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Infertility is a condition with profound social implications. Indeed, it is not surprising that evolutions in bothmedicine and society affect
the way in vitro fertilization is practiced. The keywords in modern medicine are the four principles, which implicitly involve a constant
update of our knowledge and our technologies to fulfill the ‘‘prediction’’ and ‘‘personalization’’ tasks, and a continuous reshaping of our
mindset in view of all relevant societal changes to fulfill the ‘‘prevention’’ and ‘‘participation’’ tasks. A worldwide aging population
whose life priorities are changing requires that we invest in fertility education, spreading actionable information to allow women
and men to make meaningful reproductive choices. Fertility preservation for both medical and nonmedical reasons is still very
much overlooked in many countries worldwide, demanding a comprehensive update of our approach, starting from academia and
in vitro fertilization laboratories, passing through medical offices, and reaching out to social media. Reproduction medicine should
evolve from being a clinical practice to treat a condition to being a holistic approach to guarantee patients’ reproductive health and
well-being. Oocyte vitrification for fertility preservation is the perfect use case for this transition. This tool is acquiring a new identity
to comply with novel indications and social needs, persisting technical challenges, brand-new clinical technologies, and novel revo-
lutions coming from academia. This ‘‘views and reviews’’ piece aims at outlining the advancement of oocyte vitrification from all these
tightly connected perspectives. (Fertil Steril� 2024;121:555–61. �2024 by American Society for Reproductive Medicine.)
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WOMAN HEALTH AND
WELL-BEING: FERTILITY
PRESERVATION AS PART OF
A HOLISTIC APPROACH
Daniela Galliano, M.D. Ph.D.

Although the 20th century was
characterized by population growth,
the 21st century is marked by popula-
tion aging. Therefore, there is an
increased interest in rejuvenation, the
prevention or delaying of aging, and
its detrimental effects on our cells,
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driven by recently proposed hallmarks
(1). The number of centers offering
well-being treatments, including vita-
mins, diets, exercise, and a healthy life-
style, is proliferating at a rapid pace. In
parallel, women are demanding more
integrated and holistic solutions for
personal care. In the coming years,
women-centric healthcare may apply
preventive personalized measures
from puberty to old age, even specific
to women affected by preexisting dis-
eases. Fertility preservation plays a
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key role in this comprehensive
approach. Tissues and organs start to
be unable to repair DNA damage after
40–45 years of age, yet they retain their
activity over several decades. However,
the ovary has an abrupt and definite
loss of function at this age, affecting
the woman’s life, health, and well-
being when motherhood has not yet
been achieved. To be able to act on
the biologic clock of the ovary and of
the whole reproductive system accord-
ing to individual planning is of para-
mount importance for women.
Furthermore, its correct functioning
and the possibility to embrace mother-
hood, when desired, will always play a
pivotal role in a woman’s life. To our
knowledge, oocyte vitrification at an
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VIEWS AND REVIEWS
appropriate age is functional for gaining personal freedom
and emancipation. The field is evolving, and we are still
missing some evidence-based data to educate and counsel
our patients. However, some facts are already evident, such
as that fertility preservation can be opted for by healthy
women but also by women suffering from diseases affecting
their ovarian reserve, like cancer (2, 3) or endometriosis (4,
5). When cumulative live birth rates are analyzed, age is the
main variable affecting the outcomes (6). Thus, efforts must
be directed toward reducing the age of oocyte cryopreserva-
tion by urgently sparking more information, education, and
awareness. All women must be well informed about the pro-
cess of ovarian aging and be familiar with predictive factors
of ovarian reserve, such as serum antim€ullerian hormone
levels and antral follicle count, to adequately plan and
empower themselves with informed reproductive decisions
while promoting gender equality and ensuring emotional
well-being. Clinicians must also avoid the narrative that
oocyte vitrification is insurance for future fertility and stress
the concept of increased chances of conceiving a genetically
related child. Because society is constantly evolving, it re-
mains essential that fertility preservation is comprehended
and upheld from a holistic and societal perspective, ensuring
that women make informed reproductive decisions while
safeguarding their mental and emotional well-being and
avoiding societal pressures and stigmatization.
FIGURE 1

Data about oocyte cryopreservation for fertility preservation and oocyte do
sharp and constant increase in the adoption of this technique throughout
com/CSR/PublicSnapshotReport?ClinicPKID¼0&reportingYear¼2020 for a
collection-and-research/Consortia/EIM/Publications.aspx; ANZARD data
australian-new-zealand-assisted-reproduction-database-anzard. ESHRE da
initiatives of medical associations and scientific organizations or committ
embryo transfer; PR ¼ pregnancy rate.
Cimadomo. Oocyte vitrification for fertility preservation. Fertil Steril 2024.
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STANDARDIZATION AND CONSISTENCY OF
OOCYTE VITRIFICATION: THERE IS STILL
ROOM FOR IMPROVEMENT
Anabella Marconetto, M.Sc., and Laura Rienzi, Prof.

Because the American Society for Reproductive Medicine
(ASRM) removed the ‘‘experimental’’ label from oocyte vitri-
fication in 2013, the demand for this technique has increased
dramatically worldwide (7–9). In the following years, it has
been consistently shown to be reproducible, safe, and cost-
effective, until it became the gold standard approach for
fertility preservation (10–16). Worldwide registry data show
a continuous increase in oocyte cryopreservation
implementation for both egg donation and fertility
preservation (Fig. 1). However, the clinical outcomes are
variable across countries and clinics. Indeed, to date,
vitrification is mostly conducted manually, thus requiring
well-trained, constantly monitored, and experienced opera-
tors. Variations to the protocols exist across laboratories
and even between operators, inevitably affecting their perfor-
mance, as testified by the variability in the cryo-survival rates
retrievable from the literature (2, 17–20). Strict quality-
controls are therefore essential, that include tracking of the
learning curves among trainees and undertaking a contin-
uous monitoring of individual performance and protocol
agreement (17, 21, 22). In view of this, it is not surprising
nation from SART, ESHRE and ANZARD registries. The data show the
the last decade. SART data were retrieved from https://sartcorsonline.
ll years; ESHRE data were retrieved from https://www.eshre.eu/Data-
were retrieved from https://npesu.unsw.edu.au/data-collection/

ta are ‘‘provided by either national registries or registries based on
ed persons in one of the 44 countries.’’ LBR ¼ live birth rate; ET ¼
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that automation emerged as a promising strategy to stan-
dardize (oocyte) vitrification. Semiautomated devices were re-
ported as efficient as the operators (23, 24), yet appropriate
validation is still required before clinical implementation, as
higher procedural timings and less staff convenience were,
for instance, reported in a recent German randomized
controlled trial (25). After years of limited evolution in this
field, lately a faster oocyte vitrification protocol has been sug-
gested (26), and Liebermann et al. (27) reported promising re-
sults with a novel and faster protocol for blastocyst warming.
Ultrafast oocyte vitrification and warming are the evident
next steps. When confirmed, these advances might improve
the reproducibility of the technique, although they also
involve a more efficient and time-saving workflow in the
in vitro fertilization (IVF) laboratory. Perhaps because of the
variability in the outcomes across centers, oocyte vitrification
has been constantly challenged throughout years, and this
quest for optimization triggered disruptive ideas questioning
the basics, overthrowing dogmas, and finally resulting in
breakthroughs for IVF treatment. A new era of (oocyte) vitri-
fication is about to come, and fertility preservation is the most
pressing social need, as clearly testified by its average 25%-
and 30%-increase per year since 2016 according to the
Society for Assisted Reproductive Technology and European
Society of Human Reproduction and Embryology data,
respectively, a figure that reached up to a 46%- and 70%-in-
crease in the biennium 2020–2021 in the USA and Australia–
New Zealand, respectively (Fig. 1).
THE ONGOING EVOLUTION OF OOCYTE
EVALUATION: FROM QUANTITY TO
QUANTIFICATION OF QUALITATIVE
ASSESSMENTS
Danilo Cimadomo, Ph.D., and Ana Cobo, Ph.D.

Fertility preservation success depends on technical, clin-
ical, and patient intrinsic factors. Understanding the role
played by all contributing features is mandatory to comply
with the highest possible standards and provide trustworthy
information, empowering women in their reproductive
decision-making process. The number of oocytes retrieved
and maternal age at oocyte retrieval is crucial predictors of
fertility preservation outcome (2, 28). Both factors are closely
connected, as the progressive decrease of the ovarian reserve
has a direct impact on both oocytes’ cryo-survival and
competence. Elective fertility preservation in women younger
than 35 years involves cumulative probabilities of live birth
ranging from 30% to 45% when 8–10 oocytes are vitrified,
and each additional oocyte cryopreserved has an enormous
value to the point that a 70% chance can be achieved with
15 oocytes and 95% with 25 (2). Beyond the 35-year-old
threshold, the number of oocytes required is clearly larger,
making the task of fertility preservation much more chal-
lenging. Strategies exist to increase the number of oocytes
collected in a short timeframe, including, for instance, egg
banking, DuoStim, random start from the clinical perspective
(29–33), and rescue-in vitro maturation (IVM) from the
laboratory perspective. This practice of rescuing immature
oocytes for clinical use, although still controversial in
VOL. 121 NO. 4 / APRIL 2024
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standard intracytoplasmic sperm injection cycles and
discouraged in oocyte donation programs, is instead
generally accepted for fertility preservation purpose. Indeed,
although germinal vesicle and metaphase-I oocytes maturing
in vitro to the metaphase-II (MII) stage suffer from reduced
developmental competence to blastocysts, they can still
represent a chance that might be relevant to certain categories
of poor prognosis patients, including women undergoing
fertility preservation (34, 35). Indeed, the rescue-IVM
approach has been dusted off lately after being overlooked
for years. Nevertheless, standard operating procedures, basic
research, and postnatal follow-up are still required before
they can be safely implemented in routine clinical practice.

Beyond oocyte quantity, vitrification protocol safety, and
operators’ technical skills, another key aspect to predicting
fertility preservation success is a definition of oocyte ‘‘quality’’
that should be clinically relevant but instead is very difficult to
standardize (36). The quality of the female gametes retrieved after
ovarian stimulation is the result of an intricate process of matu-
ration within the follicle microenvironment (37). Once in the IVF
clinic, microscopic assessment is the most immediate and widely
used approach to estimating its developmental potential. Howev-
er, an ideal morphology (i.e., a spherical structure enclosed by a
uniform zona pellucida, with a homogeneous translucent cyto-
plasm free of inclusions and with a size-appropriate polar body
[38, 39]) characterizes only approximately 30% of the oocytes,
and the predictive power of all morphological abnormalities
(e.g., the presence of smooth endoplasmic reticulum aggregates,
vacuoles, refractile bodies, volume, shape, granularity, first polar
body anomalies, and others) on their competence is largely
limited. Indeed, two systematic reviews, respectively summari-
zing 50 and 76 studies, revealed highly conflicting results and
generallymodest clinical implications for oocytes’morphological
abnormalities, with the only exception of giant oocytes, whose
use was discouraged because of a considerable risk of ploidy ab-
normalities (40, 41). Moreover, oocyte dimorphisms did not seem
to affect cryo-survival rates after warming and yield comparable
results to morphologically normal oocytes (42). Nonetheless, the
recent introduction of artificial intelligence (AI)-powered tools in
IVF treatment put oocyte morphological assessment under the
spotlight again (43, 44), as it might involve the production of
morphometric, measurable, reproducible, and more objective in-
formation to standardize this practice across clinics (45). To coun-
teract the lack of an efficient visual scoring system, the most
immediate application of AI related to oocytes’ assessment is
fertility preservation, because at present, women cryopreserving
their gametes donot receive any feedback regarding their quality.
Prospective multicenter investigations of clinical reliability are
now required to unveil the true power of these evaluations,which
are otherwise limited to being an intriguing use case grounded on
no hard data. Along with AI-powered morphological assess-
ments, genomic and exomic data are accumulating that might
involve a more objective estimation of intrinsic oocytes’ compe-
tence in the preconceptional period (46). For instance, whole
exome sequencing inwomen subject to recurrent oocytematura-
tion defects and/or preimplantation embryo lethality after
consecutive IVF cycles is helping unveil pathogenic variants
associated with infertile endophenotypes, such as recurrent low
oocyte maturation rate, low fertilization rate, and
557
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preimplantation developmental arrest (47, 48). In the future, this
information might be critical to justify results consistently lower
than expected in poor prognosis patients. Yet, whole exome
sequencing may find a larger application in the preconceptional
period to guide reproductive decision-making, especially con-
cerning fertility preservation. Although oocyte noninvasive
screening of follicular fluids and cumulus cells has resulted in
limited clinical utility to date, novel comprehensive omic ana-
lyses integrated with more objective morphological assessments
might help determine newbiomarkers of oocyte and/or early em-
bryo developmental incompetence in the coming years (49). Until
these promising perspectives provide us with powerful clinical
tools, the age-adjusted number of oocytes cryopreserved still pre-
vails on any qualitative assessment in the prediction of fertility
preservation outcomes (6) (Fig. 2 summarizes the content of
this paragraph).
PREDICTION OR IMPROVEMENT OF OOCYTE
COMPETENCE: FUTURE PERSPECTIVES FROM
BASIC SCIENCE AND ANIMAL MODELS
Giulia Fiorentino, Ph.D., and Maurizio Zuccotti, Prof.

Basic research in animal models improves our under-
standing of the role of specific molecules in the regulation
FIGURE 2

Summary of the current and future parameters and approaches available to
for fertility preservation.
Cimadomo. Oocyte vitrification for fertility preservation. Fertil Steril 2024.
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of oocytes’ growth during folliculogenesis, but it also allows
the design of approaches aimed at enhancing gametes’ devel-
opmental competence. The two main approaches envisage
either the supplementation of IVM media with oocyte-
secreted factors, cytokines, or modulators of the sirtuin
(SIRT) signaling pathway, among others, or advanced gam-
etes’ micromanipulation. Among the many studies in the
literature, we selected and briefly summarized some with
reasonable translational potential.

A recent article demonstrated that murine oocytes’ mito-
chondrial activity and developmental competence to blasto-
cyst might be boosted with pre-IVM 2-hour culture in a
medium supplemented with C-type natriuretic peptide, estra-
diol, follicle-stimulating hormone, and bone morphogenetic
protein-15 (50, 51). Similarly, another study reported that
the addition of IVMmedium with L-cysteine, a bone morpho-
genetic protein-15 and growth and differentiation factor-9
activator, augmented bovine oocytes’ developmental compe-
tence (52). In addition, supplementation with different combi-
nations of cytokines, namely fibroblast growth factor-2,
leukemia inhibitory factor plus insulin-like growth factor 1,
or epidermal growth factor plus insulin-like growth factor
1, respectively, enhanced pig (53) and guinea pig (54) oocytes’
nuclear maturation and significantly increased their
predict oocyte quantity and/or quality before and after oocyte retrieval
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blastocyst development. Rapamycin is another molecule that,
when added to IVM medium, contributed to the better matu-
ration and developmental competence of bovine (55), murine
(56), and porcine (57) oocytes. Antioxidants also provided
promising evidence when IVM was conducted in animal
models. The SIRT protein family, for instance, emerged as a
regulator of oocyte aging and chromosomal stability (58–
60), and because of its interaction with reactive oxygen
species, it was directly involved in protecting oocytes from
oxidative stress. To date, the most extensively tested IVM
supplement is melatonin, which has a clear modulating
effect on the SIRT pathway (61–63), especially evident
because it involves a milder quality decline during oocyte
maturation and embryonic development in aged mice (64).
Furthermore, when combined with vitamin C, melatonin led
to a significant reduction in reactive oxygen species and, as
a result, enhanced blastocyst development in mouse (65)
and sheep (66) oocytes. More recently, the supplementation
of the IVM medium with spermidine (67) was also shown to
improve both oocytes’ maturation and embryo development
in aged mice and in pigs subject to oxidative stress via
enhanced mitochondrial activity (68).

At a more preclinical level, a few studies suggested that
direct micromanipulations of female gametes might result
in cytoplasmic rescue (69). For instance, maternal spindle
transfer of either in vitro-aged (70) or subfertile (71) mouse
MII oocytes into the cytoplasm of good-quality gametes rein-
stated the developmental potential of blastocysts by restoring
the function of cytoplasmic factors involved in cytokinesis.

This brief overviewofnumerous studies on thebasis ofmodel
animals testifies how active and promising the research is in this
field; a future where oocytes’ maturation and developmental
competence might be improved in vitro, ahead of their vitrifica-
tion, can be more realistically envisaged in the coming years.
CONCLUSIONS
The need for IVF treatments is constantly growing worldwide,
in parallel with the adoption of oocyte vitrification for
fertility preservation. Meanwhile, the implementation of
technological advances, such as AI-based gamete assessment
and automation, promises a more reliable prediction of oocyte
competence and a higher standardization of vitrification
protocols and performance in the coming years. Lately,
long-lasting vitrification and warming protocols have been
put under the spotlight again in view of forthcoming evolu-
tions, whereas basic science investigations, although mostly
coming from animal models, foresee a future where the acqui-
sition of oocyte competence could be modulated during the
germinal vesicle to MII transition and/or boosted via
advanced micromanipulation approaches in vitro.

At present, the theme of oocyte vitrification for fertility
preservation shall no longer be perceived as a taboo but as
a tool to safeguard women’s reproductive autonomy. The so-
cietal implications of the condition of infertility demandmore
education. In this context, IVF practitioners must be able to
communicate efficiently and design a multidisciplinary
team to take care of each woman’s health and well-being
through a holistic approach. We have the opportunity to
VOL. 121 NO. 4 / APRIL 2024
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enhance oocyte vitrification for fertility preservation from so-
cietal, technical, and clinical perspectives, and it is our duty
not to waste this opportunity.
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