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Abstract
The loss of fertility and early menopause are common after gonadotoxic therapies and radical pelvic surgery. The strategy of ovarian
tissue cryopreservation and auto-transplantation was introduced to prevent this significant quality of health issue. Ovarian trans-
plantation with cryopreserved tissue has gone through remarkable evolution in the last 20 years. In this review, we detail the history
and evolution of ovarian transplantation with cryopreserved tissue from its origins to the present. Ovarian cryopreservation and
transplantation approach was first tested with animal models. The approach was then validated in human ovarian xenografting
models before being applied to patients in pioneering clinical studies. The first orthotopic and heterotopic approaches to ovarian
transplantation was developed by Oktay et al. who reported the first successful restoration of ovarian function with these approaches
beginning in 2000 with first embryo development in 2004. Controversy remains onwhen the first live birth occurred after orthotopic
ovarian transplantation with cryopreserved tissue as the patient was ovulating with elevated progesterone levels in the case reported
in 2004; first live birth is likely to be the one reported by Meirow et al. in 2005. Nevertheless, the technique has evolved to reach a
level where most recent live birth rates are exceeding 35% and the procedure is no longer considered experimental by many.

Keywords Fertility preservation . Cryopreservation . Tissue transplantation . Primary ovarian insufficiency . Drug-related side
effects and adverse reactions

Earlier Attempts with Fresh Ovarian Tissue

Though the first successful ovarian auto-transplantation with
cryopreserved tissue was not reported until 2000 [1], ovarian
transplantation for restoration of fertility has been considered

since the end of the nineteenth century. A New York surgeon
reported a case of fresh ovarian allografting in 1906 [2] with
restoration of endocrinological function confirmed by regular
periods after a few months (Fig. 1) [3]. Four years after the
grafting, the woman reportedly conceived and delivered a
child. However, it is difficult to verify this report because the
pregnancy was reported as a “hearsay.” Moreover, an alloge-
neic ovarian transplant would have required immunosuppres-
sive agents to prevent rejection, which were not available at
the time. Nevertheless, this case represents the first report of
experimentation with ovarian tissue transplantation prior to
the cryopreservation era.

Evolution of Ovarian Tissue Cryopreservation

Ovarian transplantation was transformed into a fertility preser-
vation and restoration procedure with the valuable advances
made by many animal scientists and researchers (Fig. 2).
During the 1950s, numerous researchers studied
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cryopreservation of ovarian tissue in laboratory animals, rats in
particular [4–7]. However, the efforts were largely abandoned
until the 1990s because of poor results deriving from the lack of
effective cryoprotectants and freezing protocols. In fact, until
the 1970s, the only available cryoprotectant was glycerol,
which was initially used for sperm freezing in the field of re-
production. When utilized for ovarian tissue freezing, glycerol
proved to be ineffective because only about 10% of the primor-
dial follicles survived thawing [7]. In the 1970s, more effective
cryoprotectants, including propanediol, ethylene glycol, and
dimethyl sulfoxide (DMSO) were discovered, opening the door
for advancements in ovarian tissue cryopreservation [8, 9].

In the 1970s, some attempted orthotopic fresh whole-ovary
transplantation by means of vascular anastomosis, but this ap-
proach could not be used as a fertility preservation approach
because it is not technically feasible to efficiently freeze an
intact human ovary with its blood vessels. Furthermore, the
experiments performed in rabbits [10, 11] and sow [12] resulted

in a high incidence of complications such as thrombosis of the
anastomotic pedicle and the formation of dense adhesions that
encapsulated the ovary. A later study in sheep with frozen
whole ovaries also showed limited success and similar compli-
cations [13]. Hence at the present time, prospect for whole-
ovary cryopreservation and transplantation is unclear in
women.

In the 1990s, ovarian tissue cryopreservation and transplan-
tation studies were repeated in rodents using small pieces of
ovarian cortex and modern cryoprotectants, resulting in resto-
ration of ovarian endocrine function and fertility [14–16].

Human ovary differs in characteristics from that of mice in
that it is much larger and more fibrous. Although not identical to
the human counter-part, sheep ovarymay serve as a bettermodel.
Using the sheep as a model and utilizing DMSO as the cryopro-
tectant, the first pregnancies after ovarian transplantation were
reported in 1994, one from a fresh transplant and another from
a frozen-thawed graft [17]. These studies also showed that ovar-
ian tissue frozen as strips can be grafted later, revascularizing
spontaneously and producing functional follicle growth; there
was no need for a whole-ovary preservation and transplantation,
which remains technically infeasible even today.

Though ovarian cortical pieces revascularize spontaneous-
ly obviating whole-organ transplants, there is a price to be
paid during the ischemic revascularization period in the cur-
rency of primordial follicles. Animal studies revealed that
ovarian cortical strips revascularize in mice within 48 h of
grafting [18]; in sheep, there is a complete revascularization
within 1 week [17]. In a xenograft model utilizing sheep ovar-
ian tissue, it was shown that only a small percentage of folli-
cles (7%) was lost during freezing and thawing, while a much
larger proportion (68%) was lost during the ischemic phase of
tissue revascularization after transplantation [19]. This initial
ischemic follicle loss remains to be one of the most significant
rate-limiting steps in ovarian transplant success, but as will be
discussed later, some promising advances have been made to
improve post-ovarian transplant reserve loss.

Determination of the Feasibility of Human
Ovarian Tissue Cryopreservation
and Transplantation in Laboratory Models

After the establishment of success of ovarian tissue cryopres-
ervation in animal studies using modern cryoprotectants, sev-
eral groups reported similar success with human ovarian tissue
using the samemodern cryoprotectants. Hovatta et al. reported
in 1996 that human primordial follicles can survive reasonably
well with the use of DMSO and propanediol-sucrose as cryo-
protectants [20]. Oktay et al. also reported in an in vitro study
with human ovarian tissue that primordial follicles survive and
remain viable after cryopreservation and thawing withmodern
cryoprotectants [21].

Fig. 1 Intrauterine ovarian transplantation as depicted byMorris in 1895.
(A) Suture at the site of graft insertion; (B) ovarian graft; (C) drainage
wick. In this technique, the surgeon anticipated direct ovulation into the
uterus, bypassing fallopian tubes
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In 1998, Oktay et al. further demonstrated the feasibility of
ovarian cryopreservation and transplantation, this time using
human ovarian tissue in a xenograft model. In this model,
Oktay et al. showed that the transplanted follicles can grow to
the antral stage and can produce estradiol for as long as
6 months [22]. Similarly, Oktay et al. showed that frozen-
thawed ovarian xenografts survived and gave rise to follicle
growth initiation in the same model [23]. These successful an-
imal models in vivo, as well as human ovarian xenograft and
human studies in vitro, suggested that ovarian cryopreservation
followed by auto-transplantation could succeed in patients.

Development of the First Successful Human
Ovarian Auto-Transplantation Technique
with Previously Frozen Tissue: A First Hand
Account of the History

Encouraged by the results from animal and human tissue stud-
ies [14–18, 24], Dr. Oktay began translating this work to

patients as early as in 1996 upon his return from the
University of Leeds, where he performed the initial laboratory
studies under the tutelage of a pioneer scientist Dr. Roger
Gosden; Dr. Oktay obtained the first institutional review board
approval for ovarian tissue cryopreservation and transplanta-
tion in the USA and began cryopreserving ovarian tissue from
cancer patients as early as in 1997.

In 1998, Dr. Oktay received a call from Dr. Gosden who
was referring a patient who had her ovarian tissue frozen else-
where. The patient was looking for a center to have her tissue
transplanted back to her, albeit to restore her ovarian endo-
crine function. Dr. Oktay took on this patient and worked on
developing the first ovarian auto-transplantation technique
with previously frozen tissue. Dr. Oktay started working on
pig models in order to perfect a laparoscopic technique for
transplantation. Because this patient had no remaining ovary,
the tissues had to be transplanted elsewhere in the pelvis.
Inspired by xenograft models, and after experimentation in a
pig model, Dr. Oktay decided to graft the tissues under the
pelvic peritoneum in the ovarian fossa. Nevertheless, suturing
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each ovarian piece laparoscopically to the sidewall was tech-
nically challenging and time-consuming, likely affecting tissue
viability. Dr. Oktay then utilized Surgicel® (Ethicon,
Sommerville, N.J.), a polycellulose hemostatic material to form
an absorbable scaffold to which he attached the cortical pieces that
were strung using a delayed absorbable suture. This triangular
scaffold with ovarian cortical pieces attached would be grafted
into a pelvic peritoneal pocket laparoscopically. After numerous
practice runs with a pig model, the stage was set for the first
ovarian transplantwith cryopreserved tissue inmedical history [1].

Added to this was another innovation, although this has not
been reported until now, Dr. Oktay used the first prototype of a
surgical robot, the Automated Endoscopic System for Optical
Positioning (AESOP), to assist the laparoscopic procedure.
This robot was first trained for the surgeon’s voice, who then
used voice commands to control the laparoscope from a headset.

In 1999, the procedurewent forward. The patient hadmultiple
samples of ovarian cortex, measuring 2 by 2mm to 5 by 10mm,
which were previously cryopreserved via slow freezing using
propanediol as the cryoprotectant. At that time, Dr. Guvenc
Karlikaya was a research fellow in Dr. Oktay’s lab. On the day
of surgery, Dr. Guvenc Karlikaya thawed the tissues. Dr. Oktay
then strung cortical pieces on a delayed absorbable suture and
attached 3–4 strings to a scaffold, forming two reconstructed
grafts. These were then inserted into the pelvis through an oper-
ative port and were sutured under the pelvic peritoneum in the
ovarian fossa on one side (See Video 1).

Daily administration of gonadotropins 15 weeks after
transplantation resulted in follicular growth and ovulation.
Continued function was demonstrated for up to at least 6-
month post-transplantation by follicular growth in response
to gonadotropin stimulation, confirming the long-term surviv-
al of the tissue [1].

After this first successful case, Oktay and colleagues con-
tinued to develop additional ovarian transplantation tech-
niques. When transplantation to the pelvis is not technically
feasible, alternative transplantation sites may be needed.
Drawing on the experience with ovarian xenograft models
and based on the successful transplantation of frozen-thawed
parathyroid tissue in the forearm [25, 26], Oktay et al. per-
formed the first heterotopic ovarian auto-transplantation tech-
niques, first to the forearm [27, 28] and then to lower abdom-
inal wall, subcutaneously [29]. All of these transplants result-
ed in restoration of ovarian endocrine function, follicle devel-
opment, oocyte retrieval, and, in some cases, embryo devel-
opment, demonstrating the feasibility of the heterotopic ovar-
ian technique [27–29]. Hence the first embryo development
from frozen-thawed and transplanted ovarian tissue was re-
ported in 2004 by Oktay et al [29].

Subsequently, live births were reported by Stern et al.
with the lower abdominal wall heterotopic ovarian trans-
plantation technique [30, 31]. Interestingly, in one patient
tha t Dr. Oktay pe r fo rmed he t e ro top ic ova r i an

transplantation to the lower abdomen, four spontaneous
pregnancies and three consecutive live births occurred
(you can listen to the patient’s account of the story here:
https://youtu.be/9XnsrmBIOXM). The patient had
undergone bone marrow transplantation and was
menopausal for over 2 years. Prior to the ovarian auto-
transplantation, multiple ultrasound examinations
confirmed that the remaining ovary was atrophic. This
report called into question the origins of pregnancies
after ovarian transplants and whether the transplanted
ovary can help recover the damage in the remaining
ovary [32, 33]. There were several speculations to
explain the mechanism of conception in this patient.
Even though unlikely in the scenario of repetitive
pregnanc ies and pr ior hematopoie t ic s tem cel l
transplantation (HSCT), spontaneous recovery of ovarian
function in the menopausal ovary, regardless of the
ovarian transplant, cannot be ruled out. In fact, there are
several reports of spontaneous pregnancies and live births
after preconditioning chemotherapy for HSCT [34, 35].
Other speculat ive explanat ions for spontaneous
pregnancies after heterotopic ovarian transplantation
include regenerative signals originating from the
transplanted ovary to the damaged ovary to potentially
induce recovery and regeneration of primordial germ
cells as well as potential germ cell transport from the
healthy transplanted ovary to the menopausal ovary [33].

When Did the First Live Births Occur
after Auto-Transplantation of Cryopreserved
Ovarian Tissue?

In 2004–2005, reports of first live births arrived after laparoscop-
ic transplantation of previously cryopreserved ovarian tissue.
Even though a case reported by Donnez et al. was claimed to
be the first live birth [36] (Fig. 3A),we and others have expressed
concerns about this assessment [37, 38]. Specifically, the patient
received low-toxicity gonadotoxic treatment, and she was ovula-
tory from the residual ovary at the time of ovarian transplantation.
The elevated serum progesterone level at the time of ovarian
transplantation was later reported by some members associated
with that team [39]. Therefore, it is not possible to rule out that
the woman would have conceived on her own, regardless of the
ovarian cryopreservation or transplantation.

In 2005, Meirow et al. reported a case where a pregnancy
occurred after ovarian auto-transplantation in a patient who ex-
perienced premature menopause after high-dose chemotherapy
for non-Hodgkin lymphoma. The patient’s ovarian tissue had
been harvested after administration of a second-line conventional
chemotherapy regimen but before treatment with high-dose che-
motherapy with alkylating agents. Patient’s menopausal status
was confirmed by 24 months of amenorrhea and elevated levels
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of endogenous gonadotropins prior to the transplantation [40].
During the surgery, thawed ovarian cortical pieces were
transplanted under the cortex of the remainingmenopausal ovary
(Fig. 3B). Eight months after the auto-transplantation, ultrasound
examinations revealed follicle growth and the patient had a men-
strual period. Gonadotropin levels returned to the non-
menopausal range. She underwent in vitro fertilization and em-
bryo transfer, which resulted in the delivery of a healthy baby at
term. Because the patient had received a highly gonadotoxic
treatment regimen and was clearly shown to be in ovarian failure
prior to ovarian transplantation, to our opinion, the case reported
by Meirow et al. is more likely to be the first live birth.
Nevertheless, live births in patients who had both ovaries re-
moved prior to ovarian transplantation leave no question that
the origin of pregnancies is the transplanted tissue in the majority
of the cases [41, 42].

Evolution of Ovarian Transplantation
Techniques to Improve Ovarian Tissue
Survival and Vascularization

Surgical technique is likely to be a key component in the
success of ovarian transplantation with cryopreserved tissue,
to reduce the previously discussed loss of primordial follicles
that occurs in the first period after transplantation [19, 43].
Several ovarian transplantation techniques have evolved since
the first report of the transplantation into pelvic side wall
pocket in 2000 [1]. Some suggested improvement of that tech-
nique by opening a peritoneal window 1 week prior to the
laparoscopic transplantation (Fig. 3A) with the aim of enhanc-
ing revascularization [36]. However, there has not been exper-
imental data to support that this approach would improve graft
revascularization nor this seems to be practical, as it requires

Fig. 3 Other techniques of
ovarian tissue auto-
transplantation. (A) The
technique reported by Donnez
et al. in 2004 where peritoneal
window is created 8 days before
the actual deposition of cortical
pieces in the same peritoneal
pocket without suturing. (B) A
technique reported by Meirow
et al. in 2005 by inserting thawed
ovarian pieces inside the tunnels
created under the cortex (left
panel) of the remaining
menopausal ovary
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two separate surgeries within a week. Others reported trans-
plantation of frozen-thawed cortical pieces under the ovarian
cortex [40, 44] (Fig. 3B) or into the medulla of remaining
ovary [45] with or without a fibrin glue, but again, systemic
evaluation of these approached have not been reported mainly
due to the still rarity of ovarian transplant procedures.

Another key improvement in ovarian transplantation tech-
niques may come from the use of pro-vascularizing agents.
Sphingosine-1-phosphate (S1P) is a ceramide-induced death
pathway inhibitor with previously proven protective effect
against radiation- [46] and chemotherapy-induced [47] apo-
ptotic death. In a human ovarian xenograft model, Oktay lab-
oratory discovered that continuous infusion of S1P can accel-
erate neovasculogenesis, reduce hypoxia, and maintain pri-
mordial follicle density post-ovarian transplantation, thereby
improving the likelihood of ovarian transplant success and
longevity [43]. While S1P has never been used in humans,
its synthetic analog has been approved by FDA for the treat-
ment of multiple sclerosis [48]. Future clinical trials may in-
vestigate the role of this synthetic analog in improving ovarian
transplant success.

Introduction of Robotic-Assistance
and Neovascularizing Human Extracellular
Tissue Matrix Scaffold to Improve Ovarian
Auto-Transplantation Outcomes

After the first successful ovarian transplantation, Dr. Oktay
continued to develop the robotic-assisted techniques which
combine the advantages of laparoscopy such as the magnifi-
cation, reduced post-operative pain, and reduced adhesion
formation [49], thereby increasing the possibility of natural
conception after ovarian transplantation, with the advantages
of open surgery such as the 3D vision and the degrees of
freedom of the human wrist. Furthermore, with robotic sur-
gery, more delicate handling of the ovarian tissue, fine anas-
tomosis of the graft to the recipient site, and reduced time from
thawing to transplantation may be achieved [50, 51].

Some suggested careful hemostasis to avoid hematoma devel-
opment that could compromise the attachment of the graft [52].
In the robotic technique, energy use is avoided to control small
bleeding as it may compromise the microvascular supply in the
recipient site. In addition, to further enhance vascularization and
avoid microthrombi, the patients are treated with transdermal
estrogen pre-operatively [53]. Prior to transplantation, thawed
ovarian tissues are sutured onto a decellularized human extracel-
lular tissue matrix generated from cadaver skin (Alloderm®
LifeCell Corp, Branchburg, NJ) which may aid the revasculari-
zation process [54] (Video 2). Oktay et al. reported the first
pregnancies with robot-assisted ovarian transplantation recently
[53]. Onewomanwith hemophagocytic lymphohistiocytosis and
another with non-Hodgkin lymphoma underwent ovarian

cortical tissue transplantation to the contralateral menopausal
ovary with the robot-assisted technique utilizing Alloderm®. In
both patients, ovarian tissue harvesting had been performed be-
fore preconditioning chemotherapy for hematopoietic stem cell
transplantation. The women experienced ovarian failure post-
chemotherapy and underwent successful ovarian cortical tissue
transplantation 7 and 12 years later. The first patient had multiple
embryos cryopreserved and then conceived following her first
fresh in vitro fertilization-embryo transfer and delivered a healthy
child at term. The patient spontaneously conceived a second
child, and delivered at term, as this mansucript was pending
publication. She has multiple frozen embryos remaining for fu-
ture attempts. The secondwoman underwentmultiple IVF cycles
to cryopreserve embryos first. She conceived on her first frozen
embryo transfer attempt and delivered a healthy child at term.
She subsequently underwent another frozen embryo transfer,
conceived, and recently delivered her second child. Numerous
other patients have undergone successful robot-assisted ovarian
transplant procedures, whose results will be reported in the
near future. Based on this recently accumulated evidence,
robot-assisted approach with Alloderm® scaffold may result in
more robust ovarian function compared to conventional ovarian
transplant approaches, but data from larger number of women are
awaited [48].

Conclusions

The major advances and progress that have been achieved by
numerous researchers in the last 20 years elevated ovarian
cryopreservation and transplantation to a level where it may
no longer be considered experimental. In fact, American
Society of Reproductive Medicine has recently moved to re-
move this procedure from the experimental category. Based
on our recent meta-analysis, 62.3% of women undergoing
ovarian cryopreservation and transplantation conceive spon-
taneously, and 63.9% have prolonged ovarian endocrine func-
tion. These are highly encouraging indicators. While the same
meta-analysis indicated a 37% cumulative live birth and

Table 1 Frozen-thawed ovarian tissue transplants outcomes from a
recent meta-analysis

Age at cryopreservation (range) 29.3 ± 6.5 years (9–44)

Age at transplantation (range) 33.0 ± 5.7 years (13.8–45)

Maternal age at delivery 30.4 ± 4.2 years (23–40)

Gestational age at delivery 38.2 ± 1.8 weeks (33–41.2)

Cumulative clinical pregnancy/woman 57.5% (69/120)

Cumulative live birth/woman 37.7% (65/172)

% spontaneously conceiving 62.3% (48/77)

Endocrine function/woman 63.9% (55/86)

Mean graft longevity 26.9 ± 25.6 months (4–144)
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ongoing pregnancy rate per patient worldwide, with increased
experience and improved surgical techniques, current success
rates are likely to be higher (Table 1) [55]. Ovarian cryopres-
ervation followed by auto-transplantation offers a unique ap-
proach to preserving and restoring natural fertility in both
children and women and its true potential is yet to be
determined.
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