrity of mouse blastocysts after ultrarapid and slow
freezing. Fertil. Steril. May 91 (5 Suppl. 1), 2087-2094. doi:10.1016/j.fertnstert.2008.04.049

Karlsson, J. O., and Toner, M. (1996). Long-term storage of tissues by cryopreservation:
critical issues. Biomaterials 17, 243-256. doi:10.1016/0142-9612(96)85562-1

Kawwass, J. F.,, Kissin, D. M., Kulkarni, A. D., Creanga, A. A., Session, D. R,
Callaghan, W. M., et al. (2015). Safety of assisted reproductive technology in the
United States, 2000-2011. JAMA 313, 88-90. doi:10.1001/jama.2014.14488

Kohaya, N., Fujiwara, K., Ito, J., and Kashiwazaki, N. (2013). Generation of live
offspring from vitrified mouse oocytes of C57bl/6j strain. PLoS One 8, €58063. doi:10.
1371/journal.pone.0058063

Kopeika, J., Thornhill, A,, and Khalaf, Y. (2015). The effect of cryopreservation on the
genome of gametes and embryos: principles of cryobiology and critical appraisal of the
evidence. Hum. Reprod. Update Mar-Apr 21 (2), 209-227. doi:10.1093/humupd/dmu063

Kovacic, B., Taborin, M., Vlaisavljevic, V., Reljic, M., and Knez, J. (2022). To collapse
or not to collapse blastocysts before vitrification? A matched case-control study on
single vitrified-warmed blastocyst transfers. Reprod. Biomed. Online Oct. 45 (4),
669-678. doi:10.1016/j.rbmo.2022.03.030

Kupka, M. S., D’Hooghe, T., Ferraretti, A. P., de Mouzon, J., Erb, K,, Castilla, J. A.,
et al. (2016). Assisted reproductive technology in Europe, 2011: results generated from
European registers by ESHRE. Hum. Reprod. 31, 233-248. doi:10.1093/humrep/dev319

Kuwayama, M. (2007). Highly efficient vitrification for cryopreservation of human
oocytes and embryos: the Cryotop method. Theriogenology 67, 73-80. doi:10.1016/j.
theriogenology.2006.09.014

Kuwayama, M., Vajta, G., Kato, O., and Leibo, S. P. (2005). Highly efficient
vitrification method for cryopreservation of human oocytes. Reprod. Biomed. Online
Sep. 11 (3), 300-308. doi:10.1016/s1472-6483(10)60837-1

Levi-Setti, P. E., Menduni, F., Smeraldi, A., Patrizio, P., Morenghi, E., and Albani, E.
(2016). Artificial shrinkage of blastocysts prior to vitrification improves pregnancy
outcome: analysis of 1028 consecutive warming cycles. J. Assist. Reprod. Genet. Apr 33
(4), 461-466. doi:10.1007/s10815-016-0655-y

Li, Z., Wang, Y. A,, Ledger, W., Edgar, D. H., and Sullivan, E. A. (2014). Clinical
outcomes following cryopreservation of blastocysts by vitrification or slow freezing: a
population-based cohort study. Hum. Reprod. Dec 29 (12), 2794-2801. doi:10.1093/
humrep/deu246

Liebermann, J. (2021). Vitrification: a simple and successful method for cryostorage of
human blastocysts. Methods Mol. Biol. 2180, 501-515. doi:10.1007/978-1-0716-0783-
1.24

Liebermann, J., Hrvojevic, K., Hirshfeld-Cytron, J., Brohammer, R., Wagner, Y.,
Susralski, A., et al. (2023). Fast and furious: pregnancy outcome with one-step
rehydration in the warming protocol for human blastocysts. Reprod. Biomed. Online
48 (4), 103731. d0i:10.1016/j.rbmo.2023.103731

Liebermann, J., and Tucker, M. J. (2006). Comparison of vitrification and
conventional cryopreservation of day 5 and day 6 blastocysts during clinical
application. Fertil. Steril. 86, 20-26. doi:10.1016/j.fertnstert.2006.01.029

frontiersin.org


https://doi.org/10.1016/j.ajog.2024.03.033
https://doi.org/10.1016/j.fertnstert.2012.07.1107
https://doi.org/10.1016/j.fertnstert.2009.10.042
https://doi.org/10.1093/oxfordjournals.humrep.a137720
https://doi.org/10.1093/oxfordjournals.humrep.a137720
https://doi.org/10.3389/fendo.2021.724853
https://doi.org/10.3389/fendo.2021.724853
https://doi.org/10.1016/j.jogoh.2019.05.012
https://doi.org/10.1016/j.jogoh.2019.05.012
https://doi.org/10.1086/346031
https://doi.org/10.1093/humrep/dev134
https://doi.org/10.1093/molehr/gav013
https://doi.org/10.1016/j.fertnstert.2015.02.032
https://doi.org/10.1016/j.fertnstert.2015.02.032
https://doi.org/10.1016/0011-2240(84)90079-8
https://doi.org/10.1007/s10815-013-0145-4
https://doi.org/10.1016/S0140-6736(18)30312-X
https://doi.org/10.1093/humrep/deh434
https://doi.org/10.1093/humrep/deh434
https://doi.org/10.1038/s41598-019-52014-x
https://doi.org/10.1097/00001703-199906000-00013
https://doi.org/10.1097/00001703-199906000-00013
https://doi.org/10.1080/01443610601056335
https://doi.org/10.1016/s0015-0282(00)01528-4
https://doi.org/10.1016/j.fertnstert.2018.02.135
https://doi.org/10.1016/j.fertnstert.2018.02.135
https://doi.org/10.1016/j.rbmo.2021.06.028
https://doi.org/10.1093/humrep/deh504
https://doi.org/10.1093/humrep/deh504
https://doi.org/10.1186/s13148-017-0379-6
https://doi.org/10.1089/bio.2013.0084
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1007/s11684-020-0792-7
https://doi.org/10.1016/j.fertnstert.2019.07.010
https://doi.org/10.1016/j.fertnstert.2013.09.025
https://doi.org/10.1634/stemcells.2005-0427
https://doi.org/10.1111/1471-0528.13910
https://doi.org/10.1016/j.fertnstert.2014.03.019
https://doi.org/10.1016/j.fertnstert.2008.04.049
https://doi.org/10.1016/0142-9612(96)85562-1
https://doi.org/10.1001/jama.2014.14488
https://doi.org/10.1371/journal.pone.0058063
https://doi.org/10.1371/journal.pone.0058063
https://doi.org/10.1093/humupd/dmu063
https://doi.org/10.1016/j.rbmo.2022.03.030
https://doi.org/10.1093/humrep/dev319
https://doi.org/10.1016/j.theriogenology.2006.09.014
https://doi.org/10.1016/j.theriogenology.2006.09.014
https://doi.org/10.1016/s1472-6483(10)60837-1
https://doi.org/10.1007/s10815-016-0655-y
https://doi.org/10.1093/humrep/deu246
https://doi.org/10.1093/humrep/deu246
https://doi.org/10.1007/978-1-0716-0783-1_24
https://doi.org/10.1007/978-1-0716-0783-1_24
https://doi.org/10.1016/j.rbmo.2023.103731
https://doi.org/10.1016/j.fertnstert.2006.01.029
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1398049

Sciorio et al.

Liu, M. H., Zhou, W. H., Chu, D. P,, Fu, L., Sha, W., and Li, Y. (2017). Ultrastructural
changes and methylation of human oocytes vitrified at the germinal vesicle stage and
matured in vitro after thawing. Gynecol. Obstet. Inves 82 (3), 252-261. doi:10.1159/
000448143

Liu, S. Y., Teng, B, Fu, ], Li, X, Zheng, Y., and Sun, X. X. (2013). Obstetric and
neonatal outcomes after transfer of vitrified early cleavage embryos after transfer of
vitrifiedearlycleavageembryos. Hum. Reprod. 28:2093-2100. doi:10.1093/humrep/
det104

Mabb, A. M., Judson, M. C., Zylka, M. J., and Philpot, B. D. (2011). Angelman
syndrome: insights into genomic imprinting and neurodevelopmental phenotypes.
Trends Neurosci. 234, 293-303. doi:10.1016/j.tins.2011.04.001

Maheshwari, A., Pandey, S., Raja, E. A, Shetty, A., Hamilton, M., and Bhattacharya, S.
(2018). Is frozen embryo transfer better for mothers and babies? Can cumulative meta-
analysis provide a definitive answer? Hum. Reprod. Update 24 (1), 35-58. doi:10.1093/
humupd/dmx031

Maheshwari, A., Raja, E. A., and Bhattacharya, S. (2016). Obstetric and perinatal
outcomes after either fresh or thawed frozen embryo transfer: an analysis of
112,432 singleton pregnancies recorded in the Human Fertilisation and Embryology
Authority anonymized dataset. Fertil. Steril. 106, 1703-1708. doi:10.1016/j.fertnstert.
2016.08.047

Makieva, S., Sachs, M. K., Xie, M., Velasco, A., El-Hadad, S., Kalaitzopoulos, D. R.,
et al. (2023). Double vitrification and warming does not compromise the chance of live
birth after single unbiopsied blastocyst transfer. Hum. Reprod. Open 2023 (4), hoad037.
doi:10.1093/hropen/hoad037

Mani, S., Ghosh, J., Rhon-Calderon, E. A., Lan, Y., Ord, T., Kalliora, C., et al. (2022).
Embryo cryopreservation leads to sex-specific DNA methylation perturbations in both
human and mouse placentas. Hum. Mol. Genet. Nov. 10 (22), 3855-3872. doi:10.1093/
hmg/ddac138

Manns, J. N, Katz, S., Whelan, J., Patrick, J. L., Holt, T., Merline, A. M., et al. (2021).
Validation of a new, ultra-fast blastocyst warming technique reduces warming times to
1 minute and yields similar survival and re-expansion compared to blastocysts warmed
using a standard method. In: ASRM Scientific Congress Expo; Oct 17-20; Baltimore,
Maryland, USA. Fertil. Steril. 116 (3), e165. doi:10.1016/j.fertnstert.2021.07.456

Manns, J. N, Patrick, J. L., Katz, I, Holt, T., Katz, S. L., and Taylor, T. H. (2022).
Clinical validation of a new, ultrafast warming protocol, resulting in equivalent
implantation rates and significant time savings versus routine warming protocol, a
prospective randomized control. In: ASRM Scientific Congress Expo; Oct 22-26;
Anaheim, California, USA. Fertil. Steril. 118 (5), e7. doi:10.1016/j.fertnstert.2022.09.227

Maris, E., Ferrieres-Hoa, A., Gala, A., Coffy, A., Vintejoux, E., Ranisavljevic, N., et al.
(2019). Comparison of birth weights of children born after slow frozen embryo
replacement versus fresh embryo transfer. Gymecol. Obstet. Fertil. Senol. 47,
305-310. doi:10.1016/j.gofs.2019.01.011

Marjonen, H., Auvinen, P., Kahila, H., TSuiko, O., Koks, S., Tiirats, A., et al. (2018).
1510732516 polymorphism at the IGF2/H19 locus associates with genotype-specific effects on
placental DNA methylation and birth weight of newborns conceived by assisted reproductive
technology. Clin. Epigenetics 10, 80. doi:10.1186/s13148-018-0511-2

Meldrum, D. R., Wisot, A., Yee, B., Garzo, G., Yeo, L., and Hamilton, F. (1998).
Assisted hatching reduces the age-related decline in IVF outcome in women younger
than age 43 without increasing miscarriage or monozygotic twinning. J. Assist. Reprod.
Genet. 15, 418-421. doi:10.1007/BF02744934

Miwa, A., Noguchi, Y., Hosoya, K., Mori, Y., Sato, T., Kasahara, Y., et al. (2020).
Equivalent clinical outcome after vitrified-thawed blastocyst transfer using semi-
automated embryo vitrification system compared with manual vitrification method.
Reprod. Med. Biol. Feb 26 (2), 164-170. doi:10.1002/rmb2.12320

Mukaida, T., Oka, C., Goto, T., and Takahashi, K. (2006). Artificial shrinkage of
blastocoeles using either a micro-needle or a laser pulse prior to the cooling steps of
vitrification improves survival rate and pregnancy outcome of vitrified human
blastocysts. Hum. Reprod. 21, 3246-3252. doi:10.1093/humrep/del285

Mukaida, T., Wada, S., Takahashi, K., Pedro, P. B., An, T. Z., and Kasai, M. (1998).
Vitrification of human embryos based on the assessment of suitable conditions for 8-cell
mouse embryos. Hum. Reprod. 13, 2874-2879. doi:10.1093/humrep/13.10.2874

Nagy, Z. P., Chang, C. C,, Shapiro, D. B., Bernal, D. P., Elsner, C. W., Mitchell-Leef, D.,
et al. (2009). Clinical evaluation of the efficiency of an oocyte donation program us-ing
egg cryo-banking. Fertil. Steril. 92, 520-526. doi:10.1016/j.fertnstert.2008.06.005

Nagy, Z. P., Shapiro, D., and Chang, C. C. (2020). Vitrification of the human embryo:
a more efficient and safer in vitro fertilization treatment. Fertil. Steril. 113, 241-247.
doi:10.1016/j.fertnstert.2019.12.009

Opdahl, S., Henningsen, A. A, Tiitinen, A., Bergh, C,, Pinborg, A., Romundstad, P.R.,
et al. (2015). Risk of hypertensive disorders in pregnancies following assisted
reproductive technology: a cohort study from the CONARTaS group. Hum. Reprod.
30, 1724-1731. doi:10.1093/humrep/dev090

Osman, E,, Franasiak, J., and Scott, R. (2018). Oocyte and embryo manipulation and
epigenetics. Semin. Reprod. Med. 36, 1-9. doi:10.1055/s-0039-1688801

Ozgur, K., Berkkanoglu, M., Bulut, H., Isikli, A., and Coetzee, K. (2015). Higher
clinical pregnancy rates from frozen-thawed blastocyst transfers compared to fresh
blastocyst transfers: a retrospective matched-cohort study. J. Assist. Reprod. Genet. 32,
1483-1490. doi:10.1007/s10815-015-0576-1

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2024.1398049

Palomares, A. R., and Rodriguez-Wallberg, K. A. (2022). Update on the epigenomic
implication of embryo cryopreservation methods applied in assisted reproductive
technologies with potential long-term health effects. Front. Cell. Dev. Biol. Apr 28
(10), 881550. doi:10.3389/fcell.2022.881550

Parmegiani, L., Accorsi, A., Cognigni, G. E., Bernardi, S., Troilo, E., and Filicori, M.
(2010). Sterilization of liquid nitrogen with ultraviolet irradiation for safe vitrification of
human oocytes or embryos. Fertil. Steril. 94, 1525-1528. doi:10.1016/j.fertnstert.2009.
05.089

Pelkonen, S., Koivunen, R., Gissler, M., Nuojua-Huttunen, S., Suikkari, A. M., Hydén-
Granskog, C., et al. (2010). Perinatal outcome of children born after frozen and fresh
embryo transfer: the Finnish cohort study1995-2006. Hum. Reprod. 25, 914-923.
doi:10.1093/humrep/dep477

Pinborg, A., Henningsen, A. A,, Loft, A., Malchau, S. S., Forman, J., and Andersen, A.
N. (2014). Large baby syndrome in singletons born after frozen embryo transfer (FET):
is it due to maternal factors or the cryotechnique? Hum. Reprod. 29, 618-627. doi:10.
1093/humrep/det440

Pinborg, A., Wennerholm, U. B., Romundstad, L. B., Loft, A., Aittomaki, K.,
Soderstrom-Anttila, V., et al. (2013). Why do singletons conceived after
assisted reproduction technology have adverse perinatal outcome?
Systematic review and meta-analysis. Hum. Reprod. Update 19, 87-104.
do0i:10.1093/humupd/dms044

Potdar, N., Gelbaya, T. A., and Nardo, L. G. (2014). Oocyte vitrification in the 21st
century and post-warming fertility outcomes: a systematic review and meta-analysis.
Reprod. Biomed. Online 29, 159-176. doi:10.1016/j.rbmo.2014.03.024

Rall, W. F.,, Wood, M. ], Kirby, C., and Whittingham, D. G. (1987). Development of
mouse embryos cryopreserved by vitrification. J. Reprod. Fertil. 80, 499-504. doi:10.
1530/jrf.0.0800499

Rienzi, L., Gracia, C., Maggiulli, R, LaBarbera, A. R., Kaser, D. J., Ubaldi, F. M., et al.
(2017). Oocyte, embryo and blastocyst cryopreservation in art: systematic review and
meta-analysis comparing slow-freezing versus vitrification to produce evidence for the
development of global guidance. Hum. Reprod. Update 23, 139-155. doi:10.1093/
humupd/dmw038

Rosalik, K., Carson, S., Pilgrim, J., Luizzi, J., Levy, G., Heitmann, R,, et al. (2021).
Effects of different frozen embryo transfer regimens on abnormalities of fetal weight: a
systematic review and meta-analysis. Hum. Reprod. Update 28 (1), 1-14. doi:10.1093/
humupd/dmab037

Roy, T. K., Brandji, S., and Peura, T. T. (2017). Chapter 20 gavi-automated vitrification
instru-ment. Methods Mol. Biol. 1568, 261-277. d0i:10.1007/978-1-4939-6828-2_20

Roy, T. K., Brandi, S., Tappe, N. M., Bradley, C. K., Vom, E., Henderson, C., et al.
(2014). Embryo vitrification using a novel semi-automated closed system yields in vitro
outcomes equivalent to the manual Cryotop method. Hum. Reprod. Nov. 29 (11),
2431-2438. doi:10.1093/humrep/deu214

Santos, N. C, Figueira-Coelho, ], Martins-Silva, J, and Saldanha, C. (2003).
Multidisciplinary utilization of dimethyl sulfoxide: pharmacological, cellular, and
molecular aspects. Biochem. Pharmacol. 65, 1035-1041. doi:10.1016/s0006-2952(03)00002-9

Santos-Ribeiro, S., Polyzos, N. P., Haentjens, P., Smitz, J., Camus, M., Tournaye, H.,
et al. (2014). Live birth rates after IVF are reduced by both low and high progesterone
levels on the day of human chorionic gonadotrophin administration. Hum. Reprod. 29,
1698-1705. doi:10.1093/humrep/deul51

Sargisian, N., Lannering, B., Petzold, M., Opdahl, S., Gissler, M., Pinborg, A., et al.
(2022). Cancer in children born after frozen-thawed embryo transfer: a cohort study.
PLoS Med. 19 (9), €1004078. doi:10.1371/journal.pmed.1004078

Sazonova, A., Kallen, K., Thurin-Kjellberg, A., Wennerholm, U. B., and Bergh, C.
(2012). Obstetric outcome in singletons after in vitro fertilization with
cryopreserved/thawed embryos. Hum. Reprod. 27, 1343-1350. doi:10.1093/
humrep/des036

Schoolcraft, W. B., Schlenker, T., Gee, M., Jones, G. S., and Jones, H. W., Jr. (1994).
Assisted hatching in the treatment of poor prognosis in vitro fertilization candidates.
Fertil. Steril. 62, 551-554. doi:10.1016/s0015-0282(16)56944-1

Sciorio, R, and Anderson, R. A. (2020). Fertility preservation and preimplantation
genetic assessment for women with breast cancer. Cryobiology 92, 1-8. doi:10.1016/j.
cryobiol.2019.12.001

Sciorio, R., and Esteves, S. C. (2020). Clinical utility of freeze-all approach in ART
treatment: a mini-review. Cryobiol. Feb 1 92, 9-14. doi:10.1016/j.cryobiol.2019.
11.041

Sciorio, S., Thong, K. J., and Pickering, S. J. (2018). Single blastocyst transfer (SET)
and pregnancy outcome of day 5 and day 6 human blastocysts vitrified using a closed
device. Cryobiol. Oct. 84, 40-45. doi:10.1016/j.cryobiol.2018.08.004

Sciorio, S., Thong, K. J., and Pickering, S.J. (2019). Increased pregnancy outcome after
day 5 versus day 6 transfers of human vitrified-warmed blastocysts. Zygote Oct. 27 (5),
279-284. doi:10.1017/S0967199419000273

Seki, S., and Mazur, P. (2009). The dominance of warming rate over cooling rate in the
survival of mouse oocytes subjected to a vitrification procedure. Cryobiology 59, 75-82.
doi:10.1016/j.cryobiol.2009.04.012

Sendzikaite, G., and Kelsey, G. (2019). The role and mechanisms of DNA methylation
in the oocyte. Essays Biochem. 63, 691-705. doi:10.1042/EBC20190043

frontiersin.org


https://doi.org/10.1159/000448143
https://doi.org/10.1159/000448143
https://doi.org/10.1093/humrep/det104
https://doi.org/10.1093/humrep/det104
https://doi.org/10.1016/j.tins.2011.04.001
https://doi.org/10.1093/humupd/dmx031
https://doi.org/10.1093/humupd/dmx031
https://doi.org/10.1016/j.fertnstert.2016.08.047
https://doi.org/10.1016/j.fertnstert.2016.08.047
https://doi.org/10.1093/hropen/hoad037
https://doi.org/10.1093/hmg/ddac138
https://doi.org/10.1093/hmg/ddac138
https://doi.org/10.1016/j.fertnstert.2021.07.456
https://doi.org/10.1016/j.fertnstert.2022.09.227
https://doi.org/10.1016/j.gofs.2019.01.011
https://doi.org/10.1186/s13148-018-0511-2
https://doi.org/10.1007/BF02744934
https://doi.org/10.1002/rmb2.12320
https://doi.org/10.1093/humrep/del285
https://doi.org/10.1093/humrep/13.10.2874
https://doi.org/10.1016/j.fertnstert.2008.06.005
https://doi.org/10.1016/j.fertnstert.2019.12.009
https://doi.org/10.1093/humrep/dev090
https://doi.org/10.1055/s-0039-1688801
https://doi.org/10.1007/s10815-015-0576-1
https://doi.org/10.3389/fcell.2022.881550
https://doi.org/10.1016/j.fertnstert.2009.05.089
https://doi.org/10.1016/j.fertnstert.2009.05.089
https://doi.org/10.1093/humrep/dep477
https://doi.org/10.1093/humrep/det440
https://doi.org/10.1093/humrep/det440
https://doi.org/10.1093/humupd/dms044
https://doi.org/10.1016/j.rbmo.2014.03.024
https://doi.org/10.1530/jrf.0.0800499
https://doi.org/10.1530/jrf.0.0800499
https://doi.org/10.1093/humupd/dmw038
https://doi.org/10.1093/humupd/dmw038
https://doi.org/10.1093/humupd/dmab037
https://doi.org/10.1093/humupd/dmab037
https://doi.org/10.1007/978-1-4939-6828-2_20
https://doi.org/10.1093/humrep/deu214
https://doi.org/10.1016/s0006-2952(03)00002-9
https://doi.org/10.1093/humrep/deu151
https://doi.org/10.1371/journal.pmed.1004078
https://doi.org/10.1093/humrep/des036
https://doi.org/10.1093/humrep/des036
https://doi.org/10.1016/s0015-0282(16)56944-1
https://doi.org/10.1016/j.cryobiol.2019.12.001
https://doi.org/10.1016/j.cryobiol.2019.12.001
https://doi.org/10.1016/j.cryobiol.2019.11.041
https://doi.org/10.1016/j.cryobiol.2019.11.041
https://doi.org/10.1016/j.cryobiol.2018.08.004
https://doi.org/10.1017/S0967199419000273
https://doi.org/10.1016/j.cryobiol.2009.04.012
https://doi.org/10.1042/EBC20190043
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1398049

Sciorio et al.

Shen, X,, Ding, M., Yan, Y., Huang, C., Wang, S., Zhou, ], et al. (2023). Perinatal
outcomes of singletons following double vitrification-warming procedures: a
retrospective study using propensity score analysis. BMC Pregnancy Childbirth 23
(1), 30. doi:10.1186/512884-023-05369-z

Shi, Y., Sun, Y., Hao, C., Zhang, H., Wei, D., Zhang, Y., et al. (2018). Transfer of fresh
versus frozen embryos in ovulatory women. N. Engl. J. Med. 378, 126-136. doi:10.1056/
NEJMoal705334

Sifer, C., Sellami, A., Poncelet, C., Kulski, P., Martin-Pont, B., Bottero, J., et al. (2006).
A prospective randomized study to assess the benefit of partial zona pellucida digestion
before frozen-thawed embryo transfers. Hum. Reprod. 21, 2384-2389. doi:10.1093/
humrep/del149

Sifer, C., Sermondade, N., Dupont, C., Poncelet, C., Cédrin-Durnerin, I., Hugues,
J. N, et al. (2012). Outcome of embryo vitrification compared to slow-freezing process
at early cleavage stages. Report of the first French birth. Gynecol. Obstet. Fertil. 40,
158-161. doi:10.1016/j.gyobfe.2011.10.004

Smeenk, J., Wyns, C., De Geyter, C., Kupka, M., Bergh, C,, Saiz, I. C, et al. (2023).
ART in Europe, 2019: results generated from European registries by ESHRET. Hum.
Reprod. 38 (12), 2321-2338. doi:10.1093/humrep/dead197

Somigliana, E., Vigano, P., Filippi, F., Papaleo, E., Benaglia, L., Candiani, M., et al.
(2015). Fertility preservation in women with endometriosis: for all, for some, for none?
Hum. Reprod. 30, 1280-1286. doi:10.1093/humrep/dev078

Son, W. Y., Yoon, S. H.,, Yoon, H. J,, Lee, S. M., and Lim, J. H. (2003). Pregnancy
outcome following transfer of human blastocysts vitrified on electron microscopy grids
after induced collapse of the blastocoele transfer of human blastocysts vitrified on
electron microscopy grids after induced collapse of the blastocoele. Hum. Reprod. 18:
137-139.[d0i:10.1093/humrep/deg029

Stehlik, E., Stehlik, J., Katayama, K. P., Kuwayama, M., Jambor, V., Brohammer, R.,
etal. (2005). Vitrification demonstrates significant improvement versus slow freezing of
human blastocysts. Reprod. Biomed. Online 11, 53-57. doi:10.1016/s1472-6483(10)
61298-9

Steptoe, P. C., and Edwards, R. G. (1978). Birth after the reimplantation of a human
embryo. Lancet 2, 366. doi:10.1016/s0140-6736(78)92957-4

Stigliani, S., Moretti, S., Anserini, P., Casciano, I, Venturini, P. L., and Scaruffi, P.
(2015). Storage time does not modify the gene expression profile of cryopreserved
human metaphase II oocytes. Hum. Reprod. 30 (11), 2519-2526. doi:10.1093/humrep/
dev232

Summers, D., Check, J. H., and Choe, J. K. (2016). A prospective comparison of
outcome following cryopreservation using vitrification vs. a modified slow-freeze
protocol of 2 pronuclear (2PN) and day 3 multi-cell embryos. Clin. Exp. Obstet.
Gynecol. 43, 330-331. doi:10.12891/ce0g3230.2016

Takahashi, K., Mukaida, T., Goto, T., and Oka, C. (2005). Perinatal outcome of
blastocyst transfer with vitrification using cryoloop: a 4-year follow-up study. Fertil.
Steril. 84, 88-92. doi:10.1016/j.fertnstert.2004.12.051

Taylor, T. H., Manns, J., Katz, L, Patrick, J., Whelan, J., and Katz, S. (2022). Ultrafast
warming protocol demonstrates similar outcomes and significantly decreases embryology
workload compared to standard warming protocols, a randomized control trial with euploid
blastocysts. In: ASRM Scientific Congress Expo; Oct 22-26; Anaheim, California, USA. Fertil.
Steril. 118 (4), e150. doi:10.1016/j fertnstert.2022.08.437

Terho, A. M., Pelkonen, S., Opdahl, S., Romundstad, L. B., Bergh, C., Wennerholm, U.
B., et al. (2021). High birth weight and large-for-gestational-age in singletons born after
frozen compared to fresh embryo transfer, by gestational week: a Nordic register study
from the CoNARTaS group. Hum. Reprod. Mar. 18 (4), 1083-1092. doi:10.1093/
humrep/deaa304

Terho, A. M., Tiitinen, A., Salo, J., Martikainen, H., Gissler, M., and Pelkonen, S.
(2024). Growth of singletons born after frozen embryo transfer until early adulthood: a
Finnish register study. Hum. Reprod. 39 (3), 604-611. doi:10.1093/humrep/dead264

Trounson, A., and Mohr, L. (1983). Human pregnancy following cryopreservation, thawing
and transfer of an eight-cell embryo. Nature 305, 707-709. doi:10.1038/305707a0

Truong, T. T, and Gardner, D. K. (2020). Antioxidants increase blastocyst
cryosurvival and viability post-vitrification. Hum. Reprod. 35 (1), 12-23. doi:10.
1093/humrep/dez243

Vajta, G, Rienzi, L., and Ubaldi, F. M. (2015). Open versus closed systems for
vitrification of human oocytes and embryos. Reprod. Biomed. Online 30, 325-333.
doi:10.1016/j.rbmo.2014.12.012

Valojerdi, M. R., Eftekhari-Yazdi, P., Karimian, L., Hassani, F., and Movaghar, B.
(2009). Vitrification versus slow freezing gives excellent survival, post warming embryo
morphology and pregnancy outcomes for human cleaved embryos. J. Assist. Reprod.
Genet. 26, 347-354. doi:10.1007/s10815-009-9318-6

Vanderzwalmen, P., Bertin, G., Debauche, C. Standaert, V., Bollen, N., van
Roosendaal, E., et al. (2003). Vitrification of human blastocysts with the hemi-straw
carrier, application of assisted hatching after thawing. Hum. Reprod. 18, 1504-1511.
doi:10.1093/humrep/deg298

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2024.1398049

Vanderzwalmen, P., Bertin, G., Debauche, C., Standaert, V., van Roosendaal, E.,
Vandervorst, M., et al. (2002). Births after vitrification at morula and blastocyst stages:
effect of artificial reduction of the blastocoelic cavity before vitrification. Hum. Reprod.
Mar. 17 (3), 744-751. doi:10.1093/humrep/17.3.744

Vanderzwalmen, P., Zech, N., Prapas, Y., Panagiotidis, Y., Papatheodorou, A.,
Lejeune, B., et al. (2010). Closed carrier device: a reality to vitrify oocytes and
embryos in aseptic conditions. Gynecol. Obstet. Fertil. 38, 541-546. doi:10.1016/j.
gyobfe.2010.07.011

Van Landuyt, L., Polyzos, N. P., De Munck, N., Blockeel, C., Van de Velde, H., and
Verheyen, G. (2015). A prospective randomized controlled trial investigating the effect
of artificial shrinkage (collapse) on the implantation potential of vitrified blastocysts.
Hum. Reprod. Nov. 30 (11), 2509-2518. doi:10.1093/humrep/dev218

Venetis, C. A., Kolibianakis, E. M., Bosdou, J. K., and Tarlatzis, B. C. (2013).
Progesterone elevation and probability of pregnancy after IVF: a systematic review
and meta-analysis of over 60 000 cycles. Hum. Reprod. Update 19, 433-457. d0i:10.1093/
humupd/dmt014

Verheijen, M., Lienhard, M., Schrooders, Y., Clayton, O., Nudischer, R., Boerno, S.,
etal. (2019). DMSO induces drastic changes in human cellular processes and epigenetic
landscape in vitro. Sci. Rep. Mar. 15 (1), 4641. doi:10.1038/s41598-019-40660-0

Wang, A, Santistevan, A., Hunter Cohn, K., Copperman, A., Nulsen, J., Miller, B. T.,
et al. (2017). Freeze-only versus fresh embryo transfer in a multicenter matched cohort
study: contribution of progesterone and maternal age to success rates. Fertil. Steril. 108,
254-261. doi:10.1016/j.fertnstert.2017.05.007

Wang, C., Feng, G., Zhang, B., Zhou, H., Shu, J., Lin, R, et al. (2017). Effect of different
artificial shrinkage methods, when applied before blastocyst vitrification, on perinatal
outcomes. Reprod. Biol. Endocrinol. 15 (1), 32. d0i:10.1186/s12958-017-0252-7

Wang, S., Chen, L., Fang, J., and Sun, H. (2023). A compact, high-throughput semi-
automated embryo vitrification system based on hydrogel. Reprod. Biomed. Online 48
(5), 103769. doi:10.1016/j.rbmo.2023.103769

Wang, X., Mao, R.,, Wang, M., Long, R,, Jin, L., and Zhu, L. (2023). The effect of
recryopreservation on embryo viability and outcomes of in vitro fertilization: a
systematic review and meta-analysis. Fertil. Steril. Aug 120 (2), 321-332. doi:10.
1016/j.fertnstert.2023.03.001

Wang, X. L., Zhang, X,, Qin, Y. Q., Hao, D. Y., and Shi, H. R. (2012). Outcomes of day
3 embryo transfer with vitrification using Cryoleaf: a 3-year follow-up study. J. Assist.
Reprod. Genet. 29, 883-889. d0i:10.1007/s10815-012-9814-y

Wei, C, Xiang, S., Liu, D., Wang, C,, Liang, X., Wu, H,, et al. (2023). Laser-assisted hatching
improves pregnancy outcomes in frozen-thawed embryo transfer cycles of cleavage-stage
embryos: a large retrospective cohort study with propensity score matching. J. Assist. Reprod.
Genet. Feb 40 (2), 417-427. doi:10.1007/s10815-022-02711-w

Wennerholm, U. B,, Henningsen, A. K., Romundstad, L. B., Bergh, C,, Pinborg, A.,
Skjaerven, R, et al. (2013). Perinatal outcomes of children born after frozen-thawed
embryo transfer: a Nordic cohort study from the CONARTaS group. Hum. Reprod. 28,
2545-2553. doi:10.1093/humrep/det272

Wilding, M. G., Capobianco, C., Montanaro, N., Kabili, G., Di Matteo, L., Fusco, E.,
et al. (2010). Human cleavage-stage embryo vitrification is comparable to slow-rate
cryo-preservation in cycles of assisted reproduction. J. Assist. Reprod. Genet. 27,
549-554. doi:10.1007/s10815-010-9452-1

Xiong, S., Liu, J. X, Gao, Y., Liu, W. W., Wu, L. H.,, Han, W, et al. (2016). Shortened
equilibration time can compromise clinical outcomes in human embryo vitrification.
Hum. Fertil. 19, 114-119. doi:10.1080/14647273.2016.1186848

Xu, Q. H, and Xie, W. (2018). Epigenome in early mammalian development:
inheritance, reprogramming and establishment. Trends Cell. Biol. 28, 237-253.
doi:10.1016/j.tcb.2017.10.008

Xu, X., Cowley, S., Flaim, C.J., James, W., Seymour, L., and Cui, Z. (2010). The roles of
apoptotic pathways in the low recovery rate after cryopreservation of dissociated human
embryonic stem cells. Biotechnol. Prog. 26, 827-837. doi:10.1002/btpr.368

Yao, J. F,, Huang, Y. F., Huang, R. F,, Lin, S. X, Guo, C. Q., Hua, C. Z,, et al. (2020).
Effects of vitrification on the imprinted gene Snrpn in neonatal placental tissue. Reprod.
Dev. Med. 4 (1), 25-31. doi:10.4103/2096-2924.281851

Zaat, T. R., Kostova, E. B., Korsen, P., Showell, M. G., Mol, F., and van Wely, M.
(2023). Obstetric and neonatal outcomes after natural versus artificial cycle
frozen embryo transfer and the role of luteal phase support: a systematic review
and meta-analysis. Hum. Reprod. Update 29 (5), 634-654. doi:10.1093/humupd/
dmado011

Zhao, X. M., Hao, H. S., Du, W. H,, Zhao, S. J., Wang, H. Y., Wang, N,, et al. (2016).
Melatonin inhibits apoptosis and improves the developmental potential of vitrified
bovine oocytes. J. Pineal Res. 60, 132-141. doi:10.1111/jpi.12290

Zhu, H. Y, Xue, Y. M,, Yang, L. Y, Jiang, L. Y., Ling, C,, Tong, X. M,, et al. (2015).
Slow freezing should not be totally substituted by vitrification when applied to day

3 embryo cryopreservation: an analysis of 5613 frozen cycles. J. Assist. Reprod. Genet. 32,
1371-1377. doi:10.1007/s10815-015-0545-8

frontiersin.org


https://doi.org/10.1186/s12884-023-05369-z
https://doi.org/10.1056/NEJMoa1705334
https://doi.org/10.1056/NEJMoa1705334
https://doi.org/10.1093/humrep/del149
https://doi.org/10.1093/humrep/del149
https://doi.org/10.1016/j.gyobfe.2011.10.004
https://doi.org/10.1093/humrep/dead197
https://doi.org/10.1093/humrep/dev078
https://doi.org/10.1093/humrep/deg029
https://doi.org/10.1016/s1472-6483(10)61298-9
https://doi.org/10.1016/s1472-6483(10)61298-9
https://doi.org/10.1016/s0140-6736(78)92957-4
https://doi.org/10.1093/humrep/dev232
https://doi.org/10.1093/humrep/dev232
https://doi.org/10.12891/ceog3230.2016
https://doi.org/10.1016/j.fertnstert.2004.12.051
https://doi.org/10.1016/j.fertnstert.2022.08.437
https://doi.org/10.1093/humrep/deaa304
https://doi.org/10.1093/humrep/deaa304
https://doi.org/10.1093/humrep/dead264
https://doi.org/10.1038/305707a0
https://doi.org/10.1093/humrep/dez243
https://doi.org/10.1093/humrep/dez243
https://doi.org/10.1016/j.rbmo.2014.12.012
https://doi.org/10.1007/s10815-009-9318-6
https://doi.org/10.1093/humrep/deg298
https://doi.org/10.1093/humrep/17.3.744
https://doi.org/10.1016/j.gyobfe.2010.07.011
https://doi.org/10.1016/j.gyobfe.2010.07.011
https://doi.org/10.1093/humrep/dev218
https://doi.org/10.1093/humupd/dmt014
https://doi.org/10.1093/humupd/dmt014
https://doi.org/10.1038/s41598-019-40660-0
https://doi.org/10.1016/j.fertnstert.2017.05.007
https://doi.org/10.1186/s12958-017-0252-7
https://doi.org/10.1016/j.rbmo.2023.103769
https://doi.org/10.1016/j.fertnstert.2023.03.001
https://doi.org/10.1016/j.fertnstert.2023.03.001
https://doi.org/10.1007/s10815-012-9814-y
https://doi.org/10.1007/s10815-022-02711-w
https://doi.org/10.1093/humrep/det272
https://doi.org/10.1007/s10815-010-9452-1
https://doi.org/10.1080/14647273.2016.1186848
https://doi.org/10.1016/j.tcb.2017.10.008
https://doi.org/10.1002/btpr.368
https://doi.org/10.4103/2096-2924.281851
https://doi.org/10.1093/humupd/dmad011
https://doi.org/10.1093/humupd/dmad011
https://doi.org/10.1111/jpi.12290
https://doi.org/10.1007/s10815-015-0545-8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1398049

	Vitrification of human blastocysts for couples undergoing assisted reproduction: an updated review
	Introduction
	History of cryopreservation
	Cryoprotectants used with vitrification: advantages and concerns
	Indications for FET in ART practice
	Application of double vitrification (re-cryopreservation)
	Efficiency of vitrification protocols
	Vitrification protocols
	Ultra-fast warming method
	Blastocyst shrinkage before vitrification, and assisted hatching post-warming
	Automated vitrification
	Vitrification: neonatal outcomes, safety, and potential adverse obstetric complications
	Conclusive remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


