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Abstract Ovary cryopreservation and transplantation has garnered increasing interest as a possible method to preserve fertility for

cancer patients and to study ovarian resting follicle recruitment. Eleven consecutive women underwent fresh donor ovary trans-

plantation, and 11 underwent cryopreserved ovary auto-transplantation in the same centre, with the same surgeon. Of the 11 fresh

transplant recipients, who were all young but menopausal, nine women had normal ovarian cortex transplanted from an identical

twin sister, and two had a fresh allograft from a non-identical sister. In the second group, 11 women with cancer had ovarian tissue

cryopreserved before bone marrow transplant, and then after years of therapeutically induced menopause, underwent cryopreserved

ovarian cortex autotransplantation. Recovery of ovarian function and follicle recruitment was assessed in all 22 recipients, and the

potential for pregnancy was further investigated in 19 (11 fresh and 8 cryopreserved) with over 1-year follow-up. In all recipients,

normal FSH levels and menstruation returned by about 150 days, and anti-Müllerian hormone reached much greater than normal con-

centrations by about 170 days. Anti-Müllerian hormone levels then fell below normal by about 240 days and remained at that lower

level. Seventeen babies have been born to these 11 fresh and eight cryopreserved ovary transplant recipients.
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Introduction

Successful fresh and cryopreserved ovarian cortex trans-

plants in humans were first published in 2004 and 2005, as

case reports, and many other case reports have subse-

quently followed (Andersen et al., 2008; Demeestere et al.,

2003, 2010; Dittrich et al., 2012; Donnez et al., 2004, 2011,

2013; Kagawa et al., 2009; Meirow et al., 2005; Poirot

et al., 2012; Revel et al., 2011; Revelli et al., 2013; Sanchez

et al., 2007; Silber et al., 2012; Silber and Gosden, 2007;

Silber et al., 2005, 2008a, 2008b; Stern et al., 2013; Stoop

et al., 2014). The first human applications were preceded

by a long history of animal experimentation. As far back as

1954, Deanesly showed in rats and, in 1960, Parrott showed

in mice, that ovarian tissue could be successfully frozen and

autografted resulting in live births (Deanesly, 1954; Parrott,

1960). Interest in human applications began after Gosden’s

report of successful pregnancies in sheep in 1994 (Gosden

et al., 1994). One of the most interesting case reports in

humans involved rejuvenating menopausal ovarian cortex

with cryopreserved autotransplantation (Kawamura et al.,

2013). Interest in cryopreserved ovarian cortical transplan-

tation is rapidly growing, although only one report to date

has clearly stated its success rate (Donnez et al., 2013). No

systematic report has been published from one centre

comparing fresh donor transplants and cryopreserved ovary

autografts, and little has been gleaned from studies of

these procedures on analysis of ovarian function and resting

follicle recruitment (Oktay et al., 2001).

The primary impetus for this procedure has been to

cryopreserve ovarian tissue before sterilizing cancer

treatment, with the objective of transplanting the tissue back

after cancer has been cured, thus allowing patients to

preserve their fertility. It is also possible that grafts taken

from young women with cancer could be used to delay their

menopause in the future (Andersen et al., 2012; Aydin et al.,

2010; Faddy et al., 1992; Gosden et al., 1989; Kaaijk et al.,

1999; Kim, 2003; Koskas et al., 2011; Lass et al., 1997;

Meredith et al., 1992; Saiduddin et al., 1970; Stoop et al.,

2014; Yasui et al., 2012; Zhai et al., 2012). The possibility of

preserving fertility and even hormonal function against the

natural decline caused by ageing has also been speculated,

but is considered of less importance (Andersen et al., 2012;

Cobo et al., 2008; Homburg et al., 2009; Nagy et al., 2009;

Stoop et al., 2014).

Most published research in this field consists of case reports

of cryopreserved transplants only.We conducted aworldwide

survey of 37 babies born from cryopreserved transplants, but

still could not establish a clear success rate (Stoop et al., 2014).

Here,we report a single series of both fresh and cryopreserved

transplants from one centre, carried out with the same tech-

nique and assessed uniformly over follow-up, with the aim of

improving our understanding of resting follicle recruitment

and demonstrating the clinical robustness of the procedure.

Materials and methods

Patients

Between 2004 and 2013, a total of 22 patients underwent

either fresh or cryopreserved ovary transplantation to restore

fertility and hormonal function, and their outcomes and the

control of primordial follicle recruitment in the human ovary

were investigated. All cases of ovary preservation and trans-

plantation were approved by the St Luke’s Internatioanl Review

Board and the St Luke’s Ethics Committee (letters of ap-

proval dating back to 1997). All 22 patients were followed long

enough (for the duration of the functional lifespan of the

ovarian tissue) to evaluate resting follicle recruitment and

menstrual cycle dynamics, and 19 (11 fresh and eight

cryopreserved transplant recipients) also had a sufficiently long

follow-up time (>1 year) to evaluate pregnancy potential. In

all cases, fresh or cryopreserved, an entire ovary was removed,

and in cryopreserved cases involving cancer, all pieces of

cortex were cryopreserved. In fresh cases, only the pieces not

used in the fresh transplant were cryopreserved.

Eleven patients (nine identical twins and two allograft

recipients) underwent fresh ovarian cortex transplant from

a fertile donor to a young but menopausal woman. In the two

cases of fresh ovarian tissue allografting, a non-identical donor

sister had previously donated bone marrow to the sister with

cancer after sterilizing bone marrow transplant. An additional

11 patients more recently underwent a cryopreserved

autotransplant, i.e. thawing and warming of their own prior

cryopreserved ovarian cortex to restore fertility that was lost

from cancer or autoimmune treatment many years earlier.

In all cases, detailed histology of the recipient ovarian cortex

before transplantation confirmed complete absence of any

primordial or other follicles.

The technique of ovarian cortical transplantation used in

this study is not exactly the same as others have reported

(Donnez et al., 2004; Meirow et al., 2005), but it has been

previously described in detail (Silber, 2013; Silber and Gosden,

2007; Silber et al., 2005, 2008a, 2008b). Except for one case

conducted with microvascular anastomosis, all were ovarian

cortical grafts onto denuded medulla with a classical skin

grafting-type technique, as was originally reported by our

group (Silber et al., 2005). For ovarian tissue cryopreservation,

between 1997 and 2008, a classic slow freeze method was used

(Gosden et al., 1994; Kagawa et al., 2009; Newton et al., 1996;

Silber et al., 2005). Since 2008, only vitrification has been used

(Kagawa et al., 2009; Keros et al., 2009; Silber et al., 2010).

Evaluation of resting follicle recruitment and
menstrual ovulatory dynamics

All 22 transplant recipients had monthly follow-up of hormonal

cycles and ovulation. Return of ovarian function was

determined by monthly measurement of FSH, LH, oestradiol,

anti-Müllerian hormone (AMH), and menstrual cycling. Once

menstrual cycling returned, all hormone measurements were

carried out on day 3 of the cycle. Unfortunately AMH was not

measured in the first 13 cases. All patients were allowed to

conceive spontaneously, and treatment intervention such as

IVF was only resorted to in two cases, where fallopian tubes

were absent or adherent.

Results

Of the nine menopausal women who underwent fresh trans-

plantation of ovarian cortex from their identical twin donor
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sister, 11 healthy babies (six boys and five girls including one

pair of twins) were born from 14 pregnancies (four sponta-

neous abortions) (Table 1). The two allograft cases had com-

plete return of ovulatory function for long periods. One

individual has still-functioning tissue, whereas the other one

conceived but spontaneously aborted. In this case, the patient

underwent a bone marrow transplant almost 30 years ago as

a 4-year-old child (one of the first paediatric bone marrow

transplants ever performed) and received much higher ra-

diation doses than are used in the modern era, possibly ex-

plaining her failure to become pregnant. All of the recipients

had normal return of hormonal and menstrual ovarian func-

tion at about the same time after surgery (4.5 months)

(Figure 1a).

In all fresh and cryopreserved transplant recipients, day

3 FSH decreased from the menopausal range to normal levels

in about 150 days, and menstrual cycling resumed by roughly

130 days. Since all developing follicles were destroyed or

excluded from the thin (1-mm) donor ovarian cortical graft,

this period seems to represent the number of days required

for resting primordial follicles to be recruited and develop

to the ovulatory stage, at which point they finally become

sensitive to cyclic FSH and LH (Figure 1).

The duration of function of fresh grafts was directly related

to the original ovarian reserve of the donor. In all cases, only

one-quarter to one-half of the donor ovary was transplanted,

and most of the tissue cryopreserved for future use. All grafts

functioned for more than 2 years, over one-half of them for
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Figure 1 Levels of FSH after fresh or cryopreserved ovary graft. Time of first menstruation and the duration of time required for

FSH levels to revert to normal levels, allowing for ovulation to occur, is represented for the 11 patients who received fresh ovary

tissue transplants (a) and the 11 patients who received cryopreserved ovary tissue transplants (b).
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over 6 years, and two of them already for over 8 years

(Table 1). Thus if the donor’s ovarian reserve is high, these

grafts can last for a long time despite reduced AMH levels

(Andersen et al., 2012; Silber et al., 2010).

The relationships among FSH levels, menstruation and

AMH levels in donor and recipient in fresh transplants are

indicative of resting follicle recruitment and ovarian reserve

(La Marca et al., 2007). As recipient FSH levels returned to

normal within 130–170 days, the low AMH level of recipi-

ents then began to rise in response to an increasing number

of mature gonadotrophin-sensitive follicles (Figure 2). The

AMH of recipients continued to rise to well above the normal

baseline AMH level of the donor. In the fresh allograft recipi-

ent shown in Figure 2, although FSH decreased to normal

levels by day 133 and normal menstrual cycling resumed,

AMH levels rose far above normal (higher than the donor)

shortly thereafter. Despite the transplanted graft continu-

ing to function, AMH then returned to low levels. This analysis

of both donor and recipient data after transfer is rare and

useful in its demonstration of no significant long-term change

in donor AMH levels despite loss of an ovary. The rise of

recipient AMH levels above donor AMH levels reflects over-

recruitment of resting follicles in the recipient compared

with the donor (Figure 2). Contrary to what might have

been expected based on earlier studies (Baird et al., 1999),

no evidence was found of significant loss of follicles from

transplantation ischaemia, as each patient had FSH levels

return to normal as AMH levels rose far above normal. Despite

continued function of the transplanted graft, AMH then returns

to low levels (Figures 3a–g). Preservation of follicles was

supported by our observation of substantial follicle recruit-

ment with many eggs produced in the two patients who

underwent IVF during the window of high AMH levels. Quan-

titative studies have also supported this finding in bovines

(Kagawa et al., 2009).

The auto-transplantation of cryopreserved ovary tissue

yielded results almost identical to fresh transplantation

(Figure 1b). This finding is consistent with the observed

Table 1 Pregnancy and duration of function of fresh donor ovarian grafts from an identical twin sister (n = 9) or non-identical sister

allograft (n = 2).

Days of ovarian function
Date of transplant Ovarian function

end date

Spontaneous

abortion

Baby

Born

Girl Boy

975 21 April 2004 22 December 2006 1 1 1

3025 20 April 2005 1 August 2013 3 1 2

2285 7 June 2005 9 September 2011 2 1 1

1534 23 August 2005 4 November 2009 1 1 1

1107 20 September 2005 1 Octoer 2008

752 11 July 2006 1 August 2008 1 1

2410+ 16 August 2006 NA 2 2 2

1666 9 January 2007 1 February 2011 1 1

618 21 April 2008 30 December 2009 1

263a 21 July 2010 10 April 1011

1172+ 11 February 2011 NA 1

Total 6 11 5 6

NA = not applicable.
aRejected when immunosuppression was discontinued.
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Figure 3 Levels of FSH and anti-Müllerian hormone levels after ovary transplant. AMH = anti-Müllerian hormone.
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absence of histological damage from cryopreservation (Kagawa

et al., 2009; Keros et al., 2009; Silber et al., 2010). As with

fresh ovary transplants, FSH levels returned to normal by about

150 days in all cases, and menstrual cycles resumed shortly

before that. The return to normal did not differ between slow-

freeze cases and vitrification cases. In all of the cryopreserved

cases, just as with fresh transplants, AMH rose to high levels

shortly after FSH returned to normal, at around 130–170 days

(Figure 3a–g). Then, exactly as with fresh transplant cases,

AMH dropped to a lower baseline level by about 240 days and

remained at that lower level (Figure 3a–g) (Andersen et al.,

2012).

Eight of the 11 cryopreserved autotransplant recipients had

a follow-up of over 1 year, which allowed the assessment of

pregnancy potential. Seven of these eight patients sponta-

neously conceived, although one spontaneously aborted

(Table 2). The other six were healthy singleton pregnan-

cies. Therefore, cryopreserved and fresh transplantation were

similar in hormonal function and high pregnancy outcome.

Functional hormonal results thus far have demonstrated a re-

markable degree of repeatable concordance in all 22 cases

of fresh ovary donor transplantation and cryopreserved ovary

autotransplantation.

Discussion

This study provides an unusual opportunity to compare fresh

ovarian tissue transplantation cryopreserved autotrans-

plantation in humans in a single centre using the same uniform

technique. We began freezing ovaries for cancer patients in

1997, and our first fresh donor ovary transplant was reported

in 2005, after the first successful cryopreserved transplant was

described in 2004 (Donnez et al., 2004; Silber et al., 2005).

It requires a long time for many women to come back for the

transplant, and so there is a long delay in reporting any results

of cryopreserved ovary autografts. Patients must be relatively

sure they are cured of cancer, as well as have a partner and

be ready to start a family. In all cases of cryopreserved

autotransplantation, just as in fresh transplants, a robust

return of menstrual cycling and normal ovarian function was

observed at almost precisely the same time after surgery (4.5

months) in all recipients. Six healthy babies born to eight

recipients of cryopreserved tissue, along with 11 healthy

babies born to 11 recipients of fresh ovary transplants, verify

the reliability of this ovary transplant technology. According

to numerous scattered reports, 37 or more healthy babies have

thus far been delivered to otherwise sterile cancer survivors

via cryopreserved ovary transplants (Andersen et al., 2012;

Donnez et al., 2011, 2013; Stoop et al., 2014). Egg

cryopreservation also has great potential to preserve fertility,

but ovary cryopreservation is the only alternative for

prepubertal girls; furthermore, ovary cryopreservation does

not delay the initiation of cancer treatment as egg

cryopreservation might (Homburg et al., 2009). In the future,

in addition to cancer patients, ovary tissue cryopreservation

may preserve the fertility of healthy younger women against

the natural decline in fertility caused by ageing (Andersen

et al., 2012; Homburg et al., 2009; Silber et al., 2010; Stoop

et al., 2014).

There could be a possible similarity between resting follicle

recruitment in the adult and oocyte arrest in the early T
a
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embryo. Primordial follicles are not subject to hormonal

stimulation; instead, up to 1000 (out of up to 400,000) begin

to develop each month regardless of hormonal cycling. Just

how they are recruited to develop, and how quickly, into

secondary and antral follicles that are sensitive to hormonal

stimulation remains to be determined (Anderson et al., 2008;

Byskov et al., 1997; Koubova et al., 2006; DB Lesch, personal

communication, 2014; Rajah et al., 1992).

Roughly in line with Gougeon’s predictions (Gougeon, 1986),

in our 22 cases of ovarian transplant, whether fresh or

cryopreserved, menstrual cycling returned at 130 to 170 days,

day 3 FSH returned to normal at around 150 days, and AMH

levels rose at around 170 days to high, above normal, levels

and then decreased below normal levels at around 240 days.

This pattern indicates that shortly after the cortical graft was

placed, a massive recruitment of ‘resting’ follicles occurred

and depleted a large number of eggs from the graft. Then after

full return of normal tissue pressure, the AMH stabilized, and

a normal rate of recruitment resumed. The question of how

these ovary grafts can last so long and result in spontaneous

healthy pregnancies despite low AMH, as well as the massive

increase in AMH and massive resting follicle recruitment from

the ovarian transplant in the recipient between 140 and 240

days after the transplant, is ripe for further research.

In conclusion, no difference was found in clinical and

functional results between fresh and cryopreserved ovary

cortical grafts, and both demonstrated a high success rate in

preserving fertility as well as endocrine function for long

periods of time. Therefore, aside from the benefit of fertility

preservation for cancer patients, this procedure offers the

benefit of relief from menopause without having to resort to

exogenous hormone replacement (Andersen et al., 2012).
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