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A B S T R A C T

Since the first reported birth following in vitro fertilization in 1978, further developments in assisted re-
productive technology (ART) treatments have produced at least 8 million babies worldwide. Cryopreservation
techniques have been central to this treatment revolution, increasing cycle efficacy by allowing the banking of
supernumerary embryos for later use, as well as affording the prospective patient more time in cases of an-
ticipated fertility decline. Additionally, these techniques have demonstrated promise in increasing the safety of
ART treatments, by reducing complications such as ovarian hyperstimulation, leading to increased support for
the introduction of a ‘total freeze’ policy involving deferred embryo transfers. Importantly, the effective cryo-
preservation of both spermatozoa and oocytes has permitted long-term gamete storage without degradation of
quality, facilitating gamete banking for personal use or fertility treatment. Here, we will summarise the in-
dications for applying cryopreservation methods in clinical reproductive medicine, highlighting recent technical
advances and examining the evidence base that supports the continued use of cryopreservation in ART.

1. Introduction

Remarkable advances in clinical and laboratory practice over the
past number of decades have produced dramatic changes in what is
achievable in the context of fertility medicine, affording options that
were previously impossible [1]. The advent of safe, reliable cryopre-
servation protocols has facilitated the widespread use of gametes and
embryos that have been frozen and subsequently thawed in assisted
reproduction technologies (ART). Historically, semen cryopreservation
was achieved first, as a direct consequence of the large number of po-
tentially viable spermatozoa obtainable per sample. As oocytes are both
more prized and more fragile gametes, it took many years for cryo-
preservation techniques to evolve sufficiently for their efficient sus-
pension, making embryo cryopreservation the traditional first-choice
technique for fertility preservation in adult women. More recently,
improvements in gamete cryopreservation have allowed for increased
female reproductive autonomy, but are not without their respective
drawbacks. This review will therefore provide updated information on
practical and technical aspects of cryopreservation technologies in the
clinic, as well as ethical perspectives and future considerations. Here,
we have chosen to discuss the cryopreservation of spermatozoa, em-
bryos and oocytes separately and sequentially, so as to avoid confusion
and to reflect their development chronologically.

2. Clinical applications of cryopreservation

Cryopreservation has allowed gametes and embryos to be sus-
pended in time, enabling clinical practice to advance through the pro-
vision of time and flexibility. It has resultantly facilitated the devel-
opment of gamete banking (for medial or social reasons), gamete and
embryo donation programmes and the provision and storage of re-
productive materials for research. Its use cases will be discussed below
(Table 1).

2.1. Cryostorage for fertility preservation

The parallel development of multiple avenues of ART has facilitated
the integration of cryopreservation as a vital tool in several areas of
clinical practice, allowing the prolonged conservation (and effective
revitalization) of human cells required for the later production of pro-
geny. Logically, therefore, the utility of cryopreservation techniques is
apparent in cases where either male or female patients anticipate an
imminent decline in gamete viability (and therefore, fertility) as a
consequence of medical or iatrogenic causes (non-elective), or in cases
where advanced maternal age is a growing fertility concern (elective/
‘social’). In women, conditions indicating non-elective preservation
encompass both those that directly and indirectly cause premature
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ovarian insufficiency (POI). Primary ovarian conditions include severe
ovarian endometriosis, bilateral benign ovarian tumours and certain
genetic diseases (Turner’s syndrome, Fragile X syndrome), while sec-
ondary causes include any condition that requires the systemic ad-
ministration of gonadotoxic chemo- or radiotherapy [2]. Included here
are malignant diseases, which account for a high proportion of such
cases due to the frequent need to administer potent compounds such as
alkylating agents, shown to induce POI in 42% of women treated [2].
Although the intrinsically finite nature of female reproductive

biology has led to a deservedly disproportionate focus on female in-
fertility, it must be stressed that males are also markedly sensitive to
gonadotoxic damage. In fact, up to 60% of male cancer survivors ex-
perience fertility disruption [3]. In addition, testicular cancer is the
most common cancer in young men, is increasing in prevalence
worldwide, and although the treatment is curative in most cases, it may
result in permanent infertility after surgical or additional adjuvant
treatments including chemo and radiotherapy. As such, improvements
in curative cancer treatment rates, coupled with societal factors that
promote the deferral of childbearing, have led to more patients who
survive their disease but have yet to complete their families, increasing
public awareness of such circumstances and demand for fertility-pre-
serving procedures [4,5]. At present, although the cryopreservation of
both gametes and embryos is considered effective, care of young cancer
patients focuses upon the freezing of gametes (spermatozoa or oocytes),
as such individuals are unlikely to have entered into a committed long-
term relationship [5].
A related consequence of this technological advancement is the

observable explosion in ‘social’ egg freezing, with the most recent re-
port of the Human Fertilisation and Embryology Agency in the U.K.,
HFEA, indicating a more than two-fold increase between 2013 and
2016 [6]. Although many factors may influence a woman’s desire to
freeze her eggs for future use, lack of a partner and societal pressures to
delay childbearing doubtless play a significant role, with many women
feeling that they must prioritize the advancement of their career before
aiming to have children. In this way, the cryopreservation of oocytes
may afford patients increased reproductive autonomy, having the ad-
ditional advantage over embryo cryopreservation that a male partner
does not have to be selected. In this way, cryopreservation aims to
ensure that fewer patients face the exceptionally difficult decision of
later reproducing with a partner who may no longer be ideal, or not
reproducing at all. The influence of marketing pressure from private
enterprise on this must also be emphasised, however, with increased
commercialisation driving demand and affecting public perception of
both the success and necessity of social freezing treatments.
In contrast, fundamental differences in reproductive biology permit

men to produce gametes well into advanced age, making social sper-
matozoa freezing extremely uncommon outside of sperm donation
programmes. That said, there is increasing evidence to correlate in-
creased paternal age at conception with increased risk of neurodeve-
lopmental disorders and cancer development in their offspring [7–9].
Coupled with the well-established increased risk of gross chromosomal
abnormalities in the progeny of women who conceive at an advanced
age, this adds to mounting evidence that gametes collected from
younger individuals may produce ‘healthier’ offspring.

2.2. Cryopreservation adding flexibility to clinical practice

Another use of cryopreservation is its implementation as a clinical
tool to refine certain aspects of assisted reproduction techniques.
Historically, when advancements in ovarian stimulation protocols in-
creased the yield of mature oocytes retrieved per cycle, the result was a
corresponding increase in the number of embryos obtained that were
eligible for replacement. As the high proportion of multiple births as-
sociated with ART has been a longstanding recognized limitation, there
was a consequent need to cryopreserve the remaining untransferred
embryos following the recommended practice of a single ‘fresh’ embryo
transfer [2]. As such, the clinical introduction of cryopreservation in the
treatment protocols of couples that do not necessarily require it has led
to a global reduction in the number of multiple pregnancies produced
as an unwanted consequence. This process of transferring a single fresh
embryo initially, followed by additional rounds of frozen embryo
transfers using the supernumerary embryos has now become re-
commended clinical practice. Similarly, cryopreservation has facilitated
the introduction of elective deferred embryo transfers as an option in
clinical practice for patients who are at risk of, or present with, ovarian
hyperstimulation syndrome (OHSS) and require time to recover, in
cases which necessitate pre-implantation genetic diagnosis or screening
(PGD/PGS), and where patients request the banking of supernumerary
embryos for future use [1,10]. In addition, gamete cryopreservation
may be used to increase the time available to patients to complete their
treatment. As age is the factor that most significantly impacts cycle
outcome, women of more advanced age may be offered multiple con-
secutive rounds of ovarian stimulation in order to cryopreserve a large
number of eggs at as young an age as possible. These can later be fer-
tilised and transferred, as necessary. This is advantageous in cases
where multiple children are desired, or where the storage of large
numbers of embryos is not ethically acceptable. Although this use case
might be considered either medical or social, it is important that it is
offered to eligible patients in either context.

2.3. Cryopreservation improving the Success of assisted reproduction

Cryopreservation techniques have greatly improved the safety and
efficacy of IVF treatments, by allowing increased temporal flexibility
and by permitting the deferred use of all viable embryos obtained from
a single egg collection. To further improve ART outcomes and treat-
ments, the implementation of a ‘freeze all’ strategy has been suggested,
whereby all embryos created are cryopreserved, with deferred embryo
transfer then carried out in the course of a natural cycle (or with exo-
genous oestradiol and progesterone replacement to ‘prime’ the en-
dometrium). It is hypothesized that this strategy may result in the
frozen-thawed embryos being re-introduced to a more ‘physiological’
milieu, seemingly correlating with improvements in implantation rates
and outcomes compared to fresh transfer [10]. The evidence for this
strategy will be further discussed below.

3. Cryopreservation of spermatozoa

Sperm cryopreservation was first introduced in the 1950s, following
the fortuitous discovery that glycerol protected such cells from

Table 1
List of clinical indications for cryopreservation of sperm, oocytes and embryos.

Sperm Oocytes Embryos

Fertility preservation Fertility preservation Preservation of supernumerary embryos
Avoid repeated testicular surgery Delay transfer Deferred embryo transfer
Future fertility treatment PCOS Fertility preservation
Sperm donor programmes Oocyte donor programmes Embryo donation programmes

Ethical concerns: avoid freezing multiple embryos

PCOS – polycystic ovary syndrome.
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cryopreservation-related damage. Their small size and relative abun-
dance for experimentation facilitated the development of effective
freezing protocols ahead of larger structures such as embryos and oo-
cytes. This property is therefore a very important one, with smaller
structures proving less susceptible to damaging ice-crystal formation
during the cryopreservative process. Slow-freezing protocols were the
first method used to successfully freeze spermatozoa, and remain the
most commonly used technique worldwide [11]. Increasing scrutiny
has led to the discovery that slow-freezing protocols may induce sig-
nificant genetic damage, with this constellation of damaging factors
explaining the low post-thaw mobility rate traditionally observed
(60%) [12]. As such, this evidence and a need to cater for patients with
extremely low concentrations of spermatozoa led to renewed research
efforts, producing a number of distinct preservation techniques, in-
cluding rapid freezing (vitrification). Although these techniques had
been employed successfully elsewhere (initially with embryos and, in
the last decade, with oocytes), the generally high numbers of sperma-
tozoa obtained per sample made lower survival rates acceptable.

3.1. Techniques for the cryopreservation of spermatozoa

Traditionally, slow-freezing and vitrification protocols were con-
sidered comparably acceptable in the clinical setting. More recently,
comparative studies have demonstrated that vitrification methods
produce modest improvements in post-thaw motility rates and produce
less disturbance in protein expression profiles, as well as being more
cost and time-efficient [13,14]. Moreover, more recent refinements in
vitrification protocols specific to spermatozoa have eliminated the need
for cryoprotectants, improving post-thaw vitality, motility and acro-
somal preservation, as well as reducing the incidence of DNA frag-
mentation [15]. As such, it is possible that the real strength of vi-
trification may lie in the ability to eliminate cryoprotectant-mediated
(osmotic) damage. Further gains in efficacy may result from the im-
plementation of cryoadditives; with the antioxidant querctin, catalase
and brain-derived neurotrophic factor (BDNF) having been shown to
produce improvements in post-thaw viability, motility and DNA da-
mage [16–18].
Additional variations in cryopreservation protocols exist in terms of

the methods used to store samples once they are cryopreserved as well
as the methods of sperm selection, in particular when the sperm titres
are reduced. A list of methods for sperm collection, selection and sto-
rage is presented in Table 2.
Reassuringly, it has been reported that long-time storage (40 years)

does not appear to affect the post-thaw fertilization potential of sperm
[19].
Generally, therefore, current research efforts are focused on refining

cryopreservation protocols in order to minimise DNA or membrane
damage that could later impact fertilisation (and therefore clinical
pregnancy) rates, on improving storage methods and conditions, and on

both generalized and precise selection methods aimed at ensuring that
the spermatozoa chosen for use in fertilisation are best available.

3.2. Sample collection and service uptake

In most cases, the sperm samples required for cryopreservation are
obtained via masturbation. Rare exceptions include cases of obstructive
azoospermia, instances where patients are unable to produce a sample
(e.g. for physical or psychosocial reasons), or where a vasectomy has
previously been carried out, surgical techniques may be employed
(Table 2). Importantly for oncological applications, it has been shown
that no correlation exists between sperm quality and disease stage,
meaning that all patients should continue to be considered for cryo-
preservation of sperm through semen banking [20]. Options are greatly
reduced for patients with non-functional Sertoli cells, or pre-pubertal
males, however. It is envisaged that the cryopreservation and post-
treatment autotransplantation of spermatogonial stem cells (SSCs) may
be a possible future treatment, having shown promise in experimental
animal models but not yet introduced to human trials [21].
Even though most guidelines recommend that the option to cryo-

preserve spermatozoa should be discussed with all post-pubertal males
prior to initiation of gonadotoxic treatment, evidence demonstrates that
only a quarter of eligible males opt to avail of such a service [22]. Given
the robust evidence base that demonstrates that almost all men diag-
nosed with cancer wish to have children later in life, and the non-in-
vasive nature of semen sample collection, these numbers are un-
expectedly low [22]. The potential causes of this lack of uptake may
include inadequate counselling by clinicians or unfounded concerns
about malignant transmission to progeny. Equally, it is possible that
young male patients may not prioritise their reproductive potential to
the same extent as their female counterparts, or that male stoicism may
affect individuals’ ability to discuss their future aspirations, thereby
impacting the quality of the decisions made. The perceived high cost of
sperm cryopreservation and storage might also have a role to play in
many countries, despite cost-benefit analyses demonstrating it to be a
more cost-effective option than delaying fertility treatment until
treatment has ended [23].

3.3. Clinical outcomes of using cryopreserved spermatozoa

‘Success’ in reproductive medicine can be calculated in numerous
different ways, depending on the perspective of the individual con-
cerned. For most patients, however, the most relevant statistics are
those relating to live birth rates and perinatal outcomes. As such, data
from robust meta-analyses indicate that there is no statistical difference
in clinical pregnancy or fertilisation rates in couples undergoing ICSI or
IVF using cryopreserved spermatozoa, when compared to fresh samples
[24]. These results were echoed by more recent analysis by Ferrari and
colleagues, and data from a large Australian sperm donation

Table 2
Individual methods for sperm collection, selection of sperm for cryopreservation and storage.

Collection Methods Selection Options Storage Options
Biological carriers Non-Biological carriers

Masturbation Pre-freeze swim-up Empty zona pellucida Straws
TESE Density gradient Volvox globulator spheres ICSI Pipette
Micro-TESE MACS Cryoloop
TESA Zeta Potential Selection Microdroplet
MESA Electrophoresis
PESA
Open epididymal fine-needle aspiration
Microsurgical testicular sperm extraction

TESE - Testicular Sperm Extraction; TESA - Testicular Sperm Aspiration; MESA - Micro-Surgical Epididymal Sperm Aspiration; PESA - Percutaneous Epididymal
Sperm Extraction; MACS - Magnetic Activated Cell Sorting/ ICSI – Intracytoplasmic Sperm Injection.
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programme, which also demonstrated no statistically significant in-
crease in adverse perinatal outcomes, congenital or chromosomal ab-
normalities when cryopreserved samples were compared to fresh
[25,26].
In light of the previously discussed evidence that cryopreservation

damages spermatozoa, the similarities in success rates observed are
interesting. It is possible that this is a logical consequence of the large
number of sperm usually contained within each sample, driving interest
in whether these rates might differ in patients with reduced sperm ti-
tres. As such, there have been increased efforts to elucidate the impact
that certain forms of spermatozoal damage (e.g. DNA fragmentation)
might have on treatment outcomes, with the aims of informing methods
of sperm selection for fertilisation, and consequently of guiding man-
agement of azoo- or oligospermic patients. The lack of correlation of
DNA damage burden with clinical pregnancy rates achieved may be
explained by work by Meseguer et al., who determined that the relative
impact of sperm DNA fragmentation on pregnancy outcome was de-
pendent on the quality of the oocyte available for fertilisation [27]. In
other words, if spermatozoal DNA has sustained damage, then it may be
possible for this damage to be repaired by the DNA repair machinery of
the oocyte, but if the oocyte itself is of poor quality, this is less likely to
occur. Therefore, although parameters of sperm quality such as motility
and DNA fragmentation may be of some importance in andrological
work-up, the quality of the oocytes obtainable for use is much more
significant in determining cycle outcome.

4. Embryo cryopreservation

Since the first reports of a successful pregnancy following embryo
cryopreservation emerged in 1983, more than half a million live births
have been achieved through such methods [28]. Occurring more than
30 years after the clinical introduction of spermatozoa cryopreserva-
tion, it represented a quantum leap forward in ART, and has gone on to
improve options, efficacy and safety for prospective patients. In their
last report, the European Society of Human Reproduction and Embry-
ology (ESHRE) revealed that 192,017 frozen-thawed embryo transfer
(FET) cycles were performed in Europe in 2014. This represented a
24.1% increase over the same period the previous year, exceeding for
the first time the number of IVF treatments, and evidencing the in-
creasingly central role that embryo cryopreservation is playing in
clinical practice [29]. In fact, some countries such as Switzerland, the
Netherlands, Norway, Finland, Czech-Republic, Iceland, Belgium, Po-
land and Sweden report the proportion of cryopreserved embryo
transfers performed as being greater than 50% of all embryo transfers,
although regulatory stipulations may have a role to play in such cases
[29]. Irrespective of such regulations, the use of embryo cryopre-
servation will continue to increase due to novel indications, such as the
“freeze-all” strategy to reduce complications and pre-implantation ge-
netic screening at the blastocyst stage.

4.1. The expanding role of embryo cryopreservation in clinical practice

Unwanted multiple births have historically been a source of much
consternation in ART. Prior to the introduction of embryo cryopre-
servation, no methods of conserving supernumerary embryos for future
use existed, meaning that clinicians encountered pressure to re-
place> 1 embryo at a time in order to increase the likelihood of cycle
success. As such, cryopreservation facilitated the development of
frozen-thawed embryo transfer (FET) techniques, having the dual effect
of increasing pregnancy rate per stimulation cycle and of decreasing
multiple birth rates. As the technique became more established, its
applications expanded outside of improving IVF cycle efficacy to en-
compass the preservation of fertility in at-risk patient subgroups and
social embryo banking. Furthermore, it has permitted deferred embryo
transfer, in cases of OHSS, for example. An interesting consequence of
the use of cryopreservation in this context has been the observation of

improvements in clinical pregnancy rates when cryopreserved embryos
are used rather than fresh samples [10]. In addition, fresh embryo
transfer has been associated with poorer obstetric and perinatal out-
comes when compared to FET [30]. It is hypothesized that these ob-
servations may be the consequence of the supraphysiologic hormone
levels that occur during controlled ovarian stimulation, which are
thought to negatively impact endometrial modification. This hypothesis
is supported by analysis showing that these differences are accentuated
in patients who demonstrate high ovarian response [31]. Until recently,
there were insufficient data in patients who exhibit poor ovarian re-
sponse to recommend a total-freeze strategy for the general IVF popu-
lation, with clear benefit only demonstrated in cases of polycystic ovary
syndrome (PCOS), OHSS, high-ovarian responders and recurrent im-
plantation failure [32]. However, Zhu et al. have since reported a
50.74% LBR per stimulation cycle in a general IVF cohort [34], while
another study detailed promising results in patients demonstrating poor
ovarian response [33,34]. To put this in perspective, a prospective
study of 156947 women in the UK found the LBR achieved with con-
ventional IVF strategies to be 29.5% [35]. The authors of the latter
study went on to suggest that another application of the freeze-all
strategy might be as an alternative to cycle cancellation for these pa-
tients [33,34]. Although this initial evidence from retrospective studies
is promising, large multicentre RCTs are needed to demonstrate su-
periority of the freeze-all strategy sufficiently to warrant its widespread
clinical introduction. Such trials would have to duly consider the in-
creased risk of preeclampsia for those assigned to a freeze-all cohort
[36].

4.2. Methods of embryo cryopreservation, culture and transfer

As with spermatozoa, methods and protocols for the cryopreserva-
tion of embryos have been refined over the course of their clinical use,
leading to improvements in embryo survival post-thaw and live birth
rates. As large, multicellular structures, embryos are more resistant to
freeze-thaw damage, and therefore early attempts to preserve them at
−196 °C using slow freezing were largely successful. In slow-freezing
protocols the temperature is gradually decreased at a controlled rate
after pre-equilibration with cryoprotectants to reduce intracellular ice
formation. Although this method has been used safely and extensively
in IVF laboratories across the world, it does not entirely avoid ice
crystal formation and its associated damage. Therefore, there was a
need to develop a newer technique, vitrification, which has become
favoured over the last decade [37,38].
Vitrification achieves an extremely high cooling rate through ex-

posure to liquid nitrogen, and produces a glass-like state with vastly
reduced ice crystal formation [39]. Despite requiring extremely high
concentrations of cryoprotectant, the toxicity of this technique is con-
tained at an acceptable level through the use of small volumes and short
exposure times [38]. With vitrification, a post-thaw embryo viability
between 78% and 100% is usual, comparing favorably to the 60% ob-
tained with the slow-freezing method, and correlating with an im-
provement of the clinical pregnancy and LBR per embryo transfer
[37,38,40]. In addition, it has the advantages of not requiring specia-
lised or expensive equipment and being less time-intensive. When these
factors are taken into account, the widespread adoption of vitrification
in place of slow-freezing seems logical [38].
Although these are the two main freezing techniques used, protocols

vary in terms of the cryoprotectants used (concentration and type),
equilibration timing, cooling rates and freezing devices (Table 3). An-
other possible procedural variation is the stage of development at which
embryos are cryopreserved. Current practice involves the preservation
of embryos at either the cleavage stage (Day 2 or 3 of culture) or at the
blastocyst stage (day 5 or 6). There is currently no clear evidence to
suggest the superiority of either strategy for frozen-thawed embryo
transfer, although it has been suggested that some specific patient
subgroups might benefit from transfer at the blastocyst stage [41–43]. It
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is important to stress that much of the available data concerning the
timing of embryo cryopreservation is derived from outcomes of fresh
cycles, as few studies have combined a ‘freeze-all’ approach with
comparative analysis of the developmental stage at which the embryos
are preserved [44]. Encouragingly, the length of time spent in storage
does not appear to influence post-thaw viability or pregnancy outcome
[45].

4.3. Clinical outcomes in embryo cryopreservation

The increasing number of frozen-thawed embryo cycles being per-
formed has led to heightened concerns about any possible impact that
cryopreservation may have on perinatal outcomes [1]. Although em-
bryo cryopreservation is a well-established procedure, long-term stu-
dies have traditionally been lacking [38]. Most were cohort studies
(unmatched cohorts) with little information obtained from RCTs. One
year ago, however, Maheshwari et al. published a systematic review
with cumulative meta-analysis exploring the clinical outcomes of using
cryopreserved embryos [46]. Reassuringly, the data suggested that
pregnancies obtained from frozen embryos are not associated with in-
creased perinatal risk when compared to fresh transfers. Results even
indicated that the use of cryopreserved embryos conferred a decreased
risk of offspring having low birth weights (RR 0.61 for prematurity;
0.72 and 0.76 of having babies weighing less than 2500 and 1500 g
respectively). In fact, FET seems to increase the risk of having bigger
(RR 1.54) and heavier babies (RR 1.95 for> 4Kg; RR 1.86 for> 4.5
Kg). It must be stressed, however, that all of the studies included in this
analysis (bar one) were observational and not randomized. Thus, the
finding of macrosomia and large babies for their gestational age after
FET deserve further follow-up studies [47]. Another interesting ob-
servation has been the association of fewer observed ectopic pregnan-
cies with FET when compared to fresh cycles, with even fewer ectopic
pregnancies being observed in blastocyst stage transfers (especially day
6) [48,49]. These figures aside, it is important to note that both ap-
proaches are inferior to spontaneous conceptions in terms of perinatal
and neonatal risk [50].
As discussed above, the cryopreservation process does not appear to

negatively impact clinical pregnancy or LBR, and may indeed prove
superior to fresh transfer in this respect, although further studies are
required to validate this approach. Other future avenues of research
interest include the use of letrozole as an alternative to HRT or natural
cycles in patients undergoing FET; a strategy that improved LBR and
reduced miscarriage rates in one Japanese study [51]. While this was a
retrospective cohort study, and therefore potentially subject to selection
bias in terms of the patients who were selected for letrozole treatment,

it is an approach that warrants further (prospective) analysis.

5. Cryopreservation of oocytes

Despite its technical difficulty, the cryopreservation of oocytes was
a necessary developmental step in the provision of ethical and effective
ART. As a consequence of their large size, oocytes retain more water
and are therefore more likely to sustain crystallisation-mediated da-
mage. Furthermore, their relative scarcity necessitates a minimization
of freeze-thaw damage and a maximization of attrition rates.
Understandably, therefore, much work was required to refine the pro-
tocols used, with the first efforts marred by zona pellucida thickening,
premature cortical granule exocytosis and disturbance of the meiotic
spindle [52,53]. Although this latter issue is almost always transient,
there is recent evidence to suggest that cryopreservation may have
more subtle, previously undetected effects on oocyte gene expression
and proteomics. Whilst these studies are far from conclusive, the ob-
served alteration of maternally-derived proteins which support early
embryo development warrants further investigation [54,55].

5.1. The advent of vitrification and its path to the clinic

Combined, the factors discussed produce an oocyte that is resistant
to penetration by spermatozoa. As this obviously hinders the fertilisa-
tion process, it proved a long-standing stumbling block that limited the
clinical implementation of cryopreservation until the arrival of ICSI.
The first successful pregnancy in 1997 demonstrated the validity of the
technique, paving the way for a series of leaps forwards in procedural
technique, culminating with the most significant; vitrification [56].
Indeed, it was only with the inception of vitrification that post-thaw
oocyte parameters attained standards compatible with widespread
clinical introduction. This was highlighted by a 2014 Cochrane review,
which reported that vitrification increased oocyte survival by 29%, and
fertilisation by 19%, when compared to slow-freezing [57]. These re-
sults were further validated by a large prospective study of Spanish egg
donation programs, which failed to demonstrate any difference be-
tween fresh and vitrified oocytes across a multiparametric analysis
[58]. Although these data are encouraging, it must also be remembered
that the vitrification process is an extremely quick one, making it
especially variable and operator-dependent. Therefore, the results
above may not be reflective of results obtained in many IVF clinics.
Another important consideration is the age of the donor in question and
the stage of malignancy in those afflicted, as both of these factors have
been shown to impact the post-thaw survival of vitrified oocytes [59].
As such, the high survival rates (> 96%) reported in some egg donation
cohorts should be interpreted with caution, especially when coupled
with the impact that the aforementioned factors also has upon the
number of eggs collected.
Although the above evidence demonstrates clear superiority of vi-

trification in terms of post-thaw survival, it was not known until rela-
tively recently whether or not this corresponded with an increase in the
pregnancy rate achieved. This question was addressed by a number of
groups, who reassuringly found the clinical pregnancy rate (CPR) to
increase by more than 100% when vitrification techniques were em-
ployed [60,61].
In the quest to uncover further avenues of potential improvement,

thorough examination of other variables in experimental procedure has
been carried out. Of these, one of the most promising has been the
warming rate implemented during the thawing process. Initially cited
as a potential source of refinement by Mazur and Seki (who achieved
oocyte survival> 80% even when used with traditional slow-freeze
protocols), warming cryopreserved oocytes at an ‘ultra-rapid’ rate has
more recently been applied to vitrification. While the post-thaw sur-
vival of vitrified oocytes is already extremely high, advances such as
this allow the stringency of other protocol parameters, such as per-
mitting the use of reduced concentrations of cryoprotectant, thereby

Table 3
Morphology parameters for embryos at time of cryopreservation and criteria for
embryo transfer after thawing with associated cryopreservation protocols
[37,42].

Cleavage stage Blastocyst stage

Day 2 Day 3 Day 5 Day 6

Morphology before
cryopreservation

≥4
blastomeres

≥6
blastomeres

Blastocyst quality are scored
according to expansion, inner
mass and trophectoderm
using Gardner scoring system
– 3BB or higher

< 25% fragmentation
No multinucleate
blastomeres

Morphology after
thawing

≥50% intact blastomeres Same classification as before
cryopreservationHigher number of

blastomeres after 24 h of
culture

Cryopreservation
protocol

Slow-freezing
(PrOH+Sucrose)

Slow-freezing
(Glycerol+ Sucrose)

Vitrification (EG/DMSO/sucrose)

PrOH – 1,2-propanediol/EG - ethylene glycol /DMSO – dimethylsulphoxide.
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reducing the toxicity incurred [62].

5.2. Clinical outcomes in the cryopreservation of oocytes

Although vitrification has produced impressive post-thaw statistics
such as the>96% reported above, figures like this do not accurately
portray the realities faced by patients clinically. If quoted in such terms,
it would be understandable that lay-people might believe their chances
of achieving a pregnancy to be extremely high, leading to poor financial
planning or increased willingness to delay childbearing with the belief
that their cryopreserved eggs are a fool-proof insurance policy. This is
an especially important consideration in the current climate of in-
creasingly commercialised fertility treatment, where private clinics may
partially obfuscate discouraging statistics in favour of increasing the
number of cryopreservation procedures that they carry out. Therefore,
the most realistic (and ethical) way to present the likelihood of ‘success’
using cryopreservation techniques is using live birth rate per oocyte
thawed. While this might seem obvious, many clinics opt instead to
quote clinical pregnancy rates per thaw cycle; a figure that does not
take into account variations in the number of eggs a patient may have
available to thaw, and therefore may not accurately represent the
reality faced by most patients. Illustrating this, the largest reported
study of 3610 vitrified oocytes reported an oocyte survival rate of 90%,
translating to a clinical pregnancy rate of 48% and an ‘oocyte to baby’
rate of just 6.5% [63]. Were this same study to be presented differently,
this would correspond to a delivery rate of 78.8% per donation cycle,
highlighting the potential for misrepresentation or misinterpretation. It
is also important to emphasise that this study used donor oocytes; eggs
which tend to be from carefully selected younger patients, and there-
fore of higher quality. As such, it is likely that the true likelihood of
‘success’ for the average patient undertaking oocyte cryopreservation is
significantly lower than the figure quoted above. In light of this, in-
creased efforts must be made to homogenise how success is presented,
and to investigate the true ‘oocyte to baby’ rate in the general auto-
logous cryopreservation cycle population. Cobo et al. produced the
most reliable data in such a cohort, evaluating the reproductive success
of 1468 women who undertook elective cryopreservation for non-on-
cologic reasons [64]. Although unfortunately omitting an ‘oocyte to
baby’ ratio, their data are informative, and highlight the impact of age
on success rates, quoting a 53.9% live birth rate per ET if the oocytes
used were cryopreserved before the age of 35, but a 22.9% live birth
rate per ET if the same procedure was carried out after the age of 36.
Whilst the importance of age in determining treatment outcome in
fertility treatment in general is generally appreciated, these figures may
help clinicians to illustrate this in the context of cryopreservation.
Following on from this, a 2018 HFEA report cited age at freezing to be
‘the most important factor’, while finding that age at thaw (and use) did
not have a statistically significant impact [6]. The same study also re-
emphasised the importance of presenting success in the context of the
number of oocytes thawed, finding that an increase from 5 to 8 avail-
able oocytes translated to a 25.4% increase in live birth rate, with every
additional oocyte producing an 8.4% increase (if patient< 35).
Although the success rates outlined above give a general re-

presentation of the situation faced by patients, evaluation of the impact
of individual variables upon these figures is also necessary. Perhaps the
most obvious of these, the cryopreservative method employed, was
analysed by a recent comparative meta-analysis, which concluded that
oocytes preserved using vitrification techniques produced significantly
higher fertilisation and embryo cleavage rates, along with increasing
the proportion of ‘top-quality’ embryos produced [65]. A limitation of
this study, however, was the disparity between the vitrification and
slow-freezing groups in terms of the number of oocytes frozen, with
only 361 slow-frozen oocytes included, compared to 4282 vitrified
oocytes. Importantly, this analysis also included 3524 fresh oocytes,
and found that “the rates of ongoing pregnancy, top-quality embryo,
embryo cleavage and fertilisation did not differ between the

vitrification and the fresh oocyte groups”. As such, it is possible that
cryopreservation techniques have advanced to a stage where thawed
oocytes near equivalency with fresh oocytes. If true, the significance of
this is that major improvements in the ‘success’ of these techniques is
likely to come from methods of increasing the yield of oocytes collected
per stimulation cycle, or in methods used to select which specific oocyte
of a number in culture is most likely to produce a pregnancy, and
should therefore be transferred. One such example of this is the recent
finding that pre-treatment with the antioxidant coenzyme Q10 in low-
prognosis young women with decreased ovarian reserve may improve
ovarian response to stimulation and increase both the number of oo-
cytes retrieved and the fertilisation rates observed [66]. Reassuringly,
the length of cryostorage does not appear to impact pregnancy rates,
having been investigated by a number of research groups [63,67]. In
summary, it is likely that egg-freezing methods are on-course to pro-
duce thawed eggs of similar reproductive potential to fresh eggs,
however a certain (small) proportion of oocytes will not survive the
freeze-thaw process, and the chance of producing a live birth per oocyte
cryopreserved remains low. This should be communicated to patients to
ensure transparency and avoidance of over-reliance on preserved eggs
for family planning purposes.
Another essential aspect of any discussion on clinical outcomes is

that of perinatal outcome. While clinical pregnancy rate is an important
comparator when discussing treatment, consideration must also be
given to whether or not the pregnancy (and offspring) produced are
‘normal’; i.e. morphologically, genetically and developmentally.
Reassuringly, several analyses (one of 165 pregnancies and another of
936 infants) failed to find any increase in adverse outcome in preg-
nancies originating from vitrified oocytes, or any increase in the in-
cidence of congenital abnormalities observed. In fact, the latter study
determined that the incidence of congenital abnormality to be com-
parable across infants born following oocyte vitrification, conventional
‘fresh’ IVF and natural pregnancy [68,69]. These data are even more
reassuring when it is considered that the average age of women con-
ceiving using ART is higher than the general population, with increased
age having already been reliably associated with adverse perinatal
outcome. As such, it seems unlikely that a cryopreservation-specific (or
indeed ART-specific) causal relationship will ever be reliably estab-
lished.
In conclusion, oocyte cryopreservation technologies have advanced

dramatically over the last decade, facilitating effective treatment
without increasing risk of adverse outcome. That said, the oocyte-to-
baby conversion ratio remains low, and should be quoted to the pro-
spective patient as part of ethical clinical practice. It must again be
emphasised that modern ART circumvents the physiological mechan-
isms that select for the most viable gametes in vivo; as such, develop-
ment of novel selection methods might allow for continued improve-
ment of the success rates observed across ART, in both fresh and
cryopreserved cycles.

6. Cryopreservation – legal, societal and ethical perspectives

The development of clinically-reliable methods, such as the vi-
trification of oocytes for women, continues to influence the practice of
fertility preservation in those with oncologic or benign indications. As
the options of preserving embryos or oocytes promise to become si-
milarly successful, even more choices will be afforded to women in
need, allowing them to make a rapid decision about future fertility
possibilities. A recently-reported large prospective study (spanning 20
years in Sweden), indicated that the such women increasingly elect to
freeze their oocytes unfertilized, instead of freezing of embryos, even if
they are in a committed relathioship and have a partner [70]. This may
be explained by the legal constraints regarding embryos in some
countries, as the use of cryopreserved embryos may not be later allowed
if the couples have split, but also indicates an increased awareness of
female reproductive autonomy in the future [70].
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Given the increasing demand for gamete cryopreservation, espe-
cially in the social context, it is important that we consider the potential
ramifications of such procedures. Firstly, in an age where genetic ma-
terial is increasingly interpretable, and increasing emphasis is put on
the safety of such data, it is likely that such factors will necessitate the
parallel development of increasingly more stringent security protocols
concerning how gametes are cryopreserved, handled, stored and
thawed. Such measures will protect the wellbeing of prospective chil-
dren and ensure that genetic information is not used for purposes other
than those consented to by donors. For example, the new General Data
Protection Regulation (GDPR) has introduced punitive consequences
for any individual or business found to be misusing genetic data [71].
Societally, the use of cryopreservation allows women to defer child-

bearing of genetically-related offspring to a stage that might otherwise be
considered unwise. Although this may benefit individuals in terms of
career progression, it also furthers the commercialisation of ART and the
advertisement of cryopreservation techniques as an insurance policy
against age-related fertility decline. This is most notably seen in the in-
crease in the number of companies offering ‘social freezing’ as part of
their employee benefit packages. While it is likely that this comes from a
beneficent place in a majority of cases, it serves to perpetuate the societal
pressure placed on women to delay childbearing. A connected issue is the
expense of such procedures. Usually, there is an up-front cost involved
with the initial collection and cryopreservation of eggs, followed by a
yearly storage cost. As such, the cost-effectiveness of such procedures
depends on the age at which freezing is carried out, and the age at which
the gametes are utilised. Understandably therefore, cost-benefit analyses
have provided contrasting conclusions on whether it is better to freeze
one’s eggs at a young age and use them later on, or just to attempt
conventional IVF earlier [72,73].
Finally, it is possible that the future of cryopreservation may involve

the preservation of gametes at a young age in order to minimise the risk
of age-related genetic abnormalities. Cases of such widespread use
would necessitate an increase in the amount of longitudinal data
available, in order to exclude potential knock-on effects that may not be
immediately obvious. As such, as reproductive technology advances,
increased discussion on what should and should not be permitted is
essential.

7. Conclusion

In conclusion, the cryopreservation of embryos and gametes is a
rapidly developing technology with success rates that are increasingly
comparable to those achieved using fresh gametes. The widespread
application of cryopreservation, both in the lab and the clinic, has al-
ready had a lasting effect on the way that assisted reproduction is
performed, and has allowed patients increased flexibility in terms of
when and how they reproduce. Given the increasing societal pressure to
delay childbearing, its role in the future is only likely to increase. As
such, it is hoped that this review provides a snapshot of the evidence
that has shaped its development and establishment as a safe and ef-
fective adjunct to reproductive treatment.

Author contribution

All the authors contributed to the writing of the manuscript, and all
authors approved the final version.

Conflict of interest

The authors have nothing to disclose

Acknowledgements

This work was supported by grants from the Swedish Cancer
Society, the Swedish Childhood Cancer Foundation, Radiumhemmet’s

Research Grants, the Stockholm County Council, the Stockholm’s
Cancer Association BRO and the Karolinska Institutet (to KARM).

References

[1] Kushnir VA, Barad DH, Albertini DF, Darmon SK, Gleicher N. Systematic review of
worldwide trends in assisted reproductive technology 2004-2013. Reprod Biol
Endocrinol 2017;15:6.

[2] Donnez J, Dolmans MM. Fertility preservation in women. N Engl J Med
2017;377:1657–65.

[3] Green DM, Nolan VG, Goodman PJ, Whitton JA, Srivastava D, Leisenring WM, et al.
The cyclophosphamide equivalent dose as an approach for quantifying alkylating
agent exposure: a report from the childhood cancer survivor study. Pediatr Blood
Cancer 2014;61:53–67.

[4] Rodriguez-Wallberg KA, Oktay K. Fertility preservation during cancer treatment:
clinical guidelines. Cancer Manag Res 2014;6:105–17.

[5] Oktay K, Harvey BE, Partridge AH, Quinn GP, Reinecke J, Taylor HS, et al. Fertility
preservation in patients with cancer: ASCO clinical practice guideline update. J Clin
Oncol 2018;36:1994–2001.

[6] Authority HFaE. Fertility treatment 2014-2016 - trends and figures. 2018.
[7] Janecka M, Mill J, Basson MA, Goriely A, Spiers H, Reichenberg A, et al. Advanced

paternal age effects in neurodevelopmental disorders-review of potential underlying
mechanisms. Transl Psychiatry 2017;7:e1019.

[8] McGrath JJ, Petersen L, Agerbo E, Mors O, Mortensen PB, Pedersen CB. A com-
prehensive assessment of parental age and psychiatric disorders. JAMA Psychiatry
2014;71:301–9.

[9] Urhoj SK, Raaschou-Nielsen O, Hansen AV, Mortensen LH, Andersen PK, et al.
Advanced paternal age and childhood cancer in offspring: a nationwide register-
based cohort study. Int J Cancer 2017;140:2461–72.

[10] Roque M, Valle M, Kostolias A, Sampaio M, Geber S. Freeze-all cycle in reproductive
medicine: current perspectives. JBRA Assist Reprod 2017;21:49–53.

[11] Eva Mocé AJF, Graham James K. HUMAN SPERM CRYOPRESERVATION. EMJ
European Medical Journal. 2016;1:86–91.

[12] Mossad H, Morshedi M, Toner JP, Oehninger S. Impact of cryopreservation on
spermatozoa from infertile men: implications for artificial insemination. Arch
Androl 1994;33:51–7.

[13] Vutyavanich T, Piromlertamorn W, Nunta S. Rapid freezing versus slow program-
mable freezing of human spermatozoa. Fertil Steril 2010;93:1921–8.

[14] Shehata M. Fertility preservation in male patients subjected to chemotherapy;
Innovative approaches for further progress. Turk J Obstet Gynecol 2017;14:256–60.

[15] Aizpurua J, Medrano L, Enciso M, Sarasa J, Romero A, Fernandez MA, et al. New
permeable cryoprotectant-free vitrification method for native human sperm. Hum
Reprod. 2017;32:2007–15.

[16] Zribi N, Chakroun NF, Ben Abdallah F, Elleuch H, Sellami A, Gargouri J, et al. Effect
of freezing-thawing process and quercetin on human sperm survival and DNA in-
tegrity. Cryobiology 2012;65:326–31.

[17] Moubasher AE, El Din AM, Ali ME, El-sherif WT, Gaber HD. Catalase improves
motility, vitality and DNA integrity of cryopreserved human spermatozoa.
Andrologia 2013;45:135–9.

[18] Najafi A, Asadi E, Moawad AR, Mikaeili S, Amidi F, Adutwum E, et al.
Supplementation of freezing and thawing media with brain-derived neurotrophic
factor protects human sperm from freeze-thaw-induced damage. Fertil Steril
2016;106. 1658-65 e4.

[19] Szell AZ, Bierbaum RC, Hazelrigg WB, Chetkowski RJ. Live births from frozen
human semen stored for 40 years. J Assist Reprod Genet 2013;30:743–4.

[20] Caponecchia L, Cimino G, Sacchetto R, Fiori C, Sebastianelli A, Salacone P, et al. Do
malignant diseases affect semen quality? Sperm parameters of men with cancers.
Andrologia 2016;48:333–40.

[21] Hermann BP, Sukhwani M, Winkler F, Pascarella JN, Peters KA, Sheng Y, et al.
Spermatogonial stem cell transplantation into rhesus testes regenerates spermato-
genesis producing functional sperm. Cell Stem Cell 2012;11:715–26.

[22] Nahata L, Caltabellotta NM, Yeager ND, Lehmann V, Whiteside SL, O’Brien SH,
et al. Fertility perspectives and priorities among male adolescents and young adults
in cancer survivorship. Pediatr Blood Cancer 2018;65:e27019.

[23] Gilbert K, Nangia AK, Dupree JM, Smith JF, Mehta A. Fertility preservation for men
with testicular cancer: Is sperm cryopreservation cost effective in the era of assisted
reproductive technology? Urol Oncol 2018;36(92):e1–9.

[24] Ohlander S, Hotaling J, Kirshenbaum E, Niederberger C, Eisenberg ML. Impact of
fresh versus cryopreserved testicular sperm upon intracytoplasmic sperm injection
pregnancy outcomes in men with azoospermia due to spermatogenic dysfunction: a
meta-analysis. Fertil Steril 2014;101:344–9.

[25] Ferrari S, Paffoni A, Filippi F, Busnelli A, Vegetti W, Somigliana E. Sperm cryo-
preservation and reproductive outcome in male cancer patients: a systematic re-
view. Reprod Biomed Online 2016;33:29–38.

[26] Adams D, Fernandez R, Moore V, Willson K, Rumbold A, de Lacey S, et al. Sperm
donation perinatal outcomes in an Australian population cohort. J Obstet Gynaecol
Res 2017;43:1830–9.

[27] Meseguer M, Santiso R, Garrido N, Garcia-Herrero S, Remohi J, Fernandez JL. Effect
of sperm DNA fragmentation on pregnancy outcome depends on oocyte quality.
Fertil Steril 2011;95:124–8.

[28] Trounson A, Mohr L. Human pregnancy following cryopreservation, thawing and
transfer of an eight-cell embryo. Nature 1983;305:707–9.

[29] De Geyter C, Calhaz-Jorge C, Kupka MS, Wyns C, et al. ART in Europe, 2014: results
generated from European registries by ESHRE: the European IVF-monitoring

K.A. Rodriguez-Wallberg, et al. Reproductive Biology 19 (2019) 119–126

125

http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0005
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0005
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0005
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0010
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0010
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0015
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0015
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0015
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0015
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0020
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0020
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0025
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0025
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0025
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0030
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0035
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0035
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0035
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0040
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0040
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0040
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0045
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0045
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0045
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0050
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0050
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0055
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0055
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0060
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0060
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0060
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0065
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0065
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0070
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0070
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0075
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0075
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0075
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0080
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0080
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0080
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0085
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0085
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0085
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0090
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0090
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0090
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0090
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0095
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0095
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0100
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0100
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0100
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0105
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0105
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0105
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0110
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0110
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0110
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0115
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0115
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0115
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0120
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0120
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0120
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0120
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0125
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0125
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0125
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0130
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0130
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0130
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0135
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0135
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0135
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0140
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0140
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0145
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0145


consortium (EIM) for the European society of human reproduction and embryology
(ESHRE). Hum Reprod 2018;33:1586–601.

[30] Wennerholm UB, Henningsen AK, Romundstad LB, Bergh C, Pinborg A, Skjaerven
R, et al. Perinatal outcomes of children born after frozen-thawed embryo transfer: a
nordic cohort study from the CoNARTaS group. Hum Reprod 2013;28:2545–53.

[31] Dieamant FC, Petersen CG, Mauri AL, Comar V, Mattila M, Vagnini LD, et al. Fresh
embryos versus freeze-all embryos - transfer strategies: nuances of a meta-analysis.
JBRA Assist Reprod 2017;21:260–72.

[32] Acharya KS, Acharya CR, Bishop K, Harris B, Raburn D, Muasher SJ. Freezing of all
embryos in in vitro fertilization is beneficial in high responders, but not inter-
mediate and low responders: an analysis of 82,935 cycles from the society for as-
sisted reproductive technology registry. Fertil Steril 2018;110:880–7.

[33] Xue Y, Tong X, Zhu H, Li K, Zhang S. Freeze-all embryo strategy in poor ovarian
responders undergoing ovarian stimulation for in vitro fertilization. Gynecol
Endocrinol 2018:1–4.

[34] Zhu Q, Chen Q, Wang L, Lu X, Lyu Q, Wang Y, et al. Live birth rates in the first
complete IVF cycle among 20 687 women using a freeze-all strategy. Hum Reprod
2018;33:924–9.

[35] Smith A, Tilling K, Nelson SM, Lawlor DA. Live-birth rate associated with repeat in
vitro fertilization treatment cycles. JAMA 2015;314:2654–62.

[36] Sites CK, Wilson D, Barsky M, Bernson D, Bernstein IM, Boulet S, et al. Embryo
cryopreservation and preeclampsia risk. Fertil Steril 2017;108:784–90.

[37] Edgar DH, Gook DA. A critical appraisal of cryopreservation (slow cooling versus
vitrification) of human oocytes and embryos. Hum Reprod Update 2012;18:536–54.

[38] Rienzi L, Gracia C, Maggiulli R, LaBarbera AR, Kaser DJ, Ubaldi FM, et al. Oocyte,
embryo and blastocyst cryopreservation in ART: systematic review and meta-ana-
lysis comparing slow-freezing versus vitrification to produce evidence for the de-
velopment of global guidance. Hum Reprod Update 2017;23:139–55.

[39] Liebermann J. Vitrification: a simple and successful method for cryostorage of
human blastocysts. Methods Mol Biol 2015;1257:305–19.

[40] Evans J, Hannan NJ, Edgell TA, Vollenhoven BJ, Lutjen PJ, Osianlis T, et al. Fresh
versus frozen embryo transfer: backing clinical decisions with scientific and clinical
evidence. Hum Reprod Update 2014;20:808–21.

[41] Glujovsky D, Farquhar C, Quinteiro Retamar AM, et al. Cleavage stage versus
blastocyst stage embryo transfer in assisted reproductive technology. Cochrane
Database Syst Rev 2016. CD002118.

[42] Moragianni VA, Cohen JD, Smith SE, Schinfeld JS, Somkuti SG, Lee A, et al.
Outcomes of day-1, day-3, and blastocyst cryopreserved embryo transfers. Fertil
Steril 2010;93:1353–5.

[43] Fernandez-Shaw S, Cercas R, Brana C, Villas C, Pons I. Ongoing and cumulative
pregnancy rate after cleavage-stage versus blastocyst-stage embryo transfer using
vitrification for cryopreservation: impact of age on the results. J Assist Reprod
Genet 2015;32:177–84.

[44] Sparks AE. Human embryo cryopreservation-methods, timing, and other con-
siderations for optimizing an embryo cryopreservation program. Semin Reprod Med
2015;33:128–44.

[45] Riggs R, Mayer J, Dowling-Lacey D, Chi TF, Jones E, Oehninger S. Does storage time
influence postthaw survival and pregnancy outcome? An analysis of 11,768 cryo-
preserved human embryos. Fertil Steril 2010;93:109–15.

[46] Maheshwari A, Pandey S, Amalraj Raja E, Shetty A, Hamilton M, et al. Is frozen
embryo transfer better for mothers and babies? Can cumulative meta-analysis
provide a definitive answer? Hum Reprod Update 2018;24:35–58.

[47] Berntsen S, Soderstrom-Anttila V, Wennerholm UB, Laivuori H, Loft A, Oldereid NB,
et al. The health of children conceived by ART:’ the chicken or the egg?’. Hum
Reprod Update 2019;25:137–58.

[48] Huang B, Hu D, Qian K, Ai J, Li Y, Jin L, et al. Is frozen embryo transfer cycle
associated with a significantly lower incidence of ectopic pregnancy? An analysis of
more than 30,000 cycles. Fertil Steril 2014;102:1345–9.

[49] Du T, Chen H, Fu R, Chen Q, Wang Y, Mol BW, et al. Comparison of ectopic
pregnancy risk among transfers of embryos vitrified on day 3, day 5, and day 6.
Fertil Steril 2017;108:108–16 e1.

[50] Ozgur K, Berkkanoglu M, Bulut H, Humaidan P, Coetzee K. Perinatal outcomes after
fresh versus vitrified-warmed blastocyst transfer: retrospective analysis. Fertil Steril
2015;104(899). e3.

[51] Tatsumi T, Jwa SC, Kuwahara A, Irahara M, Kubota T, Saito H. Pregnancy and
neonatal outcomes following letrozole use in frozen-thawed single embryo transfer
cycles. Hum Reprod 2017;32:1244–8.

[52] Ghetler Y, Skutelsky E, Ben Nun I, Ben Dor L, Amihai D, et al. Human oocyte
cryopreservation and the fate of cortical granules. Fertil Steril 2006;86:210–6.

[53] Rienzi L, Martinez F, Ubaldi F, Minasi MG, Iacobelli M, Tesarik J, et al. Polscope
analysis of meiotic spindle changes in living metaphase II human oocytes during the
freezing and thawing procedures. Hum Reprod 2004;19:655–9.

[54] Monzo C, Haouzi D, Roman K, Assou S, Dechaud H, Hamamah S. Slow freezing and
vitrification differentially modify the gene expression profile of human metaphase II
oocytes. Hum Reprod 2012;27:2160–8.

[55] Katz-Jaffe MG, Larman MG, Sheehan CB, Gardner DK. Exposure of mouse oocytes to
1,2-propanediol during slow freezing alters the proteome. Fertil Steril
2008;89:1441–7.

[56] Porcu E, Fabbri R, Seracchioli R, Ciotti PM, Magrini O, Flamigni C. Birth of a
healthy female after intracytoplasmic sperm injection of cryopreserved human
oocytes. Fertil Steril 1997;68:724–6.

[57] Glujovsky D, Riestra B, Sueldo C, Fiszbajn G, Repping S, Nodar F, et al. Vitrification
versus slow freezing for women undergoing oocyte cryopreservation. Cochrane
Database Syst Rev 2014. CD010047.

[58] Cobo A, Meseguer M, Remohi J, Pellicer A. Use of cryo-banked oocytes in an ovum
donation programme: a prospective, randomized, controlled, clinical trial. Hum
Reprod 2010;25:2239–46.

[59] Friedler S, Koc O, Gidoni Y, Raziel A, Ron-El R. Ovarian response to stimulation for
fertility preservation in women with malignant disease: a systematic review and
meta-analysis. Fertil Steril 2012;97:125–33.

[60] Fadini R, Brambillasca F, Renzini MM, Merola M, Comi R, et al. Human oocyte
cryopreservation: comparison between slow and ultrarapid methods. Reprod
Biomed Online 2009;19:171–80.

[61] Smith GD, Serafini PC, Fioravanti J, Yadid I, Coslovsky M, Hassun P, et al.
Prospective randomized comparison of human oocyte cryopreservation with slow-
rate freezing or vitrification. Fertil Steril 2010;94:2088–95.

[62] Seki S, Mazur P. Ultra-rapid warming yields high survival of mouse oocytes cooled
to -196 degrees c in dilutions of a standard vitrification solution. PLoS One
2012;7:e36058.

[63] Cobo A, Garrido N, Pellicer A, Remohi J. Six years’ experience in ovum donation
using vitrified oocytes: report of cumulative outcomes, impact of storage time, and
development of a predictive model for oocyte survival rate. Fertil Steril
2015;104:1426–34. e1-8.

[64] Cobo A, Garcia-Velasco JA, Coello A, Domingo J, Pellicer A, Remohi J. Oocyte
vitrification as an efficient option for elective fertility preservation. Fertil Steril.
2016;105:755–64. e8.

[65] Cobo A, Diaz C. Clinical application of oocyte vitrification: a systematic review and
meta-analysis of randomized controlled trials. Fertil Steril 2011;96:277–85.

[66] Xu Y, Nisenblat V, Lu C, Li R, Qiao J, Zhen X, et al. Pretreatment with coenzyme
Q10 improves ovarian response and embryo quality in low-prognosis young women
with decreased ovarian reserve: a randomized controlled trial. Reprod Biol
Endocrinol 2018;16:29.

[67] Stigliani S, Moretti S, Anserini P, Casciano I, Venturini PL, Scaruffi P. Storage time
does not modify the gene expression profile of cryopreserved human metaphase II
oocytes. Hum Reprod 2015;30:2519–26.

[68] Chian RC, Huang JY, Tan SL, Lucena E, Saa A, Rojas A, et al. Obstetric and perinatal
outcome in 200 infants conceived from vitrified oocytes. Reprod Biomed Online
2008;16:608–10.

[69] Noyes N, Porcu E, Borini A. Over 900 oocyte cryopreservation babies born with no
apparent increase in congenital anomalies. Reprod Biomed Online 2009;18:769–76.

[70] Rodriguez-Wallberg, Marklund KA, Lundberg A, Wikander F, Milenkovic I,
Anastacio M, Sergouniotis A, Wånggren F, Ekengren K, Lind J, Borgström B. A
prospective study of women and girls undergoing fertility preservation due to on-
cologic and non-oncologic indications in Sweden ? Trends in patientså choices and
benefit of the chosen methods after long-term follow-up. Acta Obstetricia
Gynecologica Scandinavica 2019;98(5):604–15.

[71] Chassang G. The impact of the EU general data protection regulation on scientific
research. Ecancermedicalscience. 2017;11:709.

[72] van Loendersloot LL, van Wely M, Limpens J, Bossuyt PM, et al. Predictive factors in
in vitro fertilization (IVF): a systematic review and meta-analysis. Hum Reprod
Update 2010;16:577–89.

[73] Hirshfeld-Cytron J, Grobman WA, Milad MP. Fertility preservation for social in-
dications: a cost-based decision analysis. Fertil Steril 2012;97:665–70.

K.A. Rodriguez-Wallberg, et al. Reproductive Biology 19 (2019) 119–126

126

http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0145
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0145
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0150
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0150
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0150
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0155
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0155
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0155
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0160
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0160
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0160
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0160
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0165
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0165
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0165
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0170
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0170
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0170
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0175
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0175
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0180
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0180
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0185
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0185
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0190
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0190
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0190
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0190
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0195
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0195
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0200
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0200
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0200
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0205
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0205
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0205
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0210
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0210
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0210
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0215
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0215
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0215
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0215
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0220
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0220
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0220
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0225
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0225
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0225
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0230
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0230
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0230
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0235
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0235
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0235
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0240
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0240
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0240
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0245
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0245
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0245
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0250
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0250
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0250
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0255
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0255
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0255
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0260
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0260
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0265
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0265
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0265
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0270
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0270
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0270
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0275
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0275
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0275
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0280
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0280
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0280
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0285
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0285
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0285
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0290
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0290
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0290
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0295
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0295
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0295
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0300
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0300
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0300
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0305
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0305
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0305
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0310
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0310
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0310
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0315
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0315
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0315
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0315
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0320
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0320
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0320
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0325
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0325
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0330
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0330
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0330
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0330
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0335
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0335
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0335
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0340
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0340
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0340
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0345
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0345
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0350
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0355
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0355
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0360
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0360
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0360
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0365
http://refhub.elsevier.com/S1642-431X(19)30016-6/sbref0365

	Ice age: Cryopreservation in assisted reproduction – An update
	Introduction
	Clinical applications of cryopreservation
	Cryostorage for fertility preservation
	Cryopreservation adding flexibility to clinical practice
	Cryopreservation improving the Success of assisted reproduction

	Cryopreservation of spermatozoa
	Techniques for the cryopreservation of spermatozoa
	Sample collection and service uptake
	Clinical outcomes of using cryopreserved spermatozoa

	Embryo cryopreservation
	The expanding role of embryo cryopreservation in clinical practice
	Methods of embryo cryopreservation, culture and transfer
	Clinical outcomes in embryo cryopreservation

	Cryopreservation of oocytes
	The advent of vitrification and its path to the clinic
	Clinical outcomes in the cryopreservation of oocytes

	Cryopreservation – legal, societal and ethical perspectives
	Conclusion
	Author contribution
	Conflict of interest
	Acknowledgements
	References




