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In current years, ovarian tissue cryopreservation (OTC) and transplantation is gaining

ground as a successful method of preserving fertility in young women with primarily

cancer diseases, hereby giving them a chance of becoming biological mothers later

on. However, OTC preserves more than just the reproductive potential; it restores the

ovarian endocrine function and thus the entire female reproductive cycle with natural

levels of essential hormones. In a female population with an increased prevalence in the

loss of ovarian function due to induced primary ovarian insufficiency (POI) and aging,

there is now, a need to develop new treatments and provide new opportunities to utilize

the enormous surplus of follicles that most females are born with and overcome major

health issues associated with the lack of ovarian hormones. Cell/tissue-based hormone

replacement therapy (cHRT) by the use of stored ovarian tissue could be one such

option comprising both induction of puberty in prepubertal POI girls, treatment of POI

and premature menopause, and as primary prevention at the onset of menopause. In

the current review, we explore known and entirely new applications for the potential

utilization of OTC including cHRT, social freezing, culture of immature oocytes, and a

modern ovarian resection for women with polycystic ovaries, and discuss the indications

hereof.

Keywords: ovarian tissue cryopreservation, fertility preservation, cell/tissue-based hormone replacement therapy,

induction of puberty, ovarian resection, social freezing, in vitro maturation

INTRODUCTION

The follicle constitutes the functional unit of the ovary and produces steroids and peptide
hormones to regulate the female reproductive cycle. During the follicular phase more than
90% of the available oestradiol is produced by a single selected preovulatory follicle, which
in the luteal phase is transformed to the corpus luteum that secretes progesterone in high
concentrations. The unique physical distribution of the follicular reserve within the ovary,
with the vast majority of small resting follicles located in the outer cortical region and the
growing stages of follicles located in the inner medullary region, represents a perfect opportunity
to preserve an organ function without freezing the entire organ. By isolating the cortical
region, containing 90% of the follicular reserve, human ovarian tissue has been successfully
cryopreserved for fertility preservation in young women with cancer diseases for over two

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2018.00347
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2018.00347&domain=pdf&date_stamp=2018-06-28
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:stine.gry.kristensen@regionh.dk
https://doi.org/10.3389/fendo.2018.00347
https://www.frontiersin.org/articles/10.3389/fendo.2018.00347/full
http://loop.frontiersin.org/people/404288/overview
http://loop.frontiersin.org/people/370353/overview


Kristensen and Andersen OTC-More Than Just Fertility Preservation

decades. Subsequent transplantation of thawed ovarian tissue
has restored ovarian endocrine function in 95% of the patients
and resulted in the birth of over 130 children worldwide (1, 2).
Half of all the children born have been conceived by natural
conception, which highlights the exceptional ability of this
procedure to actually restore an entire organ function in contrast
to conventional fertility preserving strategies like oocyte and
embryo freezing, in which the fertility potential is fixed by the
number of oocytes retrieved and IVF is the only option to
conceive. Moreover, ovarian tissue cryopreservation (OTC) can
be performed from day to day and is therefore the only fertility
preserving strategy for girls and young women who needs to
undertake acute gonadotoxic treatment, and for prepubertal girls
who do not yet produce mature oocytes for freezing.

Primary ovarian insufficiency (POI) is defined as the cessation
of the ovarian function before the age of 40 years, and is
a common cause of infertility in women. Its incidence is
estimated to be as high as 1 in 100 by the age of 40, and 1 in
1,000 by the age of 30 years (3, 4). Spontaneous POI include
genetic, autoimmunological, inflammatory, enzyme deficiency,
metabolic, or very often idiopathic causes, whereas induced POI
occurs mainly due to oncological treatment such as surgery
(bilateral oophorectomy), chemotherapy and radiotherapy (5).
POI not only interferes with a woman’s reproductive potential,
but the cessation of sex steroid production is also associated with
an increased risk of osteoporosis, cardiovascular disease, earlier
mortality, obesity, sexual dysfunction, dementia, and cognitive
decline (6–8).

Up until now fertility preservation has been the primary
goal of OTC in young girls and women diagnosed with a
malignancy or genetic disease threatening to destroy their
ovarian reserve. However, the restoration of an organ function,
the steroidogenic capacity of the transplanted ovarian tissue
and the unique access to immature oocytes from small antral
follicles have now evoked new perspectives and ideas to expand
the utilization of OTC beyond its traditional purpose of fertility
preservation for medical reasons. These novel ideas approach
a broader population of women and include utilization of
OTC for cell/tissue-based hormone replacement therapy (cHRT),
non-medical reasons, optimizing culture systems for immature
oocytes, and performing a modern ovarian resection for women
with polycystic ovaries (Figure 1). This kind of ideas which are
technical possible, but not yet proven, will undoubtedly raise
controversy in the field and a plethora of questions concerning
the ethics, safety, cost-effectiveness, superiority, and implications
of the proposed procedures. In this paper, we aim to explore
known and entirely new applications for the utilization of OTC
and discuss the indications for such procedures.

CELL/TISSUE-BASED HORMONE
REPLACEMENT THERAPY (cHRT)

More efficient cancer treatments combined with a general
increase in life expectancy have led to a higher frequency of
POI in a growing population of cancer survivors and aging
women. It is widely accepted that the pillar of treatment of

POI is pharmacologic hormone replacement therapy (pHRT), at
least until the average age of natural menopause. Pharmacologic
HRT with estrogen alone or estrogen and progestogens in
combination is known to effectively compensate for the loss of
ovarian hormone production, but only when it is delivered at
an optimal dosage, frequency, and at an appropriate time (8, 9).
Unfortunately, pharmacological delivery methods of HRT are
not integrated into the hypothalamic-pituitary (HP) axis which
would facilitate feedback and regulation of dosage and timing of
circulating hormone levels. As such, pharmacological hormone
delivery results in consistently higher serum concentrations as
compared to those associated with normal functional ovaries.

New approaches using cHRT offer a potential physiological
solution to timely control of hormone delivery and the ability
to restore the functionality of the HPO axis. OTC can be used
as cHRT as thawed ovarian tissue grafted into the pelvis cavity
restores the natural hormone milieu and endocrine function of
the ovary which have been consistently documented by a rise
in estradiol and a decrease in FSH and LH levels returning to
premenopausal levels 4–5 months after transplantation leading
to cessation of menopausal symptoms and renewed menstrual
cycles in the vast majority of transplanted patients (1, 10,
11). Restored hormone production may even be the desired
effect rather than fertility restoration in some patients (10),
and a more appealing alternative to pHRT for some women.
In Denmark around a dozen young women who entered
menopause due to cancer treatment have had frozen/thawed
tissue transplanted only to become a “normal woman” again and
avoid menopause (10), The average duration of graft function
is approximately 5 years, but the function can persist for over
9 years (10), depending on the follicular density at the time
of OTC (2). The transplantation procedure may be repeated
multiple times in order to stretch the longevity of the tissue,
if sufficient amounts of ovarian tissue has been stored, hereby
extending the lifespan of ovarian endocrine activity up to 11
years or more (12, 13). If patients are merely in the need
of sex steroid production, a heterotopic graft site like the
abdominal wall or a subcutaneous site may be preferred over
an orthotopic site as it requires less invasive surgery and would
obviate the need for general anesthesia and a laparoscopic
procedure. A cHRT approach combining a heterotopic graft
site with multiple transplantations extending the longevity of
banked ovarian tissue can therefore facilitate prolonged ovarian
endocrine function and have implications way beyond fertility
preservation.

Inducing Puberty in Pre-pubertal POI Girls
Survivors of childhood cancer represent a rapidly growing
population of patients in which temporary or permanent
POI is a common side effect of the cytotoxic treatments.
In addition, POI often has a genetic background with more
than 50 genes in which mutations can be causative and
many other genes that may be implicated (14). These genes
can affect various processes such as gonadal development,
DNA replication/ meiosis and DNA repair, hormonal signaling,
immune function, and metabolism, and include conditions
like Turner syndrome, sickle cell anemia, thalassemia, and
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FIGURE 1 | Potential applications for ovarian tissue cryopreservation beyond fertility preservation in young women with cancer diseases. OTC, ovarian tissue

cryopreservation; cHRT, cell/tissue-based hormone replacement therapy; POI, premature ovarian insufficiency; PCOS, polycystic ovary syndrome.

galactosemia. These young girls often experience delayed puberty
or need pHRT to induce puberty to enable the pubertal
growth spurt as well as development of secondary sexual
characteristics. However, pharmacological delivery of increasing
doses of estrogen followed with progesterone only address
some aspects of puberty and does not completely match
the physiological complexity of the hormonal milieu during
puberty. Moreover, there is only limited data on the long-term
safety of exogenous hormones in childhood cancer survivors
and pHRT can cause potentially significant side effects (15,
16).

Cell/tissue-based HRT can therefore be an attractive approach
to provide a more physiological hormonal milieu for induction
of puberty in pre-pubertal POI girls. In 2012, Poirot and co-
workers published the first case report showing that stored
ovarian tissue from pre-pubertal girls can provide adequate
endogenous sex steroid hormone levels to induce puberty (17).
In this case, a 13-year old girl developed POI after being
treated for sickle-cell disease at the age of 10, and after
having 3 out of 23 stored ovarian pieces transplanted, she
entered puberty. A second case report was published shortly
after with another 13-year old girl who had developed POI
following treatment for Ewing sarcoma at the age of 9 (18).
In both cases, a unilateral oophorectomy was performed before
treatment and a small proportion of the frozen ovarian cortical
fragments (i.e., 10–20% of the stored tissue) were transplanted
to a heterotopic location in the former case and to the
remaining ovary in the latter. Puberty was successfully induced
in both girls although the graft function failed after nearly 2
years.

It can be discussed whether or not young girls should choose
to save their ovarian tissue for later use to achieve fertility
instead (19), but using only a small percentage (i.e., 10–20%)
of the stored tissue might be worth it for some young girls to
feel “normal” during a critical period of their emotional and
social life as the physical maturation process directly affects
body and brain to alter children’s needs, interests, and moods.
Several studies have suggested that young childhood cancer
survivors with POI face significant psychosexual dysfunction
and that the symptoms of POI could severely stunt social
growth and exacerbate anxiety and feelings of isolation (20,
21). Therefore, cHRT could potentially be beneficial in the
long run at both the physiological and psychological level, and
the preferred choice for some pre-pubertal POI girls in order
for them to experience the life of every other teenager and
becoming a woman with physiological levels of sex hormones.
However, the preferred treatment for young girls with POI
is still pHRT, as it is cheap, simple, and ready available and
does not include any surgical intervention. Moreover, the
theoretical superiority of physiological hormone levels over
the pharmacological levels for induction of puberty has not
been proven in any human clinical trials and awaits further
research.

Achieving or Postponing Natural
Menopause
One century ago the average life expectancy corresponded to
the natural age of menopause around the age of 50 years,
however, nowadays the majority of women live beyond 80 years
in many developed countries, and the demographic structure
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is changing toward an increasingly aging population in which
women will spend 30–40% of their lives being postmenopausal.
In combination with the increasing population of cancer
survivors experiencing POI these developments in society calls
for preventive strategies to alleviate and decrease short- and long-
term consequences and health risks associated with the lack of
ovarian endocrine function.

The use of pHRT has been vigorously debated for several
decades. In the 1980’s and 90’s pHRT was administered to
millions of women to relieve menopausal symptoms and by the
mid-1990s estrogen became the biggest-selling prescription drug
in the US. However, it all changed with the publication of the
results from the Women’s Health Initiative (WHI) randomized
clinical trials in 2002 (22), suggesting pHRT to cause an increased
risk of breast cancer, after which many women discontinued
pHRT or avoided starting pHRT at all ages, including before age
50 years (23, 24). One of the big misunderstandings was that the
results from the WHI studies were inappropriately extrapolated
from women in the late postmenopausal stage (aged >60 years)
to younger women in the early stage of postmenopause (50–
59 years), and even further to women experiencing premature
or early natural menopause. The WHI study was built upon
numerous observational studies and clinical trials consistently
demonstrating benefits in the prevention of chronic diseases,
which include reduced coronary heart disease (CHD) and
mortality, when pHRT was initiated near the onset of menopause
(25–30). TheWHI study was therefore designed to test the effects
of pHRT in women initiating treatment a decade or more after
menopause. This is where the “timing hypothesis” comes into
play and suggest that different clinical effects occurs if hormones
are initiated close to the onset of menopause compared with
several years later (31). Basic and animal studies together with
clinical studies have now shown that the timing of pHRT can
be crucial with respect to especially CHD, cognitive decline, and
dementia (8, 31–34). In 2005, theMulti-Institutional Research on
Alzheimer Genetic Epidemiology study showed that the risk of
dementia was reduced in women who initiated hormonal therapy
at age 50–63 years, but was not reduced in women who started
hormonal treatment at ages 64–71 or 72–99 years (35).

Reassessment of clinical trials in women initiating pHRT
close to the onset of menopause together with more recent
studies and meta-analyses now show a long list of benefits
with estrogen alone therapy, and risks are considered rare.
Beyond symptomatic relief, improvements in quality of life and
a reduction in osteoporosis, estrogen-based therapy has now
been shown to be cost-effective and have a very favorable risk–
benefit profile in healthy women under the age of 60. Specifically,
estrogen alone therapy have been shown to consistently decrease
CHD in women under 60 years of age by up to 40% and to
decrease all-cause mortality by 20–40% (36–38). Moreover, a
long-term follow up on the WHI study showed that estrogen
alone therapy resulted in a significant decrease in the total risk
of cancer by 20% in women aged 50–59 years (39).

The majority of studies show benefits with estrogen alone
rather than with estrogen plus progestogen, however, no
particular HRT regimen can currently be advocated (31).
Moreover, the use of age-appropriate estrogen doses has been

reported to be crucial to maximize cardiovascular benefits
while minimizing risk of adverse effects such as venous
thromboembolism and stroke (32). This is where cHRT comes
into the picture and we hypothesize that transplantation of
stored ovarian tissue could be used to restore endocrine ovarian
function at the onset of menopause or for women entering
menopause prematurely. In 2015, we proposed that ovarian
tissue frozen in the young years could be transplanted back
at the time of menopause to provide continued endogenous,
physiological levels of steroid production to postponemenopause
(40). A small portion of stored ovarian tissuemay be transplanted
subcutaneously during local anesthesia multiple times providing
menstrual cycles for a prolonged period, using the woman’s
own tissue and follicles to sustain menstrual cycles with natural
variations in the whole armamentarium of hormones. In this
way, natural fertility will also be avoided and prevent senior
women to conceive spontaneously. Recent animal studies have
demonstrated that supraphysiological plasma levels of estrogen
were required for pHRT to achieve benefits in bone health that
were comparable to those achieved by cHRT (using ovarian cell
constructs) at much lower plasma hormone concentrations (41).
Such studies suggest a potential benefit of physiological secreted
sex steroid hormones under the control of the HPO axis at which
effects can be obtained at lower and safer plasma levels.

In theory, cHRT using OTC at a young age could be used
as a physiological solution to prevent the massive medical
legacy of osteoporosis and menopause-related conditions in
the large population of aging women, however, currently the
majority of women would probably not subject themselves to
an elective surgery purely for delaying menopause and it can
be argued whether or not any women would prefer to have
regular menstrual cycles up to 60 years of age, when readily
available pHRT compounds can deliver the hormones without
the bleeding. Nevertheless, OTC could potentially be justified
in some women already undergoing pelvic surgery for other
reasons for example, a Caesarean section or an appendectomy
where ovarian tissue could be collected and frozen as an adjunct.
This is, however, also an approach which is highly debatable and
may not be ethically and medically appropriate as no studies
have been conducted that directly or indirectly compare the
benefit and disadvantage of ovarian tissue removal for future
cHRT.

The group of women for whom the use of cHRT are most
likely to become a clinical option initially is the thousands
of women worldwide who have already had ovarian tissue
frozen for fertility preservation due to different malignancies
and genetic conditions. For various reasons, a large number of
these women will not have used their stored tissue by the time
they reach menopause, either prematurely or at the natural age
of menopause. Some of these women might wish to use their
store tissue for postponing menopause or to achieve natural
menopause which is nowadays recommended by many scientific
societies (8, 31). Studies have shown that women who become
postmenopausal before the age of 50 years and do not receive
any treatment have an increased risk for cardiovascular disease-
related mortality compared to women receiving pHRT (42–46).
Other studies have shown an almost doubled long-term risk of
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cognitive impairment or dementia in women who underwent
oophorectomy beforemenopause (47). A risk that was eliminated
if estrogen therapy was initiated after the surgery and continued
up to age 50 years or longer (47), which is advertising a need
for sustained ovarian function up to at least the age of natural
menopause.

However, many concerns and unanswered questions exist; Is
it safe? To whom is the risk-benefit profile actually favorable?
Are physiological hormones better than pharmaceutical? Careful
consideration of risks and benefits, individually structured
counseling and close monitoring are needed for each woman
who may want to use their ovarian tissue for primary prevention
or postponing menopause. To summarize, cHRT in the form
of stored ovarian tissue or ovarian cell constructs (41, 48, 49)
could potentially be used at the onset of natural or induced
menopause as an ideal time to institute preventative strategies
that could potentially increase the quality and length of women’s
lives. However, this is again technical possible but not proven in a
clinical setting with women in this age group, and it can be argued
that pHRT should be preferred in all cases as it is the cheapest
and simplest way to provide hormones, and no real evidence for
the superiority of physiological hormone levels exists. Therefore,
more research in the area of physiological and pharmacological
hormones is needed in order for this potential application to be
adopted clinically in the future.

OTC FOR NON-MEDICAL REASONS

In many countries women also have the opportunity to preserve
their fertility due to personal reasons and hereby postpone
childbearing. The increasing age of childbearing observed in
most high-income countries is often depicted as a result of
women selectively choosing to pursue a career and other life
goals before having children, however, evidence now suggests
that the primary reason is the lack of a partner who is willing
to commit to parenthood (50, 51). The traditional method of
fertility preservation for these social indications is vitrification of
mature oocytes. In recent studies, it has become evident that most
of the women who cryopreserve oocytes for non-medical reasons
are in their mid to late 30 s, well educated, socio-economically
advantaged and single (52–54). Data concerning the reproductive
experiences and outcomes of this growing group of women is still
very limited, but two severe issues with today’s policy for non-
medical oocyte freezing have emerged. First of all, women are
too old when they decide to store oocytes as the mean age at the
time of freezing is around 37 years (53, 55), whichmay be deemed
suboptimal (56). Additionally, one in five patients in this group
is a low responder and combined with the advanced maternal
age this results in one quarter of the women having fewer than
8–10 mature oocytes frozen which is considered necessary for a
reasonable chance of success (57). The second issue is that the
majority of the women with frozen oocytes do not come back
to collect them and the utilization rate of the stored oocytes
is currently below 10% (53, 55). Collectively, it appears that
especially reproductive aged womenmay only to a limited extend
benefit from this approach.

A proposition would be to use OTC as an alternative to
oocyte vitrification in connection with fertility preservation for
non-medical reasons. In contrast to mature oocytes, transplanted
ovarian tissue will give the woman the opportunity to conceive
spontaneously without IVF, which many women and their
potential future partners would probably appreciate. If the
woman ends up not needing the stored ovarian tissue for fertility,
then the tissue is not wasted, but could instead be used as
cHRT to alleviate postmenopausal symptoms later on or avoiding
POI. Thus, OTC may serve multiple purposes depending on
the need for either fertility or endocrine function and provide a
better justification of such intervention. In addition, by storing
ovarian tissue, and not just a fixed number of mature oocytes,
a range of potential new treatments, which are currently being
developed, might become available for these patients in the
future. These treatments include in vitro follicle activation (58),
culture of human preantral follicles (48, 59, 60), autologous
transfer of mitochondria to oocytes (61), and in vitromaturation
of immature oocytes (62).

OTC requires at least two surgical procedures to collect and
graft ovarian tissue and it might be overwhelming and excessive
for some patients. Therefore, OTC may only be a preferable
option over oocyte vitrification for some groups of patients in
particular women of advanced maternal age with a low ovarian
reserve or poor responders which require multiple cycles of
controlled ovarian stimulation. For these groups of patients, their
future use of stored ovarian tissue could potentially be enhanced
by in vitro follicle activation (IVA) in which the resting pool
of follicles is activated mechanically and/or biochemically prior
to transplantation. In 2013, Kawamura et al. were the first to
test IVA in a clinical setting and enabled POI patients without
menstrual cycles for several years to conceive with their own
oocytes by activating a residual pool of resting follicles (58). This
technique has so far resulted in three live births in Japan and two
pregnancies in other clinics (58, 63–65).

Taken together, oocyte cryopreservation is the clinical
available option for non-medical freezing, but it can be argued
that women seeking fertility preservation for non-medical
reasons should be presented with both fertility preserving options
and the potential beneficial applications for cHRT and future
use, and then the woman can help decide which method is most
suitable for her. It should be highlighted that age is the most
limiting and critical factor for both methods, and the success
rate always depends hereof, which means that the issue with low
ovarian reserve will apply for both methods, and low return rates
are probably an inevitable factor in this group of women.

A MODERN OVARIAN RESECTION FOR
ANOVULATORY PCOS WOMEN

A completely new way of utilizing OTC is in the context
of surgical treatment for anovulatory women with polycystic
ovaries. Polycystic ovary syndrome (PCOS) is one of the
most common endocrine disorders among women in their
reproductive age and is a predominant cause of anovulatory
infertility. In 1930s, Stein and Leventhal developed the ovarian
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wedge resection (OWR) in which the ovarian volume was
surgically reduced during laparotomy (66). For decades OWR
was the only treatment for PCOS as it effectively restored regular
menstrual cyclicity for a period of time in 80–90% of women
with PCOS and allowed conception in 45–65% of those who
underwent surgery (66). However, the procedure later became
less popular due to significant side effects; primarily a significant
incidence of postoperative pelvic adhesion formation adding
to the infertility-issue (67–69). Furthermore, follow-up studies
revealed that OWR was not always curative and a significant
number of women, 30–35%, reverted into a state of anovulation
or oligo-ovulation (69, 70). With the introduction of clomiphene
citrate (CC) and human menopausal gonadotropins in the 1960s
the surgical treatment of PCOS was less used, and today CC
is used as the first-line therapy for ovulation induction in
women with anovulatory PCOS (71, 72). However, 10–15%
of women are CC-resistant and will not ovulate in response
to CC, and in those who do respond, not all will conceive.
Laparoscopic ovarian drilling (LOD) using a unipolar electrode
is currently recommended as a successful second-line treatment
for ovulation induction in women with CC-resistant PCOS,
as it has been shown to be just as effective as gonadotropin
treatment, but less expensive and not associated with an increased
risk of multiple pregnancy, ovarian hyperstimulation syndrome
(OHSS) or pregnancy loss (71, 73–75). In the 1980’s the
first studies on LOD showed that ovulation was restored in
92% of patients, with a pregnancy rate of up to 80% (76).
Furthermore LOD allows multiple attempts of conception,
but without intensive monitoring, and is preferred by the
majority of patients (75). The main shortcomings of LOD
are postoperative adhesion formations and the potential risk
of affecting the ovarian reserve in case of excessive damage
(75).

We therefore hypothesize that the development of a modern
version of an ovarian resection in which ovarian biopsies are
excised surgically during laparoscopy and subsequently frozen
could potentially provide an alternative to traditional LOD and
OWR in CC-resistant women with PCOS. In this case, the
surgical intervention should be performed in a way in which
whole pieces of cortical and medullary tissue is removed in
amounts similar to what is destroyed during LOD, and the
ovarian cortex could then be isolated and frozen to preserve
the follicles for potential later use instead of wasting them when
performing LOD or OWR. Thus, in cases were too much tissue is
removed during the surgical procedure the stored ovarian tissue
can be grafted as back-up, or potentially be used for cHRT if
the patient later on enters menopause prematurely or for fertility
at an advanced reproductive age. In 1970’s it was incidentally
noted that ovarian biopsy alone (taken for diagnostic purposes)
could induce regular menstrual cyclicity and conception in some
women with PCOS (77), and in 1980’s OWR was also performed
through multiple ovarian biopsies and reported successful using
a laparoscopic approach with less adhesion formations (78).
Like LOD the proposed modern version of an ovarian resection
through excision of ovarian biopsies would restore regular
ovulation and allow spontaneous pregnancy, and in patients
who remain anovulatory following the procedure most of them

would have an increased responsiveness of the ovary to CC-
treatment or respond less aggressively to exogenous hormone
stimulation. Taken together, the proposed procedure using OTC
to advance a surgical treatment for PCOS patients is completely
theoretical and has not been tested in a clinical setting, however,
this approach could potentially utilize the excessive—and in this
case harmful—follicle pool in a beneficial way by relieving PCOS
symptoms immediately and at the same time securing ovarian
endocrine function later on in life. The efficacy and advantages of
the proposed procedure now needs to be proven and compared to
LOD in a clinical setting to justify any potential use in the future.

OPTIMIZING CULTURE SYSTEMS FOR
IMMATURE OOCYTES

By freezing ovarian cortical tissue for fertility preservation, it
is possible to gain access to a wide range of immature oocytes,
including early preantral and small antral stage follicles, which
can be isolated and collected from surplus or donated ovarian
tissues (62, 79). This provides a rare opportunity to characterize
the basic molecular mechanisms controlling and regulating
human follicular growth and maturation in unstimulated ovaries
of fertile women (80, 81), and to develop and optimize culture
conditions for immature oocytes (59, 62), which could provide
additional fertility for young women with a wide range of
indications. Thus, utilization of immature oocytes could in this
way augment the overall fertility from the OTC procedure.
Moreover, young cancer survivors with a risk of ovarian
involvement from the underlying cancer cannot have their
stored ovarian tissue transplanted safely, and current advances in
culture systems for the earliest stages of follicles could potentially
provide fertility for these women in the future. In a recent
paper, Telfer et al. succeeded with in vitro growth of unilaminar
follicles (IVG) in a multi-step culture model which supported
the development and maturation to the Metaphase II stage
(60).

Several studies have now shown that a considerable number
of immature oocytes can be collected from small antral follicles
visible on the surface of the ovary or released to the dissection
medium during the preparation for OTC (62, 82–84). These
oocytes can be matured, vitrified and used to augment fertility
to the patient (62, 84–86). The maturation rate has been shown
to vary between ∼30 and 60% (87), and the first three live births
resulting from a cryopreserved embryo obtained from in vitro
matured (IVM) oocytes has been reported (82, 88, 89). However,
there is plenty of room for improvement and currently IVM
is mainly used as an additional fertility preserving option in
combination with OTC or to avoid OHSS in PCOS patient. A
more widely use of IVM is currently not accepted due to the
fact that implantation and developmental potential of embryos
derived from IVM oocytes has consistently been reported to be
significantly lower in comparison to in vivo matured oocytes
(90, 91).

One explanation for the inefficiency of IVM is that IVM
protocols have changed little, if any, since the first reported
birth obtained by IVM oocytes in 1994 using a non-specific
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medium (MEM) with addition of FSH, LH and estradiol as
hormones and maternal serum as supplements (92). In recent
reports, commercial maturation media have been used for
IVM in both patients with PCOS and women undergoing
fertility preservation, but there is no real evidence that the
formula is appropriate for oocyte maturation in vitro (91).
Thus, IVM in connection with OTC provides a unique
platform to compare multiple culture media compositions
and improve basal maturation conditions for IVM. Another
explanation for the decreased implantation and pregnancy
rate with the use of IVM derived embryos is insufficient
endometrial receptivity. The limited time between oocyte
recovery and embryo transfer is potentially insufficient to allow
full completion of the endometrial proliferative phase, which
could compromise the formation of a secretory endometrium
and the chances of embryonic implantation (91). A study by
De Vos et al. has shown that implantation and pregnancy
rates were much higher in replacement cycles using frozen
embryos obtained after IVM compared to cycles in which
embryos were transferred fresh after IVM (93). Thus, the
relatively lower clinical efficiency that currently characterizes
IVM might derive not exclusively from reduced oocyte quality
caused by inadequate IVM conditions, but also from inadequate
endometrial receptivity. Therefore, the notion that IVM oocytes
are intrinsically less developmentally competent will need to be
reconsidered.

Despite the current limitations, IVM continue to attract
growing interest in consideration of potential novel applications
in human ART. However, to advance more sophisticated IVM
systems able to reproducemore physiologically and efficiently the
process of oocyte maturation, we need more research material
and settings such as provided by OTC, in which we can gain a
better understanding of the biological mechanisms transforming
a fully-grown oocyte into a mature fertilizable gamete.

CONCLUSION

OTC in prepubertal girls and young women is becoming an
increasingly well-established method of fertility preservation in

many clinics worldwide. However, by storing ovarian tissue
more than just the reproductive potential is preserved. The
steroidogenic capacity and endocrine function of the tissue could
potentially expand the utilization of OTC and the ovarian reserve
to other beneficial applications throughout the female lifespan
and several indications beyond cancer. With an increasing
prevalence in loss of ovarian function due to POI and aging
we now need to explore these opportunities and outweigh the
cost-benefit and risk-benefit ratios associated with potential
new treatments. Nonetheless, it is important to recognize that
fertility and endocrine function restored with ovarian tissue
go hand in hand and that both are the result of follicular
activity.

In conclusion, the described and suggested applications for
OTC in this review are technically possible, however they
have not been validated clinically (with the exception of
puberty induction), and therefore the suggested applications

should be regarded as an optimistic view on the potential
future use of OTC. Moreover, the suggested applications
for OTC are thought provoking to many people and the
controversial opinions hereof should of course be recognized.
Finally, the burden of repeated surgical interventions in
connection with OTC must in all cases be weighed against the
simple, cheap, and readily available pHRT medications which
already exist and are administered to millions of women
worldwide.

AUTHOR CONTRIBUTIONS

SK and CA both contributed to the conception and writing of this
paper.

ACKNOWLEDGMENTS

The Research Pools of Rigshospitalet, The ReproUnion network,
and the Novo Nordisk foundation is thanked for financial
support.

REFERENCES

1. Gellert SE, Pors SE, Kristensen SG, Bay-Bjørn AM, Ernst E, Yding Andersen

C. Transplantation of frozen-thawed ovarian tissue: an update on worldwide

activity published in peer-reviewed papers and on the Danish cohort. J Assist

Reprod Genet. (2018) 35:561–70. doi: 10.1007/s10815-018-1144-2

2. Donnez J, Dolmans MM. Fertility preservation in women. N Engl J Med.

(2017) 377:1657–65. doi: 10.1056/NEJMra1614676

3. Emre SY, Balik KI, Bauthan O. Ovarian aging and premature ovarian failure. J

Turk Ger Gynecol Assoc. (2014) 15:190–6. doi: 10.5152/jtgga.2014.0022

4. Fenton AJ. Premature ovarian insufficiency: pathogenesis and management. J

Midlife Health (2015) 6:147–53. doi: 10.4103/0976-7800.172292

5. Nelson LM. Clinical practice. primary ovarian insufficiency. N Engl J Med.

(2009) 360:606–14. doi: 10.1056/NEJMcp0808697

6. Tao XY, Zuo AZ, Wang JQ, Tao FB. Effect of primary ovarian insufficiency

and early natural menopause onmortality: a meta-analysis.Climacteric (2016)

19:27–36. doi: 10.3109/13697137.2015.1094784

7. Eastell R. Management of osteoporosis due to ovarian failure. Med Pediatr

Oncol. (2003) 41:222–7. doi: 10.1002/mpo.10341

8. Rocca WA, Grossardt BR, Shuster LT. Oophorectomy, estrogen,

and dementia: a 2014 update. Mol Cell Endocrinol. (2014) 389:7–12.

doi: 10.1016/j.mce.2014.01.020

9. Clarkson TB, Melendez GC, Appt SE. Timing hypothesis for

postmenopausal hormone therapy: its origin, current status, and

future. Menopause (2013) 20:342–353. doi: 10.1097/GME.0b013e

3182843aad

10. Jensen AK, Kristensen SG, Macklon KT, Jeppesen JV, Fedder J, Ernst E, et al.

Outcomes of transplantations of cryopreserved ovarian tissue to 41 women in

Denmark. Hum Reprod. (2015) 30:2838–45. doi: 10.1093/humrep/dev230

11. Donnez J, Dolmans MM, Pellicer A, Diaz-Garcia C, Sanchez

Serrano M, Schmidt KT, et al. Restoration of ovarian activity and

pregnancy after transplantation of cryopreserved ovarian tissue: a

review of 60 cases of reimplantation. Fertil Steril. (2013) 99:1503–13.

doi: 10.1016/j.fertnstert.2013.03.030

Frontiers in Endocrinology | www.frontiersin.org 7 June 2018 | Volume 9 | Article 347

https://doi.org/10.1007/s10815-018-1144-2
https://doi.org/10.1056/NEJMra1614676
https://doi.org/10.5152/jtgga.2014.0022
https://doi.org/10.4103/0976-7800.172292
https://doi.org/10.1056/NEJMcp0808697
https://doi.org/10.3109/13697137.2015.1094784
https://doi.org/10.1002/mpo.10341
https://doi.org/10.1016/j.mce.2014.01.020
https://doi.org/10.1097/GME.0b013e3182843aad
https://doi.org/10.1093/humrep/dev230
https://doi.org/10.1016/j.fertnstert.2013.03.030
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Kristensen and Andersen OTC-More Than Just Fertility Preservation

12. Andersen CY, Silber SJ, Bergholdt SH, Jorgensen JS, Ernst E. Long duration

of function of ovarian tissue transplants: case reports. Reprod. Biomed. Online

(2012) 25:128–132. doi: 10.1016/j.rbmo.2012.03.014

13. Donnez J, Dolmans MM (2015) Ovarian tissue freezing: current status. Curr

Opin Obstet Gynecol. 27:222–30. doi: 10.1097/GCO.0000000000000171

14. Qin Y, Jiao X, Simpson JL, Chen ZJ. Genetics of primary ovarian insufficiency:

new developments and opportunities. Hum Reprod Update (2015) 21:787–

808. doi: 10.1093/humupd/dmv036

15. Fish JD. Part 1: hormone replacement for survivors of childhood cancer with

ovarian failure–when is it worth the risk? J Pediatr Adolesc Gynecol. (2011)

24:98–101. doi: 10.1016/j.jpag.2010.11.001

16. Gore L, DeGregori J, Porter CC. Targeting developmental pathways in

children with cancer: what price success? Lancet Oncol. (2013) 14:e70–8.

doi: 10.1016/S1470-2045(12)70530-2

17. Poirot C, Abirached F, Prades M, Coussieu C, Bernaudin F, Piver P. Induction

of puberty by autograft of cryopreserved ovarian tissue. Lancet (2012) 379:588.

doi: 10.1016/S0140-6736(11)61781-9

18. Ernst E, Kjærsgaard M, Birkebæk NH, Clausen N, Andersen CY. Stimulation

of puberty in a girl with chemo- and radiation therapy induced ovarian failure

by transplantation of a small part of her frozen/thawed ovarian tissue. Eur J

Cancer (2013) 49:911–4. doi: 10.1016/j.ejca.2012.09.028

19. Anderson RA, Hindmarsh PC, Wallace WH. Letter to the editor: induction

of puberty by autograft of cryopreserved ovarian tissue in a patient

previously treated for Ewing sarcoma. Eur J Cancer (2013) 49:2960–1.

doi: 10.1016/j.ejca.2013.04.031

20. van Dijk EM, van Dulmen-den Broeder E, Kaspers GJ, van Dam EW, Braam

KI, Huisman J. Psychosexual functioning of childhood cancer survivors.

Psychooncology (2008) 17:506–11. doi: 10.1002/pon.1274

21. Zebrack BJ, Foley S, Wittmann D, Leonard M. Sexual functioning in

young adult survivors of childhood cancer. Psychooncology 2010; 19:814–22.

doi: 10.1002/pon.1641

22. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,

Stefanick ML, et al. Risks and benefits of estrogen plus progestin

in healthy postmenopausal women: principal results from the women’s

health initiative randomized controlled trial. JAMA (2002) 288:321–33.

doi: 10.1001/jama.288.3.321

23. Buist DS, Newton KM, Miglioretti DL, Beverly K, Connelly MT, Andrade S, et

al. Hormone therapy prescribing patterns in the United States.Obstet Gynecol.

(2004) 104(5 Pt 1):1042–50. doi: 10.1097/01.AOG.0000143826.38439.af

24. Hersh AL, Stefanick ML, Stafford RS. National use of postmenopausal

hormone therapy: annual trends and response to recent evidence. JAMA

(2004) 291:47–53. doi: 10.1001/jama.291.1.47

25. Nachtigall LE, Nachtigall RH, Nachtigall RD, Beckman EM. Estrogen

replacement therapy. II. A prospective study in the relationship between

carcinoma and cardiovascular andmetabolic problems.Obstet Gynecol. (1979)

54:74–9. doi: 10.1097/00006250-197907000-00017

26. Stampfer MJ, Willett WC, Colditz GA, Rosner B, Speizer FE,

Hennekens CH. A prospective study of postmenopausal estrogen

therapy and coronary heart disease. N Engl J Med. (1985) 313:1044–49.

doi: 10.1056/NEJM198510243131703

27. Petitti DB, Perlman JA, Sidney S. Noncontraceptive estrogens and mortality:

long-term follow-up of women in the Walnut Creek Study. Obstet Gynecol.

(1987) 70:289–93.

28. Paganini-Hill A, Ross RK, Henderson BE. Postmenopausal oestrogen

treatment and stroke: a prospective study. BMJ (1988) 297:519–22.

doi: 10.1136/bmj.297.6647.519

29. Falkeborn M, Persson I, Adami HO, Bergström R, Eaker E, Lithell

H, et al. The risk of acute myocardial infarction after oestrogen and

oestrogen-progestin replacement. Br J Obstet Gynaecol. (1992) 99:821–28.

doi: 10.1111/j.1471-0528.1992.tb14414.x

30. Grodstein F, Manson JE, Colditz GA, Willett WC, Speizer FE, Stampfer

MJ. A prospective, observational study of postmenopausal hormone therapy

and primary prevention of cardiovascular disease. Ann Intern Med. (2000)

133:933–41. doi: 10.7326/0003-4819-133-12-200012190-00008

31. Lobo RA. Hormone-replacement therapy: current thinking. Nat Rev

Endocrinol. (2017) 13:220–31. doi: 10.1038/nrendo.2016.164

32. Maclaran K, Stevenson JC. Primary prevention of cardiovascular disease with

HRT.Womens Health (2012) 8:63–74. doi: 10.2217/WHE.11.87

33. Clarkson TB. The new conundrum: do estrogens have any cardiovascular

benefits? Int. J. Fertil. Womens Med. (2002) 47, 61–68.

34. Rossouw JE, Prentice RL, Manson JE, Wu L, Barad D, Barnabei VM, et al.

Postmenopausal hormone therapy and cardiovascular disease by age and years

since menopause. JAMA (2007) 297:1465–77. doi: 10.1001/jama.297.13.1465

35. Henderson VW, Benke KS, Green RC, Cupples LA, Farrer LA.

Postmenopausal hormone therapy and Alzheimer’s disease risk:

interaction with age. J Neurol Neurosurg Psychiatry (2005) 76:103–5.

doi: 10.1136/jnnp.2003.024927

36. Henderson BE, Paganini-Hill A, Ross RK. Decreased mortality in users

of estrogen replacement therapy. Arch Intern Med. (1991) 151:75–8.

doi: 10.1001/archinte.1991.00400010095012

37. Grady D, Rubin SM, Petitti DB, Fox CS, Black D, Ettinger B, et al. Hormone

therapy to prevent disease and prolong life in postmenopausal women. Ann

Intern Med. (1992) 117:1016–37. doi: 10.7326/0003-4819-117-12-1016

38. Manson JE, Aragaki AK, Rossouw JE, Anderson GL, Prentice RL, LaCroix

AZ et al. Menopausal hormone therapy and long-term all-cause and cause-

specific mortality: the women’s health initiative randomized trials. JAMA

(2017) 318:927–8. doi: 10.1001/jama.2017.11217

39. Manson JE, Chlebowski RT, Stefanick ML, Aragaki AK, Rossouw JE,

Prentice RL, et al. Menopausal hormone therapy and health outcomes

during the intervention and extended poststopping phases of the

women’s health initiative randomized trials. JAMA (2013) 310:1353–68.

doi: 10.1001/jama.2013.278040

40. Andersen CY, Kristensen SG. Novel use of ovarian follicular pool to postpone

menopause and delay osteoporosis. Reprod Biomed Online (2015) 31:128–31.

doi: 10.1016/j.rbmo.2015.05.002

41. Sittadjody S, Saul JM, McQuilling JP, Joo S, Register TC, Yoo JJ, et al.

In vivo transplantation of 3D encapsulated ovarian constructs in rats

corrects abnormalities of ovarian failure. Nat Commun. (2017) 8:1858.

doi: 10.1038/s41467-017-01851-3

42. Rivera CM, Grosshardt BR, Rhodes DY, Brown RD Jr, Roger

VL, Melton LJ 3rd, et al. Increased cardiovascular mortality

after early bilateral oophorectomy. Menopause (2009) 16:15–23.

doi: 10.1097/gme.0b013e31818888f7

43. ParkerWH, Feskanich D, Broder MS, Chang E, Shoupe D, Farquhar CM, et al.

Long-term mortality associated with oophorectomy compared with ovarian

conservation in the Nurses Health Study. Obstet Gynecol. (2013) 121:709–16.

doi: 10.1097/AOG.0b013e3182864350

44. Salpeter SR, Cheng J, Thabane L, Buckley NS, Salpeter EE. Bayesian meta-

analysis of hormone therapy and mortality in younger postmenopausal

women. Am J Med. (2009) 122:1016–22. doi: 10.1016/j.amjmed.2009.05.021

45. Schierbeck LL, Rejnmark L, Tofteng CL, Stilgren L, Eiken P, Mosekilde L,

et al. Effect of hormone replacement therapy on cardiovascular events in

recently postmenopausal women: randomised trial. BMJ (2012) 345:e6409.

doi: 10.1136/bmj.e6409

46. Savolainen-Peltonen H, Tuomikoski P, Korhonen P, Hoti F, Vattulainen P,

Gissler M, et al. Cardiac death risk in relation to the age at initiation or the

progestin component of hormone therapies. J Clin Endocrinol Med. (2016)

101:2794–801. doi: 10.1210/jc.2015-4149

47. Rocca WA, Bower JH, Maraganore DM, Ahlskog JE, Grossardt BR, de

Andrade M, et al. Increased risk of cognitive impairment or dementia in

women who underwent oophorectomy before menopause. Neurology (2007)

69:1074–83. doi: 10.1212/01.wnl.0000276984.19542.e6

48. Laronda MM, Rutz AL, Xiao S, Whelan KA, Duncan FE, Roth EW, et al.

A bioprosthetic ovary created using 3D printed microporous scaffolds

restores ovarian function in sterilized mice. Nat Commun. (2017) 8:15261.

doi: 10.1038/ncomms15261

49. Day JR, David A, Cichon AL, Kulkarni T, Cascalho M, Shikanov A.

Immunoisolating poly(ethylene glycol) based capsules support ovarian tissue

survival to restore endocrine function. J Biomed Mater Res A. (2018)

106:1381–89. doi: 10.1002/jbm.a.36338

50. Hammarberg K, Clarke VE. Reasons for delaying childbearing—a survey of

women aged over 35 years seeking assisted reproductive technology.Aust Fam

Phys. (2005) 34:187–9.

51. Holton S, Fisher J, Rowe H. To have or not to have? Australian

women’s childbearing desires, expectations and outcomes. J Popul Res. (2011)

28:353–79. doi: 10.1007/s12546-011-9072-3

Frontiers in Endocrinology | www.frontiersin.org 8 June 2018 | Volume 9 | Article 347

https://doi.org/10.1016/j.rbmo.2012.03.014
https://doi.org/10.1097/GCO.0000000000000171
https://doi.org/10.1093/humupd/dmv036
https://doi.org/10.1016/j.jpag.2010.11.001
https://doi.org/10.1016/S1470-2045(12)70530-2
https://doi.org/10.1016/S0140-6736(11)61781-9
https://doi.org/10.1016/j.ejca.2012.09.028
https://doi.org/10.1016/j.ejca.2013.04.031
https://doi.org/10.1002/pon.1274
https://doi.org/10.1002/pon.1641
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1097/01.AOG.0000143826.38439.af
https://doi.org/10.1001/jama.291.1.47
https://doi.org/10.1097/00006250-197907000-00017
https://doi.org/10.1056/NEJM198510243131703
https://doi.org/10.1136/bmj.297.6647.519
https://doi.org/10.1111/j.1471-0528.1992.tb14414.x
https://doi.org/10.7326/0003-4819-133-12-200012190-00008
https://doi.org/10.1038/nrendo.2016.164
https://doi.org/10.2217/WHE.11.87
https://doi.org/10.1001/jama.297.13.1465
https://doi.org/10.1136/jnnp.2003.024927
https://doi.org/10.1001/archinte.1991.00400010095012
https://doi.org/10.7326/0003-4819-117-12-1016
https://doi.org/10.1001/jama.2017.11217
https://doi.org/10.1001/jama.2013.278040
https://doi.org/10.1016/j.rbmo.2015.05.002
https://doi.org/10.1038/s41467-017-01851-3
https://doi.org/10.1097/gme.0b013e31818888f7
https://doi.org/10.1097/AOG.0b013e3182864350
https://doi.org/10.1016/j.amjmed.2009.05.021
https://doi.org/10.1136/bmj.e6409
https://doi.org/10.1210/jc.2015-4149
https://doi.org/10.1212/01.wnl.0000276984.19542.e6
https://doi.org/10.1038/ncomms15261
https://doi.org/10.1002/jbm.a.36338
https://doi.org/10.1007/s12546-011-9072-3
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Kristensen and Andersen OTC-More Than Just Fertility Preservation

52. Hodes-Wertz B, Druckenmiller S, Smith M, Noyes N. What do reproductive-

age women who undergo oocyte cryopreservation think about the

process as a means to preserve fertility? Fertil Steril (2013) 100:1343–49.

doi: 10.1016/j.fertnstert.2013.07.201

53. Baldwin K, Culley L, Hudson N, Mitchell H, Lavery S. Oocyte

cryopreservation for social reasons: demographic profile and

disposal intentions of UK users. RBMO (2015) 31:239–45.

doi: 10.1016/j.rbmo.2015.04.010

54. Stoop D, Maes E, Polyzos NP, Verheyen G, Tournaye H, Nekkebroeck J. Does

oocyte banking for anticipated gamete exhaustion influence future relational

and reproductive choices? A follow-up of bankers and nonbankers. Hum

Reprod. (2015) 30:338–44. doi: 10.1093/humrep/deu317

55. Hammarberg K, Kirkman M, Pritchard N, Hickey M, Peate M, McBain

J, et al. Reproductive experiences of women who cryopreserved

oocytes for non-medical reasons. Hum Reprod. (2017) 32:575–81.

doi: 10.1093/humrep/dew342

56. Mesen TB, Mersereau JE, Kane JB, Steiner AZ. Optimal timing

for elective egg freezing. Fertil Steril. (2015) 103:1551–56.

doi: 10.1016/j.fertnstert.2015.03.002

57. Cobo A, Garcia-Velasco JA. Why all women should freeze their eggs. Curr

Opin Obstet Gynecol. (2016) 28:206–10. doi: 10.1097/GCO.0000000000000269

58. Kawamura K, Cheng Y, Suzuki N, Deguchi M, Sato Y, Takae S, et al.

Hippo signaling disruption and AKT stimulation of ovarian follicles

for infertility treatment. Proc Natl Acad Sci USA. (2013) 110:17474–79.

doi: 10.1073/pnas.1312830110

59. Yin H, Kristensen SG, Jiang H, Rasmussen A, Andersen CY. Survival

and growth of isolated pre-antral follicles from human ovarian medulla

tissue during long-term 3D culture. Hum Reprod. (2016) 31:1531–9.

doi: 10.1093/humrep/dew049

60. McLaughlin M, Albertini DF, Wallace WHB, Anderson RA, Telfer

EE. Metaphase II oocytes from human unilaminar follicles grown

in a multi-step culture system. Mol Hum Reprod. (2018) 24:135–42.

doi: 10.1093/molehr/gay002

61. Kristensen SG, Pors SE, Andersen CY. Improving oocyte quality by transfer

of autologous mitochondria from fully grown oocytes. Hum Reprod. (2017)

32:725–32. doi: 10.1093/humrep/dex043

62. Yin H, Jiang H, Kristensen SG, Andersen CY. Vitrification of in vitromatured

oocytes collected from surplus ovarian medulla tissue resulting from fertility

preservation of ovarian cortex tissue. J Assist Reprod Genet. (2016) 33:741–6.

doi: 10.1007/s10815-016-0691-7

63. Suzuki N, Yoshioka N, Takae S, Sugishita Y, Tamura M, Hashimoto S,

et al. Successful fertility preservation following ovarian tissue vitrification in

patients with primary ovarian insufficiency. Hum Reprod. (2015) 30:608–15.

doi: 10.1093/humrep/deu353

64. Kawamura K, Cheng Y, Sun YP, Zhai J, Diaz-Garcia C, Simon C, et al. Ovary

transplantation: to activate or not to activate.HumReprod. (2015) 30:2457–60.

doi: 10.1093/humrep/dev211

65. Zhai J, Yao G, Dong F, Bu Z, Cheng Y, Sato Y, et al. In vitro activation of follicles

and fresh tissue autotransplantation in primary ovarian insufficiency patients.

J Clin Endocrinol Metab. (2016) 101:4405–12. doi: 10.1210/jc.2016-1589

66. Stein IF, Leventhal ML. Amenorrhea associated with bilateral

polycystic ovaries. Am J Obstet Gynecol. (1935) 29:181–91.

doi: 10.1016/S0002-9378(15)30642-6

67. Kistner RW. Peri-tubal and peri-ovarian adhesions subsequent

to wedge resection of the ovaries. Fertil Steril. (1969) 20:35.

doi: 10.1016/S0015-0282(16)36902-3

68. Buttram VC, Vaquero C. Post ovarian wedge resection adhesive disease.

Fertility Sterility (1975) 26:874. doi: 10.1016/S0015-0282(16)41351-8

69. Toaff R, Toaff ME, Peyser MR. Infertility following wedge resection of the

ovaries.Am JObst Gynecol. (1976) 124:92. doi: 10.1016/0002-9378(76)90018-1

70. Adashi EY, Rock JE, Guzick D, Wentz AC, Jones GS, Jones

HW Jr. Fertility following bilaterial ovarian wedge resection:

a critical analysis of 90 consecutive cases of polycystic ovary

syndrome. Fertil Steril (1981) 36:320. doi: 10.1016/S0015-0282(16)

45732-8

71. Thessaloniki ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group.

Consensus on infertility treatment related to polycystic ovary syndrome. Fertil

Steril. (2008) 89:505–22. doi: 10.1016/j.fertnstert.2007.09.041

72. Brown J, Farquhar C, Beck J, Boothroyd C, Hughes E. Clomiphene and anti-

oestrogens for ovulation induction in PCOS. Cochrane Database Syst Rev.

(2009) 4:CD002249. doi: 10.1002/14651858.CD002249.pub4

73. Amer SAK. Laparoscopic ovarian surgery for polycystic ovarian syndrome.

In: Dunlop W, Ledger WL, editors. Recent Advances in Obstetrics and

Gynaecology, 24th Edn. London: Royal Society of Medicine Press Ltd. (2008).

p. 227–43.

74. Flyckt RL, Goldberg JM. Laparoscopic ovarian drilling for clomiphene-

resistant polycystic ovary syndrome. Semin Reprod Med. (2011) 29:138–46.

doi: 10.1055/s-0031-1272476

75. Abu Hashim H, Al-Inany H, De Vos M, Tournaye H. Three decades after

Gjönnaess’s laparoscopic ovarian drilling for treatment of PCOS; what do we

know? An evidence-based approach. Arch Gynecol Obstet. (2013) 288:409–22.

doi: 10.1007/s00404-013-2808-x

76. Gjönnaess H (1984) Polycystic ovarian syndrome treated by ovarian

electrocautery through the laparoscope. Fertil Steril. 41:20–5.

doi: 10.1016/S0015-0282(16)47534-5

77. Yuzpe AA, Rioux J-E (1975) The value of laparoscopic ovarian biopsy. J Repr

Med. 15:57.

78. Campo S, Garcea N, Caruso A, Siccardi P. Effect of celioscopic ovarian

resection in patients with polycystic ovaries. Gynecol Obstet Invest. (1983)

15:213–22. doi: 10.1159/000299413

79. Kristensen SG, Rasmussen A, Byskov AG, Andersen CY. Isolation of pre-

antral follicles from human ovarian medulla tissue. Hum Reprod. (2011)

26:157–66. doi: 10.1093/humrep/deq318

80. Kristensen SG, Andersen K, Clement CA, Franks S, Hardy K, Andersen

CY. Expression of TGF-beta superfamily growth factors, their receptors, the

associated SMADs and antagonists in five isolated size-matched populations

of pre-antral follicles from normal human ovaries. Mol Hum Reprod. (2014)

20:293–308. doi: 10.1093/molehr/gat089

81. Kristensen SG, Ebbesen P, Andersen CY. Transcriptional profiling of five

isolated size-matched stages of human preantral follicles.Mol Cell Endocrinol.

(2015) 401:189–201. doi: 10.1016/j.mce.2014.12.012

82. Segers I, Mateizel I, Van Moer E, Smitz J, Tournaye H, Verheyen G, et al. In

vitro maturation (IVM) of oocytes recovered from ovariectomy specimens

in the laboratory: a promising “ex vivo” method of oocyte cryopreservation

resulting in the first report of an ongoing pregnancy in Europe. J Assist Reprod

Genet. (2015) 32:1221–31. doi: 10.1007/s10815-015-0528-9

83. Escriba MJ, Grau N, Escrich L, Novella-Maestre E, Sánchez-Serrano

M. Spontaneous in vitro maturation of oocyte prior to ovarian tissue

cryopreservation in natural cycles of oncologic patients. J Assist Reprod Genet.

(2012) 29:1261–5. doi: 10.1007/s10815-012-9860-5

84. Imesch P, Scheiner D, Xie M, Fink D, Macas E, Dubey R, et al. Developmental

potential of human oocytes matured in vitro followed by vitrification and

activation. J Ovarian Res. (2013) 6:30. doi: 10.1186/1757-2215-6-30

85. Fasano G, Moffa F, Dechene J, Englert Y, Demeestere I. Vitrification

of in vitro matured oocytes collected from antral follicles at the time

of ovarian tissue cryopreservation. Reprod Biol Endocrinol. (2011) 9:150.

doi: 10.1186/1477-7827-9-150

86. Kedem A, Yerushalmi GM, Brengauz M, Raanani H, Orvieto R, Hourvitz A,

et al. Outcome of immature oocytes collection of 119 cancer patients during

ovarian tissue harvesting for fertility preservation. J Assist Reprod Genet.

(2018) 35:851–56. doi: 10.1007/s10815-018-1153-1

87. Shirasawa H, Terada Y. In vitro maturation of human immature oocytes

for fertility preservation and research material. Reprod Med Biol. (2017)

16:258–67. doi: 10.1002/rmb2.12042

88. Prasath EB, Chan ML, Wong WH, Lim CJ, Tharmalingam MD, Hendricks

M, et al. First pregnancy and live birth resulting from cryopreserved embryos

obtained from in vitro matured oocytes after oophorectomy in an ovarian

cancer patient. Hum Reprod. (2014) 29:276–78. doi: 10.1093/humrep/det420

89. Uzelac PS, Delaney AA, Christensen GL, Bohler HC, Nakajima ST. Live birth

following in vitromaturation of oocytes retrieved from extracorporeal ovarian

tissue aspiration and embryo cryopreservation for 5 years. Fertil Steril. (2015)

104:1258–60. doi: 10.1016/j.fertnstert.2015.07.1148

90. Gremeau AS, Andreadis N, Fatum M, Craig J, Turner K, McVeigh E, et al. In

vitro maturation or in vitro fertilization for women with polycystic ovaries?

A case-control study of 194 treatment cycles. Fertil Steril. (2012) 98:355–60.

doi: 10.1016/j.fertnstert.2012.04.046

Frontiers in Endocrinology | www.frontiersin.org 9 June 2018 | Volume 9 | Article 347

https://doi.org/10.1016/j.fertnstert.2013.07.201
https://doi.org/10.1016/j.rbmo.2015.04.010
https://doi.org/10.1093/humrep/deu317
https://doi.org/10.1093/humrep/dew342
https://doi.org/10.1016/j.fertnstert.2015.03.002
https://doi.org/10.1097/GCO.0000000000000269
https://doi.org/10.1073/pnas.1312830110
https://doi.org/10.1093/humrep/dew049
https://doi.org/10.1093/molehr/gay002
https://doi.org/10.1093/humrep/dex043
https://doi.org/10.1007/s10815-016-0691-7
https://doi.org/10.1093/humrep/deu353
https://doi.org/10.1093/humrep/dev211
https://doi.org/10.1210/jc.2016-1589
https://doi.org/10.1016/S0002-9378(15)30642-6
https://doi.org/10.1016/S0015-0282(16)36902-3
https://doi.org/10.1016/S0015-0282(16)41351-8
https://doi.org/10.1016/0002-9378(76)90018-1
https://doi.org/10.1016/S0015-0282(16)45732-8
https://doi.org/10.1016/j.fertnstert.2007.09.041
https://doi.org/10.1002/14651858.CD002249.pub4
https://doi.org/10.1055/s-0031-1272476
https://doi.org/10.1007/s00404-013-2808-x
https://doi.org/10.1016/S0015-0282(16)47534-5
https://doi.org/10.1159/000299413
https://doi.org/10.1093/humrep/deq318
https://doi.org/10.1093/molehr/gat089
https://doi.org/10.1016/j.mce.2014.12.012
https://doi.org/10.1007/s10815-015-0528-9
https://doi.org/10.1007/s10815-012-9860-5
https://doi.org/10.1186/1757-2215-6-30
https://doi.org/10.1186/1477-7827-9-150
https://doi.org/10.1007/s10815-018-1153-1
https://doi.org/10.1002/rmb2.12042
https://doi.org/10.1093/humrep/det420
https://doi.org/10.1016/j.fertnstert.2015.07.1148
https://doi.org/10.1016/j.fertnstert.2012.04.046
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Kristensen and Andersen OTC-More Than Just Fertility Preservation

91. Coticchio G, Dal-Canto M, Guglielmo MC, Mignini-Renzini M, Fadini

R. Human oocyte maturation in vitro. Int J Dev Biol. (2012) 56:909–18.

doi: 10.1387/ijdb.120135gv

92. Trounson A, Wood C, Kausche A. In vitro maturation and the

fertilization and developmental competence of oocytes recovered from

untreated polycystic ovarian patients. Fertil Steril. (1994) 62:353–62.

doi: 10.1016/S0015-0282(16)56891-5

93. De Vos M, Ortega-hrepich C, Albuz FK, Guzman L, Polyzos NP, Smitz J, et al.

Clinical outcome of non-hCG-primed oocyte in vitromaturation treatment in

patients with polycystic ovaries and polycystic ovary syndrome. Fertil Steril.

(2011) 96:860–64. doi: 10.1016/j.fertnstert.2011.07.1108

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Kristensen and Andersen. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Endocrinology | www.frontiersin.org 10 June 2018 | Volume 9 | Article 347

https://doi.org/10.1387/ijdb.120135gv
https://doi.org/10.1016/S0015-0282(16)56891-5
https://doi.org/10.1016/j.fertnstert.2011.07.1108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Cryopreservation of Ovarian Tissue: Opportunities Beyond Fertility Preservation and a Positive View Into the Future
	Introduction
	Cell/tissue-based Hormone Replacement Therapy (cHRT)
	Inducing Puberty in Pre-pubertal POI Girls
	Achieving or Postponing Natural Menopause

	OTC for Non-medical Reasons
	A Modern Ovarian Resection for Anovulatory PCOS Women
	Optimizing culture systems for immature oocytes
	Conclusion
	Author Contributions
	Acknowledgments
	References


