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Abstract
Purpose The purpose of this study was to summarize the lat-
est advances and successes in the field of ovarian tissue cryo-
preservation while identifying gaps in current knowledge that
suggest opportunities for future research.
Methods A systematic review was performed according to
PRISMA guidelines for all relevant full-text articles in
PubMed published in English that reviewed or studied histor-
ical or current advancements in ovarian tissue cryopreserva-
tion and auto-transplantation techniques.

Results Ovarian tissue auto-transplantation in post-pubertal
women is capable of restoring fertility with over 80 live births
currently reported with a corresponding pregnancy rate of 23
to 37%. The recently reported successes of live births from
transplants, both in orthotopic and heterotopic locations, as
well as the emerging methods of in vitro maturation (IVM),
in vitro culture of primordial follicles, and possibility of
in vitro activation (IVA) suggest new fertility options for many
women and girls. Vitrification, as an ovarian tissue cryopres-
ervation technique, has also demonstrated successful live
births and may be a more cost-effective method to freezing
with less tissue injury. Further, transplantation via the artificial
ovary with an extracellular tissue matrix (ECTM) scaffolding
as well as the effects of sphingosine-1-phosphate (SIP) and
fibrin modified with heparin-binding peptide (HBP), heparin,
and a vascular endothelial growth factor (VEGF) have dem-
onstrated important advancements in fertility preservation. As
a fertility preservation method, ovarian tissue cryopreserva-
tion and auto-transplantation are currently considered experi-
mental, but future research may pave the way for these mo-
dalities to become a standard of care for women facing the
prospect of sterility from ovarian damage.
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Introduction

Recent reports indicate that approximately 300,000 young
children, adolescents, and teens under the age of 19 will be
diagnosed with cancer worldwide with the most common
childhoodmalignancies being leukemia, brain and central ner-
vous system cancers, and lymphoma [1, 2]. Improvements in
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the diagnostic and treatment modalities in prepubertal girls
with cancer have led to increased survivorship among repro-
ductive age females [3–5]. Given this increased life expectan-
cy, greater emphasis has been placed on improved quality of
life, with a specific focus on future fertility [4, 6]. As such, the
field of oncofertility was established with a dedicated purpose
to preserve, expand, and restore the reproductive future of
individuals whose cancer treatments may compromise fertility
[6, 7]. Although it is currently considered experimental, ovar-
ian tissue cryopreservation and auto-transplantation is the only
fertility preservation treatment modality available to prepuber-
tal girls. In this review, we examine the current status of ovar-
ian tissue cryopreservation, highlighting significant historical
landmarks and recent major advancements while identifying
gaps in current knowledge and their implications for research
endeavors and further advancements.

Methods

According to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines, a system-
atic review of the literature was performed from inception
until January of 2017 for all relevant full-text articles pub-
lished in PubMed in English to evaluate both the historical
events and current advancements for ovarian tissue cryopres-
ervation. The following electronic search strategy was per-
formed in PubMed: ((Ovarian tissue cryopreservation
[MESH]) AND ovarian tissue auto-transplantation) AND
English [lang]). The published and peer-reviewed full-text
articles identified from this search were evaluated by
reviewing the titles and abstracts. Only the full-text articles
which reviewed or studied historical or current advancements
in ovarian tissue cryopreservation and auto-transplantation
techniques which aided in identifying gaps in our current
knowledge were included. In addition, the bibliographies of
the included articles were reviewed for further studies.
Multiple reviewers (C.L., A.M., and N.D.) independently
reviewed the included reports. Data from the text, graphs,
and tables were analyzed.

Results

A total of 204 full-text articles were identified from the initial
search. During the initial review of titles and abstracts of all
204 articles, 77 were excluded while the remaining 127 which
met our inclusion criteria were evaluated. An additional 18
citations were included based on bibliographies from original-
ly included articles in addition to relevant studies, organiza-
tional guidelines, and epidemiological data that were not iden-
tified in our initial search (Fig. 1).

Effects of chemotherapy and radiotherapy
on reproductive potential

Both chemotherapy and radiotherapy can cause
gonadotoxicity with oocyte depletion and ovarian damage,
thereby decreasing reproductive potential. The chemothera-
peutic effects on reproductive potential are largely based on
the type, dose, and patient age at the time of administration [4,
6]. Although most chemotherapeutic agents are relatively
gonadotoxic, the commonly used alkylating agents, such as
cyclophosphamide, procarbazine, and busulfan, are particular-
ly damaging [4, 8]. These agents are associated with ovarian
toxicity regardless of cell cycle stage and are therefore asso-
ciated with a higher risk of primordial follicle death compared
to platinum-based drugs, plant alkaloids, and other anti-
metabolites [9]. Regarding vulnerability to irradiation, factors
placing a woman at increased risk include age, dose, and irra-
diation field [10]. Radiation-induced loss of primordial folli-
cles results in premature ovarian failure with decreased hor-
mone levels, early menopause, and uterine dysfunction [11].
A woman’s fertility depends on a functional neuroendocrine
system that controls the menstrual cycle, promotes oocyte
maturation, and can maintain a pregnancy [12, 13]. When
the hypothalamic-pituitary axis is within the irradiation field,
reproductive function may be decreased. Dependent on pa-
tient age, individuals may demonstrate alterations in the
t iming of puberty, gonadotropin deficiency, and
hyperprolactinemia, thereby creating oligomenorrhea or
amenorrhea [14]. At the gonadal level, direct toxicity to
estrogen-producing follicles can disrupt normal menstrual cy-
cling. Furthermore, radiation and chemotherapy have been
found to disrupt uterine function. Specifically, radiation has
been shown to reduce uterine volume and elasticity, induce
arrested growth in prepubertal girls, inhibit uterine expansion
during pregnancy, damage the uterine endometrium and
myometrium, and decrease the vasculature required for em-
bryo implantation and fetal development [11, 14, 15]. Studies
have shown that some women who conceive after radiothera-
py have increased risk of adverse outcomes, including placen-
tal anomalies, preterm birth, fetal growth restriction, and mis-
carriage [11].

Preserving reproductive potential

With funding from a National Institute of Health Roadmap
Grant [16], the Oncofertility Consortium was established.
Clinicians, scientists, and ethicists were brought together to
create an interdisciplinary committee working to navigate the
considerable ethical, legal, and religious concerns surrounding
scientific advances in reproductive technologies.
Recommendations state that healthcare providers need to ad-
dress the probability of infertility after administration of
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gonadotoxic drugs and radiotherapy and specifically identify
available methods of fertility preservation [16, 17] .

Although oocyte and embryo cryopreservation have dem-
onstrated success, ovarian tissue cryopreservation and auto-
transplantation may have advantages for fertility preservation
in female cancer patients. Ovarian tissue cryopreservation
does not require prior ovarian stimulation thereby allowing
cancer treatments to begin immediately and is the only option
available to prepubertal girls [5, 17–20].

Oocyte cryopreservation

At present, embryo and mature oocyte cryopreservation fol-
lowing egg retrieval are the only established methods of fer-
tility preservation endorsed by the American Society for
Reproductive Medicine [17]. Early studies reported difficulty
with oocyte cryopreservation, due to their low surface area to
volume ratio and high susceptibility to intracellular ice crystal
formation [21]. Early research further highlighted difficulties
in predicting the membrane permeability characteristics of
human oocytes along with other biophysical parameters
[22]. Studies also revealed the adverse effects of cryopreser-
vation on the stability of microtubules and microfilaments in
human oocytes, which are vital for normal chromosomal seg-
regation [23–25]. Hardening of the zona pellucida and subse-
quent low fertilization rates were further difficulties initially
associated with cryopreservation [26]. Later reports suggested

that human oocytes had the potential to retain their morphol-
ogy and chromosomal integrity post-cryopreservation [27].
Research into oocyte cryopreservation was accelerated by leg-
islative restrictions surrounding the storage of embryos, par-
ticularly those in Italy that prevented the cryopreservation of
excess embryos [28]. The introduction of vitrification as an
alternative to slow freezing reduced damage to internal struc-
tures and led to improved success rates [29–32]. Further, the
use of intracytoplasmic sperm injection (ICSI) as an insemi-
nation method for vitrified oocytes was found to rectify fertil-
ization issues due to zona pellucida hardening [33–35]. The
earliest report of a pregnancy achieved with cryopreserved
oocytes was published by Chen in 1986 [36]. Oocyte cryo-
preservation has now become the main treatment modality for
infertility patients [17].

The quiescent ovaries of prepubertal girls pose a unique
fertility preservation challenge. Prepubertal girls who require
high doses of systemic chemotherapy for cancer treatment are
likely to lose their future ovarian function and fertility poten-
tial. Oocyte and embryo cryopreservation may not be an op-
tion for prepubertal girls for several reasons including the time
requirement to begin cancer treatment, hormone-sensitive ma-
lignancies which may progress with ovarian stimulation pro-
tocols, and lack of a partner. Moreover, prepubertal ovaries
may not respond to stimulating drugs used in assisted repro-
ductive technology and therefore cannot undergo ovarian
stimulation to have their oocytes cryopreserved. Currently,
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the only option to preserve future fertility in prepubertal girls
is ovarian tissue cryopreservation [3, 4].

Ovarian tissue cryopreservation

Ovarian tissue cryopreservation and transplantation have been
studied in animals for more than 60 years [37]. In 1954,
Deanesly [38] demonstrated that rat ovarian tissue could be
removed, frozen, and implanted subcutaneously in a different
ovariectomized rat female, while still retaining its functional-
ity. Given the larger size and fibrous character of human ovar-
ian tissue, further animal studies were needed before tech-
niques could be applied to humans. In 1996, after successful
transplantations in sheep, whose ovaries are similar in charac-
ter to humans, Newton and colleagues [39] grafted human
ovarian cortical tissue into mice. Several experiments with
human ovarian tissue transplanted into mice were further car-
ried out with promising results [40, 41]. The first human ovar-
ian transplantation with cryopreserved ovarian tissue was later
performed by Dr. Oktay in 1999 [42]. In 2004, Donnez and
colleagues reported the first live human birth from frozen
ovarian tissue via the slow freeze method, followed by
orthotopic auto-transplantation [43]. The first birth after ovar-
ian tissue transplantation from tissue stored overnight at a
central cryopreservation bank was performed by a center of
the Fertiprotekt network in 2011 [44].

The majority of ovarian tissue cryopreservation procedures
have been performed on prepubertal girls before undergoing
gonadotoxic chemotherapy and or radiotherapy treatments.
Cryopreserved ovarian tissue followed by auto-transplantation
illustrates that resumption of endocrine function with initiation
of puberty is possible [45]. Two such cases by Poirot et al. [46]
and Ernest et al. [47] reported return of endocrine function with
pubertal development after ovarian tissue transplantation in
prepubertal girls. These reports, together with earlier studies
in post-pubertal women, indicate that auto-transplantation of
frozen-thawed ovarian tissue is useful for the restoration of
endocrine function before and after puberty [48, 49].

Live births following cryopreservation of prepubertal ovar-
ian tissue had not been described until the 2015 case report by
Demeestere et al. [7] which documented the first live birth
following an auto-transplantation of ovarian tissue extracted
before the onset of menarche. Heterotopic and orthotopic
ovarian fragments were auto-transplanted after which the pa-
tient conceived spontaneously [7]. To our knowledge, this is
the only report providing evidence of in vivo spontaneous
maturation of oocytes in thawed human ovarian tissue extract-
ed during puberty and before the onset of menarche.

Given the experimental state of ovarian tissue cryopreser-
vation and auto-transplantation, a significant portion of the
literature demonstrating live births have been reported via case
reports [7, 42, 50–62]. More recently, larger retrospective co-
horts have reported success with both restoration of endocrine

function and additional live births [18, 19, 63–67]. Two of the
largest centers in the world performing transplantations of
frozen-thawed ovarian tissue have reported a number of suc-
cessful live births in women following transplantations. In
2015, Jensen et al. [68] published a retrospective cohort study
of 41 women which demonstrated a 31% live birth rate after
orthotopic transplanted ovarian tissue. Ovarian grafted tissue
showed a life span of close to 10 years in some cases. The
authors do note, however, the importance of further studies
with longer observation periods to demonstrate the actual ef-
ficacy of ovarian function and lack of malignant relapse.
Subsequently, Van der Ven et al. [69] performed a retrospec-
tive analysis of 74 orthotopic transplantation surgeries. The
authors showed that following transplantations, the ovaries
were active in 67% of cases after 1 year with clinical pregnan-
cy and live birth rates of 33 and 25%, respectively. The au-
thors were able to perform a subgroup analysis of patients
undergoing a first transplantation with primary ovarian insuf-
ficiency with tissue activity of 63% after 1 year, with pregnan-
cy and live birth rates of 28 and 23%, respectively [69]. To
date, at least 80 live births have been reported globally follow-
ing the transplantation of cryopreserved ovarian tissue with
pregnancies achieved in 23 to 37% of cases [68–72].

Whole ovary cryopreservation

The first reports on human whole-ovary retrieval and freezing
were not followed by active research in that area [73–75].
Similar to ovarian cortical tissue cryopreservation, whole ova-
ry cryopreservation does not require ovarian stimulation prior
to extraction, allowing cancer treatments to begin immediate-
ly. Further, whole ovary cryopreservation allows for sponta-
neous pregnancy or the possibility to pursue ovarian stimula-
tion using in vitro fertilization within a paracrine milieu that
resembles normal follicle and oocyte development. Tissue is-
chemia with follicular destruction, observed when ovarian
cortical fragments are transplanted, may be overcome with
whole ovary auto-transplantation, given the re-anastomosis
of the transplanted vascular pedicle [20]. Disadvantages in-
clude possible re-implantation of malignancy, technical diffi-
culties with vascular re-anastomosis and greater risk for
cryoinjury. Whole ovary auto-transplantation may be chal-
lenging in humans given the larger surface area of ovarian
tissue and the related difficulty with adequate diffusion of
cryoprotective agents (CPAs) [20]. In 2014, however,
Campbell et al. [76] demonstrated that full restoration of ovar-
ian function with high rates of fertility in sheep could be ob-
tained after whole-ovary cryopreservation and transplantation
by optimizing cryopreservation penetration during perfusion,
along with the use of anti-thrombotic agents to prevent post-
operative clot formation in the ovarian vasculature. Martinez-
Madrid et al. [73] described a cryopreservation protocol for an
intact human ovary with its vascular pedicle involving a
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cryoprotective solution with slow freezing in a cryofreezing
container. The authors demonstrated high survival rates of
follicles and small vessels with a 75% survival after thawing.
A 2008 report by Silber et al. [77] described a successful
pregnancy in monozygotic twins after fresh whole ovary
transplantation using microsurgical techniques for anastomo-
sis. Although healthy offspring have been demonstrated after
frozen-thawed whole ovary transplantation in sheep, to date
auto-transplantation of frozen-thawed human whole ovary has
not resulted in any live births. Future research identifying new
cryochambers, protocols for administering cryoprotectants,
and further surgical techniques for microvascular anastomosis
may lead to this fertility sparing option in the future.

Ovarian tissue freezing and respective results

Cryopreservation preserves cells and tissues by decreasing
the temperature, thereby slowing down metabolic reactions
in the cells. However, independent of the freezing tech-
nique, cryoinjury may occur during cooling and warming,
particularly in the temperature range of 0 to −15 °C, there-
by compromising cell or tissue viability [78, 79].
Cryopreservation of ovarian tissue can be performed using
one of two established techniques: slow freezing or rapid
freezing (vitrification). The slow freezing method has al-
ready resulted in dozens of live births worldwide, whereas
vitrified tissue has only led to a few reported live births to
date [18, 67, 80, 81]. There is, however, a recent resurgence
in research dedicated to establishing the technique of vitri-
fication [63, 67, 82, 83].

Controlled slow freezing which was favored in earlier pro-
tocols takes the entire specimen and storage medium from
liquid to solid. This well-established procedure begins with
exposing cells to low concentrations of CPAs with slow de-
creases in temperatures. Oocytes are first cooled to a temper-
ature of −5 to −7 °C, after which equilibration and seeding
take place. This initial equilibration of cell/tissue in human
serum albumin-containing medium typically utilizes one of
three common CPAs: propanediol, dimethyl sulphoxide
(DMSO), or ethylene glycol (EF). Multiple studies have dem-
onstrated success using slow freezing techniques to cryopre-
serve oocytes [34, 84–88].

Slow freezing is a straightforward and efficient method;
however, the cooling component of the procedure is time-
consuming and requires expensive equipment in clinical prac-
tice in comparison to vitrification. Vitrification of the human
ovarian tissue has been extensively studied [89–92]. In con-
trast to slow freezing, vitrification requires higher concentra-
tions of CPA, which lowers the risk of ice nucleation and is
significantly faster, with cooling rates of close to 5000 °C per
minute before submersion into liquid nitrogen [93, 94]. In
vitrification, a high concentration of CPA is added to the me-
dium and therefore the viscosity of intracellular and

extracellular solutions progressively increases, which de-
creases the diffusivity of water. When the solution is rapidly
cooled, the tissue turns into a glassy, vitrified state, avoiding
extracellular and intracellular ice crystallization (as in slow
freezing) [95]. The disadvantage of vitrification is related to
the relatively high concentrations of CPA. To reduce toxicity
and excessive CPA permeation into the cells, recent studies
reviewed by Amorim et al. have combined low concentrations
of different CPAs to obtain a vitrifiable solution without
compromising its cryoprotective capacity [96]. According to
Amorim et al. [96], the most common permeable CPA for
human ovarian tissue vitrification is ethylene glycol due to
its low toxic effect and rapid diffusion into cells. On the other
hand, non-permeable CPAs can increase viscosity and prevent
water molecules from forming into ice crystals. Since CPAs
do not penetrate the cells, cellular toxicity is theoretically de-
creased. Most studies of human ovarian tissue vitrification
have added sucrose or another simple sugar (i.e., impermeable
CPA) to their equilibration solutions since sugar molecules
facilitate cellular dehydration to prevent intracellular ice crys-
tallization and form hydrogen bonds with the phospholipids
on the outer cellular membranes to reduce exposure to CPAs
[96].

The first live birth following vitrification was achieved in
1999 [81] with Kuwayama et al. [97] later developing the
widely used Cryotop® vitrification method in 2005. To date,
the clinical outcomes of tissue vitrification are not inferior to
those of the conventional slow freezing technique [96].
Recently, Sanfilippo et al. [98] compared slow freezing and
vitrification protocols in ovarian tissue samples harvested
from the same women. The investigators measured follicle
density, morphology, and DNA fragmentation and found no
difference between the twomethods. However, due to its over-
all simplicity, the vitrification method is becoming more pop-
ular in clinical practice, as happened for vitrification of
oocytes.

Orthotopic versus heterotopic transplantation

Traditionally, frozen-thawed ovarian cortical fragments have
been transplanted orthotopically (into the remaining ovary,
ovarian fossa, or broad ligament). Orthotopic transplantation
may provide the ability to achieve a natural pregnancy; how-
ever, it requires abdominal surgery with general anesthesia
[99]. In 2000, Oktay et al. [41] reported the first laparoscopic
orthotopic transplantation with ovarian tissue placed into the
pelvic peritoneum. Follicular development and ovulation re-
sulted 15 weeks later with ovarian function continued for
9 months post-grafting. The first pregnancies resulting in live
births after frozen-thawed orthotopic transplantation of ovari-
an tissue were reported byDonnez et al. [43] andMeirow et al.
[54] in 2004 and 2005, respectively. Donnez and colleagues
grafted ovarian tissue fragments onto preexisting ovarian
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tissue [43]. The findings by Donnez and colleagues were
promising; however, questions later arose regarding whether
the fertilized oocyte had ovulated from the grafted tissue, ver-
sus the preexisting ovarian tissue [99]. In a 2008 systematic
review, Bedaiwy et al. [71] reported improved success with
fresh ovarian tissue grafts versus frozen-thawed grafts. In their
study, Bedaiwy et al. [71] reported an increased likelihood of
ovarian function and a decreased likelihood of recurrent ovar-
ian failure. Over 80 live births in addition to the restoration of
endocrine function have been achieved with orthotopic trans-
plantation by several centers worldwide [72].

Heterotopic transplantation (into the subcutaneous space of
the forearm, subcutaneous tissue of the abdomen, anterior wall
of the abdomen, just beneath the peritoneum, or in the rectus
muscle) is advantageous in cases of severe pelvic adhesions,
distorted pelvic anatomy, and poor pelvic vasculature due to
previous irradiation (Table 1). Heterotopic transplantation has
the possibility of creating long-term ovarian endocrine func-
tion with a less invasive surgical approach for transplantation
which does not require general anesthesia thereby creating a
more cost-effective option [100]. Heterotopic transplantation,
however, may produce oocytes and therefore embryos with
reduced quality as compared to orthotopic transplantation sites

[100]. This outcome is likely related to the suboptimal envi-
ronment of heterotopic sites in regards to pressure, tempera-
ture, decreased blood supply, and reduced paracrine factors.
Schmidt et al. [101] reported findings after 12 auto-
transplantations of cryopreserved ovarian tissue. Although
the heterotopic site generated mature oocytes after stimula-
tion, no pregnancies were reported compared to two live births
obtained from orthotopic sites. Based on the current reports of
live births after ovarian tissue transplantation, orthotopic loca-
tions are likely to produce improved fertility in comparison to
heterotopic locations [18, 100]. In fact, only a small number of
live births after a heterotopic transplantation of cryopreserved
ovarian tissue have been reported. In two studies, Oktay et al.
[102, 103] reported three live births from the same patient.
These live births took place following a heterotopic transplan-
tation in a woman who previously underwent preconditioning
chemotherapy before hematologic stem cell transplantation.
As the authors point out, caution must be exercised when
interpreting the source of pregnancies because conception is
possible following recovery of (in situ) ovarian function after
aggressive chemotherapy [103]. However, despite the follicu-
lar activity and mittelschmerz-type pain observed in the in situ
ovary, conception may have been aided by the heterotopic

Table 1 Comparison of orthotopic and heterotopic ovarian tissue auto-transplantation

Attribute Orthotopic Heterotopic

Location Frozen-thawed cortical ovarian tissue to the remaining
ovary, ovarian fossa, or broad ligament

Frozen-thawed cortical ovarian tissue to the
subcutaneous abdominal wall, forearm, beneath the
peritoneum, and rectus muscle

Possibility of natural conception Yes No; requires IVF

Surgical approach Might be complexa, invasive Simple, less invasive

Advantages -Spontaneous pregnancy is possible
-No ovarian stimulation of delay in cancer treatments.

Favorable environment for follicular development
-Favorable environment for follicular/oocyte develop-

ment

-Easy access for follicular monitoring and oocyte
retrieval

-No ovarian stimulation of delay in cancer treatments.
Favorable environment for follicular development

-Alternative for patients with pelvic adhesions or poor
vasculature

-Increased surgical ease for transplantation

Disadvantage -Risk of reintroducing malignant cells
-Increased risk of post-grafting ischemia and follicular

atresia
-Spontaneous pregnancy can occur due to ovulation

from remaining ovary

-Risk of reintroducing malignant cells
-Increased risk of post-grafting ischemia and follicular

atresia
-Requires IVF
-Abnormal environment for follicle and oocyte

development

Documented restoration of endocrine
function

Yes; restoration of endocrine function 2–9 months post
grafting with functioned reported for up to 7 years

Yes; restoration of endocrine function 2–9 months post
grafting with functioned reported for up to 7 years

Documented live births Yes; >80 live births Yes; 2 live births

Delay premature ovarian
insufficiency

Possible Possible

Goal To resume endocrine and reproductive ovarian
functions

To resume endocrine and reproductive ovarian
functions

Freezing/thawing Slow freeing or vitrification Slow freezing or vitrification

Transplantation Avascular graft of frozen-thawed cortical ovarian tissue Avascular graft of frozen-thawed cortical ovarian tissue

a Due to pelvic adhesions, distorted anatomy, poor vasculature (post pelvic irradiation) [18, 62, 99–101]
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auto-transplanted graft [103]. Further studies are needed to
assess the possible augmentation of fertility following hetero-
topic auto-transplantation.

Although restoration of ovarian function has been re-
ported for both approaches, live births following bilateral
oophorectomy had only been documented from orthotopic
transplantations [104, 105] until the report by Stern et al. in
2013 [62]. Slices of cryopreserved frozen-thawed ovarian
tissue were grafted into the right and left anterior abdomi-
nal walls after the slow freezing technique. Following ovar-
ian stimulation and ICSI, the patient became pregnant
which resulted in the healthy live birth of twins. The man-
uscript by Stern et al. [62] provides evidence that cryopres-
ervation preserves follicular development and that standard
ovarian function and pregnancy can occur from a Bnon-
ovarian^ transplantation site. Although these results are
optimistic for women who do not have a suitable orthotopic
site for grafting, future randomized controlled trials com-
paring transplantation sites are needed.

Tissue cryopreservation combined with other assisted
reproductive technologies

Oocytes can be aspirated from antral follicles either in vivo or
ex vivo from removed ovarian tissue. Vitrification after
in vitro maturation (IVM) of immature oocytes obtained at
the time of ovarian tissue cryopreservation may further en-
hance fertility preservation. Segers et al. [106] and Fasano
et al. [107] successfully retrieved immature oocytes ex vivo
from ovarian tissue, with maturation rates between 31 and
36%. In 2016, Park et al. [108] reported maturation rates of
67.9% after retrieval of immature oocytes ex vivo. Yin et al.
[109] demonstrated an overall maturation rate of 29% after
IVM of immature oocytes with maturation rates directly pro-
portional to patient age. In contrast, Revel et al. [110] found
that the maturation rate, as well as the number of oocytes
obtained and cryopreserved, was not age dependent. Yin
et al. [109] further demonstrated a 64% survival after vitrifi-
cation and warming of the mature oocytes. Differences in
maturation rates may be due to ischemic time, culture medi-
um, cancer type, and ovarian tissue volume. Maman and
Meirow et al. [111] recently evaluated IVM during the follic-
ular and luteal phases specifically examining the number of
oocytes, maturation and fertilization rates, and the number of
oocytes and embryos frozen. The authors found no difference
between the two groups, indicating that luteal phase IVM of
immature oocytes may be offered when urgent fertility pres-
ervation is warranted.

Abir and colleagues [112] carried out IVM of immature
oocytes and oocyte cryopreservation after ovarian tissue re-
moval in female pediatric cancer patients both before and after
chemotherapy. Antral follicles were manually aspirated for
immature oocytes from the excised ovarian tissue after

oophorectomy. Retrieved oocytes underwent incubation in a
maturation medium. The ovarian tissue was slowly frozen,
and the mature, intact oocytes were cryopreserved [112].
Abir et al. [112] demonstrated maturation rates of 32 and
26.4% after IVM before and after chemotherapy, indicating
that fertility preservation may be possible after chemotherapy.
Frozen mature oocytes as a gamete source for cancer survivors
decreases the risk of reintroducing malignancy upon transfer
[112–114].

In 2014, Prasath and colleagues [115] reported the first live
birth from an immature oocyte that was aspirated ex vivo from
extracted ovarian tissue and matured and fertilized in vitro.
This patient had undergone a bilateral oophorectomy for ovar-
ian cancer. Both of her ovaries were found to have cancer
cells, and therefore, ovarian tissue auto-transplantation would
not be an acceptable option. Recent reports from in vitro fer-
tility laboratories have shown success with IVM with a 20 to
35% live birth rate from frozen IVM oocytes [108, 116–119].
Further studies evaluating the protocols and culture media
may improve maturation rates and possibly live birth rates.
Reports have indicated that in vivo collected immature oo-
cytes have improved quality, compared to ex vivo collection,
likely due to meiotic disturbances after temperature shifts dur-
ing removal [120]. A better understanding of the variables
involved will help guide when and how immature oocytes
can be collected.

To maximize their fertility potential, cancer patients with
may undergo a modified ovarian stimulation regimen follow-
ed by egg retrieval before the extraction of ovarian tissue for
cryopreservation and the initiation of chemotherapy. Hourvitz
and colleagues reviewed the records of their institution and
concluded that oocyte aspiration just prior to ovarian tissue
cryopreservation yielded more oocytes, with a better matura-
tion rate, than oocytes retrieved from ex vivo ovarian tissue
[121]. The combination of ovarian tissue stimulation, egg re-
trieval, and cryopreservation can optimize the endocrine func-
tion and fertility potential. These recent advancements in the
field of reproductive technology raise the question: which
combination of procedures and techniques might offer the best
chance of success for our patients?

With the integration of IVA (currently experimental) fol-
lowing ovarian tissue freezing, Kawamura and colleagues
have recently demonstrated that some women with primary
ovarian insufficiency (POI) can have live births following the
activation of immature follicles from ovarian tissue formerly
considered menopausal [67, 80]. The first live birth was re-
ported in 2013 in a 29-year-old woman with idiopathic POI
[80]. The IVA protocol is based on a considerable body of
work by Dr. Hsueh and colleagues, which includes mechani-
cal fragmentation of ovarian tissue and the incubation with
Akt-stimulating drugs [122, 123]. In this method, both ovarian
tissue fragmentation (leading to disruption of Hippo signal-
ing) and the incubation with Akt-stimulating compounds were
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used to stimulate the growth of resting/primordial follicles.
The mechanism of action of the Hippo signaling and Akt
activation has been reviewed [124]. To date, more than 20
women with POI have had their frozen-thawed ovarian tissue
treated with Akt-stimulating compounds. Following auto-
transplantation in nine of them, the ovarian tissue responded
to IVA treatment, and two out of these nine women had a
successful live birth [67]. Additionally, according to a recent
review by Kawamura et al. [125], two more patients had un-
dergone similar treatments and subsequently conceived.
These results suggest that the remaining follicles from vitrified
menopausal ovarian tissue can be stimulated in vitro, reach
maturity in vivo, regain sufficient endocrine function, and
produce live births. While the idea is promising, uncertainty
remains regarding potential negative effects of the drugs in-
volved on oocyte quality. In addition, in interpreting success-
ful live births following IVA in patients with POI, one must
also consider the 5% spontaneous pregnancy rate in women
with confirmed POI [126].

Potential complications/adverse events

Dysfunctional folliculogenesis following ovarian transplanta-
tion has been described [127–130]. Reasons for the dysfunc-
tion include asynchrony between granulosa cells and oocyte
maturation, oocyte damage, impaired hormonal balance due
to elevated follicular stimulating hormone levels, reduced
ovarian reserve, a delay before efficient revascularization of
the graft, and specific post-grafting activation. Ischemia is
likely responsible for follicular loss, as revascularization after
transplantation may take up to 48 h in rodents and up to 5 days
in humans [128].

Soleimani et al. [127] evaluated the effects of SIP on fol-
licular loss during revascularization after ovarian tissue trans-
plantation. They specifically addressed whether SIP could en-
hance neo-angiogenesis and follicular survival in a xenograft
model. Human tissue xenografts were placed in severe com-
bined immunodeficient mice and treated with SIP. The authors
found an increased vascular density, accelerated angiogenic
process, significant proliferation of ovarian stromal cells,
and reduced necrosis and tissue hypoxia which resulted in a
lower percentage of apoptotic follicles compared to controls
[127]. Shikanov et al. [128] concurrently evaluated the de-
creased follicular pool seen after ovarian tissue transplantation
due to ischemic death. The authors promoted angiogenesis in
a mouse model via a biomaterial-based system. Vitrified/
thawed ovarian tissue was encapsulated in fibrin modified
with heparin-binding peptide (HBP), heparin, and a vascular
endothelial growth factor (VEGF). The treatment group dem-
onstrated twice as many functioning primordial follicles, in-
creased blood vessels, and natural conception with live off-
spring [128]. Further research identifying other methods to
promote angiogenesis will likely serve to increase

reproductive potential by decreasing ischemia and follicular
loss in the immediate period after transplantation.

Oktay et al. [129] recently reported a live birth after ovarian
tissue transplantation with a human extracellular matrix scaf-
fold. This framework is thought to aid in the revascularization
of the cryopreserved ovarian tissue and therefore further en-
hance fertility after tissue freezing. The authors extensively
studied the viability of the ECTM with ovarian tissue in a
series of preclinical evaluations. They first determined the
appropriate ECTM thickness by comparing different sizes in
thawing media while evaluating its effectiveness with ovarian
cortical tissue from organ donor cadavers. They later
xenografted ovarian tissue with ECTM to immunodeficient
mice. After 10 days, the ovarian stroma had integrated into
the ECTM. Finally, they cultured mouse oocytes with ECTM
and compared them to controls. There was no difference in
oocyte survival when ECTM was used. In this translational
work, they evaluated two subjects over a 14-year follow-up
period. Each patient had a laparoscopic oophorectomy with
cryopreservation of ovarian cortical strips via the slow freeze
protocol. Transplantation with ECTM was later carried out
laparoscopically. Both patients underwent in vitro fertilization
with one ongoing pregnancy at the time of their writing and
one reported live birth [129]. Given that this is the first live
birth reported to date using this protocol, more research is
needed to demonstrate continued success.

Re-implantation of malignant cells together with the
grafted ovarian tissue remains a serious concern (Table 1). A
review published in 2013 [131] examined all available evi-
dence of malignancy risk, particularly in patients with leuke-
mia, which is the most common hematological cancer in
women below 20 years of age, followed by Hodgkin’s lym-
phoma and non-Hodgkin’s lymphoma. Polymerase chain re-
action (PCR) has demonstrated genetic material consistent
with leukemia in ovarian tissue, leading researchers to adopt
a restrictive approach regarding transplantation. Although fur-
ther study is required, leukemia patients who are in complete
remission may be candidates for ovarian tissue transplanta-
tion. In animal studies, mice that were transplanted with
PCR-negative tissue showed no evidence of malignancy
[132]. The concept of an artificial ovary may be useful in cases
in which malignant cells are suspected to be in the harvested
ovarian tissue. Selective transplantation and maturation of
healthy follicles in an artificial ovary could reduce or eliminate
the possibility of reintroducing malignant cells to a patient
who has been cured and wishes to conceive.

An additional fertility sparing approach involves in vitro
culture of primordial follicles with ovarian tissue cryopreser-
vation. Theoretically, ovarian follicles are cultured to produce
mature oocytes capable of fertilization [133]. Obrien et al.
have shown successful live births following in vitro develop-
ment of murine primordial follicles [134]. Telfer et al. [135]
demonstrated accelerated follicular growth of pre-antral
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follicles when cultured in the presence of activin A compared
with controls. The same group further demonstrated that 30%
of the surviving follicles cultured in activin A exhibited nor-
mal morphology with intact oocytes [135]. A later study by
Hornick et al. [136] evaluating primordial follicles demon-
strated further progress. Their study demonstrated that follic-
ular survival and morphology were optimal when cultured in
2% alginate. Ovarian tissue was maintained for up to 24 h at
4 °C without compromising follicular health. In 2013, Lerer-
Serfaty et al. [137] suggested improvements may be possible
with a two-step culturing system as discussed by Telfer et al.
[135, 137]. A short-term culture of ovarian tissue with PEG-
fibrinogen hydrogels to develop secondary follicles for later
isolation and culture may improve results. Further develop-
ments in culture media and strategies for in vitro maturation of
primordial human follicles may offer unique fertility sparing
options.

Discussion

In 2013 the American Society of Clinical Oncology
(ASCO) updated their guidelines stating that healthcare pro-
viders need to address the probability of infertility after
administration of gonadotoxic drugs and radiotherapy and
specifically identify available methods of fertility preserva-
tion [138]. In this review, we summarized the latest ad-
vances and successes in the field of ovarian tissue cryopres-
ervation, highlighted gaps in current knowledge, and point-
ed to opportunities for future research. Ovarian tissue auto-
transplantation in post-pubertal women is capable of restor-
ing fertility and has resulted in spontaneous conceptions,
with over 80 live births currently reported with pregnancy
rates of 23 to 37% [68–72, 82]. In contrast to oocyte cryo-
preservation, ovarian tissue freezing and transplantation are
still considered experimental [17]. Nonetheless, the recently
reported successes with live births from transplants both in
orthotopic and heterotopic locations as well as the emerging
methods of IVM, in vitro culture of primordial follicles, and
possibility of IVA suggest new fertility options for many
women and girls [7, 50–62, 138]. Further, transplantation
via the artificial ovary with an ECTM scaffolding to im-
prove revascularization as well as the effects of SIP and
fibrin-HBP-VEGF to promote neo-angiogenesis and follic-
ular survival are promising important advancements in fer-
tility preservation. Further research addressing whole ovary
cryopreservation and auto-transplantation with focused at-
tention on CPAs and avoidance of cryoinjury may lead to
improved graft survival. Further evaluation of in vivo ver-
sus ex vivo aspiration of immature oocytes for IVM to iden-
tify risk factors for decreased oocyte quality may lead to
improved maturation rates. Given the limited live births
reported in the literature, additional research reviewing the

factors affecting heterotopic transplantation sites may lead
to increased ovarian (graft) function post transplantation.
Additional studies evaluating culture media and techniques
for in vitro culturing of primordial follicles and drugs used
in the IVA protocols may lead to new fertility preservation
options for young women. Research identifying those fac-
tors which effect post-transplantation tissue ischemia and
follicular loss may lead to long-term ovarian function with
increased reproductive potential. Evaluating indications for
ovarian tissue cryopreservation as well as the possibility of
ovarian tissue cryopreservation after chemotherapy will ex-
pand the number of patients who may benefit from this
treatment modality. Further studies addressing these identi-
fied gaps are likely to improve ovarian tissue cryopreserva-
tion and auto-transplantation, thereby enhancing the endo-
crine and reproductive functions of women with conditions
which cause ovarian damage.

Although the primary goal of ovarian cryopreservation is
fertility preservation, transplantation of frozen-thawed ovarian
tissue may be used for other purposes as well. Bedaiwy et al.
[71] reported success after ovarian tissue transplantation for
primary ovarian failure. Other indications may include auto-
immune and hematological diseases which are treated with
chemotherapy, endometriosis, benign ovarian lesions, or those
undergoing a prophylactic oophorectomy [99].

The quantitative likelihood for a live birth following ovar-
ian tissue cryopreservation and auto-transplantation has not
yet been firmly established [83, 139–141]. The actual number
of women who have undergone auto-transplantation and the
number of transplantation attempts in each patient have not
been systematically reported. Furthermore, the majority of
live births that are reported come from ovarian tissues that
were cryopreserved by the slow freezing method rather than
vitrification. Additionally, the majority of women did not un-
dergo bilateral oophorectomy. Therefore, although less likely,
a conception from any functional ovarian tissue rather than
from the transplant cannot be ruled out. Previous authors have
suggested that a voluntary national registry would be a valu-
able resource as it would provide accurate statistics regarding
ovarian tissue cryopreservation and transplantation results
[18, 45].

The technique of ovarian tissue cryopreservation offers
hope to preserve the fertility for the millions of girls and young
women who will become cancer survivors. The field of tissue
cryopreservation is evolving and is likely to provide additional
achievements in the near future. Progress will likely be fueled
in part by advances in angiogenesis and biomechanics of tis-
sue engineering as evidenced by the first live birth after ovar-
ian tissue transplantation utilizing a human de-cellularized
extracellular tissue matrix as a scaffold. While ovarian tissue
cryopreservation and auto-transplantation, as a fertility pres-
ervation method, is currently experimental, further research
may allow this modality to become a standard of care for
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women facing the prospect of sterility from ovarian destruc-
tion caused by various diseases, including cancer.
Improvements in techniques, aided by assisted reproduction,
will likely fuel the development of highly efficient, patient-
friendly approaches.
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