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Abstract  Cryopreservation of human ovarian tissue would benefit women who are likely to lose their 
ovarian function because of chemo- or radiotherapy or due to genetic disorders or other causes. In 
animal experiments, it has been studied for sixty years. For human fertility preservation it started in 
1996. Slow programmed freezing was first established. It has become a standard method to be 
offered to women facing premature ovarian failure. Several protocols and cryoprotectants have been 
used, most frequently propanediol combined with sucrose, ethylene glycol or dimethylsulfoxide. 
Functional recovery of frozen-thawed tissue has been shown in ovarian follicle cultures and xeno-
transplantation. Several healthy infants have already been born after orthotopic transplantation of 
frozen-thawed tissue to cured women. In vitro follicle culture methods for women who have a risk of 
re-introduction of malignancy, are under development. A more recent cryopreservation method is 
vitrification using a combination of cryoprotectants. It has been functional in animal experiments, and 
the recent results with human ovarian tissue look very promising even though vitrification has so far 
not been used in human transplantation. Freezing of isolated ovarian follicles is an option which has 
been studied. Whole ovary freezing with a vascular pedicle which enables vascular anastomosis at 
transplantation, is a challenging new experimental method. 
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Introduction 
Gonadal failure and infertility are long-term 
consequences of cancer treatment that 
patients have to accept to survive their 
malignant diseases. In recent years, many 
surveys of cancer survivors have found that 
cancer patients are at increased risk of 
emotional distress if they become infertile as a 
result of their treatment (Schover, 1999).There 
is also a high prevalence of psychosocial 
problems related to infertility issues in those 
patients (Skinner et al. 2006; Rosen et al., 
2009). Fertility is thus recognized as a critical 
component of quality of life for cancer 
survivors (Lee et al., 2006) and fertility 
preservation medicine is evolving rapidly to 
offer those patients an opportunity to achieve 
future fertility and well-being. Fertility 
preservation should be therefore regarded as 
a natural extension of cancer care.  
 
The desire for biological parenthood is an 
important issue for many people and not only 
cancer  patients  but  other patient groups may  

 
 
 
also benefit from fertility preservation options. 
Women   diagnosed   with  Turner’s  syndrome  
have also rated infertility as a major concern 
affecting their quality of life (Sylven et al., 
1993). Because follicles have been found in 
the ovaries of adolescents and young women 
with Turner’s syndrome (Hreinsson et al., 
2002), a diagnosis of Turner’s syndrome is 
currently regarded as an indication for fertility 
preservation (Borgstrom et al., 2009; Oktay et 
al., 2010). Thus our fertility preservation 
program at Karolinska University Hospital has 
started to offer fertility preservation counseling 
as an integral part of the care of young 
patients and children having a high probability 
of developing premature gonadal failure due to 
genetic conditions and polyendocrine 
syndromes. Table 1 summarizes current 
indications for fertility preservation at our unit. 
Potential novel indications for fertility 
preservation may include in the near future 
other genetic causes of exhaustion of the 
primordial follicle pool such as GALT gene 
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mutation associated with galactosemia and 
accumulation of downtream toxic products 
resulting in premature ovarian failure as well 
as other  gene mutations associated with 
premature ovarian failure (Dixit et al., 2010;  
Zacharin, 2010).  
 
Table 1: Current indications for fertility 
preservation at Karolinska University  
Hospital, Fertility Unit 1998-2010 
 
 
Malignancies: 
o Breast cancer 
o Leukemia/Lymphoma 
o Hodgkin’s lymphoma 
o Cancer of genital organs 
o Sarcoma 
o Lung cancer 
o Wilms tumour 
 
Benign conditions 
o Turner syndrome 
o Rheumatic disease, Lupus (LES) 
o Neurologic conditions 
o Endometriosis  
o Anemias/Thalassemia 
o Carrier of a premutation of fragile-X 
 
 
 
Cryopreservation of human ovarian tissue was 
first described more than a decade ago 
(Hovatta et al., 1996) and since then, it has 
been implemented on clinical programmes for 
fertility preservation worldwide. 
Cryopreservation of ovarian tissue for fertility 
preservation is currenlty indicated for adult 
women when ovarian stimulation for oocyte or 
embryo cryopreservation is not feasible or not 
desired and for prepubertal and young 
pubertal girls as it is their only option. In 
children, fertility preservation may raise ethical 
issues, as the procedures later required to 
recover fertility, i.e. autotransplantation of 
frozen-thawn ovarian tissue (von Wolff et al., 
2009) and in vitro culture and maturation of 
ovarian follicles (Smitz et al., 2010) are both 
still under development. Experimental methods 
should thus be offered to patients only at 
specialized centers working with ethics board-
approved research protocols and discussions 
regarding reproductive potential should be 
carried out by a multidisciplinary team with 
expertise in the field in the context of 
maximizing the child’s future options and well-
being (The Ethics Committee of the American 
Society of Reproductive Medicine, 2005). 
 

Experimental studies 
Cryopreservation of ovarian tissue was first 
used in experimental animal studies as a 
method to restore endocrine function and 
restore fertility in various conditions. The 
method was developed before in vitro 
fertilization had become feasible. Ovarian 
tissue from rodents (Deanesly, 1954; Parkes, 
1958; Green, 1956) was susccesfully 
cryopreserved using glycerol as a 
cryoprotectant, and the function was studied 
using subcutaneous transplantation of the 
frozen-thawed tissue. Oestrogen production 
from the transplants could be measured.  
Parrot (1960) was the first one to get live 
offspring form frozen-thawed mouse ovarian 
tissue which was transplanted orthotopically 
into irradiated ovary.  
 
Gosden et al. (1994) cryopreserved slices of 
ovarian tissue from lambs using an improved 
slow freezing protocol with DMSO as a 
cryoprotectant.  Orthotopic transplantation of 
these frozen-thawed slices resulted in cyclic 
ovarian activity, pregnancies and live born 
lambs as well as long-term ovarian function 
(Baird et al., 2004). Since then, ovarian tissue 
from many animal species has been 
cryopreserved with the aim of improving the 
methods, optimize protocols  and test new 
techniques, such as vitrification. Lee et al. 
reported the first live birth in non human 
primates after ovarian tissue transplantation 
(Lee et al., 2004). In humans, the first case of 
ovarian tissue cryopreservation and 
transplantation was reported by Oktay et al. 
(Oktay and Karlikaya, 2000) restoring follicle 
growth and estrogen secretion.  
 
Recovery of human female fertility and live 
births after autotransplation of frozen-thawn 
ovarian tissue have been reported (Donnez et 
al., 2004; Meirow, 2005) with consecutive 
pregnancies and long-term ovarian function in 
some cases (Ernst et al., 2010; Demeestere et 
al., 2010; Oktay et al., 2010), which has further 
encouraged research on cryopreservation 
methods and transplantation techniques. 
 
Structural  and cryobiological aspects 
That ovarian tissue is composed of many 
components has been a challenge in 
optimization of human ovarian tissue freezing.  
The stroma is composed of tight connective 
tissue. Ovarian follicles are located in the 
stromal tissue some one to two millimeters 
form the surface of the ovary, often as small 
clusters (Lass et al., 1997). 93% of the oocytes 
are located in the small primordial, 
intermediary or primary follicles. The size of 
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these oocytes is 15-40 µm, and they are 
surrounded by a single layer of flat (primordial 
follicles) or cuboidal (primary follicles) 
granulosa cells. For optimal cryopreservation, 
the best possible cryoprotectant solution with 
appropriate penetration has to be optimized for 
all cell types.  The stroma has a very different 
structure from that of the oocytes. The 
granulosa cells are small cells, which have an 
extremely important role in the maturation of 
the oocytes. There are also important 
extracellular matrix components and basal 
membranes which are all functionally 
important (Hovatta et al., 1996; Lass et al., 
1997; Hovatta et al., 2004). 
 
Cooling and thawing rates are critical in 
avoiding cryodamage to the membranes and 
cellular organelles. Ice crystal formation during 
cooling and warming causes damage, and it 
can be avoided with optimal rates and by using 
cryoprotectants (Hovatta et al., 1996; Fuller, 
and Paynter, 2004). Cryoprotectants are to 
some extent toxic. The toxicity and good 
penetration of the cryoprotectants have to be 
balanced by careful testing. Correct timing is 
very important. One method to avoid toxicity of 
each cryoprotectant is to use a combination of 
several of them in order to achieve a high 
enough concentration, and it is used 
particularly in vitrification where high 
cryoprotectant concentrations are needed 
(Keros et al., 2009; Fahy et al., 2004). 
 
Slow programmed freezing 
After the successful studies in sheep (Gosden 
et al., 1994; Baird et al., 2004), slow 
programmed freezing was applied to donated 
human ovarian tissue (Hovatta et al., 1996, 
Newton et al., 1996). Hovatta et al. (1996) 
compared two cryoprotectant solutions, 1.5M 
propanediol (PrOH) as a permeable and  0.1M  
sucrose as an impermeable cryoprotectant, 
and 1.5M dimethylsulphoxide (DMSO, a 
permeable cryprotectant) using protocols 
designed and applied for ovarian tissue on the 
basis of those used for other tissues.  The 
ovarian cortical tissue was cut into slices 1x 2x 
5 mm in size and incubated for 10 min in 
culture medium containing the cryoprotectant 
solution before cooling, induction of ice crystal 
formation outside the tissue, and slow 
programmed cooling to – 40 o C or - 30 o C 
respectively, before faster cooling and 
plunging into liquid nitrogen. The light 
microscopic morphology of the ovaries was 
unaffected when compared to non-frozen 
control tissue, and no significant differences 
were found in the follicular densities in the 
tissues. No differences were seen between the 

two cryoprotectants or protocols used, either. 
The viability of the tissue after thawing was 
studied in long-term culture (up to three 
weeks) (Hovatta et al., 1997) or xeno-
transplantation to immune-incompetent mice 
(Van den Broeckeet al., 2001). In these early 
studies, human serum-containing freezing 
media were used, but our group (Hreinsson et 
al., 2003) later showed that serum-free 
freezing with human serum albumin in the 
solution proved to work even better.  
 
Newton et al (33) cryopreserved donated 
human ovarian tissue using four cryoprotectant 
solutions. The tissue slices were frozen using 
glycerol, ethylene glycol (EG), DMSO or PrOH 
as cryoprotectants. The survival of the follicles 
after thawing was evaluated after xeno-
transplantation under the kidney capsule of 
immune-incompetent SCID mice.  The survival 
was best when ethylene glycol was used. 
DMSO and PrOH also gave good results, but 
slow programmed freezing using glycerol as a 
cryoprotectant resulted in significantly poorer 
survival of the follicles.  
 
The cooling rate and dehydration times in 
freezing using PrOH were studied by Gook et 
al. (Gook et al., 1999). Slow programmed 
freezing gave clearly better survival results 
than rapid freezing (not vitrification). A 
relatively long dehydration time, 90 min, was 
best in this study. Electron microscopic 
morphology after cryopreservation was 
studied. 
 
 
Since then, slow programmed freezing has 
become a standard fertility preservation 
method. There are many variants in the 
protocols used, such as differences in 
concentrations of cryoprotectants, as reviewed 
by Fabbri et al (Fabbri et al., 2009). What is 
important is that slow programmed freezing 
appears to maintain ovarian function after 
orthotopic transplantation so well that many 
live births have been reported (Donnez et al., 
2004; Meirow et al., 2005; Ernst et al., 2010; 
Demeestere et al., 2010; Oktay et al., 2010; 
Silber et al., 2010; Sanchez-Serrano et al., 
2010). In these reports, ethylene glycol and 
DMSO-based protocols have been used.  
 
 
A slight problem in programmed freezing has 
been the relatively poor survival of the ovarian 
stroma (Hreinsson et al., 2003). Light and 
electron microscopic evaluation and tissue 
culture were used in the evaluation of the 
results in this study.  
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Transmission electron microscopy is the most 
accurate method to study cryoinjury, which 
affects membranes, mitochondria and other 
organelles  which cannot be visualized in detail 
with any other methods (Keros et al., 2009; , 
Nisolle  et al., 2000; Eyden et al., 2004; 
Nottola  et al., 2008; Camboni  et al., 2008).  
 
Apoptosis has been used as a marker, even 
though it does not reflect optimally cryoinjury, 
which causes a necrotic damage mediated by 
ice crystals.  High quality light microscopy 
shows apoptosis as pyknosis of granulosa cell 
nuclei, and condensation of the chromatin also 
in the oocytes. These phenomena can be even 
more accurately seen in TEM.   Nevertheless, 
Tunel (Zhou et al., 2010) and 
immunohistochemistry for anti-caspase three 
(Rahimi et al., 2009) have been used in the 
evaluation.    
 
Barrett et al (2010) used polscope for non-
invasive analysis of the survival and follow-up 
of isolated monkey and human secondary 
follicles in culture after cryopreservation. 
Isolated ovarian follicles have also been 
successfully cryopreserved, and cultured or 
xeno-transplated after thawing (Amorim et al., 
2009; Dolmans et al.,,2007). 
 
Vitrification 
Vitrification has been used for many tissue and 
cell types (Taylor et al., 2004). Ice crystal 
formation can be avoided in vitrification by 
using high concentration of cryoprotectants, 
and it has proven to be an excellent 
cryopreservation method in many other 
situations.  
 
Vitrification has been successfully used in 
mouse (Sugimoto et al., 2000; Kagabu et al., 
2000; Tokieda et al., 2002; Salehnia et al., 
2002; dela Pena  et al., 2002; Migishima et al., 
2003; Chen et al., 2006) and sheep (Al-
aghbari et al., 2002; Bordes et al., 2005; 
Courbiere  et al., 2006) ovaries.   
 
Vitrification of both bovine and human ovarian 
tissue using the Cryotop method (Kagawa et 
al., 2009) gave over 89% survival of the 
oocytes in vitrification. This was shown by 
autotransplantation in bovine, and by light 
microscopic morphology in human tissue.  
Bovine was used as a model for human 
ovarian tissue vitrification by Gandolfi et al. 
(2006). 
 
We compared systematically slow 
programmed freezing and vitrification of 
donated human ovarian cortical tissue from the 

same donors who underwent elective 
Cesarean section.  Two slow freezing 
protocols, one with PrOH-sucrose and one 
with ethylene glycol (EG) -sucrose, and 
vitrification using a combination of DMSO, 
PrOH, EG and polyvinypyrrolidone (PVP), 
were compared. The results were evaluated 
using light and electron microscopic 
morphology after 24 hour in culture after 
thawing. The follicles were similarly well 
preserved using slow freezing or vitrification, 
but the ovarian stroma was significantly better 
preserved after vitrification, as visualized by 
electron microscopy (Keros et al., 2009). 
 
Silber et al. (Silber et al., 2010) also found 
vitrification more effective than slow freezing 
when studying cryopreserved ovarian tissue 
after thawing. The authors compared also 
fresh and frozen ovarian transplants and their 
study population included nine women with 
premature ovarian failure who received fresh 
ovarian tissue donated by a monozygotic twin 
sibling and 16 young cancer patients who had 
undergone ovarian tissue freezing before 
chemotherapy. All transplanted patients 
resumed regular menstruation by 5 months 
after surgery and normalized FSH levels. Nine 
patients who received fresh ovarian transplant 
conceived as well as three patients who 
received frozen tissue, with one infant born 
and two pregnancies ongoing in the frozen-
thawn group at the time of the report. The 
study of the ovarian tissue after thawing 
showed higher oocyte survival after 
vitrification, 89% compared to after slow 
freezing, 42%.  
 
Our team has now established a clinical grade 
closed cGMP-compatible vitrification system, 
in which the tissue will not be in any direct 
contact with liquid nitrogen during vitrification 
or storage (Sheikhi  et al. submitted 2010).  
The procedure meets all the requirements of 
the European tissue directive. 
 
Further technical improvements have been 
tested. Direct cover vitrification gave less 
damage as assessed by electron microscopic 
morphology than the conventional vitrification 
protocol used in the study (Zhou et al., 2010). 
Xiao et al. (2010) managed to decrease the 
cryoprotectant concentration by a method they 
call needle immersed vitrification.  
 
Isachenko et al (2003, 2007, 2009, 2010) have 
compared slow freezing and vitrification, and 
studied several aspects of these procedures. 
In contrast to the other studies, they have 
found that slow freezing  has given better 
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survival of the follicles than vitrification with the 
medium and the protocol they have used 
(Serum substitute supplement,  2.62M DMSO, 
2.60M Acetamide, 1.31M PrOH and 0.0075M 
polyethylene glycol). The explanation is 
probably, as they themselves suggest 
(Isachenko et al., 2010), in the different 
composition and different steps of this complex 
procedure.  Hormonal activity of the thawed 
follicles in culture was similar after slow 
freezing and vitrification, but GAPDH gene 
expression was significantly lower in vitrified 
tissue (Isachenko et al., 2009). 
 
So far no born children have been reported 
after vitrification, but  this is probably a matter 
of time because vitrification is a more recent 
method.  
 
Whole ovary freezing  
Freezing of the whole ovary might permit 
vascular anastomoses and a functioning 
ovary, as has occurred with transplantation of 
whole fresh ovaries in cases of monozygotic 
twins  with premature ovarian failure in the 
recipient twin (Silber et al., 2010). 
 
The procedure was carried out for the first time 
in the rat (Yin et al., 2003) with live offspring 
born. It has been further studied in sheep  
(Courbiere et al., 2009), and even in human 
ovary (Martinez-Madrid  et al., 2007). 
Combinations of vascular cryoprotectant 
perfusion and immersion in liquid nitrogen, 
also by vitrification have been tested, but the 
histology of the ovaries has not yet been 
optimal. 
The technique is demanding and still at early 
experimental stage in animal models as rat (Qi 
et al., 2008) and sheep (Onions et al., 2009; 
Wallin et al., 2009; Demeestere et al., 2009). 
Promising six-year  follow-up results have 
been published (Arav et al., 2010). Methods 
intended to improve the survival of a large 
organ during cryopreservation are being 
developed, also in humans (Gosden, 2008; 
Kim et al., 2010; Bromer et al., 2009; Arav et 
al., 2009). 
 
Conclusions 
Cryopreservation of human ovarian tissue 
followed by orthotopic transplantation has 
become an established fertility preservation 
option for young girls and women facing 
premature ovarian failure because of chemo- 
or radiotherapy. Indications have extended to 
benign and genetic conditions. Methods for in 
vitro culture of oocytes from the frozen-thawed 
tissue are under development. Slow 
programmed freezing is the present standard 

method. Several children have been born after 
slow freezing and transplantation. Vitrification 
is a more recent,  promising cryopreservation 
method, but vitrified tissue has not been used 
for transplantation so far. Whole ovary freezing  
enabling permitting vascular anastomosis is an 
experimental method.  
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