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Preface

Human in vitro fertilization (IVF) has attained full potential and become widespread following 
the introduction of reliable ovarian stimulation protocols and methods for the storage and later 
use of surplus embryos. This has been made possible by the fact that human embryos can be 
cryopreserved with only limited loss in terms of post-thaw viability and reproductive potential. 
Embryo cryopreservation is not, however, immune to disadvantages of an ethical and legal 
nature. The cryopreservation of fully grown oocytes could represent a more widely acceptable 
option, but until recently it has been applied only sporadically. Efforts carried out in the late 
1980s represented a valid proof of principle, but were unable to generate success rates that 
could justify the adoption of oocyte freezing as a routine procedure. Studies conducted in the 
last few years based on the use of novel cryopreservation protocols indicate that many of the 
problems that have originally affected the overall effi ciency of oocyte freezing have been solved. 
This has encouraged the adoption of such a strategy of fertility preservation. As a consequence, 
over a thousand babies from cryopreserved oocytes have been born so far. Apart from offering 
a possible alternative to embryo storage, oocyte cryopreservation also has the potential to pro-
vide a solution to the effects of changes in social attitudes, such as the increased expectations of 
women to achieve a full professional career. Those anticipations can involve a delay in the 
establishment of a family. In a number of cases, though, these women experience reproductive 
failure, a sort of “biological punishment” for having delayed their chances of conception to later 
in life. Therefore, storing oocytes can be a tangible possibility for extending the female repro-
ductive life. Chemo- and radiotherapies can also compromise transiently or permanently the 
reproductively potential. Oocyte preservation can also be critical for young women who are 
destined to premature ovarian failure as an effect of genetic factors. More generally, gamete 
storage can be an answer for those women who, for diverse reasons, wish to preserve their 
reproductive potential for later use.

Despite this, probably the majority of IVF specialists have not yet had the opportunity to 
fully appreciate the clinical potential and current effi cacy of oocyte cryopreservation. Therefore, 
this text has been conceived with the aim of offering a comprehensive view of the state of the art 
in oocyte cryopreservation, especially following recent studies that have shown how oocyte 
cryopreservation is beginning to challenge the supremacy of embryo cryopreservation as the 
preferred form of fertility preservation in IVF treatment. The book includes chapters on funda-
mental concepts of low-temperature storage (controlled rate slow cooling and vitrifi cation), 
aspects of oocyte physiology relevant to the process of cryopreservation, essential biological 
and clinical evidence, and ethical implications of oocyte cryopreservation. The authors of the 
chapters are eminent authorities in their respective areas of interest, some of whom have 
collaborated with the editors over the last several years.

AB
GC 
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 Figure 4.1    Types of preservation. See Page 37.  
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 Figure 4.2    Basic representation of oocyte cryopreservation. See Page 38.   
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 Figure 4.3    Schematic illustration of comparison between vitrifi cation and slow-cooing procedures for human 
oocytes. Solid line represents vitrifi cation. In a majority of recent protocols, human oocytes are introduced to vitri-
fi cation solutions and diluted at either room temperature (RT) or 37°C within 10 min. Dashed line red represents 
conventional slow-cooling protocol (freezing approach). Average duration of slow cooling procedures after loading 
into freezing machine is about 100–110 min. In both routes, intensity of orange color inside the boxes refl ects 
infi ltration of cryoprotectants into oocyte. In the freezing route, white color inside the boxes refl ects growth of ice 
crystals in a straw containing an oocyte.      Abbreviations : LN 2 , liquid nitrogen; RT, room temperature. See Page 38.  
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 Figure 4.5    Schematic representation of processes that take place in aqueous solutions of cryoprotectants with 
the temperature and concentration changes, as indicated in the thermograms.  Abbreviations : DSC, differential 
scanning calorimetry; T d , temperature of devitrifi cation; T g , glass transition temperature; T m , melting temperature of 
ice in the solutions. See Page 41.    
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Figure 4.7 Hatched human blastocyst after development from a vitrifi ed oocyte. Original magnifi cation !200. 
See Page 44.
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 Figure 4.8    Step-wise equilibration and dilution procedures for immature human oocytes involving vitrifi cation 
solution 40 vol.% EG + 0.6 mol/L sucrose.  Abbreviations : EG, ethylene glycol; PBS, phosphate buffered saline; 
VS, vitrifi cation solution. See Page 47.    
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 Figure 4.9    Essential steps of the “straw-in-straw” method: preparation of straws for vitrifi cation (steps 1–5), load-
ing of oocytes (details in  Fig. 10 ), assembling the “straw-in-straw” (steps 6–8), sealing the “straw-in-straw” (steps 
9–10) prior to immersing into liquid nitrogen (step 11), post-warming procedures and expelling of oocytes (steps 
12–15). See Page 51.    

•Preparation of straws for ‘Straw-in-Straw’

•Assembling ‘Straw-in-Straw’: loading method 1 in figure 10

2
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9 10

13
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3 5
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b c

b

4

1. (a) 500µl french plastic straw (outer
straw); (b) 250µl french plastic straw
(inner straw) cut to 1cm shorter than
outer straw; insert detail of straw size
difference
2. Removing cotton wool from outer
straw.
3. Sealing cotton wool from outer
straw.
4. (a) Details of cotton wool of the
outer straw being pushed out by
inserting the inner straw (insert –
magnified detail); (b) unsealed outer
straw; (c) sealed outer straw
5. Testing outer straw in water to verify
there is no leakage

6. Inner straw loaded with vitrification
solution and oocytes; insert: loading
method 1 in figure 10. three different
methods of oocyte loading are shown in
figure 9.
7. Insertion of sealed inner straw in
outer straw.
8. Unsealed end of ‘Straw-in Straw’

9. Sealing of outer (500µm) straw
using heat sealer.
10. The resulting ‘Straw-in-Straw’
arrangement with oocyte inside the
inner straw.
11. Direct immersion into LN2.
storage in liquid nitrogen (-196°C)

12. Warming by direct
immersion to 38°C water bath
13. Cutting of outer straw.
14. Removal of inner straw.
15. Retrieval of oocytes (pictured:
loading case 3 only from figure
10): collection is made by cutting off
the top of the inner straw containing
wool, the oocyte (in the first dilution
solution) then expels onto the dish
by gravity.
steps 12–14 are the same for
loading cases 1–3 from figure 10.

•Sealing of ‘Straw-in-Straw’

•Warming •Retrieval of oocytes

•Cryopreservation
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Figure 4.10 Schematic representation of loading embryos/oocytes in the “straw-in-straw” confi guration (250- 
and 500-µl straws). Loading of embryos/ocytes by: (1) the traditional approach, which involves insertion into the 
pre-prepared column of the fi nal solution using a glass transfer pipette; the 250-µl straw is sealed, shaped, and 
placed into the 500-µl straw (118,120); (2) suction using an Eppendorf 1000-µl micropipette (91,121–123); (3) 
capillary action. The insert in step 1b shows a magnifi ed oocyte and illustrates initial shrinkage of oocyte in vitrifi -
cation solution caused by cell dehydration; the shrinkage of the oocyte in VS is identical for all approaches (steps 
1b, 2a, and 3a). Abbreviations: EG, ethylene glycol; VS, vitrifi cation solution. See Page 52.
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Figure 9.1 (A) Fully grown germinal vesicle of hamster oocyte surrounded by cumulus cells exhibiting microfi lament-
rich trans-zonal processes (arrows). (B) Fully grown mouse oocyte with attached cumulus cell projecting a 
microtubule-rich transzonal process across the zona pellucida (arrow). This oocyte was mechanically stripped before 
labeling. Note a strong microfi lament staining at the oocyte cortex (arrow heads in A and B). See Page 117.
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Figure 9.2 Fully grown germinal vesicle of hamster 
oocyte with microtubule network (green) around the 
germinal vesicle (blue) and at the cortical region. This 
oocyte was mechanically stripped before labeling. 
See Page 118.

 Figure 9.3    In vitro-matured hamster oocyte depicting 
a cortical second meiotic spindle with chromosomes 
equatorially aligned and the fi rst polar body. Note the 
strong microfi lament labeling overlying the spindle at 
the oocyte cortex. This oocyte was mechanically 
stripped before labeling. Microtubules (green), 
microfi laments (red), DNA (blue). See Page 119.    

 Figure 9.4    Cultured, fully grown hamster germinal 
vesicle oocyte after slow freezing and fast thawing. 
In this oocyte the absence of cumulus cells is a conse-
quence of the cryopreservation process, negatively 
affecting meiotic progression. No mechanical stripping 
was done. Note the persistence of the germinal vesicle 
(blue) and the reappearance of a microtubule inter-
phase-like network (green). See Page 121.    
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 Figure 9.5    In vitro-matured hamster oocyte after slow 
freezing at the germinal vesicle stage. A distorted sec-
ond meiotic spindle (green), with non-aligned chromo-
somes (blue), is clearly observed. Note the fi rst polar 
body with a microfi lament (red) rich region (arrow head), 
and several foci of premature cytoplasmic microtubule 
polymerization (arrows). See Page 123.    
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 Figure 11.1    Mature pig ( A ) and human oocytes ( B ). Pig oocytes contain lipid droplets that are believed to 
increase the sensitivity of these cells to cryodamage. See Page 143.    

 Figure 13.1    Human germinal vesicle (GV)-stage oocyte showing an 
interphase-like three-dimensional network of microtubules (in green) spanning 
across the cytoplasm. Within the GV, an uninterrupted ring of heterochromatin 
is visible around the nucleolus. The image is derived from a collaborative study 
between Tecnobios Procreazione and the laboratory of Prof. D. Albertini.
See Page 164.    
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 Figure 13.2    Detail of a human MII oocyte. Actin fi laments (in 
red) are organized in a thin uninterrupted layer beneath the 
oolemma and do not exhibit a restricted localization coincident 
with the position of the MII spindle that instead is found in 
mouse oocytes. The end of the MII spindle oriented toward 
the center of the oocyte is clearly disorganized, having lost 
the typical polar convergence of microtubule fi bers. The image 
is derived from a collaborative study between Tecnobios 
Procreazione and the laboratory of Prof. D. Albertini.
See Page 165.    
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 Figure 13.3    Confocal micro-
scopy 3D reconstructions of 
spindles presenting different 
microtubule and chromosome 
confi gurations: ( A ) bipolar 
organization, with microtubules 
converging at both poles and 
all chromosomes present and 
evenly aligned at the equato-
rial plate; ( B ) bipolar spindle, 
microtubules meeting at both 
poles, but with chromosomes 
only partially aligned on the 
metaphase plate; ( C ,  D ) spin-
dles with microtubules show-
ing signs of disorganization 
and in part not converging at 
one or both poles, with chro-
mosomes showing varying 
degree of misalignment. The 
images are derived from a col-
laborative study between Tec-
nobios Procreazione and the 
laboratory of Prof. D. Albertini. 
See Page 166.    
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 Figure 14.1    Zona and spindle imaging in metaphase II oocytes. The presence and location of a spindle within a 
metaphase II oocyte can be easily assessed by polarization microscopy. Due to its birefringent nature, the spindle will 
appear as an intense birefringent structure in the cytoplasm and close to the fi rst polar body. Besides the spindle, the 
inner ring of the zona pellucida has some birefringent properties and can be visualized. An automatic zona evaluation 
system (Octax PolarAide TM ) enables a qualitative analysis of the zona birefringence and thus a subclassifi cation of the 
quality of the corresponding oocytes, which is displayed as a score. The oocytes shown are characterized by a low 
score/low quality ( A ), intermediate score/intermediate quality ( B ), and high score/high quality ( C ). For details on 
zona imaging see Refs. (18) and (19). See Page 176.    
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 Figure 14.2    Spindle imaging in metaphase II oocytes during slow cooling cryopreservation. The presence and 
location of a spindle within a metaphase II oocyte was assessed prior to cryopreservation ( A ) and in equilibration 
solutions 2 ( B ) and 4 ( C ) by polarization microscopy. Following thawing of the same oocyte, the spindle was clearly 
visible in the fi rst thawing solution ( D ) but disappeared in the following solutions ( E ). After incubation for another 
2 hr in culture medium, the spindle did form again ( F ). For slow freezing/rapid thawing of denuded human oocytes 
we used a commercial kit (OC-Freeze/OC-Thaw; Cook, Limerick, Ireland) and essentially followed the instructions 
given by the manufacturer. The fi nal freezing solution contains 1.5 M propanediol and 0.2 M sucrose in a HEPES 
buffered salt solution, while the fi rst thawing solution contains 1.0 M propanediol and 0.3 M sucrose in a HEPES 
buffered salt solution. A detailed protocol is given in Ref. (46). See Page 179.    
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 Figure 14.3    Zona imaging in metaphase II oocytes during slow cooling cryopreservation. Zona imaging of a met-
aphase II oocytes revealed that 3.5 hr after thawing the zona score ( B ) was different from the value prior to freezing 
( A ). Following culture for another 18 hr, the zona score was almost similar to that in the beginning ( C ). This indicates 
that the changes induced by the cryopreservation procedure do have an impact on the architecture of the zona 
pellucida. The higher value 3.5 hr after thawing may indicate a temporary hardening at least of the inner ring of the 
zona pellucida. The freeze/thaw procedure was performed as described in the legend to  Figure 2 . See Page 180.    
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 Figure 22.1    Spectrum of patients most frequently counseled for fertility preserving techniques [according to the 
FertiPROTEKT network (10)]. See Page 258.    
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 INTRODUCTION  

 The Benefi ts of Freezing Embryos and Oocytes for Long-term Storage 
 In laboratory animals, especially the mouse, advances in molecular genetics has permitted the 
creation of thousands of mutant mouse strains that are too expensive to maintain as live breed-
ing colonies (1). As a result, an increasing number of genetically valuable mouse strains are 
preserved and “maintained” by freezing their embryos, oocytes and sperm. Embryo cryo-
preservation and transfer have become prominent in livestock industry (especially for large 
and small ruminant breeding) (2) to improve the propagation of genetically valuable individuals. 
In 2005, more than 370,000 frozen-thawed bovine embryos were transferred worldwide (2). At 
last, the benefi ts of cryopreserved oocytes and embryos are widely recognized for wild species 
conservation because frozen germ cells and embryos could serve as assurances against any 
unforeseen catastrophes and assist in the management of the populations both in zoos and in 
nature (3). However, the application of this technology in wildlife conservation is still far from 
being routinely used (4). So far, live offspring have been produced from frozen-thawed embryos 
only in less than a dozen of species (felids: ocelots, caracal, African wild cat; primates: macaque, 
baboon; ungulates: eland, red deer, fallow deer) (4). 

 Besides semen freezing, oocyte and embryo cryopreservation has become one of the key 
components in human-assisted reproduction since the 1980s. “Surplus” embryos produced 
in vitro with oocytes obtained from a single collection can be stored for a later use (5). This con-
siderably reduces the costs and risks of exogenous hormone stimulations associated with mul-
tiple oocyte collections. In addition, embryo cryopreservation offers more fl exibility in case of 
ovarian hyperstimulation syndrome related to hormonal treatment before embryo transfer. In 
such circumstances, which also carry signifi cant health risks (5), the patients may terminate the 
hormone treatment and embryo transfer can be postponed. In addition, despite its enormous 
benefi ts, ethical and legal issues are associated with storage and the ultimate fate of cryopre-
served embryos (6). Such concerns may be overcome by the possibility to store oocytes. As a 
single haploid cell, an oocyte fails to elicit the same emotional, moral, and lawful concerns as an 
embryo (7). Oocyte cryopreservation also permits fertility preservation for young cancer patients 
who face early ovarian failure caused by radiation or chemotherapy (5,6). Besides cancer 
patients, oocyte cryopreservation enables women to voluntarily postpone or expand their 
reproductive life for social reasons (8).   

 From Cryotherapy to Modern Cryobiology 
 The word “cryobiology” originated from the Greek words kryo (cold), bios (life), and logos 
(study) (9). The history of cryobiology dates to 2500 BC when Egyptians determined how to use 
low temperatures to stop bleeding, infl ammation, and create local anesthesia (cryotherapy). 
However, the fi rst documented study on the effects of freezing on living animals “New Experi-
ments and Observations Touching Cold” was reported in the 15th century by Sir Robert 
Boyle (10). This pioneer formulated “Boyle’s law” (11), which describes the inverse relationship 
between the volume of a gas and pressure at a constant temperature—a principle highly rele-
vant to low-temperature biology (11). After the publication of Boyle’s monograph, cryobiology 
did not really progress for several centuries. It could be argued that modern cryobiology began 
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in 1940 when Luyet and Gehenio (12) published a monograph addressing cold injury-induced 
mechanisms. The authors specifi cally examined the infl uence of low temperature on the ability 
of spermatozoa (from mammals and amphibians) to remain motile, and of eggs (from insects 
and amphibians) to be fertilized and hatch. Throughout the fi rst half of the 20th century, a grow-
ing number of scientists investigated the effect of cold and subzero temperatures on various 
organisms, including vegetal and animal cells (11). Although several studies on gamete preser-
vation were conducted in early 1900s (11), the discovery of cryoprotective properties of glycerol 
by Polge et al. (13) bolstered the efforts to preserve cells at subzero temperatures. Basic studies 
then focused on the cause of cell injury associated with subzero temperature exposure, espe-
cially the pioneering work (1957 through 1963) by Peter Mazur (11,14). This investigator formu-
lated mathematical models describing the responses of cells suspended in a cryoprotectant 
solution and then cooled to subzero temperatures (14). These fundamental studies in the early 
1970s have led to the birth of the fi rst live mice after the transfer of frozen embryos (15). As 
demonstrated in this chapter, such fi ndings were the foundation for the advances in oocyte 
cryopreservation that began in the 1980s.    

 HISTORY OF MAMMALIAN EMBRYO CRYOPRESERVATION  

 Historical Landmarks and Evolution of Embryo Cryopreservation 
 The fi rst mammalian embryos to be successfully cryopreserved were those from the mouse, in 
1972 (15,16). In these milestone studies, mouse embryos were exposed to a medium containing 
2.0 M dimethyl sulfoxide (DMSO) or glycerol, seeded (see below), slowly cooled to –40°C to 
–80°C, and then plunged and stored in liquid nitrogen. Besides the need to identify optimal 
cooling and warming rates, another essential step for the successful preservation of embryos 
is the induction of extracellular ice crystals, which is referred to as “seeding” (15). Seeding 
reduces the unpredictability of nucleation of ice crystals that can occur just a few degrees below 
the freezing point of the solution or even 10°C to 20°C lower (17). Seeding samples at a 
temperature below the freezing point of a solution was fi rst shown to reduce survival variabil-
ity in cryopreserved yeast cells (18), and was later included in embryo cryopreservation 
protocol (15,16). 

 One year after the fi rst success in mouse embryo cryopreservation, the fi rst calf produced 
from cryopreserved embryos, “Frosty,” was born (19). This was followed by births of live offspring 
from frozen-thawed embryos in several other laboratory (e.g., rabbit, nonhuman primates), 
domestic (e.g., cattle, sheep, goat), and wild animals (e.g., eland, caracal, ocelot) (4,5,20). 

 The fi rst successful human embryo cryopreservation was reported in 1983 (21). Although 
pregnancy was obtained after transferring frozen-thawed cleavage stage embryos, it was termi-
nated after 24 weeks due to the development of a septic  Streptomyces agalactiae  chorion amni-
onitis (21). A year later, the fi rst human baby was born after transferring frozen-thawed embryos 
(22). Yet, the major step toward the clinical application of cryopreservation of human embryos 
was made when it was shown that single-cell embryos (pronuclear zygotes) can be successfully 
cryopreserved using propylene glycol as a cryoprotectant (5). The ability to cryopreserve pronu-
clear stage embryos alleviated ethical issues because this developmental stage was not defi ned 
sensu stricto as an embryo, especially in some European countries (23). Specifi cally, it was ille-
gal to freeze cleaved stage embryos in Germany, Switzerland, and Italy; hence, only physicians 
have the choice of freezing either unfertilized oocytes or pronuclear stage zygotes (23). 

 Cryopreservation of mammalian embryos originally relied on slow cooling between 
–0.3°C/min and –0.5°C/min to avoid intracellular ice formation, slow warming (25–450°C/min) 
to prevent abrupt rehydration, and stepwise dilution to remove the cryoprotectants after 
the embryos were thawed (24). In the early 1980s, Renard et al. (25) as well as Leibo (26) 
independently developed and introduced a new “one-step” dilution method that used non-
permeating compounds (sucrose and galactose) as an osmotic buffer while removing the 
permeating cryoprotectants from frozen-thawed embryos. Such an approach permitted cryo-
preserved cattle embryos to be directly transferred into recipients and become widespread in 
cattle breeding program (27). Then, in the 1990s, low molecular weight cryoprotectants, includ-
ing propylene glycol and ethylene glycol, were adapted into protocols because these agents 
moved rapidly across the cell membranes and hence, decreased cell injury associated with 
osmotic stress (28–30). 
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 To date, conventional cooling is still routinely used for human embryo cryopreservation 
in clinical settings (5). One of the most limiting factors has been zona pellucida damages caused 
by biophysical alterations associated with cryopreservation process that, in turn, are now known 
to contribute to poor implantation (5). Several alternate approaches, including using polymers, 
dextran or fi coll or modifying the embryo container type, have been shown to improve clinical 
outcomes (5). It has also been suggested that cryopreservation compromises the ability of a 
viable embryo to “escape” from zona pellucida (31). To circumvent this challenge, assisted 
hatching (e.g., zona drilling by laser) has been shown to be helpful in increasing implantation 
and pregnancy success using thawed embryos, especially in humans (31,32). 

 Another major advance to avoid the problems associated with slow cooling and intracel-
lular ice formation was developing “vitrifi cation.” This procedure involves brief exposure of 
cells to a concentrated solution of cryoprotectants before plunging the samples into liquid nitro-
gen to achieve high cooling rates (–2500°C/min) and solidifi cation without formation of 
ice (33). This novel approach was fi rst explored successfully in mouse embryos by Rall and 
Fahy (33). Since then, vitrifi cation has been used to cryopreserve embryos effectively in rat (34), 
rabbit (35), sheep (36), cattle (37), pig (38), and humans (39). This storage method has been par-
ticularly valuable for the embryos of species that have poor tolerance to conventional slow cool-
ing and are hypersensitive to chilling (i.e., pig embryos) and has also found widespread 
application in diffi cult-to-store mammalian oocytes (see below). The fi rst human birth from 
vitrifi ed embryos occurred in the early 1990s (39) and, since then, this technique has been com-
monly used in clinical practice due to its effectiveness, simplicity and low cost. In fact, a recent 
meta-analysis across four studies suggested that human embryos stored by vitrifi cation have 
higher survival than their slow-cooled counterparts (40). Nonetheless, more investigations are 
required to increase the effi ciency of vitrifi cation for producing living, healthy babies.   

 Challenges in Embryo Cryopreservation (Learned Since the 1970s) 
 Although now successfully integrated into the management of laboratory mice and breeding of 
several livestock species, there remain signifi cant challenges in embryo cryopreservation. The 
highest priorities for future studies should include understanding why embryos from various 
species, different strains, breeds, or even individuals within a given species (but seemingly of 
the same gross quality) differ in cryosensitivity. This question extends to sorting out the optimal 
stage of the embryo to cryopreserve while determining why embryos produced in vitro seem 
more diffi cult to cryopreserve than those produced in vivo (27). For example, freezing protocols 
are well established for the human, mouse, and cow but remain suboptimal in the pig and 
horse. In addition, early cleaved stage ruminant and pig embryos are more susceptible to dam-
ages associated with cryopreservation than blastocysts or hatched blastocysts (41,42). For rumi-
nant embryos, it is well accepted that in vitro-produced embryos are much more diffi cult to 
cryopreserve than their in vivo counterparts (27). Furthermore, culture conditions, especially 
the presence or absence of serum, also affect cryosensitivity of ruminant embryos (43). It has 
been shown that in vitro-derived bovine embryos cultured in serum-free medium have similar 
morphology (light color) to their in vivo-produced counterparts and are more tolerant to chill-
ing than those cultured in the presence of serum (43,44). Even in vivo-derived embryos, differ-
ences in cryosensitivity among breeds have been observed; embryos from Jersey cows are more 
susceptible to freezing and thawing than those from Holstein cattle (43). Finally, it has been 
shown that the genotype of mouse strains and stocks signifi cantly affects cryosurvival of mouse 
embryos (45). 

 Chilling injury sensitivity has been particularly relevant to investigators studying the pig, 
which has resisted many efforts to develop consistently reliable protocols. In this case, a high 
level of sensitivity to cooling requires such a slow cooling rate to prevent intracellular ice forma-
tion that protracted exposure time to a critical temperature range then causes irreparable cell 
damage (1,43). This damage can be overcome by using a high cooling rate to enable rapid tran-
sition through the damaging temperature zone so that there is no time for induced injury (46,47). 
This challenge was partially resolved in 1997 by using an open pulled straw technique that 
increased cooling rate approximately eight-fold over conventional 0.25-ml straws, thereby 
increasing survival of thawed pig embryos (48). However, attempts to increase the cooling by 
using a superfi ne pulled straw failed to improve pig blastocysts cryosurvival compared with 
the open pulled straw technique (49). 



4 SONGSASEN AND COMIZZOLI

 Although the specifi c mechanism explaining species variation to embryo chilling injury 
has not been elucidated, damage susceptibility appears to be directly related to the amount of 
intracellular lipid (1,43,44). Early-stage ruminant and pig embryos contain substantial amount 
of intracellular lipid (characterized by dark cytoplasm) droplets (41,42), and both are highly 
susceptible to chilling injury. In vitro-derived bovine embryos are much darker, have higher 
intracellular lipid content, and are more susceptible to chilling and freezing than their in vivo 
counterparts (44,50). On the contrary, mouse and human embryos contain comparatively less 
internal lipids (characterized by light cytoplasm) and appear tolerant to cooling (1). But the 
impact of lipids also appears species-specifi c as cat embryos that have dark cytoplasm are com-
paratively resilient to chilling injury and survive slow cooling at an acceptable rate (51). In fact, 
live kittens have been produced from in vitro-derived early stage embryos cryopreserved by a 
conventional equilibrium cooling method (51,52). 

 Nagashima and colleagues (42) were the fi rst to demonstrate that mechanical removal of 
cytoplasmic lipid by centrifugation and micromanipulation reduced chilling sensitivity in two- 
to four-cell-stage pig embryos. Soon after, live piglets were produced by the same group of 
investigators (53) after cryopreserved delipidated pig embryos were transferred to recipients. 
Since the publication of this milestone research, mechanical delipidation has been used to 
improve cryosurvival of chilled, sensitive in vitro-produced bovine (54) and porcine embryos 
(55). However, the disadvantage of this technique is that it requires the removal of lipid via 
micromanipulating pipettes, which in turn causes damage to the zona pellucida and increases 
the chance of pathogen transmission. For this reason, the infl uence of chemical delipidation by 
a lipolytic agent, foskolin, has been recently studied and found to be benefi cial for pig embryos 
(56). Other noninvasive approaches that have been used to reduce or modify lipid content of 
embryos include culturing in vitro-derived embryos in  trans -10  cis -12 conjugated linoleic acid 
(57), linoleic acid–albumin (58), and phenazine ethosulfate (43); these approaches have been 
shown to improve cryosurvival of pig embryos.    

 HISTORY OF MAMMALIAN OOCYTE CRYOPRESERVATION  

 Historical Landmarks and Evolution of Oocyte Cryopreservation 
 The fi rst exploration into the effect of low temperatures on the survival of a mammalian oocyte 
(rabbit) was reported by Chang in 1952 (59). In that study, there was a two-fold reduction in the 
developmental competence of mature oocytes after being held at 0°C for 24 hours. A few years 
later, similar studies were conducted in the mouse by Sherman and Lin (60,61) who demon-
strated that mouse oocytes suspended in a medium containing glycerol and cooled to –10°C 
and held for one or two hours could be used to produce pregnancies in mated recipients. How-
ever, a few oocytes survived, which were then fertilized with the oocytes held at 0°C or –10°C 
for six hours or longer. After these milestone studies there was little progress until the late 1970s 
when the fi rst live mice were produced from frozen, and thawed oocytes (62,63). These investi-
gators used the same approach as with mouse embryo cryopreservation (15,16), specifi cally 
exposing oocytes to 1.5 M DMSO followed by slow cooling to –80°C before freezing in liquid 
nitrogen. There have been subsequent efforts to improve survival success. In 1978, Leibo and 
colleagues (64) performed direct microscopic observation of intracellular ice formation in 
matured mouse oocytes. They concluded that cell survival after freezing to –150°C in 1 M 
DMSO depended on the cooling rate and was negatively correlated with intracellular ice forma-
tion. Most importantly, survival was poor when oocytes were cooled faster than –1.5°C/min. 
This observation together with Mazur’s mathematical model of the physiochemical process 
during cooling described earlier, led several other investigators to adopt slow cooling as the 
best method for cryopreserving oocytes from the human (65,66) and rabbit (67). 

 Regarding immature intraovarian oocytes, the fi rst offspring (in cattle) from a cryopre-
served germinal vesicle (GV) oocyte (that was subsequently matured and fertilized in vitro) 
was produced in 1992 (68). Likewise, the fi rst human baby born after a similar procedure was 
reported six years later (69). 

 While slow cooling had been used somewhat (30–70%) successfully to freeze human 
oocytes (70,71), poor results were reported for other species including pig, cattle, sheep, and 
horses (72). As a consequence, causes of damage and poor development of cryopreserved 
oocytes had become the focus of several studies conducted in the following decade (73). 
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These studies elucidated that mammalian oocytes hold several unique features that contribute 
to extreme susceptibility to damage during cryopreservation procedure (see below and the 
chapters in part 2 of this book). In late 1980s, a vitrifi cation method adopted from that for mouse 
embryos, described by Rall and Fahy (33), was used to cryopreserve mouse, rat, hamster, rabbit, 
human, cow, and pig oocytes (73). Although some progress was made in the cryopreservation 
of mouse oocytes (74), very little improvement was achieved in other species, such as the human 
(75), cow (76), and hamster (77). Until that point, it was well recognized that mammalian oocytes 
were sensitive to cooling and the degree of chilling sensitivity was directly correlated with the 
survival after freezing and thawing. In the early 1990s, Steponkus et al. (46) and Mazur et al. 
(47) reported that Drosophila embryos, a cell type known to be highly susceptible to chilling 
injury, could be successfully cryopreserved by the use of an extremely rapid cooling rate. The 
results of these investigations led Martino et al. (78) to pioneer an ultra-rapid cooling method 
for bovine oocytes. In that study, oocytes contained in minimal volume of a concentrated cryo-
protectant solution were placed on electron microscope grids and plunged directly into liquid 
nitrogen. Using this approach, the cooling rate was estimated to be more than –100,000°C/min, 
which was 40 times faster than conventional vitrifi cation (i.e., cooling in plastic straws). Forty 
percent and fi fteen percent of oocytes cryopreserved on the electron microscope grid cleaved 
after in vitro fertilization (IVF) and developed into blastocysts, respectively, whereas the respec-
tive values for oocytes vitrifi ed in straws were only 3% and <1%. This extreme cooling rate 
appeared to be critical for the success of bovine oocyte cryopreservation, because exposure of 
bovine oocytes to 0°C for only fi ve seconds signifi cantly reduced developmental competence 
(42% vs. 20% blastocyst development). Ultra-rapid cooling permits the oocytes to traverse 
through the critical temperature zone (between 0°C and 15°C) so rapidly that there is no time 
for chilling injury. This improved survival and function of cryopreserved oocytes has led other 
investigators to derive alternative cooling devices, including open pulled straws (79), solid-
surface vitrifi cation (80), microdrops (81), closed pulled straws (82), cryoloop (83), nylon mesh 
(84), multi-thermal gradient (85), and cryotop (86), all of which permit cooling rates exceeding 
–100,000°C/min. Since then, this techniques which is generally referred to as “minimum vol-
ume vitrifi cation” (MVV) has been widely adopted to preserve oocytes in several species, 
including the human (87,88), and it has been recently suggested that MVV is the method of 
choice for oocyte and embryo cryopreservation (89,90). Quantifi cation of the metabolome and 
proteome of the oocyte has revealed that slow freezing has a dramatic effect on cell physiology, 
whereas vitrifi cation appears to have limited detrimental effect (89). This is plausibly achieved 
by the limited exposure to cryoprotectants. Analyses of meiotic spindle dynamics and embryo 
development following IVF indicate that vitrifi cation is less traumatic than slow freezing, and 
therefore, has the greatest potential for successful oocyte cryopreservation (89). Despite these 
quantitative differences in in vitro assessments, there remain no differences in overall implanta-
tion or live birth success in humans after transferring embryos produced by slow cooling versus 
vitrifi cation ( Tables 1  and  2 ). Novel approaches that are now being evaluated to improve oocyte 

 Table 1    Clinical Outcomes after Transfer of Embryos Produced from Cryopreserved Human Oocytes (Equilib-
rium Cooling)  

Investigators (Ref.)

No. of oocytes

No. of 
embryos 

transferred

Outcomes

Total Survived % Pregnancy % Implantation

No. of 
ongoing 

pregnancies
No. of 
births

Porcu et al. (91)  12   4   1 – – – 1
Porcu et al. (92) 709 – – – – – 6
Tucker et al. (93)  16   3   2 – – – 1
Fosas et al. (94)  88  79  26 57.1 – – 5
Tjer et al. (95)  14  10   2 – – – 1
Borini et al. (71) 927 678 404 12.3  5.2 11 4
Borini et al. (96) 918 398 176 19.2 12.3 – –
Bianchi et al. (97) 403 306 180 21.3 13.5 – 4
Parmegiani et al.(98)   6   4   3 – – – 1
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cryopreservation success include intracellular injection of trehalose (101), utilizing choline-
substituted medium to reduce the potentially harmful buildup of sodium (102), and treatment 
with cholesterol-loaded methyl-beta cyclodextrin to stabilize the plasma membrane (103). Basic 
investigations into the cryosensitivity of mature human oocytes (104) conducted in the 1990s 
have paid dividends in the birth of several healthy children (87,88). The advent of intracytoplas-
mic sperm injection (ICSI) to fertilize thawed human oocytes—a process that circumvents zona 
hardening (preventing sperm penetration) caused by premature release of cortical granules—
has signifi cantly contributed to the improved outcomes of human oocyte cryopreservation (92). 
To date,  ~ 15% of human patients undergoing in vitro maturation and IVF after oocyte cryo-
preservation become pregnant (105), and there are more than 200 children born worldwide with 
the use of cryopreserved immature or mature oocytes (106,107). Thus, despite an immense need 
for further improvement, oocyte cryopreservation has emerged as one of the plausible options 
for fertility preservation in women in the 21st century.     

 Challenges in Oocyte Cryopreservation (Learned Since the 1980s) 
 Over fi ve decades of investigation, it was learned that it is far more diffi cult to cryopreserve 
oocytes at the GV or metaphase II (MII) stage than the embryos. The main reasons were fi rst 
identifi ed and described in the late 1990s. First, the oocyte is actually the largest mammalian cell 
type because of which it has a relatively lower surface area to volume ratio compared with an 
embryo (5,73,108). As a consequence, oocytes have low permeability to water and cryopro-
tectants and are highly susceptible to osmotic damage (73,108). To make it even more compli-
cated, it has been demonstrated that water permeability of mouse oocytes differs among mouse 
strains (109), indicating the signifi cant role of genotype in dictating oocyte cryosurvival. Sec-
ond, oocytes are extremely susceptible to chilling injury (110). Cooling MII oocytes to room 
temperature or below induces irreversible disruption of the meiotic spindle and dispersal of 
chromosomes (110). Cooling GV or MII bovine oocytes to 4°C or 0°C signifi cantly compromises 
embryonic development (111,112). Exposure of oocytes to low temperature subtly alters mem-
brane structure and function, caused by thermotropic phase transition and lateral phase separa-
tion of membrane lipid components (73). Furthermore, cooling also induces premature 
exocytosis of the cortical granule, which in turn causes zona hardening (73). Third, the exposure 
of oocytes to conventional permeating cryoprotectants, such as propanediol, ethylene glycol, 
and DMSO, disrupts cytoskeletal structures and increases intracellular calcium, which in turn 
initiates oocyte activation and zona hardening (73,113). Although the issue of zona hardening 
can be overcome by ICSI, cryopreservation of oocytes still faces several challenges.    

 SUMMARY AND NEW DIRECTIONS 

 Since the second half of the 20th century, huge progress has been achieved in cryopreservation 
in parallel with the development of in vitro culture and manipulation of germ cells. The ability 
to store gametes and embryos in the frozen stage for indefi nite period has made assisted repro-
duction increasingly practical in human infertility treatments as well as managing and improving 

 Table 2    Clinical Outcomes after Transfer of Embryos Produced from Cryopreserved Human Oocytes 
(Vitrifi cation)  

Investigators (Ref.)
Cryopreservation 
techniques

No. of oocytes

No. of 
embryos 

transferred

Outcome

Total Survived
% 

Pregnancy
% 

Implantation

No. of 
ongoing 

pregnancies
No. of 
births

Kuleshova et al. (99) OPS  17  11   5 – – – 1
Kuwayama et al. (90) Cryotop  64  52  32 – – 3 7
Yoon et al. (88) Nitrogen slush 364 218 158 – 14.0 – –
Cobo et al. (100) Cryotop  30  82  70 65.2 40.8 – –

 Abbreviation : OPS, open pulled straw.
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genetics of animals. Interestingly, eggs or embryos from nonmammalian species (containing 
yolk) are too diffi cult to freeze, and no real progress has been made. 

 In parallel with signifi cant achievements in mammalian cells, the world of reproductive 
biotechnologies has also made substantial progress in the in vitro culture and manipulation of 
gametes. For example, the advent of ICSI has circumvented the issue of zona hardening associ-
ated with the exposure of cells to low temperature and cryoprotectants. Furthermore, assisted 
hatching has been shown to signifi cantly improve clinical pregnancy and implantation rates 
when frozen-thawed embryos are used. Also, in vitro culture conditions have been improved; 
for example, the development of sequential culture medium that make it possible to culture 
human embryos to the later blastocyst stage (114). Therefore, oocyte and embryo cryopreserva-
tion are linked with in vitro manipulation techniques and the practical use of one discipline is 
dependent on the progress of the other. Finally, optimization of current techniques and develop-
ment of innovative approaches will always benefi t from comparative studies conducted in 
different animal species.   
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 INTRODUCTION 

 Several reviews of the biophysical principles of cryobiology have been published recently and 
the interested reader is referred particularly to Mazur (1) for a detailed discussion or to Pegg (2) 
for an introductory account. In this chapter the science of cryopreservation will be approached 
in a more practical and applied way. We know that freezing living cells is normally lethal, a fact 
that is put to practical use in cryosurgery. But we also know that cooling slows the chemical 
processes both of life and of decay and this has lead to the idea that “suspended animation” 
might be achieved by cooling. Successful preservation will then depend on reducing the destruc-
tive action of ice but allowing the protective effect of low temperatures, such that any damaging 
effects are greatly outweighed by the protective effects. This is a complicated matter: many 
structures and processes are temperature-dependent and cooling has complex effects that com-
bine to create conditions that are far removed from normal physiology. When cells are cooled 
much below 0°C, the effects are normally dominated by the freezing of water, which typically 
constitutes at least 80% of tissue mass. It was generally thought that the ice crystals were directly 
responsible for damage rather than the concentration of solutes in the progressively diminishing 
liquid phase as cooling proceeded. 

 The discovery that changed the whole scene and made practical “cryopreservation” a 
possibility was the accidental fi nding by Polge, Smith, and Parkes (3), that the inclusion of 
10–20% glycerol enabled the spermatozoa of the cock to survive prolonged freezing at –80°C. It 
was soon shown that many compounds with similar physical properties had a similar cryopro-
tective effect (4). By empirical experiment it was also found that cooling and warming rates 
could have an infl uence on the extent to which cells that had been frozen with glycerol could be 
recovered, and gradually a “default” cell cryopreservation technique was established: suspension 
in a 10–20% solution of a cryoprotectant such as glycerol; cooling slowly (1°C/min); storage 
at –80°C or lower; and recovery by rapid warming ( ! 100–200°C/min). 

 These early experiments established the practicality, in concept, of effective preservation 
of living cells by freezing. Some of the elements required for success had been established—the 
presence of a cryoprotectant, an appropriate cooling rate, a low enough storage temperature, 
and an appropriate warming rate—but the underlying mechanisms were poorly understood. 
Other important factors gradually became apparent: the chemical identity of the cryoprotectant 
and its concentration, the manner of addition of the cryoprotectant, the temperature at which it 
was added, the rate at which the cryoprotectant was removed after thawing, and the tempera-
ture at which it was removed. Each of these factors will now be discussed in sequence and the 
underlying science will be developed. The aim is to indicate an approach to the optimization of 
a cryopreservation protocol for any type of cell.   

 CHOICE OF CRYOPROTECTANT 

 Glycerol was the fi rst cryoprotectant to be used in practice, and Lovelock (5) soon showed that 
its effectiveness could be explained by the simple fact that, by increasing the total solute con-
centration of the aqueous phase, it would reduce the amount of ice that formed at any given 
temperature during cooling. It was clear that many other neutral solutes were also likely to be 
cryoprotective, the required properties being high solubility in water, remaining in solution at 
low temperatures, low toxicity, and the ability to penetrate cell membranes (6). Other cryopro-
tectants that have been shown, with various cell types, to be effective include ethylene glycol, 
propylene glycol, dimethyl acetamide, and even methanol, but, most prominently and com-
monly, dimethyl sulfoxide (DMSO) (7). Not all cryoprotectants are equally effective for all cells, 

 2
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one important factor being the ability of the cryoprotectant to penetrate the cell membrane. If 
it does not, then the interior of the cell will simply be dehydrated, as the process of osmosis 
requires eventually reaching equilibrium by the concentration of its own solutes rather than by 
having part of its water replaced by the cryoprotectant. This will not be biologically effective. 
On the other hand, if the cryoprotectant does penetrate, then the protocol that is used to add 
it must take into account the kinetics of the process. The cells will lose water more rapidly than 
they gain cryoprotectant, so a characteristic “shrink/swell” curve will be produced and it is 
particularly important to ensure that the minimum cell volume produced is not less that the 
minimum volume that the cell in question will tolerate: this is typically, but certainly not 
invariably, something around a 40% reduction in volume (8). This will be discussed in more 
detail later. The other important factor is the intrinsic toxicity of the cryoprotectant. The bal-
ance between these factors varies between cells and cryoprotectants and at this time there is 
no alternative to direct experiment to establish the preferred option for any particular cell. 
Practical experience suggests that, for most cells, DMSO should be the fi rst cryoprotectant 
to examine because it has often provided the best compromise between cryoprotection and 
toxicity: but if satisfactory results cannot be obtained with DMSO then other options should be 
considered.   

 THE ADDITION OF CRYOPROTECTANTS 

 As indicated above, the exposure of cells to high concentrations of cryoprotectant causes osmotic 
dehydration and the cells shrink. If the cryoprotectant permeates the cells, it will enter along 
with water until the cells reach their fi nal equilibrium volume. The rate of change of cell vol-
ume, the minimum volume attained, and the fi nal volume are all determined by the permeabil-
ity characteristics of the cell membrane with respect to water, the particular cryoprotectant, and 
the selected temperature. It is usual to add the cryoprotectant at around +4°C to minimize cryo-
protectant toxicity. However, the loading process will be more rapid at room temperature, 
reducing the necessary exposure time, and this temperature may therefore be preferable. For 
accurate optimization of the process the transport parameters should be determined by experi-
ment for the cell in question; the procedure for doing this is discussed below. With these data, 
the time course of changes in cell volume can be calculated for any desired scheme of cryopro-
tectant addition. The fi nal equilibrium volume will depend upon the concentration of imper-
meant solutes in the solution and will be the same as the normal cell volume only if the 
concentration of impermeant solutes is isotonic in molar (per liter) terms (9). Using the perme-
ability parameters the minimum volume should be calculated and the solution compositions 
adjusted such that the cells will not shrink below their minimum tolerated volume. This volume 
should be determined by direct experiment, using increasing concentrations of an impermeant 
solute such as sucrose or mannitol and determining the effect by a suitable test of cell vitality 
(ideally a function test of some sort) until the minimum tolerated volume is identifi ed. 

 It is often found that it is impossible to achieve the desired concentration of cryoprotectant 
in a single step: In such cases the permeability parameters can be used to design a multi-step 
addition protocol such that the calculated cell volume will not fall below the known toler-
ated volume at any stage. See  Figures 1 ,  2 , and  3  for an example. Then, using such a modeled 
scheme, the actual cells can be exposed to increasing concentrations of cryoprotectant, in a 
stepwise fashion, until the concentration that results in damage is found. The whole process 
may then be repeated at a different temperature (but usually only at +4°C and +20°C) and a 
judgment is made about which temperature to use, +4°C to reduce cryoprotectant toxicity or 
+20°C to take advantage of the more rapid transport of water and cryoprotectant at the higher 
temperature.    

 The quantitative description of the mass transfer processes is well developed (10,11). 
Thus, the fl ow of water, J v , through a cell membrane is given by 

  v pJ  = L ! "           

 where L p  is a constant (hydraulic conductivity) that is characteristic of the membrane. The osmotic 
pressure  "  can be calculated from concentration by multiplying it with the product of the uni-
versal gas constant R and the absolute temperature T. The constant RT is 23.235 atm cm 3  mol –1 . 
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If the area of the membrane is A and the internal and external osmolalities are denoted by C i  and 
C e , respectively, then we obtain 

  v p i eJ  = L ART(C  – C )           

 The fl ux of solute across unit area of a membrane is proportional to the solute permeability 
 !  s  and the difference in concentration of the solute across the membrane. (The more familiar 
solute permeability P s  (unit cm/sec) is equal to  !  s RT.) The convention for the direction of fl ux 
is that outside to inside is positive. The equation describing the solute fl ux J s  is 

  s s e iJ  = ART(S  – S )!           

 These equations can be solved simultaneously by a numerical method that will run on a stan-
dard PC and the values of L p  and  !  s  (or P s ) are determined. 
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 Figure 1    Calculated changes in the volume and the intracellular concentration of glycerol in human thrombo-
cytes during ( A ) the addition of 1 molar glycerol in a single step or ( B ) the addition glycerol in three steps: 0.25, 
0.6, and 1.0 molar glycerol. Panel  C  shows the intracellular glycerol concentration throughout procedure  B .  Source : 
From Ref. 13.    
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 A somewhat more complex formalism was elaborated by Kedem and Katchalsky (10) 
and their equations are often used in cryobiology where they are usually referred to as the K-K 
equations. Kedem and Katchalsky assumed that the solvent and solute used a common channel 
through the membrane and they therefore added a solvent/solute interaction term,  ! . The K-K 
formalism is more complex and curve fi tting routines can lead to uncertain results due to the 
fact that the parameter  !  is not independent of L p  and  "  s.  Kleinhans (11) has argued that the K-K 
formalism is often invalid because of the presence of separate channels for water and solute. 
In the author’s opinion the simpler so-called “two parameter” formalism developed above is 
perfectly adequate for the calculations needed to optimize cryopreservation procedures. 

 Several experimental methods are available for the determination of permeability parame-
ters in cryobiology, but the most commonly used method for isolated cells is to record the time 
course of cell volume by means of a Coulter counter or by a light-scattering method when the 
cells are exposed to a known concentration of the compound in question (12,13). 

 The calculation of changes in cell volume requires one more piece of data in addition to the 
use of L p  and P s  and that is the so-called “non-osmotic volume” often designated by the letter 
“b”. When cells are immersed in a solution of non-permeating solute they will attain a volume 
that is an inverse function of the osmolality of the solution. Ideally, 

  rel relV  = 1/M           
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 where V rel  is the volume of intracellular water relative to the physiological water content and 
M rel  is the external osmolality relative to its physiological value. 

 A plot of V rel  against 1/M rel , which is known as a Boyle–van’t Hoff plot, is a straight line of 
slope = 1, passing through the origin (as water content is zero at infi nite osmolality). In reality 
there is always an intercept on the y-axis—the so-called non-osmotic water volume or V inf —
which probably represents a physically distinct portion of the cell water that is so structured 
that it does not participate in solution phenomena. For our purposes we need the  cell  volume at 
infi nite osmolality which will comprise V inf  plus the volume of the cell solids and is often des-
ignated “b”. It is the y-intercept on a plot of cell volume against 1/M rel  (14). In practice the 
determination b can be combined with the determination of the upper and lower volume limits 
that the cells will tolerate without damage. 
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 Once the values of Lp,  !  s , and b have been determined, it is possible to predict the changes 
in intracellular quantities of cryoprotectant and water and hence the time course of cell volume 
for any scheme of addition or removal of the cryoprotectant, and therefore use these data to 
design protocols for adding (and removing) cryoprotectants such that cell volume remains 
within predetermined limits. This was the process used to generate  Figures 1 ,  2 , and  3 , which 
show the volume and intracellular cryoprotectant concentrations for selected schemes of addition 
and removal of two cryoprotectants—glycerol and propylene glycol—for human thrombocytes. 
Propylene glycol permeated more rapidly and therefore had a lesser osmotic effect. The removal 
phase is discussed in more detail below.   

 THE COOLING RATE WHEN ICE IS ALLOWED TO FORM 

 Shortly after the discovery of the cryoprotective action of glycerol, Lovelock (15) provided 
strong evidence that the concentration of solutes rather than the ice itself was the cause of freez-
ing injury to cells. Lovelock found no indication in his experiments with human erythrocytes 
that the rate of cooling had an effect on cryoinjury, but it soon became clear that, fi rst, cooling 
rate and then warming rate were sometimes important determinants of survival. If freezing 
damage was indeed caused by solute concentration, then it might be expected to be ameliorated 
as the cooling rate was increased—on the common sense basis that, whatever the fundamental 
mechanism, its action would be weakest at the lowest temperatures and therefore survival 
would increase as cooling rate was increased. Up to a point this was true, as illustrated in  Fig-
ure 4 , where it is shown that for each of the cell types shown, survival improves as cooling rate 
is increased but then reaches a maximum that is characteristic for each cell type, after which, as 
cooling rate is increased further, survival decreases. In 1963, Mazur (16) proposed his “two-factor 
hypothesis” to explain this phenomenon. According to this theory Lovelock’s solute damage 
dominated at the lower cooling rates and was progressively reduced as the cooling rate 
increased, but then a second damaging mechanism intervened to cause cell survival to decrease 
with increasing cooling rate. That mechanism was intracellular freezing. Mazur argued that 
the rate of change of temperature controlled the rate of change of solute concentration outside 
the cells, which is the driving force for water to be transported out of the cells during cooling. 
Providing water could leave the cells suffi ciently rapidly to maintain thermodynamic equilib-
rium across the cell membrane, the cytoplasm would not cool below its freezing point and all 
the ice would be external to the cells. On the other hand, if the cooling rate was too rapid for the 
permeability of the membrane to allow suffi cient water to leave the cell, then the protoplasm 
would become supercooled, and the greater the extent of supercooling, the more likely it was 
for the cell to freeze internally. The optimum cooling rate and the magnitude of survival at that 
rate depended on the intersection of two curves, one describing solute damage and the other 
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describing intracellular freezing. Cryoprotectants, by reducing the amount of ice formed at each 
subzero temperature, reduce the concentration of the other solutes present, notably of salts, and 
consequently reduce cell damage at low cooling rates. The net effect would depend on where 
the two curves intersect. With mouse bone marrow stem cells Mazur showed that, in the absence 
of a cryoprotectant, survival was insignifi cant (<2%) at all cooling rates: the curves intersected 
close to the baseline. But as the concentration of glycerol was increased, the solute effect curve 
moved up and to the left, reducing solute damage and permitting progressively increasing cell 
survival ( Fig. 5 ). Cryoprotectants have the effect of reducing solution effects and lowering the 
optimal cooling rate while increasing the maximum survival obtained. They do not, at least to 
a fi rst approximation, affect the susceptibility of the cell to intracellular freezing.   

 If the water permeability of the cell membrane is known, and the temperature coeffi cient 
of water permeability can be estimated, then it should be possible to predict the effect of cooling 
rate on the extent of supercooling and therefore the probability of intracellular freezing.  Figure 6  
shows such data for hepatocytes. The calculated degree of supercooling for different rates of 
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cooling of these cells shows that intracellular freezing should be unlikely at 1°C/min but highly 
probable at 10°C/min. Cooling at 1°C/min should almost eliminate the risk of intracellular 
freezing and more rapid cooling would be preferred only if solute damage was unacceptably 
high. Other cells have different water permeabilities, but it has been shown by direct microscopy 
that the cooling rate that produces intracellular freezing corresponds to the extent of intracellular 
supercooling that occurs (17) ( Fig. 7 ).   

 This discussion might suggest that, if all these mechanisms are so well understood and 
the water and solute permeability of the cells are known, then it should be possible to calculate 
optimal cooling (and warming) rates with some confi dence. Unfortunately, the temperature 
coeffi cients of the transport coeffi cients at very low temperatures and particularly the proper 
extrapolation rules are not reliably known. Until they are, optimum rates of cooling and warming 
have to be determined by experiment.   

 THE COOLING RATE WHEN ICE IS NOT ALLOWED TO FORM 

 So far we have assumed that ice forms during cooling but does not directly damage the cells if 
it is exclusively extracellular. However, if cells could be cooled to very low temperatures with-
out any ice being formed at all, then both intracellular ice and the secondary effects of solute 
concentration would be avoided. Luyet (18) thought that the formation of ice damaged cells 
directly and he searched for conditions that would produce a vitreous or glassy state with 
biological systems such that living cells could survive. Aqueous systems are said to be vitrifi ed 
if the viscosity reaches a suffi ciently high value ( ! 10 13  poises) to make it behave like a solid but 
without crystallization. In fact, vitrifi cation does occur during conventional cryopreservation 
where ice is allowed to form. This happens because the concentration of solute in the liquid 
increases during progressive freezing until the point is reached where the residual solution 
vitrifi es in the presence of ice. The temperature at which this occurs is called T g  "  and is illustrated 
in  Figure 8 . The problem is that, at temperatures above 0°C, cells will not tolerate exposure to 
the concentration of cryoprotectant that is required for vitrifi cation without freezing (typically 
 ! 80 g% w/w). However, the concentration required to vitrify varies both with cooling rate and 
cryoprotectant (19) so that it is possible to vitrify solutions that are less concentrated if suffi -
ciently rapid cooling is employed. Hence, it may be possible to achieve the vitreous state in cells 
using concentrations of cryoprotectant that they will tolerate at temperatures above zero (20,21). 
Unfortunately, there are two practical problems with this approach: the concentration of cryo-
protectant required is very high compared with conventional cryopreservation and toxicity is 
the limiting factor; also, the resulting vitrifi ed material is unstable, requiring very rapid cooling 
and even more rapid warming.    
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 THE STORAGE TEMPERATURE 

 The temperature that is required for effective long-term cryopreservation is a very important 
practical question, but is one on which very little work has been done. All the early work on 
cryopreservation used a storage temperature of –80°C, usually by means of solid carbon dioxide, 
which has a sublimation temperature of –79°C. This mode of preservation provided long-term, 
but not indefi nite, storage and has now largely been replaced by the use of liquid nitrogen, 
which has a boiling point of –196°C and provides virtually indefi nite storage. Samples that have 
been vitrifi ed using very rapid cooling with less than the desired concentration of cryoprotectant 
must be stored at temperatures below the glass transition temperature, which is –123°C for 
DMSO and –104°C for propylene glycol (22,23).   

 THE WARMING RATE 

 In conventional cryopreservation, the warming rate is generally thought to be less important 
than the cooling rate and generally that is true. However, the conventional rule of thumb (that 
cooling should be slow and warming rapid) was derived from experiments in which the optimum 
cooling rate was determined fi rst, using rapid warming. When the optimum warming conditions 
were then determined using slowly cooled cells it is hardly surprising that rapid warming gave 
the best results. In fact, the two rates interact and in one study that explored a wide range of 
cooling and warming rates, two optimal combinations of cooling and warming rates were 
found—cooling at 1°C/min with warming at 200°C/min and another optimum with cooling at 
0.2°C/min and warming at 0.3°C/min (24). 
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 Warming rate is of much greater importance for vitrifi ed samples if suboptimal concentra-
tions of cryoprotectant were used and freezing was prevented by very rapid cooling. This results 
in an unstable situation and for physical reasons that are discussed elsewhere (25) such vitrifi ed 
samples are prone to devitrify (i.e., to freeze) during warming. Very rapid warming is essential, 
which implies the use of very small samples in high-conductivity holders and a relatively high-
temperature thawing bath. The effectiveness of this approach was clearly demonstrated by the 
successful vitrifi cation of  Drosophila melanogaster  embryos (26). These are complex organisms 
that cannot be preserved by conventional freezing methods. They contain some 50,000 cells and 
differentiation into organ systems is advanced. Success required careful permeabilization of the 
waxy vitelline membrane to allow penetration of the cryoprotectant, exposure to 8.5 mol/l 
ethylene glycol, cooling at 100,000°C/min, storage at  !  –200°C, and warming at 100,000°C/min. 
The extremely high rate of warming was far more critical than the rate of cooling, which is 
consistent with the crucial importance of maintaining the vitreous state.   

 REMOVAL OF CRYOPROTECTANTS 

 When a permeating cryoprotectant is removed by exposing the cells to a lower concentration of 
that compound, an osmotic imbalance is produced causing the uptake of water and as a result 
the cells swell above their initial volume. They then shrink as the cryoprotectant moves out, 
accompanied by suffi cient water to maintain osmotic equilibrium, and they return to their 
physiological volume only if non-permeating solute has neither been lost nor gained during 
the process. As cells are generally more sensitive to swelling than to shrinkage, removal of 
cryoprotectants tends to be more hazardous than their addition. Analogous to the situation 
when designing an addition protocol, the maximum tolerated volume must be determined by 
exposing the cells to graded hypotonic solutions of a non-permeating solute. Again, both the 
rate of change of volume and the fi nal volume must be considered when designing protocols for 
the recovery of cryopreserved cells, and by using the transport parameters already determined 
multi-step dilution schedules can be determined.  Figures 1 ,  2 , and  3  illustrate some calcu-
lated removal procedure for both glycerol and propylene glycol with human thrombocytes. 
In this case, the removal process for glycerol could be made more practical by including an 
impermeant solute in the fi rst step solution or alternatively by changing to a more permeable 
cryoprotectant—propylene glycol.   

 THE CRYOPRESERVATION OF CELL SUSPENSIONS 

 The basic cryobiological knowledge reviewed here has made it possible to develop effective 
methods for the preservation of a very wide range of cells, mostly by conventional cryo-
preservation in the presence of extracellular ice but also by vitrifi cation methods (see Ref. 27 for 
a comprehensive survey). For each type of cell, there is a set of conditions that is optimal for 
preservation, determined by the interaction of the particular properties of the cell in question 
with the cryobiological factors that have been discussed.   

 CRYOPRESERVATION OF MULTICELLULAR SYSTEMS AND TISSUES 

 The situation becomes much more diffi cult when complex, multicellular systems are considered. 
Tissues and organs contain a heterogeneous collection of cells, which may have quite different 
optimum requirements for preservation, yet it is necessary to fi nd a method that will provide 
adequate survival of all the cells that are important for the function of that tissue. The highest 
tolerated concentration of cryoprotectant may produce suffi cient fl attening of the bell-shaped 
survival curve to enable all the cells present to survive. In organized tissues it may also be 
important to avoid damage to specifi c extracellular structures and to retain the normal intercon-
nections between the cells and their basement membranes (28). Extracellular ice in a cell suspen-
sion is outside the system that it is desired to preserve and consequently is innocuous, but the 
situation is quite different for organized tissues: here, the extracellular ice is within the system 
that is to be preserved and may disrupt the structure of the tissue directly. Taylor and Pegg (29) 
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showed that smooth muscle frozen to –21°C by cooling at 2°C/min in the presence of 2.56 M 
DMSO was functionally damaged, whereas exposure to the solution composition produced at 
that temperature was innocuous. Ice had damaged this tissue, and it was shown that the extent 
of such damage depended upon the specifi c site of the ice crystals. Damaging effects of extra-
cellular ice have also been demonstrated in the blood capillaries of kidneys and livers (30). The 
avoidance of freezing or, at least, the limitation of the amount of ice to very small quantities in 
the least susceptible locations may be particularly important for multicellular systems. Attempts 
to cryopreserve complex multicellular systems simply by adopting techniques from single-cell 
systems have generally been unrewarding. 

 The demonstration that ice forming in tissues produces so much damage has created 
renewed interest in the possibility of using vitrifi cation with very high concentrations of appro-
priate cryoprotectants to avoid the formation of ice completely. The problem is that very rapid 
cooling and certainly very rapid warming simply are not possible for bulky systems, so higher 
concentrations of cryoprotectant must be used, with consequent toxicity. One approach to this 
problem is to increase the concentration of cryoprotectant progressively during cooling so that 
the tissue concentration follows the liquidus curve: ice does not form but the cells do not experi-
ence any greater concentration of cryoprotectant than occurs during freezing. This has proved 
to be entirely practical and very effective for the cryopreservation of articular cartilage, an other-
wise recalcitrant tissue (31). A similar method may be effective for other resistant tissues and 
perhaps even for organs.   

 CONCLUSIONS 

 A distinction is made between cooling and freezing. Cooling slows the chemical processes 
both of life and of decay, but when cells are cooled much below 0°C, the effects are dominated 
by the freezing of water, which causes the formation of ice crystals and the simultaneous con-
centration of solutes in the progressively diminishing liquid phase. It was the discovery by 
Polge, Smith, and Parkes that the inclusion of 10–20% glycerol enabled the spermatozoa of 
the cock to survive prolonged freezing at –80°C that initiated the era of cryopreservation. 
After many empirical experiments a “default” cell cryopreservation technique was established: 
typically, suspension in a 10–20% solution of a cryoprotectant such as glycerol; cooling slowly 
(1°C/min); storage at –80°C or lower; and recovery by rapid warming ( ! 100–200°C/min). The 
action of glycerol was explained by the simple fact that it increased the total solute concentration 
of the aqueous phase and it would therefore reduce the amount of ice that formed at any given 
temperature. Many other neutral solutes possess the required properties of high solubility in 
water, remaining in solution at low temperatures, low toxicity, and the ability to penetrate cell 
membranes. This ability to penetrate the cell membrane is particularly important and the pro-
tocols that are used to add or remove it must take into account the kinetics of the process so that 
the minimum and maximum cell volumes do not transgress the minimum and maximum vol-
umes that the cell will tolerate: this is typically around  ±  40%. The effect of cooling rate is 
explained by Mazur’s “two-factor hypothesis,” which argues that injury at low cooling rates is 
due to the concentration of solutes in the remaining liquid and that at high cooling rates is due 
to intracellular freezing. The optimum cooling rate and the magnitude of survival at that rate 
depend on the intersection of the curves describing the dependence of these two mechanisms 
on cooling rate. 

 We see therefore that ice forming during slow cooling does not damage the cells because 
it is exclusively extracellular. However, if cells could be cooled to very low temperatures with-
out any ice being formed at all, then both intracellular ice and the secondary effects of solute 
concentration would be avoided. Aqueous systems are said to be vitrifi ed when the viscosity 
reaches a suffi ciently high value to make them behave as solids but without crystallization. The 
problem is that cells at  ! 0°C will not tolerate exposure to the concentration of cryoprotectant 
that is required for vitrifi cation (typically  ! 80 g% w/w). The concentration required to vitrify is 
reduced at high cooling rates, but there are two practical problems with this approach: the con-
centration of cryoprotectant required is very high, so toxicity is the limiting factor; also, the 
resulting vitrifi ed material is unstable, requiring rapid cooling and very rapid warming. Such 
samples must be stored at temperatures below the glass transition temperature, which is –123°C 
for DMSO and –104°C for propylene glycol. 
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 This basic cryobiological knowledge has made it possible to develop effective methods for 
the preservation of a wide range of cells, mostly by conventional cryopreservation in the presence 
of extracellular ice but also by vitrifi cation methods. However, the situation is more diffi cult for 
complex, multicellular systems. These usually contain a heterogeneous collection of cells, which 
may have quite different optimum requirements for preservation and it may be important to 
avoid damage to specifi c extracellular structures. Attempts to cryopreserve complex, multi-
cellular systems simply by adopting techniques from single-cell systems have generally been 
unrewarding. The demonstration that ice forming in tissues produces so much damage has 
created renewed interest in the possibility of using vitrifi cation with very high concentrations 
of appropriate cryoprotectants to avoid the formation of ice completely. One approach to this 
problem is to increase the concentration of cryoprotectant progressively during cooling so that 
the tissue concentration follows the liquidus curve: ice does not form but the cells do not expe-
rience any greater concentration of cryoprotectant than occurs during freezing. This has proved 
to be entirely practical and very effective for the cryopreservation of articular cartilage, an other-
wise recalcitrant tissue. Similar methods may be effective for other resistant tissues and perhaps 
even for organs.     
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 INTRODUCTION 

 Storage of unfertilized mammalian oocytes has numerous applications in both human and 
animal reproductive technologies. Cryopreserved human oocytes can assist in the treatment 
of human infertility, for example, where loss of fertility may be predicted following ablative 
anticancer treatments or in patients suffering premature ovarian failure; banking of excess 
oocytes produced as a result of in vitro fertilization (IVF) treatments; and donation of oocytes to 
others (storage giving the added advantage of allowing time to screen donors for disease). 
Oocyte cryopreservation could also serve as a means of delaying child bearing to an age when 
natural fertility and/or oocyte quality has declined. Applications in animal management 
include, amongst the domestic species, preservation and cross-nation transport of economically-
important strains; the potential to restock depleted herds following outbreaks of diseases such 
as foot and mouth; preservation of genetically modifi ed strains, thereby reducing the cost of 
continuous breeding and avoiding problems of genetic drift; and the preservation and manage-
ment of endangered species. From an ethical and legal standpoint in clinical practice, many 
people view oocyte cryopreservation as preferable to embryo storage because concerns about 
parental ownership or consent for use are lessened with unfertilized gametes. In some coun-
tries, cryopreservation of human embryos is currently prohibited or strictly limited because of 
these considerations. In animal management, oocyte cryopreservation gives greater fl exibility 
in breeding programs than does embryo cryopreservation. Cryopreservation of mature oocytes 
is a relatively young science with a history of only 30 years. The fi rst live births from cryopre-
served ovulated mammalian oocytes were reported by Whittingham in 1977 in mice (1) and sub-
sequently by reports in a number of other species including rabbits (2), cows (3), horses (4), and 
over the past 20 years in humans (5–7). However, in most species success rates for cryopreserved 
oocytes have remained markedly poorer when compared with the cryopreserved embryos. 

 As discussed in chapters 6,7,9 and 13 there is a diverse range of morphological and phys-
iological attributes of mammalian oocytes, which have contributed to the diffi culty of achieving 
successful preservation. To recap briefl y, the oocyte is a large single cell with low permeability 
to water, which increases the tendency to retain water in an undercooled state during cooling 
and leads on to damaging intracellular ice formation (IIF). Membrane permeabilities of oocytes 
for water and cryoprotectant solutes vary between species, strains, and maturational status of 
the oocyte, meaning that a universal protocol cannot be easily applied. If cryopreserved oocytes 
are to be successfully fertilized by natural means, the oocyte must retain the integrity of a number 
of unique structural features, such as the zona pellucida, the cortical granules, the mitochondrial 
compartment, and the microtubular spindle. The zona pellucida is the glycoprotein coat sur-
rounding the oocyte; it controls sperm penetration triggered under natural circumstances by 
the action of a single sperm binding to its receptors, inducing the release of cortical granules 
which enzymatically crosslink the glycoproteins and prevent further sperm penetration (8). If 
this physiological machinery is disrupted during cryopreservation, it can act to prevent oocyte–
sperm interaction (9) even if other essential cell functions (such as normal membrane functions) 
have been successfully recovered. In fact, this problem may be logistically countered by applica-
tion of the intracytoplasmic sperm injection (ICSI) technique in human oocyte cryopreservation 
(10). The other oocyte-specifi c concern about cryopreservation has focused on the microtubular 
spindle, on which the condensed chromosomes are aligned in mature oocytes, and which is 
responsible for the correct segregation of chromosomes following fertilization and embryo 
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development. Thus, cryopreservation-induced damage could lead to aneuploidy, and there is a 
well-documented propensity for the microtubular spindle to disassemble on cooling, although 
there is growing evidence that the spindle is also capable of reversible repair on rewarming 
(7,11,12). However, it remains unclear whether such reversible “failure and repair” processes 
have other adverse consequences during subsequent development of the resulting embryo. A 
potential route to avoid this latter problem has been proposed by choosing to cryopreserve 
immature oocytes before the nuclear membrane breaks down and the spindle is formed (the 
so-called “germinal vesicle breakdown stage” in meiosis I), but this raises equally intractable 
problems of how to access immature oocytes and how to achieve in vitro maturation, even were 
cryopreservation itself to be achieved successfully. It is fair to say that these diffi culties ensure 
that, at present, cryopreservation of immature oocytes remains very much at the investigative, 
research-based niche of oocyte storage. Finally, as indicated in chapter 11, species-specifi c factors 
play a role in oocyte cryopreservation; for example, porcine oocytes have a high lipid content 
and are sensitive to chilling (13).   

 CONTROLLED RATE SLOW COOLING AS AN OPTION FOR OOCYTE CRYOPRESERVATION 

 The fundamental steps toward oocyte cryopreservation at extreme low temperatures have been 
described in chapters 2 and 4, and can also be found in other reviews (14,15). For any cell sys-
tem, these can be viewed in a very simplistic way wherein the ability of water to form ice crys-
tals is restricted, controlled, and compartmentalized to avoid biological injury during the 
thermal transition from the aqueous state down to temperatures compatible with true long-
term biophysical stability. To achieve that stability, all the molecular components of the cell need 
to exist under extreme dehydration, but at a balanced level of anhydrobiosis where the residual 
“water of structure” for the biomolecules is still present in the relevant hydration shells to avoid 
denaturation. In simple aqueous mixtures such as salts in solution, the consequence of this 
“thermal dehydration” is progression to the solidifi cation of eutectic mixtures at clearly defi ned 
end temperatures, dictated by the contents of the particular solvent–solute mixture. In biological 
systems—containing complex mixtures of macromolecular proteins, carbohydrates, lipids, 
and nucleic acids, which may be in aqueous solution or may be compartmentalized into ultra-
structural entities such as membranes or polymeric aggregates—it is unlikely that such clear 
eutectic points exist. It is more likely that the mixture will assume a highly viscous amorphous 
state, acting to kinetically restrict the movement of residual water molecules to ice crystals, and 
effectively enter a “quasi-glass” state in which molecular motions are inhibited below about 
–100°C. The term “quasi-glass” is used because there is evidence that such systems may contain 
minute ice-nucleation centers from which ice crystal of signifi cant size could grow, if conditions 
are altered to allow this. The concept is supported by biophysical studies using differential 
scanning calorimetry in the kinds of samples produced during cell cryopreservation (16–18). 
Also, as discussed in chapters 2 and 4, it is possible to achieve this stable cold dehydrated state 
by different technical maneuvers which include rapid vitrifi cation techniques or slow, controlled 
rate cooling.   

 DEVELOPMENT OF EQUIPMENT FOR CONTROLLED RATE COOLING PROTOCOLS 

 The ability to control heat transfer depends to a signifi cant degree on the temperature gradient 
during the cooling process, the thermal characteristics of the sample and housing chamber, and 
the relative volumes of these compared to that of the coolant. Given that end temperatures 
around –100°C will be the target, there are limited possibilities for choice of coolant. Passive cool-
ing (by placing samples in a holder, inside a cold chamber such as the cabinet of a –80°C freezer, 
or in the vapor phase of a dewar of liquid nitrogen) is an inherently nonlinear process because 
initially temperature gradients will be much higher and thus initial cooling will be much faster. 
The need for linear cooling has been accepted historically (probably more for reasons of sample 
monitoring than for adherence to a specifi c biophysical parameter), and this will be discussed in 
paragraph Cooling Rates in the High Subzero Range. However, linear slow cooling rates de facto 
do have the advantage of avoiding potential, injurious rapid rates of cooling in the high subzero 
range, where there is a high risk of IIF if signifi cant supercooling of the oocyte intracellular 
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environment occurs relative to the surrounding ice matrix (19). Passive slow-cooling chambers 
are commercially available and may suffi ce for some routine laboratory cell cryobanking 
requirements where large numbers of resistant cells are being stored, and a defi ned degree of 
attrition during cooling can be accepted, but for sensitive cells such as oocytes, these approaches 
are not suffi cient. 

 While the degree of complexity (and therefore cost) is increased by choosing to use con-
trolled rate cooling equipment, there are advantages to be gained. Modern machines provide 
good temperature monitoring and recording of both the cooling chamber and a “dummy” sample 
tube, so that records of a particular cryopreservation procedure can be collected for quality 
assurance and sample safety. The equipment is programmed to reproduce set cooling profi les 
on requirement, irrespective of changes in the local laboratory environment, and is alarmed to 
alert the staff for any deviation from the protocol. If similar equipment is used, the protocols can 
be easily repeated in other clinics. 

 Laboratory equipment to produce slow cooling profi les for oocytes was developed early 
on by using stirred alcohol baths in evacuated dewars suspended in liquid nitrogen (1). However, 
a more sensitive system with potential for varying different parts of the cooling profi le followed 
from the work of Hayes et al. (20) which showed that good performance could be achieved 
down to temperatures below –100°C by balancing fl ow of cold nitrogen vapor in a closed envi-
ronment with heating provided by an electrical heater. An example of this early work is shown 
in  Figure 1 , and this still remains the underlying principle of most modern nitrogen vapor cool-
ing machines. The constant fl ow of nitrogen vapor is assured by pressurizing the supply dewar 
of liquid nitrogen by another small heater and a solenoid valve that permits vapor to fl ow at a 
rate dictated by the set cooling profi le. As a nonfl ammable agent, nitrogen vapor is relatively 
safe to process in this way, as long as the standard concerns about handling cryogenic gasses 
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 Figure 1    A schematic of an early design for a controlled rate cooling machine, on which most later machines 
have been modelled. The samples or straws were loaded onto the canes inside the chamber; liquid nitrogen vapor 
was delivered under pressure into the chamber, mixed by the fan motor; manipulation of the cooling rate was 
achieved by balancing nitrogen vapor infl ux with a solenoid valve and warming was provided by an electrical 
heater, both under a feedback control loop determined by the temperature measurements from the resistance 
thermometer.  Source : From Ref. 20.    
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(21) are complied with. Several manufacturers (e.g., Planer Products, U.K.) produce modern 
machines based on this principle. It should, however, be remembered that liquid nitrogen is not 
a sterile commercial product, and cooling equipment should be routinely cleaned along manu-
facturer guidelines between uses. To our knowledge, there have not been any reports about 
potential infection of samples during vapor slow cooling, and this is because the samples would 
be “ice-solidifi ed” and enclosed in vials or ampoules. There is however an issue about using 
nitrogen vapor (i.e., expelling it as an exhaust from a cooling machine) in environments of regu-
lated air purity such as those encountered in pharmaceutical or cell therapeutic production, 
where cell cryobanking has to be performed in an adjacent room.  

 Recently, there has been another approach to slow cooling that employs a linearized 
motor, which can provide suffi cient control to deliver cooling rates appropriate for oocytes (less 
than 0.5°C/min), based on the free piston Stirling cooler principle (22). The machine (Grant 
Asymptote EF600) avoids the use of liquid nitrogen as a cryogen. It uses an electrically powered 
Stirling cycle cryocooler as its cooling source. This small electrically powered freezing unit is 
distinct from a Peltier or compressor operated freezer in that the Stirling cryocooler has a small 
oscillating piston that repeatedly expands and compresses helium gas within a cylinder. The 
piston runs on gas bearings and so has a very long running life. The working fl uid, helium gas, 
is sealed within the cylinder, and is inert and environmentally safe. 

 The sample plate is machined to accommodate straws (0.25 or 0.5 ml) or cryovials. The 
temperature of the sample plate is monitored by an internal thermocouple, which is read by a 
controller, and the voltage to the Stirling cryocooler is adjusted to produce the desired tempera-
ture. This simple feedback loop allows accurate temperature control to follow a preselected 
cooling profi le. The cooling rate of the EF600 can be controlled over the temperature range 
+30°C to –100°C. 

 Controlled ice nucleation (“seeding”) of samples (see section “Control of Other Parameters 
to Optimize Outcomes During Slow Cooling”) can be carried out at a selected temperature 
plateau in the freezing cycle, without the need to remove sample straws. Two alternative 
methods of nucleation may be employed, either (a) the conventional method of using forceps 
and other similar instruments cooled in liquid nitrogen to contact the surface of the supercooled 
straw or (b) a small nitrous oxide cryosurgical device which uses the local cold spot from the 
rapid expansion of sterile N 2 O to nucleate the samples. 

 Because this type of equipment does not require direct involvement of a cryogen (only a 
power source, which can be a portable battery), it is suitable for situations where liquid nitrogen 
is not available, such as fi eld cryopreservation in veterinary or agricultural practice (22). There 
may also be situations where the nitrogen vapor expelled from the cooling machine may 
destabilize clean air environments in sterile rooms, which need to be considered. However, at 
present, such environments are not routine requirements in clinical IVF laboratories, and as 
long as the samples are properly packaged in sterile containers (straws or ampoules) before the 
start of cooling; we could fi nd no reported problems from running the cooling machines in 
the laboratory suite. 

 There have been several other developments of laboratory-scale machines for controlled 
slow cooling, which have not been commercialized, but which fi nd useful application in research 
groups where a limited range of slow cooling rates is suffi cient to meet requirements. For example, 
Medrano and colleagues (23) employed a stepper motor to slowly lower semen samples in 
straws in a mobile carrier down into the vapor phase of nitrogen in a dewar of liquid nitrogen. 
By altering the ramp rate, slow cooling could be achieved, and this could work equally well for 
oocyte slow cooling. These machines can be run at low cost under laboratory conditions, but in 
most cases would not fulfi ll concerns about quality assurance in clinical practice.   

 CONTROL OF OSMOTIC STRESS BY ANALYSIS OF OOCYTE MEMBRANE PHYSIOLOGY 

 Exposure of unfertilized oocytes to osmotic stress has been shown to reduce development 
following fertilization in a variety of species. Developmental stage may be important, and 
immature bovine oocytes have been shown to be more sensitive to osmotic stress, induced by 
hypertonic conditions, than mature oocytes (24). Increased proportions of oocytes with disrupted 
spindle structure have also been observed in porcine oocytes as levels of anisotonic exposure 
diverged from isotonic (25). Human in vitro matured oocytes have been shown to be capable of 
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a degree of post-ICSI development following exposure to a wide range of osmolalities for fi ve 
minutes at 37°C (26), but whether further development is impaired is as yet unstudied, as is 
whether such tolerance applies to longer exposure times at lower temperatures. 

 In order to control the degree of osmotic stress experienced by a cell on exposure to cryopro-
tectant or cooling, the permeability of the cell to water and cryoprotectant must be determined. 
Water permeability (L p ) is determined by measuring cell volume change on exposure to noniso-
tonic solutions, which evoke osmotic water effl ux. Permeability to permeating cryoprotectants 
(P cpa ) is determined by measuring cell volume change (shrink then swell) on exposure to that 
cryoprotectant. Cell volume can be determined by a number of techniques including several 
electronic methods. However, such methods require a large cell population. Oocytes are not 
generally available in suffi ciently high numbers for these techniques, this particularly being the 
case with human oocytes. Fortunately, oocytes are of such a size that direct observation of cell 
volume change of a single cell using light microscopy is practicable. Their large size not only 
makes oocytes easy to visualize but also results in water loss at a suffi ciently low rate for their 
cross-sectional area to be determined as a function of time. Most oocytes are spherical in shape 
making it simple to calculate their volume from their cross-sectional area. 

 Several methodologies have used light microscopy to determine the volume change of 
oocytes. One such method is the placement of oocytes into a capillary containing a hypertonic 
solution and observation through a stereomicroscope, the focus being changed as the oocytes 
ascend and descend in the tube and photographs being taken at set intervals (27). The move-
ment of oocytes on exposure to anisotonic solutions has been restricted, making observation 
easier, by placing them in a microscope diffusion chamber (28) (also see chap. 5) which allowed 
several early studies on oocyte osmotic responses (29). Oocytes were held within a small cham-
ber separated from a bulk fl ow chamber by a dialysis membrane (30). The oocytes could thereby 
be held stationary while the extracellular chemical composition was changed in the bulk fl ow 
liquid. However, while this technique was useful for the determination of water permeability, 
diffi culties were experienced in modelling the transfer of cryoprotectant solutions through the 
dialysis membrane. This led to the development of a micropipette perfusion technique (31). 
Such a technique takes advantage of the fact that oocytes are surrounded by the zona pellucida, 
a translucent protein matrix which is highly porous and does not serve as a permeability barrier 
to even large macromolecules or viruses. The oocyte is held in position by suction pressure 
applied to the zona pellucida through a micropipette, care being taken not to deform the inner 
oocyte membrane. The oocyte is held in a small volume of initial solution and is perfused with 
a much greater volume of test solution. A microperfusion chamber has also been developed (32) 
whereby cells without a zona pellucida can be held within a chamber by a membrane and 
perfusate aspirated over them. 

 Input of cell volume change data into mathematical models of solute movement across 
cell membranes generates values for L p  and P cpa . Such data have been generated for oocytes of a 
number species. Murine oocytes have been most often used as a model for human oocytes, 
which, understandably, are rarely available for research. Murine oocytes are approximately half 
the size of human oocytes but show a similar response under some conditions ( Fig. 2 ). However, 
the effect of temperature on permeability coeffi cients can vary between these species (33). 
Human oocytes have also been shown to display greater variability within permeability charac-
teristics than do oocytes of inbred mouse strains (30). Similar variability has been found on 
comparison of oocytes of inbred and outbred strains of hamster and mouse, respectively (34). 
Limited availability of human oocytes for research has led to the study of oocytes which have 
failed to fertilize following insemination for IVF. Slight differences in permeability have been 
reported between fresh and failed-to-fertilize human oocytes (35). Permeability of oocytes at 
various stages of maturation has also been studied. Mature goat oocytes have been reported to 
have lower water permeability and higher cryoprotectant permeability than immature oocytes, 
the consequence of which was that mature oocytes underwent lesser changes in cell volume 
than did immature oocytes in the presence of the cryoprotectant propane-1,2-diol (36). Maturation 
of bovine oocytes in vitro has been reported to increase water permeability compared with 
immature and in vivo matured oocytes of the same species (37).  

 Not only do permeability coeffi cients, and hence osmotic response, vary not only according 
to the species and maturational status of the oocyte, they will also vary, for a given oocyte type, 
depending on the cryoprotectant used. Permeation of the cryoprotectant glycerol, for example, 
is markedly less than for other commonly used cryoprotectants such as dimethyl sulfoxide and 
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propane-1,2-diol, in murine oocytes (33). Permeation of water and cryoprotectants will also 
vary with temperature, the lower the temperature, the slower the movement of substances 
across the cell membrane and hence greater the changes in cell volume prior to equilibration 
of the cryoprotectant. Thus, the level of osmotic stress experienced by a particular cell type 
can be modifi ed by changing these factors. Osmotic stress can also be manipulated by changing 
the concentration of cryoprotectant used. The fi nal cryoprotectant concentration should be 
suffi cient to reduce damage induced by ice formation, but cryoprotectant can be added in a 
series of steps of increasing concentration in order to reduce cell volume change at each step (38) 
( Fig. 3 ).  

 Protocols developed recently for slow cooling of oocytes employ a mixture of permeating 
and nonpermeating cryoprotectants, most commonly propane-1,2-diol and sucrose, respectively. 
Oocytes are typically exposed to stepwise addition of propane-1,2-diol initially and then briefl y 
exposed to propane-1,2-diol plus sucrose prior to cooling. As sucrose does not permeate the 
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 Figure 2    Mean ( ±  SD) volume of mouse (n = 10) or human (n = 9) oocytes during exposure to 1.5 mol/L propane-1, 
2-diol at room temperature. The volume histories of the oocytes from both species were similar during exposure 
to cryoprotectant under these conditions.    
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 Figure 3    Mean ( ±  SD) volume of human oocytes during exposure to 1.5 mol/L ethylene glycol (EG). Stepwise 
addition comprised exposure to 0.5 mol/L EG at time 0–300 sec, exposure to 1.0 mol/L EG at time 300–600 sec, 
and exposure to 1.5 mol/L EG at time 600–900 sec. Oocyte osmotic stress was more severe during one-step addi-
tion; in both cases, only partial permeation was achieved after exposure for 10 minutes.    
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oocyte, it causes shrinkage of the oocyte, due to water effl ux. Such removal of water prior to 
cooling is believed to reduce the likelihood of IIF, and the presence of sucrose may also have 
some protective effect on the cell membrane (39). Increasing the concentration of sucrose from 
0.1 to 0.2 mol/L, or even 0.3 mol/L, has been reported to increase survival of human oocytes 
post-thaw (40), although implantation and live births rates following cryopreservation using 
such protocols remain variable, and recent results show poor implantation rates using the 
0.3 mol/L-sucrose protocol (41). The duration of exposure of oocytes to such sucrose concentra-
tions varies within and between studies with consequent wide variation in the degree of cell 
shrinkage achieved at the onset of slow cooling (42). This may go someway to explain some of the 
variability in oocyte function following cryopreservation using these techniques.   

 CAVEATS ON MEMBRANE PERMEABILITY MEASUREMENTS AS WE CURRENTLY UNDERSTAND THEM 

 Permeability coeffi cients for water and various cryoprotectants have been obtained for oocytes 
of a number of species. However, many studies have reported that not all oocytes remain spher-
ical when exposed to anisotonic conditions. In order to generate permeability coeffi cients using 
current measurement and modelling techniques, it is necessary that cells remain spherical in 
order to apply geometric formulas for the calculation of volume changes based on measure-
ments of areas. Some authors have chosen to discard oocytes that have not remained spherical 
(43) while others have used chemical treatments (44) or vortexing of cells (26) in order to produce 
spherical shrinkage. Irregular shrinkage of oocytes is thought to be related to the presence of 
transzonal projections, which are derived from granulosa cells that surround immature oocytes, 
and which pass through the zona pellucida to establish contact with the oolemma. Such projec-
tions normally breakdown during oocyte maturation but may persist through in vitro matura-
tion. The relevance (if any) for these differences in shrinkage patterns and susceptibility of 
oocytes to cryopreservation injury are not currently understood. In future, it is possible that 
more sophisticated imaging and modelling systems will allow calculation of cell volume for 
nonspherical cells. 

 The movement of water and cryoprotectant across the cell membrane during cooling, and 
particularly in the presence of ice, is certainly an area that warrants further study. The use of 
microscopy to study cell volume change at subzero temperatures is technically diffi cult, as 
the presence of ice obscures the images and also causes distortion of the cells. Cooling of the 
membrane may cause changes to its structure and hence its transport properties. Although a 
reasonably close correlation between permeability measurements measured at subzero tempera-
tures (0–16°C) and those extrapolated from permeability coeffi cients measured at suprazero 
temperatures has been found in the few cases where this has been studied in some species of 
oocyte (45), there still remains a big question about extrapolating permeability parameters made 
by measurements at suprazero temperature range for the prediction of osmotic stresses likely to 
be encountered by the oocytes during cooling in the presence of ice. 

 So far, this discussion has focused on reduction of osmotic stress created during cryopro-
tectant addition. However, removal of permeating cryoprotectant will result in cell swelling, 
particularly when performed in the absence of a nonpermeating solute. As cell swelling is 
generally less well tolerated than cell shrinkage, the modelling of cryoprotectant removal is 
important. However, freezing and thawing of oocytes may alter their membrane permeability 
characteristics. The cell shrinkage that occurs during cooling may also allow irreversible 
membrane changes to occur. Although no signifi cant differences were found in permeability 
coeffi cients of frozen and nonfrozen mouse oocytes (46), greater variability and poorer fi ts to the 
mathematical models suggest that the cryopreservation process may induce some physiological/
biophysical changes in the osmotic characteristics of oocytes which should be investigated 
further.   

 CONTROL OF OTHER PARAMETERS TO OPTIMIZE OUTCOMES DURING SLOW COOLING  

 Control of Ice Nucleation 
 Of the remaining biophysical events which can dictate death or survival during oocyte slow 
cooling, the temperature at which the extracellular medium forms ice crystals during cooling 
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(the so-called nucleation temperature) may have a signifi cant impact. Nucleation in practical 
cryopreservation can be a random event over a range of temperatures unless it is deliberately 
induced by “seeding” (see chaps. 1, 2, 5, and 9). As indicated in chapters 2 and 3, and in many 
previous analyses of the data on oocyte cryobiology, they are large cells with a low surface area 
to volume ratio and thus a defi ned kinetic limit at which water is able to leave the intracellular 
environment during external ice crystal formation (15,47). Oocytes (and indeed most cells) 
which retain a high intracellular volume of supercooled water during the early stages of a cryo-
preservation protocol are very susceptible to lethal IIF and Mazur’s group (48) has computed 
the effects of a range of cooling rates (leading to supercooled intracellular water and lethal IIF) 
for mouse oocytes. Maintaining equilibrium in the osmotic balance between oocyte and exter-
nal medium can be achieved by cooling at rates below –0.5°C/min in the high subzero range 
(down to around –30°C). However, this equilibrium needs to be “set” as closely as possible at 
nucleation point of the mixture. Otherwise, minute ice nucleation centers may be formed inside 
the initially supercooled oocyte (49). The kinetics of water movement will also depend on the 
membrane water permeability, which may vary with degree of maturity of the oocyte, and any 
confounding issues introduced by the presence of cryoprotectants. However, in the study by 
Trad et al. (19), the degree of maturity had marginal effects on formation of IIF in human oocytes, 
observed during cryomicroscopy, and cooled with fast rates chosen deliberately to provoke 
visible IIF. When comparing oocytes from different species (mouse and human), what made a 
signifi cant difference in IIF nucleation temperature was the size of cell (three-fold volume dif-
ference), with human oocytes forming visible IIF at –6.5°C and mouse oocytes forming it at 
–23°C when cooled under identical conditions. Addition of three different cryoprotectants at 1.5 
M concentrations made only a small change (by about –6°C) to the median temperature of IIF 
formation in human oocytes, while in the mouse these agents depressed median temperature of 
IIF by about –20°C (19). When human oocytes experienced ice nucleation induced at a range of 
“seeding” temperatures between –4.5°C and –8°C, then were deliberately cooled at fast rates to 
facilitate IIF, a strong correlation was established, with the least severe IIF injury in oocytes 
seeded at –4.5°C. Thus, for human oocytes, seeding as close as possible to the equilibrium freez-
ing point of these mixtures, where the lowest risk for IIF injury was seen, the conditions for 
subsequent successful equilibrium cooling could be “set.” It remains to be further investigated 
in prospective trials exactly how much this strict control of specifi c “seeding” temperatures will 
make routine human oocyte cryopreservation. But until proven otherwise, it would seem pru-
dent to use seeding temperatures as close as practically possible to the equilibrium freezing 
temperature of the different cryoprotectant mixes used (which can be easily measured and are 
usually in the range of –2°C to –4°C) to avoid injury.   

 Cooling Rates in the High Subzero Range 
 From some of the earliest studies on oocyte slow cooling protocols (1,29), linear cooling rates in 
the region of –0.3°C/min were used, with cooling progressing down to a perceived safe low 
temperature (about –70°C) after which the vials could be transferred directly to liquid nitrogen. 
This value for the rate of slow cooling was selected empirically after demonstrating that viable 
oocyte recoveries were achievable, however the actual numerical value was dictated more by 
the physical constraints of the cooling equipment used (evacuated dewar of stirred alcohol sus-
pended in liquid nitrogen) than any other factor. Subsequent analyses of the kinetics of water 
movement out from mouse embryos (and by implication, oocytes) during slow cooling by 
Mazur—using his coupled equations which include factors for cell volume, membrane water 
permeability, temperature, and osmotic potentials—found that a cooling rate in the region of 
 ! 0.5°C/min was optimal. Again, by empirical observation of success, and following Mazur’s 
descriptions (50), the end temperature of the slow cooling ramp was moved “upwards” to tem-
peratures between –35°C and –40°C, where most of the “cryoremovable” water should be 
removed (>90%), and thus risk of IIF during the subsequent plunge cooling was low. (This also 
had the logistical advantage of reducing the overall time for the protocol). These modifi cations 
developed alongside information from the so-called “two-step” cooling protocols developed 
for tissue culture cells, which also used an end temperature of about –35°C in the fi rst ramp, 
before transfer to liquid nitrogen (51). However, Mazur did caution that a small fraction of 
supercooled water would be present in embryos and oocytes even after cooling to –40°C, so the 
risk of IIF would not be zero. In practice, assuming small sample volumes (as in droplets in 
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plastic straws), suffi ciently rapid cooling during the plunge step is likely to be achieved to avoid 
signifi cant IIF. Equally, even if a small number of ice nuclei persist after the rapid plunge step, 
rapid warming is more easily achieved in such small sample volumes, which ensures that only 
a small innocuous or “rescuable” fraction of IIF should develop during warming and thus cell 
recovery should be high. 

 This type of linear slow cooling for oocytes has become routine over the past 20 years. 
However, recently a different approach has been suggested and applied, based on the premise 
that many of the biophysical properties which alter during ice formation and cooling change in 
a nonlinear fashion with the applied temperature reduction, including those of mass fraction 
of ice, viscosity, and osmolality of residual solutions (52). A computation of the rate of change 
of extracellular solute concentration (in this instance in a glycerol-based mixture) demon-
strated that a certain nonlinear cooling profi le provided a more constant rate of change, whereas 
linear cooling resulted in a more variable rate of change (53,54), and applying this approach to 
sperm cryopreservation resulted in improved recoveries. In practical terms, the computed 
nonlinear profi le results in a more rapid rate of cooling in the higher subzero range. The appli-
cation of this approach to oocyte cryopreservation is currently under study, but future pro-
spective investigations to compare linear and nonlinear cooling will be required to fully evaluate 
potential benefi t.   

 Control of Warming After Slow Cooling of Oocytes 
 It is generally accepted that warming rates should be as fast as practically possible after oocyte 
cryopreservation, to minimize injury from ice recrystallization as water molecules progressively 
regain mobility at temperatures above about –40°C. This is achieved by plunging the straws 
into a water bath between +20°C and +37°C. One practical consideration has been the potential 
for cracking in the plastic of the straws if they are transferred directly from deep subzero tem-
peratures due to thermal stresses in the plastic, so a brief “hold period” in room air (10 seconds) 
has been introduced into many protocols (54). There are also issues about decontaminating the 
outside of the straws before expelling the rewarmed oocytes into dilution media (54). The signifi -
cance of these small variations in warming protocols have not been prospectively evaluated to 
any great extent, but in clinical practice, recording and adherence to whichever protocol is 
selected will again be important for quality assurance.    

 SUMMARY 

 The clinical application of oocyte cryopreservation is currently enjoying a renaissance, with 
many centers now actively promoting the technology as part of a balanced infertility service 
(55). Reports of successful live births after slow cooling methods continue to grow. The topic 
about which approach to oocyte cryopreservation (slow cooling or vitrifi cation) yields best 
results continues to be hotly debated (56), and it will require carefully-constructed multicentre 
trials before a clear consensus is reached. Particularly for slow cooling protocols, application of 
fundamental cryobiological principles is leading to a gradual but consistent improvement in 
outcomes, and promises further advances if the scientifi c focus can be maintained.     
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 VITRIFICATION AMONG OTHER APPROACHES TO PRESERVATION 

 We put forward this chapter with the hope that embryologists and clinicians searching for a 
cryopreservation approach to be implemented in their clinics will consider the fundamentals 
and current practices in vitrifi cation. Vitrifi cation, as an emerging approach to cryopreservation, 
is a subject of enormous interest and complexity, in particular in the context of preservation 
of embryos and oocytes. This approach has become a hope for improving the success rate of 
cryopreservation of oocytes, which is of particular importance for infertility treatments of young 
oncology patients and cases of temporary sperm defi ciency. Vitrifi cation produces amorphous 
solidifi cation of living cells and supporting solutions and completely avoids ice crystal forma-
tion during cooling intended for cryostorage. It is equally important that the vitrifi cation process 
completely avoids ice crystal formation in cryopreserved cells during warming to recover the 
cells for clinical applications (1). 

 As there is a delay between the recovery of human oocytes and their re-introduction, there 
is a necessity to devise and subsequently implement a robust vitrifi cation method in clinical 
practice to achieve maximum viability of human oocytes. Several major issues still to be out-
lined are cryoprotectant toxicity versus total solute concentration required for vitrifi cation and 
elimination of chilling injury (damage caused by reduction in temperature per se). This chapter 
highlights the importance of the balance between introduction and removal of cryoprotectants 
during vitrifi cation, including some background to these procedures. Less obvious, and cer-
tainly less well recognized by embryologists, is crystallization during warming; this may yet 
turn out to be of fundamental importance. Therefore, the current state of the art in techniques 
and carrier systems applied to achieve vitrifi cation of oocytes and embryos in the context of 
these constraints on safety of in vitro fertilization (IVF) procedures is also reviewed here. While 
progress has been made on major IVF procedures and human oocytes vitrifi cation, this chapter 
discusses why understanding the fundamentals of vitrifi cation, rather than of the vitrifi cation 
procedure alone, is vital for preservation of human oocytes. Moreover, by examining various 
vitrifi cation protocols, the factors that infl uence the success of outcomes are also discussed. 

 The place of vitrifi cation among other approaches in the fi eld of cell and tissue preservation 
is presented in  Figure 1 . 

  Freezing and vitrifi cation are both valuable concepts in cryobiology. The fundamentals of 
vitrifi cation and current practices of long-term preservation of human oocytes are described in 
detail in this chapter 3, while freezing has been described in chapter 3. Lyophilization has been 
developed successfully for microorganisms and was even challenged for mammalian cells, 
namely erythrocytes. Given the technology available at present, it is not feasible to raise this 
issue for preservation of oocytes. The purpose of hypothermia is the preservation of cells and 
tissues for the short term. Hypothermic storage covers the area from subzero temperatures to 
temperatures less than the physiological temperature. It is mainly applied to prevent ageing of 
cells when a temporary delay in the usage of cells is required and for transportation purposes. 
This method may be of interest, for example, for preservation of fi sh oocytes. On the other hand, 
it may not be an option for mature mammalian oocytes due to the sensitivity of the meiotic 
spindle. In contrast to cell suspensions, the concept of vitrifi cation for the preservation of a 
single object such as an embryo and for oocyte preservation is more defi nite and more well 
studied (2–7). It might be thought that a tissue is also a single object, yet vitrifi cation of tissues 
is comparatively more challenging as it assumes preservation of both cell functions and their 
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morphological structure as well as tissue architecture, which may be important for mechanical 
support and to aid in vital biological functions. 

 One of the primary issues in embryology is to minimize the duration of exposure of 
oocytes/embryos to potentially damaging conditions in vitro (1). In relation to such consider-
ations, one of the central issues is whether the fundamentals of vitrifi cation, which have been 
established in physics, chemistry, and biology, satisfy the primary principle of minimizing damage 
to oocytes and embryos during the whole cryopreservation cycle. 

 To prevent damage to oocytes during their exposure to low temperature, cryoprotective 
agents are used. During the cryopreservation procedure, oocytes should be equilibrated with a 
solution (cryoprotectants in medium) ( Fig. 2 ). Generally, several equilibration steps in solutions 
of gradually increasing concentration are recommended, and the number of steps vary depend-
ing on the specifi c protocol (see section “Practical Aspects”). This stepwise procedure results in 
water leaving the cells and a penetrating cryoprotectant gradually entering the cells by osmosis. 
After an optimal equilibration period, cells are ready to be introduced to low temperature for 
cryostorage. Upon warming, the cryoprotectant should be removed gradually to prevent rapid 
expansion of cells, which would otherwise cause cell damage. 

    FUNDAMENTALS OF VITRIFICATION  

 Defi nition and Historical Overview of Vitrifi cation 
 The fundamentals of cryobiology and cryomedicine have been developed thoughtfully over 
decades. For freeze preservation of cells, modern cryobiology recognizes that for each cell type 
there is an optimum cooling rate with lesser survival above and below the optimum. This is 
believed to be due to the two-factor theory of cryoinjury: opposing causes of cell injury relating, 
at a very slow cooling rate, to the so-called solution effects represented by excessively pro-
longed exposure to high ionic concentration during cooling, and, at a very high cooling rate, to 
intracellular ice formation whose chance of occurrence increases as the cooling rate increases (8). 
The optimum cooling rate varies with cell type from >1000°C/min for erythrocytes to <1°C/min 
for oocytes, depending on cell membrane permeability to water and cryoprotectants, tempera-
ture dependence of the permeability coeffi cients, and the cell surface area (9). These optima are 
best determined empirically. 

 It is recognized that cryoprotectant toxicity varies between cell types, but if the toxicity is 
such that it allows exposure to multi-molar concentrations, an alternative method of cryopreser-
vation is vitrifi cation ( Fig. 3 ). In this process, the suspending solution is loaded with cryopro-
tectants and the cooling rate is increased to reduce the temperature of the sample below the 
crystallization temperature before ice nucleation initiates such that glass formation occurs. The 
advantages of this method include the absence of changes in osmolality and ionic strength dur-

Preservation

Cryopreservation

Freezing

Slow cooling

Controlled rate cooling Uncontrolled cooling

Rapid cooling
by immersion into liquid nitrogen

Vitrification
by immersion into liquid nitrogen

Hypothermia Lyophilization

 Figure 1    Types of preservation. See Color Plates on Page xi.    
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ing cooling and the ease with which cooling can be achieved. If warming is rapid enough to 
prevent recrystallization of water, survival is generally high. 

  Tammann (1898) (10) was the fi rst to report studies on the fundamentals of vitrifi cation 
from a physical point of view; however, it was Basil Luyet who started the pioneering work on 
vitrifi cation as a means of cryopreservation (11,12). In 1968, Rapatz and Luyet (13) reported the 
fi rst successful vitrifi cation of a biological system, namely erythrocytes, with 8.6 mol/L glycerol. 
Nevertheless, the recent keen interest in vitrifi cation of cells, tissues, and organs was literally 

 Figure 2    Basic representation of oocyte cryopreservation. See Color Plates on Page xi.  
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spurred by Fahy in the early 1980s when he suggested that ice-free cryopreservation of cells 
might be achieved through vitrifi cation of the solutions by intra- and extracellular methods (14). 
Fahy demonstrated that the high concentration of cryoprotectants required to achieve vitrifi ca-
tion could be signifi cantly reduced by the use of high hydrostatic pressure. The effectiveness of 
solutions with concentrations suffi cient to achieve vitrifi cation has been investigated and 
described (15,16). The procedure for successful cryopreservation by vitrifi cation of mammalian 
embryos and oocytes, including those from humans, has been the subject of intense research 
over many years. The fi rst successful vitrifi cation performed under practical conditions was 
reported in 1985 on the study of mouse embryo (2), which until now can be considered as the 
foundation for vitrifi cation in embryology. 

 The toxicity of the initial vitrifi cation solution (VS1) was high, but researchers overcame 
this problem by performing a study in a cold room where the lower temperature would restrict 
the penetration of the cryoprotectant. In these early studies, some elements of “slow-cooling” 
procedures, rather than modern vitrifi cation protocols, were used. Embryos were pre-equilibrated 
to a cryoprotectant solution at room temperature following gradual increase in concentration of 
cryoprotectants at 4°C. Subsequently, embryos were immersed into liquid nitrogen (2,17). The 
overall duration of embryo exposure was considerably long (17), and we can consider these 
studies as the “bridge” between slow cooling and vitrifi cation (1). 

 After considering all above, the concept of vitrifi cation became misinterpreted. The pri-
mary advantage of vitrifi cation is the complete avoidance of ice crystallization during cooling 
and warming; this is especially true in the latter where the recovery of cells is critical for bio-
logical functions. In view of the fact that both vitrifi cation and rapid cooling involve immersing 
samples into liquid nitrogen, many mistakenly consider these two processes to be synonymous. 
The difference in the two lies in the former being a process of liquid solidifi cation into stable 
amorphous state while the latter involves solidifi cation into a crystalline or partially crystalline 
state (15). Despite the variety of recent assumptions, the stable vitrifi cation state in oocytes can 
be achieved only by direct immersion into liquid nitrogen using substantially high concentra-
tions of cryoprotectant solution; other criteria need to be fulfi lled for the solution to vitrify. By 
comparing changes in physical properties of ethane-1,2-diol [ethylene glycol (EG)] in a range of 
cooling rates achievable in standard straws and the majority of specially designed holders that 
are able to support ultra-rapid cooling, it was found that the difference in concentration of the 
cryoprotectant necessary for the solution to vitrify is rather small ( ! 2%) (18). Thus, it is a mis-
conception that the concentration of cryoprotectant necessary to maintain stable vitrifi cation 
can be signifi cantly reduced (by 10% or more) for certain cooling rates, which can be achieved 
in the recently designed containers/holders for ultra-rapid cryopreservation of human oocytes. 
As a result of insuffi cient solute concentration used in ultra-rapid cooling, the growth of small 
extracellular ice crystals is unavoidable during thawing of cells prior to use.   

 Vitrifi cation Solutions and Fundamentals of Equilibration/Dilution Procedures 
 During the early era of vitrifi cation, changes in cell volume during the procedure were noticed 
and characterized. The moment when the cytoplasm becomes suffi ciently concentrated and is 
capable of being vitrifi ed upon cooling to a low temperature was recognized as the key moment 
of the procedure (17). 

 Thus, it became evident that cryoprotectants in vitrifi cation protocols are engaged in more 
diverse actions than during conventional freezing. The role of cryoprotectants is two-fold: ( i ) 
they should be able to remove water from oocytes (i.e., suffi ciently dehydrate cells); and ( ii ) 
at the same time replace water with chemicals at the minimal concentration (i.e., be the least 
toxic to cells) that is still suffi cient to form the amorphous state in oocytes, eliminating damage 
during exposure to low temperature. There is another reason why component selection became 
crucial with the development of vitrifi cation: with the aid of high concentrations of cryoprotectants 
it would be easier to achieve vitrifi cation of oocytes. These considerations stimulated a number of 
studies in which a variety of agents were tested and new formulations were developed for the 
application in vitrifi cation protocols. 

 The protective properties of cryoprotectants depend on a number of factors.   Adding a 
cryoprotectant lowers the freezing point of the solution, which decreases with increasing con-
centration of the cryoprotectant. Although the result is minimal at low solute concentrations, 
the effect becomes more pronounced after the concentration exceeds 12% to 15%. With increase 



40 KULESHOVA

in concentration of solution, the freezing point decreases progressively followed by its rapid fall 
in the region of intermediate concentrations. Once the concentration becomes suffi ciently high, 
it leads to the formation of nonstable glass. The basis of vitrifi cation properties lies in a 
cryoprotectant’s ability to form hydrogen bonds with water molecules eliminating ice formation. 

 It also appears that cryoprotectants reduce negative impacts caused by high levels of salt 
concentration. This property of cryoprotectants is important for the preservation of oocytes by 
freezing as the cells are dehydrated and surrounded by concentrated salt. However, this is not 
an issue during vitrifi cation because oocytes are introduced in a stepwise manner to solutions 
of increasing concentrations that are made in a medium with balanced salt content. 

 Cryoprotectants can be classifi ed by their role in cryopreservation as penetrating agents 
and nonpenetrating agents, which in turn can be further divided by their molecular weight and 
other properties as described in  Figure 4 . 

  During the early studies on vitrifi cation for oocyte and embryo cryopreservation, vitrifi ca-
tion solutions that contained a complex mixture of cryoprotective agents have been formulated 
(19) in an attempt to reduce the solutions’ toxicity. In fact, the initial solutions were made up of 
only penetrating cryoprotectants and therefore were potentially toxic (2,20,21). It became cru-
cial to formulate an effi cient vitrifi cation solution that would be nontoxic to embryos/oocytes 
for a considerably long time. Several groups conducted systematic and extensive investigations 
involving a number of combinations of cryoprotectants, sugars, and polymers in an effort to 
identify the most effective and least toxic vitrifi cation solution (6,22–24). EG, as one of the pri-
mary permeating cryoprotectants used in vitrifi cation methods, was widely used since the early 
1990s, primarily due to its relatively low toxicity compared with other compounds (25,26). At 
that time, it was demonstrated that mouse oocytes could tolerate 6 mol/L EG for fi ve minutes 
and 8 mol/L EG for one minute with no adverse effect on their development (27). It was also 
shown that mouse oocyte developmental potential was reduced by only 30% after exposure to 
7 mol/L EG when introduced in a two-step manner (28). Using EG as a base cryoprotectant, 
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signifi cant improvement in the composition of vitrifi cation solutions has been achieved in the 
last 15 years (6,23). 

 There are several methods to examine the physical properties of solutions and systems to 
verify that they maintain the stable amorphous state during the cooling–warming cycle. The main 
and most recognized method is differential scanning calorimetry (DSC) or a related technique, 
namely differential thermal analysis. 

 The measurements can be done on small volumes (1–50 µl), similar to samples that are 
used in embryology. The total volume of a sample in a straw and the behavior of a sample in the 
DSC pan would be similar; however, geometry of the sample and presence of an oocyte/embryo 
is an additional heterogeneity to the system. 

 DSC is a very precise method; it measures the heat absorption of a sample during cool-
ing/warming as a function of temperature. In detail, a pair of pans is placed in a thermostatic 
chamber. The sample pan is fi lled with an examining solution. The reference pan is fi lled with 
an identical volume of known (reference) solution. The two pans are heated with a constant 
power input to their heaters during a scan. Any temperature difference between the two pans is 
monitored with a feedback system so as to increase (or decrease) the sample pan’s power input. 
As the masses and volumes of the two pans are matched, the power added or subtracted by the 
pan feedback system is a direct measure of the difference between the heat capacity of the 
sample and the reference solutions. Physical (glass transition) and phase (crystallization, melt-
ing, etc.) transitions of examined cryoprotectant solutions can be obtained from the DSC ther-
mograms ( Fig. 5 ). By analyzing these thermograms, it can be deduced whether the proposed 
“candidate” solution can be stated as the vitrifi cation solution ( Fig. 6 ). Solutions with the lowest 
solute concentration required for vitrifi cation are widely reported in the literature (23,29). 

Tg - Temperature of glass transition
Td - Temperature of devitrification
Tm - Temperature of melting
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  Using the improved vitrifi cation solutions with nonpenetrating additives and technology, 
embryos can be pre-equilibrated and introduced to the vitrifi cation solutions at room tempera-
tures (4,6,7,24,30–34) or even at physiological temperatures, the latter possibility being particularly 
important for mammalian oocytes of certain species (e.g., cattle and swine). 

 Although signifi cant advancement in composition of vitrifi cation solutions have been 
made, osmotic stress during equilibration and dilution procedures with the resulting cell 
volume excursions still remains one of the key injury sources during cryopreservation (35,36). 
It is commonly accepted that addition of cryoprotectant in small steps preferably on a molar 
basis is less detrimental to cells. 

 With regard to embryos/oocytes, it was found that they could not be exposed to vitrifi ca-
tion solutions in less than two steps without reduction in their viability and that even exposure 
to 4.0 to 5.5 mol/L of penetrating cryoprotectant in a single step resulted in reduction in their 
developmental potential (37). Clearly, damage was attributed to osmotic effects given that the 
exposure was conducted in a one-step manner. To investigate this matter in cryobiology, quan-
titative permeability values of metaphase II (MII) oocytes with penetrating cryoprotectant were 
studied (38–40) and solutions to resolve this issue were recommended (40). Although quantita-
tive permeability values to human and mice MII oocytes with propane-1,2-diol (PG) and Me 2 SO 
are higher than those for EG (38,39), it can be easily overcome by exposure of human oocytes to 
<4 mol/L EG through the additional EG loading steps until transferring the oocytes to the fi nal 
vitrifi cation solution (40). Dilution of the cryoprotectant from the oocyte after warming is also a 
challenge. Water enters the oocyte to dilute the cryoprotectant more rapidly than the cryopro-
tectant’s ability to leave the oocyte, primarily due to the difference in molecular weight. This 
will lead to oocyte swelling, if there is no extracellular osmotic pressure of nonpenetrating cryo-
protectant (commonly sucrose) solution is not employed. Sucrose solution prevents swelling by 
minimizing the difference in osmolarity between the oocyte and its surrounding. Osmotic pressure 
to the oocyte needs to be reduced gradually for benefi ts of weakened zona pellucida after 
cryopreservation. Therefore, a number of dilution solutions of progressively lower concentration 
of sucrose are able to keep a balance.    

 PRACTICAL ASPECTS  

 What Lessons Can Be Learnt from Analysis of Oocyte Vitrifi cation Protocols? 
 Results of clinical studies on human oocyte vitrifi cation reported for the fi rst 10 years since the 
fi rst live birth was achieved are presented in  Table 1 . In total, 1758 oocytes were warmed after 
vitrifi cation, achieving high survival and fertilization rates of 84% and 82%, respectively 
(7,41–53). Vitrifi cation is constantly associated with high development capacity judged by per-
centage of cleavage of embryos and blastocysts derived from fertilized human oocytes post-
vitrifi cation ( Fig. 7 ). In the analyzed studies ( Table 1 ), an average cleavage rate of 92% was 
reported. Embryo transfers were performed in 265 patients and resulted in 100 clinical pregnan-
cies (38% pregnancy rate) providing the yield of 5.7 pregnancies per 100 oocytes thawed. 
Implantation rates varied from 6.4% (46) in early studies to about 20% (41,50) in recent studies, 
with an average implantation rate of 13% (41,46,50–52). 

  Since 1999, when the birth of the fi rst baby girl was reported by Kuleshova and coworkers 
(7) from an embryo derived from vitrifi ed-warmed oocytes, 31 healthy babies were born after 
application of this strategy worldwide (7,42,43,46,48,51–55). A total of 1336 oocytes were thawed 
providing the birth success rate of about 2.3 per 100 oocytes thawed. In fact, the number could 
be higher because some publications report both births and ongoing pregnancies. For example, 
births of three healthy babies have been recently reported by Antinori et al. (2007) (51), with 28 
ongoing pregnancies at the time of reporting (initially, 39 pregnancies occurred after embryo 
transfers in 120 patients). In a meta-analysis of vitrifi cation reports published up to 2006 (56), it 
is mentioned that the rate of live birth in the vitrifi cation cycle was 3.6% but such high results 
seem to be questionable. 

 Outcomes of slow-cooling protocols based on extensive literature review (51,57–88) pro-
vided the following results: 9369 oocytes were thawed following freezing in PG supplemented 
with 0.1 to 0.3 M sucrose (average survival rate reported was 66%) and derived embryos were 
transferred into 1440 patients with 234 implantations and 122 births. Thus, the birth rate of 1.3% 
for slow-cooling studies is nearly twice lower than the rate for vitrifi cation studies (2.3%,  Table 1 ). 
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The difference in average survival rates, 84% for vitrifi cation ( Table 1 ) and 66% for slow cooling, 
also indicates that vitrifi cation is superior to slow cooling. Outcomes of oocyte slow cooling 
reported in literature for the fi rst 10 years since the fi rst successful cryopreservation of a human 
oocyte (89), namely from 1986 to 1996, were not included in this analysis. 

 Recently, the obstetric and perinatal outcomes in 165 pregnancies (200 infants) conceived 
from oocytes vitrifi ed using a few types of vitrifi cation solutions (EG + Me 2 SO/PG + sucrose) 
and holders in three fertility treatment centers in Canada, Colombia and Mexico were reported 
(90); it was shown that the mean birth weight and the incidence of congenital anomalies are 

 Table 1    Summary of Clinical Outcomes of Vitrifi cation of Human Oocytes  

Study

No. of

Oocytes thawed Patients Pregnancies Births
Ongoing 

pregnancies

Kuleshova et al. (1999) (7) 17 3 1 1
Wu et al. (2001) (45) 8 1 1 NR
Katayama et al. (2003) (43) 46 6 2 1 1
Kim et al. (2003) (44) 51 3 1 NR 1
Yoon et al. (2003) (46) 474 28 6 7
Chian et al. 2005 (41) 180 15 7 NR
Kuwayama et al. (2005, 

2007) (47,55)
64 29 12 7 + 4 = 11 a 0 a 

Kyono et al. (2005) (48) 5 1 1 1
Lucena et al. (2006) (49) 159 23 13 NR
Selman et al. (2006) (50) 24 6 2 NR 2
Antinori et al. (2007) (51) 330 120 39 3 28
Yoon et al. (2007) (52) 364 28 13 5 7
Chen et al. (2008) (53) 19 1 1 1
Chian et al. (2008) (42) 17 1 1 1
 Total  1758  265  100  31  39 

 a Initially the births of 7 healthy babies and 3 ongoing pregnancies (47) were reported, eventually 11 healthy babies were born from 
10 delivered pregnancies (55).
 Abbreviation : NR, number was not reported.

Figure 7 Hatched human blastocyst after development from a vitrifi ed oocyte. Original magnifi cation !200. 
See Color Plates on Page xiv
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comparable to those of spontaneous conceptions in fertile women or infertile women undergo-
ing in vitro fertilization treatment. The preliminary fi ndings reported by Chian et al. (90) may 
provide reassuring evidence that pregnancies and infants conceived following oocyte vitrifi cation 
are not associated with increased risk of adverse obstetric and perinatal outcomes (a comprehensive 
report by Dr. Chian is presented in chap. 21). 

 The wide range of clinical outcomes apparently arises from the different vitrifi cation pro-
tocol used in the studies. Each step in the vitrifi cation protocol plays an indispensable role in 
delivering the optimum effi ciency of the protocol. The following sections describe the philosophy 
of development of each step in deriving some of the vitrifi cation protocols. 

  Table 2  summarizes 14 known protocols that lead to successful childbirth, and their analysis 
is given in the following sections. 

   Selection of Components of Vitrifi cation Solutions 
 When we began research on vitrifi cation of oocytes, our philosophy was to design a vitrifi cation 
solution ( i ) consisting of two-thirds of penetrating and one-third of non-penetrating cryopro-
tectants and ( ii ) with the total solute concentration suffi cient to prevent formation of ice during 
cooling and warming, as measured by DSC. Thus, a vitrifi cation solution 40 vol.% EG + 0.6 mol/L 
sucrose has been designed and successfully applied for vitrifi cation of human oocytes with 
subsequent live birth reported for the fi rst time (7). 

 In later studies on vitrifi cation of human oocytes, proportion of penetrating and nonpen-
etrating cryoprotectants (sucrose) remains approximately the same, however, in some studies a 
mixture of penetrating cryoprotectants, for example, 15 vol.% EG + 15 vol.% Me 2 SO (48,49,51) 
or 15 vol.% EG + 15 vol.% PG (41), is used instead of a sole cryoprotectant. Utilization of such a 
mixture of penetrating cryoprotectants reminds us of early studies in the 1980s, prior to discover-
ing the benefi ts of nonpenetrating cryoprotectants, when researchers tried to mitigate the nega-
tive impact of toxicity of penetrating cryoprotectants by composing vitrifi cation solutions with 
the aim of achieving a total solute concentration of about 60%. Nowadays, there is no necessity 
to use a mixture of penetrating cryoprotectants instead of EG, if considerable proportion (e.g., 
1/3) of nonpenetrating cryoprotectant is included in composition of the fi nal vitrifi cation solu-
tion. Recently, we conducted a study comparing outcomes of vitrifi cation using different vitri-
fi cation solutions, and found that partial replacement of EG with PG in the original fi nal 
vitrifi cation solution, 40 vol.% EG + 0.6 mol/L sucrose, did not provide any benefi ts (91). It also 
needs to be mentioned that EG is the least toxic cryoprotectant among others as tested on 
embryos (26). The choice of Me 2 SO might be a refl ection of early studies, as Me 2 SO was employed 
as a cryoprotectant in conjunction with slow-cooling protocols for human oocytes since 1986 
(89). The choice of PG is justifi ed on the grounds that it is an excellent glass-former (92), and it is 
used in recent slow-cooling protocols for human oocytes (56–87). 

 In light of awareness of low toxicity of EG, many protocols for vitrifi cation of human 
oocytes use a sole cryoprotectant EG at concentration of 30 vol.%, supplemented by large 
amount of sucrose (44–46). 

 Besides being of low toxicity, EG-based solution has another advantage over Me 2 SO-based 
solution in terms of providing more time for handling and manipulating the procedure due to 
lower permeability value of EG for human oocytes (40) compared to Me 2 SO.   

 Pre-equilibration 
 A pre-equilibration step is required for oocytes to adapt to high concentrations of the vitrifi ca-
tion solution; it involves selection of the number of solutions and their concentrations. In proto-
cols that use vitrifi cation solutions largely comprising of nonpenetrating cryoprotectant (1 mol/L 
sucrose), it is logical to use one-step pre-equilibration (10 vol. % EG) because the amount of 
penetrating cryoprotectant is small in the fi nal solution (30 vol.% EG + 1 mol/L sucrose) (44–46). 
This was also adopted in protocols where the fi nal solutions consisted of 30 vol.% of penetrating 
cryoprotectants (41,48). 

 With increase in concentration of EG in the fi nal vitrifi cation solution to 40 vol.% (7), a 
two-step pre-equilibration procedure has to be applied, namely 10 vol.% EG and 25 vol.% EG 
( Fig. 8 ), which has replaced 20 vol.% EG in our design in  short span of time. Another compre-
hensive study on vitrifi cation of human oocytes in sucrose-EG vitrifi cation solution reports 
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that three-step pre-equilibration is optimal if the concentration of EG exceeds 40 vol.% (40). 
Generally, analysis of all known reports on vitrifi cation of human oocytes that lead to childbirth 
( Table 2 ) imply that the concentration of the solution used in the fi rst step is too high. In the light 
of recent investigations, it has been found that the concentration of the fi rst solution should not 
exceed 8%, at least when Me 2 SO is involved. 

    Temperature Factor 
 In majority of recent protocols, human oocytes are introduced to vitrifi cation solutions and 
diluted at room temperature (42,48,50,51). 

 Human oocytes have relatively low level of intracellular lipids than oocytes from domes-
tic animals (93), suggesting lower chilling sensitivity at least during short equilibration/dilu-
tion procedures used in vitrifi cation procedures for human oocytes ( ! 10 minutes or less). This 
strategy is apparently a practical strategy. In the early studies, dilution/pre-equilibration was 
done at 37°C (7,46,53) mainly due to early reports on sensitivity of the meiotic spindle of human 
oocytes during prolonged exposure to temperatures below 31°C. Recently, it was found that 
exposure of human oocytes to 35°C during pre-equilibration/dilution in vitrifi cation protocols 
produces better outcomes than exposure to either 37°C or room temperature (94).   

 Dilution 
 Although oocytes are shrunken at the end of equilibration procedure ( Fig. 8 ), especially in case 
of short exposure to vitrifi cation solution, yet large amount of penetrating cryoprotectants is 
still present. This presence makes the oocytes susceptible to osmotic shock during dilution. 

 The majority of dilution protocols were designed empirically. Most dilution protocols 
involve high concentrations of the initial dilution solution, namely 1 mol/L [ Table 2 ; (48–50)]. 
However, in some other reports lower concentrations are used, with the lowest reported con-
centration of 0.3 mol/L (53). Initially, we also reported low concentration of the fi rst dilution 
solution; however, later we found benefi ts in the introduction of an additional step of increased 
concentration for the fi rst dilution solution. Its concentration may be increased to 0.7–0.5 mol/L 
sucrose, if accidental overexposure of oocytes to the vitrifi cation solution occurs for a longer 
time during handling by staff. During overexposure, a considerable amount of penetrating cry-
oprotectants enters the oocyte. Therefore, water, which rapidly crosses the membrane along 
with the remaining penetrating cryoprotectant, adds to the volume of liquid inside the oocyte. 
This may cause swelling of the oocyte, if external pressure of dilution solution is not suffi ciently 

PBS

Warming

Straw-in-straw

–196°C

0.7–0.5 M
Sucrose

0.4 M
Sucrose

0.25 M
Sucrose

0.125 M
Sucrose

0 M
Sucrose Incubator

10% EG

Exposure to cryoprotectants

Removal of cryoprotectants

25% EG VS Straw-in-
straw Storage

 Figure 8    Step-wise equilibration and dilution procedures for immature human oocytes involving vitrifi cation 
solution 40 vol.% EG + 0.6 mol/L sucrose.  Abbreviations : EG, ethylene glycol; PBS, phosphate buffered saline; 
VS, vitrifi cation solution. See Color Plates on Page xiv    



48 KULESHOVA

high. Short exposure of the oocyte to vitrifi cation solution causes its signifi cant shrinkage. 
Therefore, balance during dilution is easily maintained by hypertonic solution of low concen-
tration. To the best of our knowledge, exposure of oocytes to solution 1 to 0.5 mol/L sucrose 
does not cause any effect on oocytes (23).Thus, increasing the concentration of the dilution solu-
tion does not harm the cells. 

 We can suggest the application of the following general rule: The higher the proportion of 
penetrating cryoprotectant in vitrifi cation solutions or the longer the exposure to the fi nal solution, 
the higher the concentration of the dilution solution that should be used.    

 Flexible Strategy 
 Human oocytes are unique cells with regard to cryopreservation. Despite identical morpho-
logical appearance, some parameters of human oocytes at the same stage of maturation vary for 
different infertility patients unlike parameters of reproductive cells of animals belonging to the 
same species. This may be the critical factor due to which the vitrifi cation of mammalian oocytes, 
except possibly porcine oocytes, has been successful for a number of years (37,95–98). We also 
found that the color of the human oocytes during processing indicates the degree of infi ltration 
by the penetrating cryoprotectant: the intense white color indicated overexposure to cryopro-
tectant and that longer dilution times were required during warming. In light of these observa-
tions, we to IVF practitioners a method based on observation, namely instant regulation of the 
extent of penetration and dehydration of oocytes during exposure to and dilution of cryopro-
tectants. In detail, the duration of each equilibration and dilution step should be adjusted accord-
ing to the individual response of oocytes and may be considered fl exible within the established 
range. This approach does not contradict the recommendations of other investigations. It was 
previously established that the duration of exposure of human oocytes to low concentrations of 
cryoprotectants and to vitrifi cation solutions, which include a large proportion of polymers and 
sugars in their composition, could be within quite a broad range without compromising the 
effi ciency of the cryopreservation procedure (6,99). On the other hand, it is rational that many 
studies focus on determining the accurate length of time for each step of the protocol. It is also 
our intention to recommend an optimal vitrifi cation procedure for human oocytes of statisti-
cally average quality. In our preliminary studies, we usually estimate the appropriate length of 
time in each solution of the protocols. The time durations are chosen by taking into consider-
ation the toxicity of the solutions to cells and the cells’ survivability. Our recent observations 
support the proposed hypothesis that weaker oocytes require a shorter equilibration time in a 
solution, whereas stronger oocytes require prolonged exposure to the same solution; it is also 
benefi cial to use the longest equilibration time within the range for successful cryopreservation 
of oocytes of young patients. 

 It is evident that dilution solutions, where the concentration of sucrose is decreased in 
equal quantities, prevent osmotic shock to the weakened zona pellucida of cryopreserved 
oocytes (7). Application of a fl exible strategy additionally helps to eliminate the risk of detri-
mental expansion or prolonged dehydration of cells. All this leads to development of a proce-
dure that may be considered as balanced. In agreement with the traditional concept, this 
approach may allow to establish an optimal procedure for vitrifi cation of human oocytes. 

 We observed that oocyte osmotic response during the equilibration procedure can act as 
an indicator of the oocyte’s viability. Generally, the duration of time and the extent of shrinkage 
depend on the permeability of the cells to water and to cryoprotectant and the proportion of cell 
volume that is osmotically inactive, which are determined values at given temperatures for 
ideal healthy cells. The maximum time and extent of shrinkage within the assessed range of 
excellent quality human oocytes can be considered as normal, standard values, given the posi-
tive signs of better development. We also assume that the oocyte’s shape within the zona pel-
lucida during exposure is of importance. We observed that oocytes that shrink with even radial 
symmetry have a higher chance of survival than oocytes that shrink asymmetrically. Severe 
radial asymmetry of oocytes during exposure is associated with their poor quality. Hence, 
observations of anomalies during osmotic response on exposure to cryoprotectants may help to 
identify weak oocytes with unseen defects, to predict the decline in their survival post-vitrifi cation, 
and development potential after fertilization. We believe that the present observations may also 
assist in improving results of a variety of existing vitrifi cation protocols. A comparison of two 
cryopreservation methods, namely vitrifi cation and slow cooling is presented in  Table 3 . 
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    Vitrifi cation of Immature, In Vitro-Matured, and Biopsied Human Oocytes 
 Mature human oocytes are challenging to cryopreserve due to several reasons. Oocytes have a 
complex subcellular structure that can be damaged easily by the brief cooling to room tempera-
ture as well as by prolonged exposure to temperatures that are relatively close to the physiolog-
ical temperature (100,101). This impact on the meiotic spindle and subsequent chromatid 
nondisjunction is another limitation for application of slow-cooling protocols (101). Most impor-
tantly an increase in chromosome abnormalities after fertilization of frozen-thawed human 
oocytes was also found (100,102). Extended chromosomes held within a nuclear membrane, the 
absence of a spindle, cortical granules that are not ready to be released, and attached cumulus 
cell mass characterize oocytes at the germinal vesicle (GV) stage. To prevent spindle disorgani-
zation and to decrease the likelihood of aneuploidy, which is associated with cryopreservation 
of mature oocytes, cryopreservation of immature oocytes at the GV stage appeared advanta-
geous (100,103). In the past, one group has been continuously conducting broad investigations 
on cryopreservation of immature human oocytes for a number of years (30,104,105). The group 
reported a high percentage of cleavage of embryos and blastocysts derived from vitrifi ed imma-
ture human oocytes, particularly at the GV stage (30,104). In contrast, the same group reported 
adverse effects of freezing-thawing treatment on the maturation and development rates of 
immature oocytes (105). It should be noted that the human oocytes used were of good quality 
because they were retreated from unstimulated patients (105). 

 A comprehensive study on the vitrifi cation of in vitro-matured human oocytes was 
reported in 2000 (106). All retrieved oocytes (MII, MI, and GV) were vitrifi ed at the MII stage. 
The cleavage rate was high up to the eight-cell stage; however, no morula or blastocyst formation 
was observed. It should be noted that blastocyst formation rate was generally very low at that 
time due to nonadvanced culture medium (106). In later studies, live birth was achieved from 
in vitro-matured human oocytes (42). Although the reported survival rate was low (24%), fertil-
ization rate was 75%. All fertilized oocytes produced three embryos, which were in turn transferred 
into a patient. Transferring the three embryos resulted in a live birth. 

 Comprehensive research into the mechanisms of oocyte maturation and clinical trials led 
to the progress of in vitro maturation (IVM) of immature oocytes. It has been demonstrated that 
IVM of immature oocytes may be promoted by the addition of gonadotropins to the maturation 
medium, and that the low fertilization rate of in vitro-matured oocytes associated with altera-
tion of the zona pellucida (zona hardening) may be overcome by intracytoplasmic sperm injec-
tion. As the progress of IVM of immature oocytes is in demand (107,108), it is necessary to 

 Table 3    A Comparison of Two Cryopreservation Methods, Namely Vitrifi cation and Slow Cooling  

Vitrifi cation Slow cooling

 Ability 
To observe oocytes/embryos during procedure Yes No
To analyze oocytes/embryos during procedure Yes No
To interact with oocytes/embryos Yes No
To control penetration of cryoprotectant into oocytes/embryos Yes No
To control dehydration rate of oocytes/embryos Yes No
To keep oocyte-friendly temperature (e.g., 31–35°C) during the 

whole equilibration procedure Yes No
 Other Factors 
Prolonged temperature shock No Yes
Duration of time out of incubator  ! 10 min  ! 100–110 min
Fracture of zona pellucida Not possible Possible
Possibility of oocyte/embryo to be captured by growing ice Not possible Possible
Osmotic shock during warming No Yes
Length of suboptimal pH Short term Long term
Balanced salt content in solutions during cryopreservation Yes No

Adapted from Ref. 1.
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understand the mechanisms that are involved in oocyte vitrifi cation. For instance, cumulus–
oocyte interaction of GV oocytes is important for cytoplasmic maturation (109,110). We believe 
that removal of the cumulus is not necessary for vitrifi cation for the reason described below. 
Oocytes need to be cooled prior to cryostorage and warmed in order to be used clinically. Vitri-
fi cation by defi nition is the transition from amorphous liquid to amorphous solid during cooling 
and transformation from amorphous solid to amorphous liquid during warming. Consequently, 
mechanical stress between the cumulus of GV oocytes and zona pellucida does not occur dur-
ing vitrifi cation. The cumulus–oocyte complex is preserved intact under such conditions; there-
fore, the oocyte has the ability to be reinitiated and progress toward completion of the fi rst 
meiotic division from the GV stage to MII. 

 Oocyte and embryo genetic screening through microbiopsy procedures that analyze their 
chromosomal status have became a routine in assisted reproductive technologies. As mentioned 
above, vitrifi cation is known as a physical phenomenon that does not involve phase transitions, 
and therefore in principle it has to be less challenging for cryopreservation of embryos/oocytes 
with disturbed integrity of the zona pellucida. A high survival rate of unfertilized MII oocytes 
after fi rst polar body biopsy has been achieved. Pregnancy has been reported after vitrifi cation 
of pronuclear stage polar body-biopsied human oocytes (111), which is not surprising because 
cryopreservation of oocytes after fertilization is not a challenge. However, the success rate after 
conventional cryopreservation and thawing of biopsied embryos is known to be low (111–113). 
Conventional freezing involves phase transition, practically, oocytes/embryos moved inten-
sively by ice front inside straw. This is detrimental for oocytes/embryos that lack intactness of 
the zona pellucida due to artifi cially created zona openings for the biopsy. 

 The impact of composition of different EG-based vitrifi cation solutions and equilibration 
temperatures on post-vitrifi cation viability of oocytes was reported. MII oocytes were vitrifi ed 
in solutions containing 20 and 30 vol.% EG, which were supplemented with Me 2 SO, a 40 vol.% 
EG-based solution free from Me 2 SO, and sucrose and Ficoll (94).   The implantation rate increased 
with increasing concentration of EG in the vitrifi cation solution (94). Furthermore, the highest 
cleavage rate was found for the 40 vol.% EG-based vitrifi cation solution without Me 2 SO when 
the equilibration temperature was 35°C, which was found to be the optimal temperature. The 
effi cacy of the results in an in vitro study will be confi rmed with further implantations. It was 
reported that vitrifi cation did not impair cleavage rate, mean cell number, embryo quality, and 
blastocyst development rates of post-vitrifi ed human oocytes (114).    

 SAFETY OF CRYOPRESERVATION AND CONTAINERS FOR VITRIFICATION 

 Ensuring sterility is one of the major issues that need to be addressed when designing cryo-
preservation protocols. Storing reproductive cells in liquid nitrogen has been challenged 
because of the recovery of viable microbes from the liquid nitrogen tank. These pathogens 
include fungi (Aspergillus) (115), virus (hepatitis) (116), and bacteria. Viral contamination of 
cryopreserved embryos has been reported (117). Three types of cryostorage containers are dis-
cussed below: “straw-in-straw,” arguably the safest method; single straw; and open container, 
arguably the least safe method in terms of preventing contaminations. Later in the section, we 
put forward arguments against using serum/proteins in the vitrifi cation procedure for safe 
cryopreservation.  

 Closed and Sealed System: The “Straw-in-Straw” Approach 
 In order to overcome the risk of infection, we have invented a “straw-in-straw” principle. In 
the next two subsections, we discuss “open” and “closed” types of containers, some of which 
may provide higher cooling rates but at the expense of a signifi cantly higher risk of contamina-
tion. The important distinction that is often misunderstood by the scientifi c and clinical com-
munity is that “closed” and “sealed” containers do not provide the same level of protection; 
only sealed containers avoid the risk of infection through contact with liquid nitrogen, whereas 
closed containers do not. 

 The “straw-in-straw” method uses readily available 250- and 500- µ l straws (118), as a 
simple and cost-effective strategy to eliminate the risk of infection or contamination ( Fig. 9 ). 
This approach enables samples to be cooled and warmed by direct immersion into liquid nitrogen 
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and a water bath, respectively, with double protection. The idea of this invention is that human 
specimens are isolated as much as possible from the outside environment and direct contact 
with liquid nitrogen is eliminated. Therefore, both inner and outer straws (118), or at least the 
outer straw (119), should be sealed after the smaller inner straw is inserted inside the larger 
outer straw ( Fig. 10 ). 

 Figure 9    Essential steps of the “straw-in-straw” method: preparation of straws for vitrifi cation (steps 1–5), loading 
of oocytes (details in  Fig. 10 ), assembling the “straw-in-straw” (steps 6–8), sealing the “straw-in-straw” (steps 9–10) 
prior to immersing into liquid nitrogen (step 11), post-warming procedures and expelling of oocytes (steps 12–15). 
See Color Plates on Page xv    

•Preparation of straws for ‘Straw-in-Straw’

•Assembling ‘Straw-in-Straw’: loading method 1 in figure 10
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1. (a) 500µl french plastic straw (outer
straw); (b) 250µl french plastic straw
(inner straw) cut to 1cm shorter than
outer straw; insert detail of straw size
difference
2. Removing cotton wool from outer
straw.
3. Sealing cotton wool from outer
straw.
4. (a) Details of cotton wool of the
outer straw being pushed out by
inserting the inner straw (insert –
magnified detail); (b) unsealed outer
straw; (c) sealed outer straw
5. Testing outer straw in water to verify
there is no leakage

6. Inner straw loaded with vitrification
solution and oocytes; insert: loading
method 1 in figure 10. three different
methods of oocyte loading are shown in
figure 9.
7. Insertion of sealed inner straw in
outer straw.
8. Unsealed end of ‘Straw-in Straw’

9. Sealing of outer (500µm) straw
using heat sealer.
10. The resulting ‘Straw-in-Straw’
arrangement with oocyte inside the
inner straw.
11. Direct immersion into LN2.
storage in liquid nitrogen (-196°C)

12. Warming by direct
immersion to 38°C water bath
13. Cutting of outer straw.
14. Removal of inner straw.
15. Retrieval of oocytes (pictured:
loading case 3 only from figure
10): collection is made by cutting off
the top of the inner straw containing
wool, the oocyte (in the first dilution
solution) then expels onto the dish
by gravity.
steps 12–14 are the same for
loading cases 1–3 from figure 10.

•Sealing of ‘Straw-in-Straw’

•Warming •Retrieval of oocytes

•Cryopreservation
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  Initially, the invention of the innovative “straw-in-straw” approach was applied for 
cryopreservation of embryos (118,120). Later, the robustness of this idea was proven through 
the success in vitrifi cation of other fragile systems such as cell-matrix systems (121,122), self-
assembled cell aggregates cultured as spheroids (91), or sensitive cells such as stem cells 
(123). Since the fi rst report published in 2000, this idea spread widely and nowadays there 
are many elaborate containers that have been developed based on this principle. Although 
these containers may appear to be more sophisticated, they often add only marginally to the 
effi ciency as a variety of low-toxicity vitrifi cation solutions are available that can be used 
together with containers that can support rather low cooling rates. The author’s advice to 
IVF clinics aiming to minimize contamination risk is to take into consideration the procedure 
described in  Figures 9  and  10 . 

 There are few simple yet effective variants of the basic “straw-in-straw” approach. For 
example, the “cut standard straw” (CSS) is an elegant invention in which a 250-µl straw is cut 
at a 45° angle and inserted into a 500- µ l straw; the CSS was applied in cryopreservation of 
human embryos (124). Relatively low cooling rates that are employed under the “straw-in-
straw” approach have produced successful outcomes. Cooling rates of 400°C/min [250-µl 
straw in 500- µ l straw (118)], 200°C/min [open pulled straw in 500- µ l straws (125)], or 600°C/
min [CSS (124)] in double containers were reported. Clearly there is no necessity for the open 
pulled straw as it decreases cooling rate. Due to the fundamental property of air which is 
present between two properly sealed containers, namely low heat conductivity, exceedingly 
high cooling rates are not feasible. Hence, to achieve proper protection against risk of contami-
nation, the cooling rate has to be lowered to a certain extent but undoubtedly it should still 
remain effective for vitrifi cation of oocytes (118).   

1 2 3

10% EG 25% EGMedium

Pre-equilibration step

1a Loading of embryos
 into glass pipette 2b Suction is applied 

 on cotton wool
 end of 250-µl
 straw and
2c Embryo is loaded
 together with VS

3b Embryo is
 loaded into a
 250-µl straw
 by capiliary
 action

3a Embryo 
 equilibrated
 in VS 
 droplet

3c Sterile packaging

2a Embryo
 equilibrated in VS

2d Sterile packaging

1c Sealed

1d Shaped
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Figure 10 Schematic representation of loading embryos/oocytes in the “straw-in-straw” confi guration (250- and 
500-µl straws). Loading of embryos/ocytes by: (1) the traditional approach, which involves insertion into the pre-
prepared column of the fi nal solution using a glass transfer pipette; the 250-µl straw is sealed, shaped, and placed 
into the 500-µl straw (118,120); (2) suction using an Eppendorf 1000-µl micropipette (91,121–123); (3) capillary 
action. The insert in step 1b shows a magnifi ed oocyte and illustrates initial shrinkage of oocyte in vitrifi cation 
solution caused by cell dehydration; the shrinkage of the oocyte in VS is identical for all approaches (steps 1b, 2a, 
and 3a). Abbreviations: EG, ethylene glycol; VS, vitrifi cation solution. See Color Plates on Page xvi.
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 Use of a Single Standard Straw 
 Recently, vitrifi cation of human oocytes in a 250-µl straw without modifi cation has again focused 
the attention of the scientifi c community on this simple original design. This design was not 
discovered accidentally, but resulted from a fundamental and systematic study involving the 
consideration and analysis of variety of factors (40). 

 Numerous excellent results have already demonstrated that human oocytes could be 
cryopreserved in a single 250-µl straw by rapid immersion into liquid nitrogen (58,69). The 
rationale that a standard 250-µl straw is preferred to the latest ultra-rapid cooling containers is 
based on higher chances of losing oocytes due to technical malfunctions when using these new 
containers, which result in oocyte damage (40) or loss of control. After all, extensive training is 
required to master most of the new techniques. 

 In contrast to new emerging systems, the IVF clinics have decades of experience in prac-
ticing cryopreservation of gametes and embryos using standard straws, for example, freezing 
of sperm in a 500-µl straw and slow cooling of embryos in a 250-µl straw using a programmable 
rate freezer. In addition to familiarity with the established technique, sealing of a standard straw 
is an unsurpassed advantage as the risk of contamination through direct contact with liquid 
nitrogen is clearly prevented. The availability of numerous solutions for the effective vitrifi ca-
tion of embryos/oocytes, which were developed and tested in combination with a 250-µl straw, 
can also be seen as an advantage. 

 Cooling in a vapor phase of liquid nitrogen (120°C/min) was proven to be less aggres-
sive for embryo cryopreservation (5). It is particularly effective due to the fact that it reduces 
mechanical stresses, and therefore cracking of the vitrifi cation solution and damage of zona 
pellucida is prevented during vitrifi cation. Vitrifi cation of human embryos in liquid nitrogen 
vapors have resulted in childbirths (6,126). The stable amorphous state was maintained by the 
use of a vitrifi cation solution with high total solute concentration (74%), while its toxicity was 
easily overcome by supplementation with a large amount of polymer, namely Ficoll. 

 Vitrifi cation of oocytes in a 250-µl straw may be considered a semi-safe method, as con-
tamination can still be transferred from the end of the straw during contact with the dilution 
solution on warming.   

 Use of “Open” Containers 
 The quest for high cooling rates, which arises from the intention to avoid the toxicity of the 
vitrifi cation solutions by decreasing their concentration without compromising the vitrifi cation 
property, led to popularization of the so-called “open” containers. A common misconception in 
commercial literature is that these “open” containers are described as “closed” systems, making 
it appear that the products combine the ideal characteristics, namely sterility and extremely 
high cooling rates. However, due to fundamental physical property of materials any container 
that enables a cooling rate of 10,000°C/min and above cannot be as sterile as a sealed container. 
This is the trade-off that an IVF clinic must be aware of when designing its preservation protocol. 

 Historically, the idea of developing an “open” container originated from the fact that 
direct contact of an open container with liquid nitrogen could greatly increase cooling rate 
( Fig. 11 ). Though exceedingly high cooling rate may at times be achieved at the expense of risk 
of contamination over sterility of biological materials, some of these inventions have been 
applied to IVF practice and yielded fruitful outcomes. One of the fi rst strategies involved the 
use of electron microscope grid (180,000°C/min). It was initially invented in the study on cattle 
oocytes (37) and has been subsequently used for vitrifi cation of human oocytes in IVF practice 
(44–46); these studies reported births of healthy babies ( Table 1 ). However, EM’s limitation was 
cryostorage; advantageously, the cryoloop and cryoleaf then attempted to address this limita-
tion. The former was developed by Lane et al. (1999) (127) whereby exceedingly high cooling 
rate (720,000°C/min) was reported; recent studies using this system have reported births of 
healthy babies (51,53). Likewise, a report on live birth using cryoleaf for vitrifi cation of human 
oocytes has been published (41). In parallel, the hemi-straw, another robust innovation intended 
for vitrifi cation of oocytes and embryos, was developed. Encouraging reports based on the use 
of hemi-straw techniques have been published for human oocytes (128) and human blastocysts 
(129,130). In the past, the author has also conducted studies that employed high-cooling-rate 
devices and developed designs of metal loop ( Fig. 11A ); we also carried out a study where strip-
per tips were utilized as a cooling device ( Fig. 11D  and E). However, this high-cooling-rate 
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approach was not found to be particularly benefi cial, at least in the in vitro trials for vitrifi cation 
of embryos and human oocytes. 

  Although adaptation of some “open” containers has demonstrated varying degrees of 
success for human oocytes, these containers have also been associated with the use of inappro-
priate vitrifi cation solutions. One of the major limitations of the cryotop (47) and open pulled 
straw (131) original protocols developed for bovine embryos/oocytes is the insuffi cient total 
solute concentration of the fi nal solutions, which may cause devitrifi cation (ice formation) on 
warming. 

 Alternatively, it has been demonstrated that a variety of containers, when used as a part 
of an appropriately designed vitrifi cation protocol, are effective. Therefore, embryologists and 
clinicians should distinguish the difference between containers and vitrifi cation protocols, 
which assumes correct pre-equilibration/dilution procedures and vitrifi cation solutions. When 
examining scientifi c literature, one must pay attention to the rationale behind the vitrifi cation 
protocol described in that study and separately to the type of container that has been utilized. 
In some cases, vitrifi cation protocols and containers that are most appropriate for use can be 
“mixed and matched” from different studies by an IVF clinic to improve the effi cacy of oocyte 
vitrifi cation. 

 Armed with the information provided so far in this section, we can now return to exploring 
the vital difference between “open” and “sealed” containers. While developers of the hemi-straw 
and cryotop methods honestly alert the readers that their methods do not avoid the risk of con-
tamination, others representing the so-called “sealed” containers have been known to imply that 
their “closed” container provides the same protection as a “sealed” container; this we now under-
stand to be incorrect. Exceedingly high cooling rates have been reported for certain elaborate 
containers; however, it seems unlikely that the design of a small container, which comes 
into contact with liquid nitrogen enclosed in an outer container, could deliver the ultimate 
contamination-free system. For example, there is a design in which the inner straw is capped by 
a metal sleeve; the inner straw is then immersed directly into liquid nitrogen and afterwards 
inserted into an outer straw and sealed. Although the fi nal product is indeed “sealed,” the 
specimen has in fact already been exposed to liquid nitrogen and therefore the pathogens therein; 
therefore this method cannot be considered as safe as a “sealed” one. In other words, an 
exceedingly high cooling rate is achievable at the expense of compromising strict sterility.   

A

B

C

D

E

 Figure 11    “Open” containers: ( A ) metal loop; ( B ) open pulled straw; ( C ) electron microscopy grid; ( D  and  E ) 
stripper tips.    
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 Remarks on Containers and Miscellaneous Observations 
 At the crossroad of choosing between these two options, studies have reported that a very high 
cooling rate may not be necessary for the cryopreservation of human oocytes as they are more 
tolerant to chilling than bovine oocytes (132). The interest in achieving ultra-high cooling rates 
for cryopreservation of human oocytes seems to evolve from the application of this fact to 
bovine oocytes (37,133), as these mammalian oocytes are chilling sensitive, probably due to 
their high lipid content (93). As containers intend for human oocytes, their design evolved but 
became unnecessary complicated. 

 Storage of specimens in vapors of liquid nitrogen might also prevent cross contamination. 
Vapor storage presents great advantages in preserving large tissue specimens, but is less appeal-
ing for storing human oocytes, which have to be kept in small containers. Pathogenic contami-
nation could be minimized or even eliminated through fi ltering the liquid nitrogen with a 
0.2 µm fi lter or by UV irradiation of liquid nitrogen. It should be noted that sterilization of 
straws by irradiation can be considered benefi cial in terms of sterility; however, it has negative 
effects on the straw’s properties at low temperatures (134). Contaminating pathogens can be 
partially removed from cells and tissues by rigorous washing steps. As the methods outlined 
above have limited effectiveness, the “straw-in-straw” strategy for eliminating contamination 
appears to be the optimal solution (118). 

 A common misunderstanding is that specifi c vitrifi cation procedures have to be employed 
in conjunction with a specifi c container; this is not so. Historically, certain studies have shown 
that in fact selection of an appropriate vitrifi cation procedure is more instrumental to oocyte 
viability than the type of container. Embryologists and clinicians should be aware that when 
adopting protocols from specifi c scientifi c studies, the use of the recommended vitrifi cation 
procedure does not mandate them to use the container recommended in the study. A poignant 
example of the above principle is a study that led to the fi rst live birth from a vitrifi ed oocyte (7). 
In that study, we used a container that was commonly used at the time; the key to success, how-
ever, was the inventive vitrifi cation solution and procedure. The important differentiating fac-
tor in our vitrifi cation protocol was that the procedure and solutions were adjusted to optimize 
shrinkage/expansion of the oocyte ( Fig. 8 ). The total solute concentration (65.4 wt.%) of the 
fi nal solution [40 vol.% EG + 0.6 mol/L sucrose (7)] was selected for the reason that it achieves 
a stable vitrifi cation state during possible rewarming in air or during other applications, which 
is applicable with a wide range of containers. Concentrations, and a number of pre-equilibration 
solutions were also deduced for the benefi t of oocyte physiology rather than in the interest of 
time and simplicity of the procedure. Our vitrifi cation procedure was almost individually 
adjusted for each oocyte to determine the optimal duration in each pre-equilibration solution 
before fi nal immersion into liquid nitrogen, as described in the section “Flexible Strategy.” This 
lets us control the extent of penetration of the cryoprotectant into the cells. We have also deduced 
dilation steps via the oocyte’s osmotic response during the dilution procedure. 

 Generally, as can be seen from the analysis of all reports on vitrifi cation of human oocytes 
that lead to childbirth ( Table 2 ), there is no distinct correspondence between success rate and the 
type of container. Container type is more refl ective of chronology and geography; therefore, we 
believe that all containers are equally effective.   

 Is the Use of Serum/Proteins Necessary in Vitrifi cation? 
 Another important issue that needs to be addressed is the employment of products of human 
origin, mainly serum or proteins, in the cocktail of cryopreservation solutions. The concern with 
human serum arises from possible involvement of infected donors/sources. Use of large amounts 
of serum is essential in traditional slow-cooling procedures (58,60,68,69,76), as serum plays an 
important role in supporting human oocytes during the slow and gradual decrease of temperature 
in the cryopreservation solution before solidifi cation occurs. As the culture conditions require the 
exclusion of the use of serum containing medium, using serum as a part of the cryopreservation 
solution may be disadvantageous in the IVF cycle. During mixing of cryopreservation solution 
and culture medium, an exothermic reaction occurs. This overheating is particularly challenging 
for protein/serum-containing medium commonly used to prepare vitrifi cation solutions. 

 Nevertheless, addition of foreign serum/proteins is still quite common in clinical practice 
for vitrifi cation of human oocytes ( Table 2 ), just to name a few, human serum (45,53), fetal bovine 
serum (46), or synthetic serum substitutes (47,50). In contrast to the slow-cooling method, 
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vitrifi cation of oocytes involves direct immersion into liquid nitrogen, which yields cooling 
rates ranging from hundreds of degrees per minute to thousands of degrees per minute. Hence, 
we deduced that supplementation with native or synthetic proteins is basically not necessary. 
We have further tested this theory by developing a novel polymer-based serum/protein-free 
solution for embryo cryopreservation (24,118) ( Table 2 ). Subsequently, we refi ned the set of 
solutions that we developed for vitrifi cation of human oocytes by elimination of serum/pro-
tein. We have tested this set of solutions in emerging biomedical areas involving stem cells and 
tissue engineering. The universality of this set (10 vol.% EG, 25 vol.% EG, 40 vol.% EG, 0.6 mol/L 
sucrose) was confi rmed by application to the vitrifi cation of neuronal stem cells (91,122,123,135) 
and cell-matrix (121,122), and cell-scaffold systems (91,122,123,135). 

 Our investigations have proved that this protein/serum-free strategy in combination with 
“straw-in-straw” vitrifi cation has been successful as high viability and functionality were 
achieved (91,122,123,135). A combination of both approaches completely eliminates the risk of 
infections and contaminations.    

 CONCLUDING REMARKS 

 We hope that analysis presented in this chapter provides an idea why vitrifi cation as an approach 
to cryopreservation is expected to be more appropriate for assisted reproductive technology as 
currently practiced. Therefore, we hope that embryologists will employ the vitrifi cation procedures 
discussed in this chapter, which are likely to be both embryo and oocyte friendly. Since 1999, 
when the fi rst baby girl was born from an embryo derived from vitrifi ed-warmed oocytes in 
our fi rst trial, many healthy babies were born after application of this strategy worldwide. 
Various procedures for the vitrifi cation of oocytes have been developed, and high viability and 
pregnancy and birth rates have been achieved. The critical outlook on containers employed for 
vitrifi cation revealed that they are equally effective. The “straw-in-straw” method using read-
ily available 250- and 500- µ l straws is a safe and effective strategy to eliminate direct contact 
with liquid nitrogen and to avoid risk of infection or contamination. Serum/proteins appear to 
be unnecessary in vitrifi cation.   To conclude, we believe that vitrifi cation is the most promising 
way to move forward in the cryopreservation of human oocytes.   
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 INTRODUCTION 

 The development of protocols to cryopreserve human oocytes has been dominated by an empirical 
approach. While the result of this approach has been impressive in the sense that human beings 
have been born from cryopreserved oocytes, there is much room for improvement in several 
respects. For material as precious as human oocytes, the fraction of oocytes recovered after 
cryopreservation must be increased. In addition, the factors leading to non-reproducible results 
need to be identifi ed with the goal of minimizing or eliminating non-reproducibility. Finally, an 
improved understanding of the basic principles governing the response of human oocytes to 
the complex processing involved in cryopreservation protocols is also necessary. 

 Models based on basic principles have been developed, which can be used to predict the 
response of cells, including human oocytes, to cryopreservation processing. While these models 
certainly have limitations, they have enormous potential. The potential benefi ts include improved 
recovery and reproducibility, faster processing, and lower cost—all based on a fundamental 
understanding rather than empiricism. 

 Computer models exist that can predict the response of cells including human oocytes to 
the addition and removal of cryoprotectant agents (CPAs) (1–5). The dynamic response as well 
as the equilibrium state can be predicted. Such models can account for oocyte size, type and 
concentration of CPA as well as temperature and exposure time. The infl uence of arbitrary pro-
tocols, including single or multiple step CPA addition and removal can be predicted. The pres-
ence of impermeable extracellular solutes can be included. The oocyte volume as well as 
intracellular concentrations of water, CPA, and impermeable solute (modeled here as a salt) can 
be predicted as a function of time for arbitrary processing conditions of interest. 

 Similarly, computer models can predict how cells including oocytes will respond to freez-
ing and thawing (6–10). Specifi cally, it is possible to predict oocyte volume and intracellular 
water volume as well as the concentration of CPA and impermeable solutes during cooling, 
storage, and warming. The extent to which intracellular water is supercooled can be predicted. 
How the seeding temperature and the equilibration time at the seeding temperature infl uence 
subsequent response during freezing, storage, and warming can be calculated. 

 Model predictions of the probability of intracellular ice formation and growth of intracel-
lular crystals for specifi ed freezing protocols are also possible (9). The terms “probability of 
intracellular ice formation” and “cumulative fraction of intracellular ice formation” in a popula-
tion are used to mean the same thing in this chapter. Such models make it possible to quantify 
the amount and size of intracellular crystals. This information can be used to defi ne when vitri-
fi cation can be achieved as well as provide details concerning devitrifi cation and recrystalliza-
tion (10). In fact, it is possible to distinguish different types of intracellular ice formation 
(surface-catalyzed and volume-catalyzed heterogeneous as well as homogeneous nucleation) 
and the corresponding temperatures using these models (7). There have been reports in the lit-
erature that non-linear cooling rates produce improved cell recovery compared to recovery 
using linear cooling (11). It is possible to predict differences between oocyte responses to linear 
and non-linear cooling using modeling of the type presented here (12). 

 The response of human oocytes to the various aspects of cryopreservation processing and 
how the intrinsic characteristics of the oocytes (e.g., membrane permeability) infl uence this 
response is described elsewhere in this book (see chap. 3 by Fuller and Paynter). 
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 In this chapter, a specifi c cryopreservation protocol developed for human oocyte cryo-
preservation (13) is used as a vehicle to illustrate what can be done at the present time with 
respect to predictive modeling and what limitations must be addressed to realize the full poten-
tial of such a modeling approach. It should be recognized that a range of the intrinsic properties 
of human oocytes will lead to a range of oocyte responses in a population. Although this diver-
sity of responses is not modeled in this chapter, it should be clear after reading this chapter that 
another virtue of the modeling approach presented here is that it is possible to perform sensitiv-
ity studies using the computer model to predict how much variation in particular responses of 
interest would arise due to different oocyte properties or combination of properties. 

 The specifi c protocol used to illustrate what can be done using computer modeling is 
defi ned in  Table 1 .  

 One important point to be made here is that, in principle, the predictive modeling approach 
described in this chapter links all the cryopreservation processes together. To emphasize this 
point, this means that the fi nal state at the end of each of the processes defi ned above represents 
the initial state of the subsequent process. Most modeling work related to cryopreservation has 
focused on individual processes or a few coupled processes in the overall protocol rather than 
linking the entire process. There has been some published work that does link more of the 
processing steps together (4,8). 

 Indeed, not all the processing steps defi ned in  Table 1  are modeled here. Part of the reason 
is that important parameters that are required to model some aspects of the overall process are 
still not known for human oocytes. Another reason is related to the length limitations defi ned 
for this chapter. Nevertheless, it is hoped that the material presented in this chapter will allow 
the reader to appreciate the potential of this modeling approach and to understand what limitations 
still exist with regard to realizing the full potential of such modeling. 

 The addition steps for both cryoprotectant and impermeable solute (sucrose) are included 
and linked together in the model presented. These two steps are then linked to all fi ve steps 
involved in the removal of cryoprotectant and impermeable solute. Although the removal of 
cryoprotectant occurs as the last part of the actual overall cryopreservation process, the pre-
dicted response of cryoprotectant removal is coupled directly to the predictions for cryopro-
tectant addition and presented immediately after the results for the addition of cryoprotectant 
and impermeable solute. This is done for several reasons. From a practical standpoint, if cryo-
protectant cannot be added and removed with little or no damage, the overall cryopreservation 
process will not be successful. If there is signifi cant damage by simply adding and removing 
cryoprotectant, the detailed aspects of seeding, cooling, or warming for purposes of model-
ing or otherwise are of secondary importance until the reasons for damage are defi ned and 
minimized or eliminated. Second, presenting all the results at the same time for adding and 
removing cryoprotectant and sucrose should make direct comparison of some results more 

 Table 1    Cryopreservation Protocol (13)  

Add propane-1,2-diol in a single step at room temperature (22°C assumed)
• 0.0 to 1.5 M, exposure for 10 min
Add sucrose in a single step at room temperature (22°C assumed)
• 0.0 to 0.3 osm, exposure for 5 min
Cool to –7°C at 2°C/min
Seed at –7°C and hold at this temperature for 10 min
Cool at 0.3°C/min from –7°C to –30°C
Cool at 50°C/min from –30°C to –150°C
Hold at –150°C for 10 to 12 min
Transfer to liquid nitrogen
Warm by exposing to air for 30 sec at room temperature and then 40 sec in water at 30°C
Dilute propane-1,2-diol in three steps at room temperature (22°C assumed)
• 1.5 to 1.0 M, exposure for 5 min
• 1.0 to 0.5 M, exposure for 5 min
• 0.5 to 0.0 M, exposure for 10 min
Dilute sucrose in two steps
• 0.3 to 0.0 osm, exposure at room temperature (22°C assumed) for 10 min
• 0.0 osm, exposure at 37°C for 10 min
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obvious compared to presenting the results for removal at the end of the entire cryopreservation 
protocol. The addition and removal of propane-1,2-diol is considered using the membrane per-
meability parameters published for human oocytes (14). The addition of sucrose is predicted 
using the membrane permeability parameters published for human oocytes (15). The assumed 
size of the oocyte (110 µm) and the osmotically inactive volume (19%) are taken from published 
work (16). 

 Cooling from 22°C to –7°C is not modeled because it is assumed that extracellular ice does 
not form during this process until it is seeded. Thus, there would be no driving force for the 
fl ow of water or cryoprotectant. It is also assumed that intracellular ice does not form during 
this cooling process. 

 The response of human oocytes to extracellular seeding at –7°C followed by holding for 
10 minutes at this temperature is modeled. The membrane permeability parameters required 
for this are defi ned by extrapolating the published values of human oocyte permeability at 
higher temperature using the activation energies for water and cryoprotectant permeability (14). 

 It is possible to predict the probability of intracellular ice formation if two intracellular ice 
nucleation parameters are known. These parameters have been determined experimentally for 
several cell types including mouse oocytes in the absence (7) and presence (8,17) of cryopro-
tectants. Unfortunately, these parameters have not yet been determined for human oocytes. To 
illustrate what can be achieved with the modeling approach presented here, it is assumed that 
the nucleation parameters known for mouse oocytes apply to human oocytes as discussed 
above. It is shown that by making this assumption, most of the general trends known empirically 
are captured by the model predictions. 

 To illustrate what can be done for modeling the freezing of human oocytes, it was of inter-
est to include at least the fi rst cooling step in the cryopreservation protocol defi ned in  Table 1 . 
The protocol defi ned in  Table 1  for this fi rst step is cooling at a rate of 0.3°C/min from –7°C to 
–30°C. However, it was found using the present model that the predicted probability of intracel-
lular ice formation did not match the published experimental results reported by Trad et al. (18), 
when using the mouse oocyte intracellular ice nucleation parameters in place of the unknown 
human oocyte parameters. To handle this issue, the model was “tuned” by varying the cooling 
rate to match the predictions with the experimental results for the probability of intracellular ice 
formation as a function of seed temperature reported by Trad et al. (18). This exercise indicated 
that a cooling rate of approximately 1.0°C/min would be required. Thus, the 0.3°C/min cooling 
rate defi ned in  Table 1  was replaced by a cooling rate of 1.0°C/min to compensate for the 
unknown human oocyte intracellular ice nucleation parameters. 

 As will be seen below, this approach produces many interesting and useful results. Using 
a cooling rate of 1.0°C/min, predictions of intracellular water content as well as salt and cryo-
protectant concentrations are made using the permeabilities described above. Modeling the 
other two cooling processes to the storage temperature and the warming process described in 
 Table 1  are not included, largely due to the limited scope of this chapter. 

 Model predictions are included that reveal how increasing the concentration of sucrose 
infl uences the response of human oocytes to freezing. Results are also presented that predict 
how the seed temperature as well as the hold time at the seed temperature prior to initiating 
cooling infl uence the response of human oocytes to subsequent freezing. 

 It is well known that the extracellular concentrations of cryoprotectant and sucrose, to 
which the human oocyte is exposed during the addition and removal of these solution compo-
nents, play a crucial role in the response of the oocyte to the overall cryopreservation protocol. 
What may not be well appreciated is how important the details of the small-scale mixing of 
solutions are during the transfer of oocytes between solutions and how sensitive the oocyte 
response can be to these details. The lack of control of mixing may play an important role 
in non-reproducible results. Simple illustrative model predictions are offered to illustrate 
the point.   

 RESPONSE OF HUMAN OOCYTES TO THE ADDITION OF PROPANE-1,2-DIOL AND SUCROSE 

 Although the concentration units of the cryoprotectant in the specifi c cryopreservation proto-
col of Fabbri et al. (13) defi ned in  Table 1  are defi ned in terms of molarity, the computer simula-
tions were performed by converting all molarity units to osmolality by equating molarity 
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and osmolality. For the purposes of the simulations presented here, the difference is not considered 
important. 

 As shown in  Figure 1 , exposure to 1.5 osm propane-1,2-diol causes the human oocyte to 
shrink to approximately 70% of isotonic volume in approximately 1 minute, followed by swell-
ing to approximately isotonic volume within another 10 minutes. Model results not shown 
reveal that equilibration would produce an oocyte at 108% isotonic volume after some 30 minutes 
of exposure to the cryoprotectant. 

 Following the 10-minute exposure to 1.5 osm propane-1,2-diol, exposure to 0.3 osm sucrose 
for 5 minutes causes the human oocyte to shrink to approximately 70% of isotonic volume 
( Fig. 1 ). Another 5 minutes of exposure would produce the equilibrium volume of 64% of 
isotonic volume (results not shown).  

 Other parameters related to the exposure to propane-1,2-diol can be predicted. Intracel-
lular water volume is reduced and then increases, paralleling the cell volume ( Fig. 2 ). Exposure 
to sucrose squeezes water out of the cell such that about 60% of the isotonic water volume 
remains in the human oocyte at the end of 5 minutes of exposure to sucrose.  

 By the end of the 10-minute exposure to propane-1,2-diol, the intracellular propane-1,2-
diol concentration nearly reaches the equilibrium value of 1.5 osm ( Fig. 3 ). The subsequent 
5-minute exposure to 0.3 osm sucrose produces a rise and fall of the intracellular concentra-
tion of propane-1,2-diol, reaching a concentration of approximately 1.6 osm at the end of the 
5-minute exposure.  

 The intracellular salt concentration rises to nearly 0.55 osm and then decreases to near the 
isotonic value of 0.29 osm during the 10-minute exposure to propane-1,2-diol ( Fig. 4 ). The sub-
sequent 5-minute exposure to 0.3 osm sucrose increases the intracellular concentration of salt 
signifi cantly, to about 0.5 osm.  
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  Figure 5  shows two curves. The solid curve describes the rise in intracellular propane-1,2-
diol content from 0 moles to approximately 7  !  10 –10  moles during the fi rst 10 minutes of expo-
sure to an extracellular concentration of 1.5 osm propane-1,2-diol. It is interesting to note that 
during the 5-minute exposure to sucrose, propane-1,2-diol is squeezed out of the oocyte ( Fig. 5 ). 
The second (dashed) curve closely resembles the response of the normalized cell volume 
( Fig. 1 ) and represents the absolute cell volume (liters). A comparison of the two curves in 
 Figure 5  is a useful way to appreciate how the intracellular propane-1,2-diol content changes as 
cell volume changes.  

 The net result of these two steps of adding propane-1,2-diol and sucrose is to increase 
the total intracellular osmolality to some 2.1 osm and reduce the intracellular water content 
by 40%. 

 The oocyte is reasonable close to, but not completely in, equilibrium at the end of this part 
of the entire cryopreservation protocol.   

 RESPONSE OF HUMAN OOCYTES TO THE REMOVAL OF PROPANE-1,2-DIOL AND SUCROSE 

 For the specifi c cryopreservation illustrative protocol considered in this chapter ( Table 1 ), 
the intracellular propane-1,2-diol concentration is reduced in three steps from 1.5 to 1.0 osm to 
0.5 osm at room temperature (assumed to be 22°C for modeling) while keeping the sucrose con-
centration constant at 0.3 osm. The exposure times are 5 minutes for the fi rst two steps and 
10 minutes for the third step. 
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  Figure 6  shows the normalized oocyte volume response for the entire process of adding 
and removing cryoprotectant and sucrose. The fi rst 900 seconds replicates the results shown in 
 Figure 1 . Replicating the addition process allows the subsequent response to dilution steps to be 
compared directly with the addition steps.  

 During the fi rst two steps of dilution, the oocyte volume increases by approximately 5% 
for each step and then decreases by approximately 7% for each step ( Fig. 6 ). During the third 
step the oocyte volume increases by approximately 7% and then decreases by nearly 15%. The 
oocyte is at some 60% of its normalized volume at this stage. The last two steps involve remov-
ing the 0.3 osm sucrose (10 minutes at 22°C followed by 10 minutes at 37°C). At the end of the 
fi rst sucrose dilution step, the oocyte volume has already returned to nearly isotonic volume. 

 The response pattern for intracellular water follows that of the cell volume closely ( Fig. 7 ).  
  Figure 8  describes the intracellular propane-1,2-diol concentration history during the 

addition and removal of cryoprotectant and sucrose. Once again, the fi rst 900-second period 
replicates the results presented earlier ( Fig. 3 ). The concentration of propane-1,2-diol has been 
reduced to 0 osm by the end of the third dilution step. It remains at 0 osm during the subsequent 
two sucrose dilution steps (20 minutes duration). It would appear that the last 20 minutes of 
exposure are not necessary to reduce the intracellular cryoprotectant concentration.  

 The intracellular concentration of salt oscillates during the dilution steps, but never 
rises above 0.6 osm (twice the isotonic value) during the three steps of propane-1,2-diol dilution 
( Fig. 9 ). The concentration of salt is reduced to a value close to the isotonic concentration by the 
end of the fi rst step where the extracellular sucrose concentration is reduced. It would appear 
that the fi nal 10-minute step at 37°C is not necessary to reduce the intracellular salt concentration 
to its isotonic value.  
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 These predictions suggest that there are some opportunities for optimizing the dilution 
processing. Indeed, results of predictions not shown here suggest that the entire addition and 
removal processing could be reduced, without excessive volume excursions, to approximately 
one-third of the total processing time defi ned in  Table 1 . The addition and removal portions 
would be 10 minutes each, compared to the current total protocol time of 55 minutes defi ned 
in  Table 1 . Even simpler protocols may be possible with a more comprehensive study using 
the present model. In any case, such model predictions should be coupled with experimental 
verifi cation.   
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 RESPONSE OF HUMAN OOCYTES TO COOLING RATE DURING FREEZING 

 The response of human oocytes to freezing requires a number of parameters, including 
membrane permeability to water and cryoprotectant. The temperature dependence of these 
permeabilities (activation energy) is also required. These parameters have been determined for 
human oocytes (14). It is important to recognize that there can be a very signifi cant range of 
these parameter values in a human oocyte population due to a number of factors as identifi ed 
by Fuller and Paynter (chap. 3). 

 In most cases, the membrane permeability to cryoprotectants is signifi cantly smaller than 
that of water. In addition, the temperature dependence of membrane permeability to cryopro-
tectants is generally larger than that of water. Consequently, the transport of cryoprotectant 
during freezing is often ignored in most published models. When the permeability parameters 
are known, it is possible to predict a number of important responses of the human oocyte dur-
ing freezing. These include oocyte volume, intracellular water volume as well as intracellular 
concentrations of cryoprotectant and salt. The amount of supercooling of intracellular water can 
also be computed. These same oocyte parameters can be computed for hold times at specifi ed 
isothermal temperatures (e.g., storage) and during warming. 

 To predict the probability of intracellular ice formation on the basis of physio-chemical 
principles, it is also necessary to know additional parameters. These include parameters related 
to the nucleation of intracellular ice as defi ned by Toner et al. (7). These parameters are typically 
determined experimentally using cryomicroscopy (19) and they have been determined for 
hepatocytes (8), mouse oocytes (7), mouse embryos (20), and hematopoietic progenitor 
cells (21). Unfortunately, these nucleation parameters have not been determined yet for human 
oocytes in the absence or presence of any cryoprotectants. Furthermore, models for the viscos-
ity of cryoprotectant solutions as a function of temperature and concentration are required to 
predict the probability of intracellular ice formation using the approaches developed by Toner 
et al. (7) and Karlsson et al. (8). These models exist for dimethyl sulfoxide (8) and glycerol (9) but 
not for other cryoprotectants such as ethylene glycol or propane-1,2-diol. 

 To illustrate what can be done with regard to predicting intracellular ice formation in 
human oocytes, the two ice nucleation parameters known for mouse oocytes in dimethyl sul-
foxide are combined with the known viscosity model for dimethyl sulfoxide. This information 
for dimethyl sulfoxide is combined with the osmotic properties known for human oocytes. 
As the membrane permeability properties are known for human oocytes in the presence of 
propane-1,2-diol and sucrose, these permeability values are used here. 

 While it is recognized that the resultant predictions are not expected to be completely 
accurate in a quantitative sense, the approach serves to illustrate the capabilities as well as the 
current limitations of such modeling. In spite of the current limitations, it is remarkable that the 
predictions presented in this chapter for human oocytes appear to capture most of the empiri-
cally defi ned major overall trends, while at the same time providing added insight into why the 
human oocyte responds the way it does. This represents an exciting foundation foreshadowing 
the more accurate and comprehensive results that can be expected once the necessary viscosity 
models are defi ned and intracellular nucleation parameters are determined for human oocytes. 

 To verify that the computer model itself was properly implemented for predicting the 
probability of intracellular ice formation, the results of Karlsson et al., (17) which predict the 
formation of intracellular ice in mouse oocytes cooled rapidly in the presence of 1.5 M dimethyl 
sulfoxide, were successfully replicated prior to applying the intracellular ice nucleation model 
to predict human oocyte responses. 

 As a fi rst step in developing the capability of predicting intracellular ice formation in 
human oocytes equilibrated in 1.5 osm propane-1,2-diol (no sucrose), the sensitivity to cooling 
rate was predicted for cooling at various rates to a minimum temperature of –30°C. This tem-
perature corresponds to the minimum temperature of the fi rst of the three cooling steps defi ned 
in the specifi c example cryopreservation protocol defi ned in this chapter ( Table 1 ). It can be seen 
in  Figure 10  that the current model predicts that the probability of intracellular ice formation 
will increase from 0% to 100% over the cooling rate range of 0.5°C/min to 2°C/min and that 
intracellular ice will nucleate at relatively high temperatures at the faster rates.  

 Specifi cally, intracellular ice formation is predicted to occur between –10°C and –20°C. 
While these predictions are not expected to be exactly correct, they do suggest that relatively 
slow rates of cooling will be required to avoid intracellular ice formation and that intracellular 
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ice formation will occur at relatively high nucleation temperatures for the faster cooling rates. 
In spite of the limitations and assumptions made, these results agree well with those of Trad 
et al. (18). The predictions also illustrate the kind of information that can be obtained once 
intracellular ice formation nucleation parameters are determined for human oocytes. 

 Additional parameters can be predicted from such a model. Results are shown that 
illustrate how faster cooling rates cause oocytes to retain larger fractions of intracellular water 
( Fig. 11 ) and produce more supercooling of intracellular water ( Fig. 12 ).   

 Predictions are not included here for the second and third cooling steps of the specifi c 
example cryopreservation protocol defi ned in  Table 1 . Obviously, these would be of interest, 
but given the scope of this chapter and the current limitation regarding the nucleation param-
eters for human oocytes containing propane-1,2-diol and the lack of a viscosity model for 
propane-1,2-diol, these predictions have not been included.   

 INFLUENCE OF SUCROSE CONCENTRATION ON HUMAN OOCYTE FREEZING RESPONSE 

 It is clear from published work that the addition of the impermeable solute sucrose to the extra-
cellular cryoprotectant solution can have a signifi cant benefi cial effect on human oocyte recov-
ery after freezing (15). It is apparent from the modeling results presented above ( Fig. 2 ) that the 
addition of sucrose reduces the amount of intracellular water signifi cantly before freezing 
begins. This dehydration is expected to produce a benefi cial result by way of reducing the like-
lihood of intracellular ice and oocyte damage. It is therefore of interest to explore what the 
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computer predictions reveal concerning how the presence and concentration of sucrose in the 
cryoprotectant solution infl uences the oocyte response to freezing. 

 As can be seen in  Figure 13 , some 18% of human oocytes equilibrated with 1.5 osm propane-
1,2-diol and cooled to –30°C at 1°C/min are predicted to contain intracellular ice at –30°C if no 
sucrose has been added to the solution.  

 The effect of adding sucrose to the solution and allowing full equilibration is signifi cant 
according to the modeling results shown here. In particular, the fraction of oocytes containing 
intracellular ice at –30°C is predicted to decrease from 18% with 0.0 osm sucrose to 2.5% with 
0.1 osm sucrose. Increasing the sucrose concentration further to 0.2 and 0.3 osm reduces the 
predicted fraction of oocytes with intracellular ice from 2.5% to less than 1%. 

 Once again, the model predictions provide additional insight with regard to the effect 
of sucrose addition on intracellular water content ( Fig. 14 ) and intracellular supercooling 
( Fig. 15 ).   

 These fi gures show that as the sucrose concentration is increased, the amount of intracel-
lular water is reduced at all temperatures, as is the extent of supercooling of intracellular water. 
It is interesting to note that the magnitude of the intracellular supercooling is a non-monotonic 
function of temperature and that the maximum value occurs at approximately –15°C (258 K). 

 Clearly, the probability of intracellular ice formation is sensitive to the reduced water 
content resulting from sucrose addition. It will be seen below that incomplete mixing of 
extracellular solutions during oocyte transfer can lead to a range of intracellular water content. 
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 Figure 12    Supercooling of human oocyte intracel-
lular water as a function of temperature for human 
oocyte cooled at different cooling rates. The human 
oocyte was equilibrated with 1.5 osm propane-1,2-
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This range of water content may not be appreciated by those performing transfer and yet may 
lead to unexpected and non-reproducible results with regard to intracellular ice formation and 
oocyte damage.   

 INFLUENCE OF SEEDING TEMPERATURE AND HOLD TIME ON HUMAN OOCYTE FREEZING RESPONSE 

 It is important to recognize two extremes with regard to the extracellular seeding of ice. One 
extreme is that, after seeding of extracellular ice has occurred, suffi cient time is allowed for the 
oocytes to equilibrate fully with the frozen, concentrated extracellular solution. After this equil-
ibration, cooling commences. At the other extreme, seeding of the extracellular ice occurs and 
cooling begins immediately, with no time for the oocyte to equilibrate with the frozen, concen-
trated extracellular solution before cooling starts. In the former case, the intracellular water 
content is reduced and there is no supercooling of the intracellular water when cooling starts 
after the seeding occurs. In the latter case, the intracellular water content exceeds that corre-
sponding to the equilibrium case and the intracellular water is supercooled even before the 
cooling begins. The fi nite supercooling at the beginning of the cooling in the latter case enhances 
the probability of intracellular ice formation and therefore the likelihood of oocyte damage. 
Both these extremes are considered below. Before the extremes are considered, results are 
presented for an intermediate case corresponding to that prescribed in the specifi c cryopreservation 
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process used here for illustration purposes ( Table 1 ). This intermediate case shows how the 
human oocyte is predicted to respond to the addition of propane-1,2-diol, followed by the addition 
of sucrose and then seeding at –7°C  

 Response to Seeding Process Specifi ed in the Example Cryopreservation Protocol 
 The response of the human oocyte to the addition of propane-1,2-diol and sucrose has been 
described earlier in this chapter. When the human oocyte is then cooled and the extracellular 
solution is seeded with ice at –7°C, it is predicted to shrink signifi cantly in a short period, fol-
lowed by slow swelling over a much longer time period.  Figure 16  shows the human oocyte 
volume history for the case where it has been exposed to 1.5 osm propane-1,2-diol for 10 min-
utes followed by exposure to 0.3 osm for 5 minutes, followed by extracellular seeding at –7°C 
with a hold period of 10 minutes at –7°C.  

 The fi rst 900-second period of  Figure 16  represents the same results as those shown in 
 Figure 1 . The signifi cant shrinkage shown in  Figure 16  immediately after 900 seconds has 
elapsed reveals how quickly the oocyte shrinks after seeding occurs. The slow recovery of 
oocyte volume is indicative of the transport of water and cryoprotectant at the seed tempera-
ture, both of which are modeled by using the activation energies of water and cryoprotectant to 
extrapolate permeabilities to the seed temperature. 

  Figure 17  shows the human oocyte intracellular water volume history for this same case. 
Clearly, the water volume response closely resembles that of the oocyte volume.  Figure 18  
describes the corresponding history of intracellular concentration of propane-1,2-diol for this 
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same case. It is clearly evident that the seeding step increases the intracellular cryoprotectant 
concentration in a rapid fashion.  Figure 19  reveals the history of intracellular salt concentration 
for this same case. As was true for the cryoprotectant, the seeding step increases the intracellular 
salt concentration rapidly and signifi cantly.    

 These results predict that at the end of the 10-minute seeding period, the human oocyte 
cell volume, normalized to its isotonic value, shrinks to 42%. Similarly, the normalized intracel-
lular water volume has been reduced to 27%. The intracellular propane-1,2-diol concentration 
has risen to 2.7 osm and the intracellular salt concentration has increased to 1.3 osm, thus pro-
ducing a total intracellular osmolality of 4.0 osm prior to freezing from this seeded condition. 

 To predict the dynamics during the isothermal hold period at –7°C, the known values of 
water and propane-1,2-diol permeability, along with their respective activation energies, were 
used to defi ne the water and propane-1,2-diol membrane permeabilities at –7°C. The results 
during the hold period suggest that the human oocyte is not fully equilibrated, but that the hold 
time of 10 minutes is long enough that the oocyte is reasonably close to equilibrium. It would be 
interesting to study more completely the full range of seed temperatures and relaxation times 
to determine their infl uence on the freezing response of human oocytes to this part of the 
cryopreservation protocol. 

 In the next two subsections of this chapter the two limits of the expected responses are 
considered. In the fi rst case, no relaxation time at the seed temperature occurs prior to cooling 
below the seed temperature. In this case, the extent of non-equilibrium between the intracellu-
lar solution and the frozen extracellular solution is maximized prior to initiation of cooling. In 
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the second case, an infi nitely long relaxation time at the seed temperature is considered. In this 
instance, the oocyte would reach complete equilibrium with the frozen extracellular solution 
prior to subsequent cooling.   

 Cooling with No Hold Time: No Equilibration Prior To Cooling 
  Figure 20  shows the probability of intracellular ice formation as a function of temperature for 
cooling at a rate of 1°C/min to –40°C for human oocytes fully equilibrated in 1.5 osm propane-
1,2-diol (no sucrose) after seeding at four different temperatures (–3.24°C, –4°C, –6°C, and –8°C). 
The results clearly illustrate that reducing the seed temperature in this case increases the 
probability of intracellular ice formation signifi cantly.  

 The cryoprotectant type and concentration, the seeding conditions, and the minimum 
temperature correspond to published work describing experimental cryomicroscopy intracel-
lular ice formation for human oocytes (18). The cooling rate of 1°C/min is faster than that used 
in the published work, but the reason for using the faster rate was explained above and is 
related to the nucleation parameters and viscosity model used for the predictions. 

  Figure 21  shows the intracellular water volume, normalized to its isotonic value, for the 
conditions defi ned for  Figure 20 .  

 The depression of the initial temperature prior to cooling as the seeding temperature is 
reduced is readily apparent. A notable feature of  Figure 21  is that the intracellular water content 
prior to cooling is identical for all seeding temperatures. This same water content is a result of 
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the fact that the oocyte has not been allowed any time to equilibrate with the seeded extracel-
lular solution prior to cooling. As will be evident below, this is signifi cantly different from the 
case when full equilibration is allowed prior to cooling. When no equilibration is allowed before 
cooling is commenced, an oocyte seeded at a lower temperature will have a larger water content 
at all temperatures during freezing. Water content approaches the same level at the lowest 
temperatures modeled here. 

  Figure 22  shows the extent of supercooling for intracellular water for the conditions 
corresponding to  Figure 20 .  

 At the seed temperature of –3.24°C, there is no vertical jump of supercooling as cooling 
commences because this temperature matches the equilibrium freezing temperature of the 
oocyte containing 1.5 osm propane-1,2-diol and 0.300 osm salt. For lower seed temperatures the 
initiation of cooling produces an initial instantaneous rise in supercooling because the intracel-
lular water is already in a supercooled state as cooling begins. In this instance, as the seed tem-
perature is reduced, the supercooling at the time when cooling commences increases, thereby 
tending to enhance the likelihood of intracellular ice formation. Once again, it appears that 
supercooling is a non-monotonic function of temperature for all cases. The maximum amount 
of supercooling occurs slightly below –15°C (258 K) and the magnitude of the supercooling 
converges for all seed temperatures at the minimum temperature modeled. 

 In spite of the difference between the cooling rate used here and that applied by Trad et al. 
experimentally (18), the predictions clearly illustrate how strongly the probability of intracel-
lular ice formation is correlated to the magnitude of the seeding temperature. This agrees well 
with the experimental results of Trad et al. It is also clearly evident that when no equilibration 
time is allowed prior to cooling subsequent to seeding, then a reduction in the seeding tem-
perature increases the likelihood of intracellular ice formation. This is in direct contrast to the 
infl uence of seeding temperature on the probability of intracellular ice formation when the 
oocyte is allowed to equilibrate with the seeded extracellular solution for very long times, as 
will be seen below.   

 Cooling After Long Hold Times: Complete Equilibration Prior To Cooling 
  Figure 23  shows the probability of intracellular ice formation as a function of temperature for 
cooling at a rate of 1°C/min to –40°C for human oocytes fully equilibrated in 1.5 osm propane-
1,2-diol (no sucrose) after seeding extracellular ice at four different temperatures (–3.24°C, 
–4.5°C, –6°C, and –8°C).  

 These conditions again correspond to those in the published work describing experimen-
tal cryomicroscopy results for human oocytes (18). Here the reduction in the seed temperature 
from –3.24°C to –8°C decreases the probability of intracellular ice formation from 18% to less 
than 1%. 
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 Figure 22    Supercooling of human oocyte intracel-
lular water as a function of temperature for human 
oocyte cooled at 1°C/min. The human oocyte was 
equilibrated with 1.5 osm propane-1,2-diol and 
0.3 osm salt (no sucrose) and seeded at four differ-
ent temperatures prior to cooling immediately after 
seeding. The equilibrium freezing temperature is 
–3.24°C for all four cases.    
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  Figure 24  shows the intracellular water volume, normalized to its isotonic value, for the 
conditions defi ned for  Figure 23 .  

 In this case, when the relaxation time at the seed temperature is very long, water and 
propane-1,2-diol can move across the membrane to reach equilibrium with the extracellular 
solution that has been seeded with ice. Consequently, it would be expected that water would 
leave the oocyte during this extended period where the cell is exposed to a concentrated exter-
nal solution.  Figure 24  reveals that as the seed temperature is reduced, the initial, normalized 
intracellular water volume decreases, such that it is below 50% at a seed temperature of –8°C. 
This dehydration prior to subsequent cooling would be expected to reduce the supercooling of 
intracellular water as well as decrease the likelihood of intracellular ice formation, and thus 
oocyte damage. These expectations are realized in  Figures 25  and  23 , respectively.  

 Note that in  Figure 25  in the case of full equilibration prior to cooling, the supercooling 
does not “spike” immediately after cooling begins as it does when cooling is begun immedi-
ately after seeding ( Fig. 22 ). In the case of full equilibration prior to cooling, the intracellular 
water is equilibrated and not supercooled as cooling is begun.  Figure 25  shows once again the 
non-monotonic nature of intracellular supercooling with peak values in the neighborhood of 
–15°C (258 K). Interestingly, higher seeding temperatures produce larger supercoolings 
until the temperature reaches approximately –20°C (253  K).  Below this temperature, the 
supercoolings are larger for the lower seed temperatures. 
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 Figure 23    Cumulative percentage of intracellular 
ice formation (IIF) as a function of temperature for 
human oocyte cooled at 1°C/min. The human 
oocyte was equilibrated with 1.5 osm propane-1,2-
diol and 0.3 osm salt (no sucrose) and seeded at 
four different temperatures prior to cooling. The 
oocyte was allowed to equilibrate fully at the 
respective seeding temperature prior to cooling for 
all four cases.    
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 Figure 24    Normalized human oocyte water vol-
ume as a function of temperature for human oocyte 
cooled at 1°C/min. The human oocyte was equili-
brated with 1.5 osm propane-1,2-diol and 0.3 osm 
salt (no sucrose) and seeded at four different tem-
peratures prior to cooling. The oocyte was allowed 
to equilibrate fully at the respective seeding tem-
perature prior to cooling for all four cases.    
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 In direct contrast to the results shown in  Figure 20 , in this case the depression of the seed-
ing temperature has the benefi cial effect of reducing the probability of intracellular ice forma-
tion. In practice there will be an important interplay between the temperature history produced 
by seeding because in real systems the straw or vial containing the oocyte may be large enough 
that the temperature may rise and then fall after seeding and the local concentration around the 
oocyte may change in a complex fashion.    

 POTENTIAL PROBLEMS ASSOCIATED WITH OOCYTE TRANSFER BETWEEN 
MULTIPLE SOLUTIONS OF DIFFERENT COMPOSITIONS 

 The cryopreservation protocol defi ned here ( Table 1 ) is representative of many insomuch as it 
involves multiple steps of adding and removing cryoprotectant and/or impermeable solute 
(sucrose). This is typically done by pipette transfer of a small volume of solution containing the 
oocyte at one composition to a signifi cantly larger volume at the next desired composition. 
Cryopreservation protocols such as the example used here defi ne solutions with specifi c con-
centrations of cryoprotectants and impermeable solutes (such as sucrose) that oocytes are 
exposed to when they are transferred from one solution to another. It is quite natural to assume, 
for example, that transfer of a human oocyte in an isotonic solution with no cryoprotectant to a 
solution containing 1.5 osm propane-1,2-diol would expose the oocyte instantaneously to an 
external concentration of 1.5 osm propane-1,2-diol. Furthermore, the descriptions of transfer 
techniques provided in the methods sections of published work implicitly suggest that a trans-
fer is a transfer and that this process detail would be quite reproducible from one person to 
another or from one laboratory to another. Unfortunately, these assumptions may not be true. A 
simple example of what may happen instead is offered here to alert the reader to the care that 
will probably be necessary to expect reproducible results. The conclusion is that incomplete 
mixing at a small scale may create signifi cant and unrecognized consequences regarding the 
oocyte response to the overall cryopreservation process. 

 It is well known that non-reproducible recovery from cryopreservation protocols is a 
shortcoming that requires addressing (15,18,22). The source of this non-reproducibility may be 
dominated by heterogeneity in the characteristics of the biomaterial (e.g., oocyte size, water 
permeability, nucleation parameters). On the other hand, factors related to uncontrolled pro-
cessing may be equally or even more important. The example offered here suggests that the way 
in which mixing is performed may be an important factor. 

 The fi rst point to make is that diffusion of cryoprotectants and impermeable solutes (e.g., 
sucrose) through the solutions that are being mixed represents the mechanism that will deter-
mine the characteristic times associated with changing the extracellular concentrations during 
transfer of an oocyte from one solution to another. The dynamics of the extracellular concentrations 
then dictate the intracellular state of the oocyte. 
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 Figure 25    Supercooling of human oocyte intracel-
lular water as a function of temperature for human 
oocyte cooled at 1°C/min. The human oocyte was 
equilibrated with 1.5 osm propane-1,2-diol and 
0.3 osm salt (no sucrose) and seeded at four differ-
ent temperatures prior to cooling. The oocyte was 
allowed to equilibrate fully at the respective seeding 
temperature prior to cooling for all four cases.    
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 By way of example, assume that a human oocyte in an isotonic solution is aspirated into the 
tip region of a pipette of small diameter. Imagine that a small volume of this solution containing 
the oocyte is then pipetted into a larger volume of solution containing 1.5 osm propane-1,2-diol. 
What happens at this point? The answer depends on how the small volume containing the 
oocyte is mixed with the larger volume. Even if the small volume containing the oocyte is mixed 
rather vigorously, it is not diffi cult to imagine that the oocyte may fi nd itself in a small pocket of 
the initial isotonic solution. If this happens, then for the remainder of the exposure time to the 
new solution, diffusion of solutes and solvent determines the extracellular concentration his-
tory that the oocyte experiences. This, of course, then determines the oocyte response, including 
volume, the intracellular state of the oocyte, and the response to seeding, freezing, etc. 

 The following simple relationship defi nes the characteristic time for solutes to diffuse: 

 

2

~
R
D

t
           

 In words, this expression means that an equilibration time,   t  , can be estimated by dividing the 
square of the length of the domain over which diffusion occurs,  R  2 , by the diffusion coeffi cient, 
 D , where the diffusion coeffi cients of many solutes of interest for cryopreservation are of order 
10 –9  m 2 /s. 

 By way of providing a specifi c example of this, consider the case of injecting a small vol-
ume of isotonic solution containing the oocyte into a much larger volume of solution containing 
propane-1,2-diol where a small sphere of radius 0.5 mm is produced. This sphere is initially at a 
uniform concentration of 0 osm propane-1,2-diol (the isotonic solution). It is surrounded by a 
larger volume of solution at a uniform concentration of 1.5 osm propane-1,2-diol. As soon as 
these two domains are put into contact, diffusion will begin. The simple expression above 
reveals that the order of magnitude for the time of equilibration will be 250 seconds. This may 
seem surprisingly long to some readers, especially in light of the illustrative example protocol 
considered in this chapter where a human oocyte is exposed to propane-1,2-diol for 600 seconds 
( Fig. 1 ). The simple expression above also reveals that the equilibration time is related to the 
square of the length scale. Thus, if the mixing process is better, such that the characteristic size 
of the small “pocket” that the oocytes fi nds itself in is reduced by half (e.g., from 0.5 mm to 
0.25 mm), then the characteristic time for equilibration is reduced by a factor of four, from 
250 seconds to approximately 60 seconds. Obviously, relatively small changes in the size of any 
pockets left after injection and macro-scale mixing can be expected to produce signifi cant 
consequences. 

  Figure 26  shows a comparison of the extracellular propane-1,2-diol concentration history 
that an oocyte would experience for three different cases of mixing.  

 If “perfect” mixing were to occur, the extracellular concentration of propane-1,2-diol 
would be changed instantaneously from 0 osm to 1.5 osm in a stepwise fashion. This case is 
compared to the extracellular propane-1,2-diol concentration history that an oocyte would 
experience if it were at the center of a sphere of radius 0.5 mm or a sphere of radius 1.0 mm. 
Obviously there is a signifi cant “lag” in the concentration change in the latter two cases com-
pared to the instantaneous case. The larger “pocket” sizes that are produced during mixing 
produce longer lags in the extracellular concentration history. In addition, note that the correct 
order of magnitude of the characteristic time to change concentrations is observed in the results 
produced by computer predictions when those results are compared to the simple estimate 
made above. 

  Figure 27  shows the predicted response of the human oocyte water volume (normalized 
to the isotonic state) for the three cases of interest considered above: instantaneous extracellular 
concentration change and extracellular concentration changes associated with spherical “pock-
ets” of radius 0.5 and 1.0 mm. Note that the instantaneous case is the same as that shown in 
 Figure 2 .  

 Exposure times of 10 minutes were defi ned in all cases as this corresponds to the exposure 
time defi ned in the example cryopreservation protocol studied here ( Table 1 ). By the end of the 
10-minute exposure period there is a difference of some 8% of the normalized water content 
between the instantaneous case and the “worst” case of a sphere of radius 1.0 mm. The use of 
sucrose to dehydrate oocytes was shown earlier in this chapter to have a signifi cant impact on 
the predicted outcome of the probability of intracellular ice formation ( Figs. 13  and  14 ). 
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 The effect of cellular dehydration produced by exposure to sucrose on the probability of 
intracellular ice formation is not necessarily directly comparable to that produced by exposure 
to propane-1,2-diol. However, the point is that seemingly small differences in mixing can pro-
duce signifi cant differences in intracellular water content and this is likely to produce rather 
signifi cant differences in the cryopreservation outcome for human oocytes. Future modeling 
studies should be undertaken to determine how such variations in mixing for all steps of a 
specifi ed cryopreservation protocol would infl uence intracellular water content and the proba-
bility of intracellular ice formation, as well as other factors of interest. The results should 
provide valuable insights concerning this potential problem.   

 SUMMARY 

 Computer models have been implemented to predict the response of human oocytes to cryo-
preservation at controlled cooling rates. A specifi c, published cryopreservation protocol that 
involves slow cooling is used as an example to illustrate what can be achieved with this modeling 
approach as well as what limitations exist. 

 Unlike most published modeling work of this type, emphasis is placed on explicitly link-
ing the dynamic responses of the oocyte from one part of the protocol to the next. In this manner 
it is possible to see how previous parts of the protocol infl uence subsequent steps. Not all of the 
steps in the published protocol were simulated, partly due to the length constraints of this chap-
ter and partly because not all of the necessary modeling parameters are known yet for human 
oocytes. Nevertheless, the potential of this type of modeling should be evident. 

0
01,

2-
pr

op
an

e-
di

ol
 c

on
ce

nt
ra

tio
n 

(o
sm

)

1.6
1.8

2

(R = 1.0 mm)

(R = 0.5 mm)

(Instantaneous)

1.2
1.4

1
0.8
0.6
0.4
0.2

600500400300
Time (sec)

200100

 Figure 26    Extracellular concentration history of 
cryoprotectant for instantaneous mixing and two 
non-instantaneous mixing cases when an oocyte is 
transferred from isotonic solution with no cryopro-
tectant to a propane-1,2-diol concentration of 
1.5 osm. The two non-instantaneous cases repre-
sent the cryoprotectant concentration histories at 
the center of a sphere of radius 0.5 mm or 1.0 mm.    
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 The predictions made in this chapter appear to capture major trends in the known 
responses of human oocytes to cryopreservation processing. In addition, the predictions 
provide insight into mechanisms as well as predict parameters such as intracellular water 
content and supercooling that would be very diffi cult, if not impossible, to measure during the 
dynamics of freezing. 

 The modeling in this chapter offers some insight into why the details of the seeding pro-
cess as well as the addition and removal of cryoprotectants and sucrose may have important 
consequences. For the seeding process, altering the seeding temperature may be benefi cial or 
detrimental, depending on the extent to which equilibration with the extracellular solution is 
allowed prior to beginning subsequent cooling. It should be recognized that in a relatively large 
system, the local temperature and concentration may not be equilibrium values, further compli-
cating the situation. An example has also been offered to show why the details of mixing at 
relatively small scales are important and why what may seem like relatively small differences 
in mixing are likely to produce what may be signifi cantly different cryopreservation responses 
for human oocytes. Attention to a level of detail that may have not been appreciated previously 
by some may be necessary to produce the level of reproducibility desired. 

 Modeling results not included here suggest that the processes of adding and removing 
cryoprotectant and sucrose can be shortened dramatically without producing extensive oocyte 
volume excursions. These predictions should be compared with experimental results to deter-
mine whether such modeling based on volume excursion limits alone can be used to further 
optimize the example cryopreservation protocol used here as well as other protocols. 

 Determining the ice nucleation parameters and viscosity models for human oocytes is an 
important priority. Once this is done, the types of studies presented in this chapter can be 
repeated with nucleation parameters known for human oocytes. After these parameters are 
known, it will also be possible to predict the amount of ice and the size of ice crystals within 
oocytes for arbitrary cooling and warming processes. It will therefore be possible to predict 
when a process is expected to produce vitrifi cation and/or recrystallization.   
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 INTRODUCTION 

 The natural life cycle of the mammalian oocyte exemplifi es a continuum in the propagation of 
the species. It is culminated when a mature female ovulates and supports the term gestation of 
female offspring that will bear those determinants in the female germ line that bestows on 
daughters the ability to recapitulate their mothers’ ovulatory potential. But on the way to shedding 
a mature and developmentally competent oocyte, these unique germ line cells pass through a 
protracted course of differentiation that is punctuated by segments of modifi cation in both 
mitotic and meiotic states that defi ne the process of oogenesis. Thus, mammalian organisms 
have evolved complex strategies within the female soma that house, nurture, signal, and release 
mature oocytes at times that optimize sexual encounters with males and therefore ensure 
propagation of the species. 

 Life cycles typically are defi ned as sequential processes whereby the birth of an organism 
is followed by development to and through a phase of reproductive competence, and fi nally as 
it approaches death, it has either lost its reproductive potential or retained it for varying dura-
tions (1). Death before the end of the reproductive life span is the norm in nature for most mam-
mals. Death after the demise of the reproductive competence is the norm for  Homo sapiens.  
Mammals, not surprisingly then, vary widely in their duration of life span and in relation to the 
fraction of their overall life span that is dedicated to acquiring and sustaining their fecundity or 
reproductive potential (1). The life cycle paradigm can be applied at a cellular and molecular 
level to the natural history of the female germ line. For example, there is a period of time either 
during fetal development (primates, ungulates) or postnatally (rodents, lagomorphs) when 
primordial germ cells initiate oogonial mitotic proliferation in anticipation of their formal entry 
into meiosis and become arrested in the diplotene stage of meiotic prophase 1 (2). This is defi ned 
as the birth of the oocyte. The next stage of the oocyte life cycle is represented by the storage 
phase during which the germ cells remain in a state of meiotic arrest confi ned within the 
primordial follicle. Oocytes proceed through a growth phase during which the conditions of 
hypertrophy are satisfi ed by the accumulation of organellar and molecular determinants that 
support embryogenesis (3). Finally, the oocyte undergoes a defi nitive period of maturation 
around the time of ovulation in most mammalian species (4). 

 These four stages provide a useful framework upon which the legacy and fate of the 
female germ line can be systematically analyzed. Thus, the purpose of this chapter is to uncover 
the most recent plausible mechanisms that underlie the fundamental processes operative during 
the birth, storage, growth, and maturation of mammalian oocytes as we try to understand the 
consequences of the natural course of evolution of this remarkable cell. 

 It is hoped that this perspective will guide and inform the major theme of this book as 
basic and clinical science confronts the challenges that lie ahead in the fi elds of infertility treatment 
and fertility preservation. Moreover, our ever-increasing efforts to place unnatural constraints 
on the progression of oogenesis will hopefully be tempered accordingly for the benefi t of 
humankind.   

 BIRTH 

 As mentioned above, the birth of a mammalian oocyte typically occurs when primordial germ 
cells assume a “female” identity as oogonia. This is but the fi rst step in a process that cannot be 
disassociated from the gender-specifi c differentiation of the mammalian gonad and encom-
passes in most mammals the spectrum of somatic developmental stages from embryo to fetus 
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to neonate (5). Most important is the recent recognition that while genetic sex specifi es a test-
iscular or ovarian pattern of gonadogenesis, birthing of an oocyte is not cell autonomous but 
rather directed by the somatic environment or niche in which oogonia fi nd themselves (6,7). The 
most compelling data that bears witness to the importance of the somatic environment for 
oogenesis comes from work on the mouse ( Fig. 1 ). Incomplete cytokinesis during oogonial pro-
liferation results in the formation of germ cell nests or syncitia (8). A penultimate S phase of the 
cell cycle readies oogonia for their transition from mitosis into meiosis. In mice, entry into mei-
otic prophase is initiated at embryonic day 14.5 and appears to be due to both the expression of 
Stra 8 and the lack of expression of the male determining factor Sry (7). Interestingly, the gender-
specifi c delay in meiosis entry for male spermatogonia is delayed until postnatal day 15 when 
the central role of Stra 8 is recapitulated for this meiosis inducer. How is meiotic induction 
controlled? An elegant series of experiments has recently addressed this question (6,7). 

  It appears that Stra 8 in induced by the production of retinoic acid (RA) produced in 
somatic cells throughout the embryo. What distinguishes the ovarian environment from its 
male counterpart in the embryo is its ability to metabolize RA via the Cyp 26b1 gene product 
that ensures not only germ-cell-specifi c Stra 8 but also the appearance of meiosis-specifi c factors 
such as SCYP3. Thus, the timely expression of somatic factors allows for the RA pathway to 
induce the onset of meiosis in post-mitotic gonocytes heralding the birth of the mammalian 
oocyte. 

 Once the gender-specifi c assignment of the germ line has occurred in the female, oocyte 
progression through meiotic prophase can proceed, albeit asynchronously, throughout germ 
cell nests (8,9). Interactions between somatic cells and germ cells result in the formation of pri-
mordial follicles some of which, known as primordial oocytes, will remain arrested through the 
reproductive life span of the organism. In most mammals, it is well known that the vast major-
ity of germ cells fail to adapt to the safe confi nes of the primordial follicle and instead are 
eliminated shortly after birth (9). While the mechanisms of primordial follicle assembly and 
maintenance of meiotic arrest are only poorly understood in mammals, the factors that establish 
and maintain a fi nite reserve of follicles into adulthood are being uncovered (10).   

 STORAGE AND ACTIVATION 

 Primordial follicles that survive the postnatal and prepubertal stages of ovarian development 
establish what is known as the follicle reserve. The follicle reserve represents a fi nite reservoir 
of primordial follicles that varies between mammalian species and diminishes with maternal 
aging. The size of the follicle reserve therefore refl ects the particular demands that a given spe-
cies has for providing an adequate number of ovulations during its reproductive life span. Here 
too there is great diversity between mammalian species. Both the size of the follicle reserve and 
the rate of recruitment of primordial follicles into the growing pool defi ne the operational limits 
of fecundity in mammals. Animal age, diet, number of pregnancies, environmental exposures, 
and reproductive strategy (monovular vs. polyovular, spontaneous vs. refl ex ovulation) all con-
tribute to the rate of consumption of the follicle reserve (11–14). Depletion of the follicle reserve 
heralds the end of the reproductive life span. Thus, given the progressive decline in primordial 
follicles, and the added infl uence that time imposes on the cumulative exposure of oocytes to 
medications, environmental contaminants, and infectious agents, there is every reason to better 
understand the factors responsible for maintaining primordial oocytes in a quiescent state from 
which they become subsequently activated. Thus, it is equally relevant to ask what has been 
learned about the trigger(s) that result in the activation of the primordial follicle that allows 
oocytes to enter the growth phase of oogenesis (3). 

 Current concepts regarding storage of oocytes (i.e., the follicular reserve) have again been 
buttressed by studies on the mouse ovary (9,11,15). Most interesting are the studies of Pan et al. 
(16) that have now begun to defi ne the properties of the oocyte genome in relation to its life 
cycle. For example, when the complexity of oocyte transcription is assessed by microarray studies 
and confi rmed by polymerase chain reaction after reverse transcription of RNA, what appears 
to be the most active time for gene activation is the time between the end of oogonial prolifera-
tion and arrest in the primordial follicle. While it has been quite apparent that both the growth 
and the maturative phases of oogenesis are, respectively, dependent on transcriptional and 
post-transcriptional regulation of the oocyte genome, some combination of these are operative 
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during the birth and meiotic quiescence intervals. This has been borne out by the identifi cation 
of many genes, originally thought to be somewhat disparate in their mode of regulation, that if 
eliminated cause interesting phenotypes in mouse oocytes ( Table 1 ). For example, meiotic failure 
often results in germ cell loss prior to primordial oocyte formation, as typifi ed in BRAC1 knockout 
mice (3). Many phenotypes display normal progression through meiotic prophase but oogenesis 

 Figure 1    Images demonstrating the sequential stages of oogenesis in the mouse ovary. ( A ) A germ cell cyst 
( left ) and examples of synchronous entry into meiosis of germ cells labeled with mouse vasa homologue antibody 
( right ). ( B ) Primordial and transitional follicles that represent the major storage form of oocytes in the mammalian 
ovary. ( C ) Various stages of follicular development through primary, secondary, and early antral types of follicles 
during which time the oocyte enters into and completes its growth phase. Note the prominent nucleolus that 
appears as a dark spot within the oocyte nucleus or germinal vesicle.    
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fails at the time of primordial follicle formation, as exemplifi ed by Fig !  (17) and Nobox (18). 
And fi nally, there are genes that appear to establish and maintain quiescence, as their experimental 
deletion in both systemic and germ-line-targeted mutations permit breakdown of germ cysts, 
formation of primordial follicles, but during postnatal life, result in the gradual but accelerated 
depletion of primordial follicles due to uncontrolled activation (19–27). In essence, these murine 
mutations phenocopy the human condition of premature ovarian failure and provide provocative 
insights into the mechanistic bases for ovarian diseases. 

  Closer inspection of both the types of genes that disrupt quiescence and/or activation and 
newly discovered regulatory pathways such as PTEN are beginning to suggest that quiescence 
is an “active” state that in effect deploys as yet unidentifi ed ligand receptor activation events 
that are responsible for the maintenance of primordial follicles and meiotic arrest during this 
early stage of oogenesis (28). At least one such pathway is represented by the transcription fac-
tor Foxo3. Here, all events leading up to and through the growth phase of oogenesis proceed 
normally in the ovaries of Foxo3 null females, and yet in the absence of this factor, ovaries 
become completely devoid of follicles by 15 weeks of age (19,20). The suggestion by these 
authors and others that a repressive signal is generated in the developing ovary that is used to 
prevent follicle activation is evocative and bears practical consequences for the practice of fertil-
ity preservation. Specifi cally, it is well known that the placement of the ovarian cortex into cul-
ture results in the wholesale activation of primordial follicles, a practice that is widely anticipated 
for use with frozen cortical slices of ovarian tissue (29). If active release of repression is induced 
by freezing and/or extirpation, then adequate laboratory conditions need to be established to 
prevent acute oocyte depletion due to primordial follicle activation following tissue thawing, 
organ culture, and/or transplantation (3).   

 GROWTH 

 Few processes in the life cycle of the oocyte are more important than those that govern meiosis 
and growth. As the largest cell in the body, and one whose volume expansion approximates a 
160-fold increase in mass (bear in mind that an average somatic cell undergoes a two-fold 
increase in mass), this remarkable example of true hypertrophy underscores the need for mass 
conservation during preimplantation embryonic development in eutherian mammals (2). The 
mother’s legacy as a provider for her offspring sets the singular charge of the growth phase of 
oogenesis (4). 

 Table 1    Genetic Regulation of Early Oogenesis  

Cyst Primordial

Gene (location) Breakdown Assembly
Precocious 
activation

Delayed 
activation

Abnormal 
activation Ref.

Sohlh 2 (O) X X 22
Sohlh 1 (O) X X 23
Lhx8 (O) X 23
Fig !  (O) X X X 17
Nobox (O) X X X 18
Foxl2 (pGC) X X X 24,25
Foxo3 (O) X X 19,20
PTEN* (O) X X 28
GDF9 (O) X X 30,31
Retinoblastoma X 26
AMH X 27
Smad 3 X X 33
Kit X X 34

*Indicates conditional knockout.
Abbrevations: AMH, anti-müllerian hormone; GDF, growth differentiation factor; O, oocyte; pGC, pregranulosa 
cell; PTEN, phosphatase and tensin homolog.
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 Oocyte growth is both highly regulated with respect to its coordination with folliculogenesis 
and a necessary step in the life cycle of the oocyte before completing meiosis. There have been 
many recent reviews on the topic of oocyte growth regulation (3,4,11,30). What is being repeatedly 
reinforced from surveys of this kind is the fact that the growing oocyte derives more of its 
metabolic support than has been previously appreciated from the neighboring follicular granu-
losa cells (31,32). Moreover, the notion that feedback regulation between the oocyte and granu-
losa cells dictates both the rate and the extent of oocyte growth has withstood the test of time, 
and appears to be mediated by both gap junctional and paracrine forms of cell communication 
(3,4,15,33). One of the better-characterized examples of paracrine control is that of the oocyte-
produced GDF9 member of the TGF !  growth factor family. As shown in  Figure 2,  mice defi cient 
in this gene exhibit discrete patterns of oocyte growth that refl ect a loss of coordination between 
oogenesis and folliculogenesis. Most striking perhaps is the fact that the ovarian architecture 
itself, which normally results in the formation of many different somatic tissues, is strikingly 
simplifi ed when oocyte GDF9 fails to be expressed. Thus, oocyte-specifi c factors have pro-
nounced effects on the course of ovarian differentiation that can impact the viability of frozen 
tissues depending on their species- or age-specifi c properties. A most striking defi cit observed 
in GDF9 null mice is the apparent loss of transzonal projections. As shown in  Figure 3,  the zona 
pellucida is laden with extensions from cumulus cells that serve to provide nutrients from the 
adjoining somatic cells. These structures can vary widely between different mammalian species 
and may represent different degrees of metabolic dependence for oocytes that undergo varying 
durations of growth. 

  Another dramatic and relevant distinction in ovarian architecture that impacts ovarian 
tissue cryopreservation is the presence of the  tunica albuginea . Figure 4  illustrates the storage site 
for primordial follicles in four different species of primates that have adopted different repro-
ductive strategies but share in common with humans the use of the tunica albuginea. This band 
of dense connective tissue both subtends the ovarian epithelium and maintains primordial fol-
licles in an avsacular environment. Such an arrangement contrasts sharply with the ovary of 
rodents in which follicle pools persist proximal to both the surface epithelium and the dynamic 
vasculature. Thus, strategies for cryopreservation must take into account the widely divergent 
architectural principles that are used in maintaining the primordial follicle reserve. 

  There are two aspects of oocyte growth that are presently undergoing close scrutiny with 
respect to the role this stage of the oocyte life cycle plays in the initiation and support of preim-
plantation embryogenesis. First, the characterization of the maternal inheritance has classically 
referred to the amplifi cation and storage of organelles; in other words, quantal organellar hyper-
plasia is achieved without necessarily attaining organellar maturity and functionality. Mito-
chondria are often the model organelle discussed in this light. A 3 to 4 log order increase in both 
number and mitochondrial DNA copies is due to the proliferation of mitochondria during 
oogenesis. This endowment is thought to support the metabolic demands of early embryogenesis 
at least through the early postimplantation stages of embryogenesis. It now appears that mito-
chondria have foreshadowed the importance of other organelles whose embryonic functions 
have been safely ascribed to their production during oocyte growth. Amongst these are nucle-
oli, centrosomes, and polarity determinants that must function during the allocation of trophec-
toderm and inner cell mass (3). Thus, the sensitivity of these organelles to cryopreservation at the 
oocyte stage needs to be more closely evaluated with respect to their embryonic duties. 

 Second, oocyte growth is associated with both the acquisition of meiotic competence and 
the imprinting of female-specifi c genes (4). In the midst of one of the most robust examples of 
transcriptional activation and maintenance in differentiating cells, the oocyte must revisit its 
meiotic past and obtain the molecular factors, in the form of proteins or stabilized mRNAs, that 
will allow it to complete the process of meiosis (nuclear maturation, see below). Furthermore, 
passage through the germ line is known to result in the demethylation of imprinted loci in the 
oocyte genome. Thus, as is well documented in the mouse, both re-marking these alleles and 
assuring that the oocyte bears the methyltranferases that will eventually re-methylate the maternal 
and paternal genomes are accomplished during oocyte growth (3). 

 Growth of the mammalian oocyte is then more than an opportunity to “bulk up” on behalf 
of the embryo. This process utilizes a fundamental signaling mechanism based in the kit ligand 
and c-kit receptor pathway that is segregated respectively between granulosa cells and the 
oocyte (21,34,35). It represents a phase in the life cycle whereby intimate communication with 
the female soma ensures states of mutually agreeable metabolic homeostasis to prevent production 
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(A) (B)

(C) (D)

(E) (F)

 Figure 2    Images of mouse ovaries from wild-type ( A ,  C ,  E ) or GDF9 knockout ( B ,  D ,  F ) animals that have been 
stained with the germ cell cytoplasmic marker mouse vasa homologue. Panels illustrate changes in ovarian structure 
from 2-day-old ( A ,  B ), 10-day-old ( C ,  D ), and 21-day-old ( E ,  F ) animals. Note that in controls ( A ,  C ,  E ) there is a 
progressive dilution of germ cells while somatic compartments are amplifi ed and that in the absence of functional 
GDF9 ( B ,  D ,  F ) germ cell density remains high and little ovarian volume can be attributed to the somatic compart-
ment. GDF9 depletion causes a remarkable increase in oocyte size due to impaired feedback between oocytes 
and follicle cells.    
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of inferior ova. And, it provides for regulation of the completion of the meiotic process. That 
fundamental alterations in chromatin, such as imprinting and formation of nucleolar precur-
sors, occur during oocyte growth seems to signal the appropriately timed acquisition, in largely 
epigenetic terms, of qualities that will drive embryonic development (36).   

 MATURATION 

 A fully grown mammalian oocyte is not necessarily a developmentally competent one. Rather, 
it has been appreciated that the oocyte must undergo a maturative phase of development 
that is traditionally referred to as “meiotic maturation.” The simple truth of the matter is that 

Figure 3 Confocal micrographs of germinal vesicle stage mouse oocyte highlighting the density of transzonal 
projections at low (top) and high (bottom) magnifi cation (see arrows). Multiple extensions of cumulus cells traverse 
the zona pellucida and attach at the oocyte plasma membrane.
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oocyte maturation is a necessity if the oocyte is to effect any degree of development after 
being fertilized (2). Operationally, oocyte maturation is defi ned as being either nuclear or 
cytoplasmic in nature, the former signaling the completion of meiosis and the latter refl ecting 
modifi cations in cytoplasmic composition and organization (16,37–39). Nuclear maturation 
encompasses the events associated with the segregation of homologous bivalents during meiosis 1, 

 Figure 4    Histological sections of primate ovaries from two old world [ Macaca arctoides  ( A );  Macaca fascicularis  
( B )] and two new world [ Cebus albifrons  ( C );  Saimiri sciureus  ( D )] primates. Note the dense connective tissue 
known as the tunica albuginea (arrows) that is oocyte free and subtends the overlying ovarian epithelium. This 
confi guration is typical of human ovary and illustrates the importance of the microenvironment of primordial folli-
cles in ovarian tissue preparations for cryopreservation.    
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effecting the haploid condition, and the segregation of sister chromatids during meiosis 2. 
Cytoplasmic maturation entails a complex series of events that guarantee that the egg will 
respond correctly to the fertilization stimulus by eliciting departure from the meiotic cell cycle 
and second polar body extrusion and entry into the embryonic cell cycle. Post-transcriptional 
and post-translational processes underlie many of these changes in the quality of the oocyte 
cytoplasm. In addition, for most of the maternal mRNAs that have been in safe storage (37), 
maturation is the chapter in the oocyte’s life cycle when the mRNA by-products of gene expres-
sion are either fi nally translated to make proteins or suffer a timely demise at the hands of the 
RNA degradation machinery (38). In this way, the embryo inherits what amounts to a clean 
slate of mRNA species that will be replaced by new templates generated from the zygotic 
genome (4). 

 From this very general background, it is worthwhile to examine basic principles in the 
process of oocyte maturation that are likely to impact oocyte quality determination. Three factors 
have recently emerged that are likely to bear on human assisted reproductive technologies 
(ARTs) in general and oocyte cryopreservation in particular. 

 How does in vitro maturation compare with maturation within the context of the ovarian 
follicle? It has long been known that the use of controlled ovarian hyperstimulation (COH) 
adversely effects oocyte maturation in humans. Reduced oocyte quality is thought to be due to 
the loss of synchrony between nuclear and cytoplasmic maturation during COH and is distinct 
from the more synchronous course of meiotic progression seen during a natural cycle ovulation. 
This has now been borne out in many animal models (39). Moreover, it is commonly accepted 
that in vitro-matured mammalian oocytes are generally of inferior developmental potential when 
compared to oocytes retrieved after natural cycle ovulations or those stimulated by exogenous 
gonadotropins (37). 

 What is the relative contribution of the oocyte and cumulus cells in effecting nuclear and 
cytoplasmic maturation? Here, too, there is little doubt that cumulus cells play a major role 
both in controlling the meiotic status of the oocyte and in providing a boost to the metabolism 
of the oocyte that is needed for egg activation and subsequent development (4,3). How signal-
ing pathways between the oocyte and cumulus regulate the re-initiation and completion of 
meiosis has been the subject of many studies and excellent reviews on this topic have appeared 
(40). In contrast, how cumulus cells affect the metabolic performance of the oocyte as it matures 
has only recently been fully appreciated. The historical roots of metabolic support take their 
origins in the work of Perreault et al. (41) in showing the importance of cumulus cell-derived 
glutathione in the control of male pronuclear formation. Since theses studies appeared, com-
pelling evidence has been forthcoming to show that reduced glutathione (GSH) is derived 
from cumulus cells and passes through gap junctions resulting in ooplasmic accumulations of 
the order of 5 to 8 mM 3 . It is perhaps not surprising then that besides the role of GSH in 
pronuclear chromatin modifi cations, the widely conserved function of GSH as an anti-oxidant 
emphasizes the importance of metabolic loading for the development and survival of the 
embryo. It is no wonder then that human ARTs, having recognized the impact of oxidative 
stress on gamete and embryo performance in vitro, need to engage this aspect of oocyte maturation 
in future studies. 

 Finally, at what stage of maturation is the oocyte most likely to retain and express quality 
determinants needed to establish pregnancy? The question speaks directly to the subject of 
this book. While conventional oocyte cryopreservation approaches have engaged the use of 
the mature metaphase arrested oocyte, there are growing concerns regarding the viability and 
developmental health of thawed oocytes. Given the factors noted above, we propose that 
more work should be focused on the use of immature oocytes, especially if the problem of 
metabolic loading can be recapitulated in an in vitro system. Thus, at the end of a long road, 
oocyte differentiation can be said to have been completed once it has undergone both cyto-
plasmic and nuclear maturation. What remains in this life cycle is the passage from the ovary 
and into the purview of embryonic development, a transition that is effected by the process of 
egg activation.  

 Egg Activation 
 In the moment the oocyte receives a signal to launch the conceptus’ developmental program, 
it is said to be activated. Egg activation is both the end of oogenesis and the beginning of 
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embryogenesis and represents a unique point in the continuum that is the female germ line (4). 
It is most typically defi ned in terms of acute events that enable formation of the one-cell zygote 
and the more protracted series of events that lead to the establishment of a viable embryo 
(41,42). With evidence in hand that subtle modifi cations in imprinted genes make permissive 
the embryonic potential of the oocyte, formally known as parthenogenesis, mammals can 
assume the rightly distinction of having a true continuum between oogenesis and embryogen-
esis (2). This brief overview of the acute and long-term events resulting from egg activation is 
meant to serve as reinforcement for the idea that the oocyte is indeed the only truly totipotent 
cell in the body. It further provides a framework for defi ning those qualities of the egg that 
must be scrutinized in order to determine the long-term impact of oocyte cryopreservation on 
developmental potential.    

 INTERRUPTING THE OOCYTE LIFE CYCLE: A CLINICAL IMPERATIVE 

 In conclusion, the oocyte passes through many discrete developmental processes in the course 
of its birth, growth, maturation, and activation. Each of these steps results from a transition 
between a quiescent state to the next step in a differentiation pathway. Thus, the female germ 
line has an intrinsic tendency to pause at key developmental states over time periods that can 
range from hours to years. How will oocyte cryopreservation impact this property of the 
mammalian oocyte? 

 Answers to this question will await further research that should be aimed at identifying 
the most appropriate stages of oogenesis when cryopreservation can be implemented without 
seriously compromising initiation and completion of the next step in this process. Logically, 
then, the later in oogenesis cryopreservation is imposed, the less likely will be the severity of 
damage to the developmental potential of the female gamete. This limitation should be kept in 
mind when counseling patients with different requirements for fertility preservation as the 
menu of cryopreservation options for oocytes continues to grow.   
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 OOCYTE MATURITY RELIES ON ITS HISTORY 

 As early as in 1988, Paul Wassarman pointed out that embryogenesis begins during oogenesis, 
emphasizing the essential role of the oocyte and of oocyte quality in the formation of a healthy 
embryo and offspring (1). David Albertini contradicted this suggestion by stating that “oogene-
sis begins during embryogenesis,” meaning that each individual stage of oogenesis, from pri-
mordial germ cell formation to early mitotic and meiotic stages in the embryonic gonad, the long 
meiotic resting stage followed by follicle recruitment and oocyte growth, and the last stages of 
maturation until the metaphase II (MII) oocyte becomes ovulated, is important in the genesis of 
a mature oocyte and may be uniquely susceptible to disturbances that ultimately affect oocyte 
quality and the health of the embryo and offspring. Studies carried out in the last few years have 
revealed that there is extensive cross talk between the oocyte and the somatic compartment, par-
ticularly when oocytes grow and resume maturation. The oocyte acts as “the captain of the ship” 
(John Eppig) during folliculogenesis by directing expression in the granulosa cells, resulting in 
differentiation between the cumulus and mural granulosa cells, antrum formation, and high 
cooperativity in metabolism between the oocyte and the follicle, thus creating a microenviron-
ment that supports full oocyte maturation (2–4). Only this intricate and integrated network of 
signaling, via growth factors such as GDF9, their receptors, and cellular signaling pathways, in a 
concerted manner ensures full growth of the oocyte, as well as its acquisition of competence to 
resume meiotic maturation and progress to MII and complete nuclear maturation after fertiliza-
tion. Moreover, it is essential for acquiring the capacity to reach full cytoplasmic maturity, which 
is characterized by the ability to not only support completion of fi rst and second meiosis but also 
provide all factors for remodeling of the male chromatin, supporting fi rst mitotic divisions and 
zygotic gene activation, giving rise to totipotency, and storing all molecules and cell organelles/
components for early mitotic divisions until zygotic gene products can eventually replace and 
provide factors for further development and differentiation. In fact, while “maturity” describes 
a seemingly static stage of oogenesis, it is derived by a precise series of timed events that orches-
trate oocyte growth and maturation, and events such as the maternal imprinting in a sequential, 
highly ordered manner during oocyte growth (5,6), the conformational changes in chromatin 
leading to a transcriptionally quiescent stage before resumption of maturation (7–9), and the 
recruitment and degradation of messages and proteins at specifi c stages of maturation (10–13). 
The sequential program of production, activation, degradation, and inactivation of enzymes is 
closely linked to post-translational modifi cations of proteins (e.g., by phosphorylation/dephos-
phorylation) and governs the timed activation of enzymes for cell cycle regulation (14–16) and 
protein complexes for recruitment, translation, and degradation of maternal messages (10,13,17), 
and concomitantly for spindle formation and cell cycle progression, the separation of homolo-
gous chromosomes and fi nally cytokinesis, and assembly of MII chromosomes (dyads) with cen-
tromerically attached sister chromatids on the meiosis II spindle, making the cell ready to go into 
anaphase II upon sperm entry (14,16). Maturity also describes the competence of the oocyte to 
maintain parental imprint marks during early embryogenesis after fertilization, while concomi-
tantly initiating active demethylation of cytosine bases in DNA of heterochromatin and passive 
demethylation of the maternal heterochromatin during early mitotic divisions (18–20), all in a 
context of sequential alterations in post-translational modifi cations of histones and chromosomal 
proteins modifying chromatin conformation. The environment during maturation or after fertil-
ization can cause disturbances (20). Furthermore, chromosomal stability and DNA integrity are 
infl uenced by the repair capacities in mature ooplasm (21), including protection of telomeres 
from nucleases and repair of lesions in male chromatin (22,23) and possibly elongation of telomeres 
by factors contained in the ooplasm (24). 

 7
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 Thus, when oocytes are considered “mature,” this comprises a number of key features 
associated with high developmental potential such that the oocyte can be considered:  

  An oocyte that has fully grown in size within a large antral follicle, which has remodeled its 1. 
chromatin during the growth phase prior to resumption of maturation. All maternal imprints 
are laid down in a time- and growth-dependent fashion and the chromatin attains a “sur-
rounded nucleolus” confi guration, in which it is largely transcriptionally inactive before 
resumption of maturation (9) and forms a rim around the nucleolus, in preparation to become 
condensed and progress to fi rst meiosis and condense chromosomes in a chromatin confor-
mation that mediates formation of functional centromeres/kinetochores as attachment sites 
and hubs of regulatory molecules for establishing a functional spindle apparatus.  
  An oocyte that has the ability to progress to MII of nuclear maturation, has separated the 2. 
homologous chromosomes in a reductional division at meiosis I, and possesses a highly 
ordered paracrystalline MII spindle with aligned chromosomes to support normal chromatid 
separation at anaphase II (and not earlier than anaphase II) (25).  
  An oocyte that not only acquires a large number of relatively inactive mitochondria but is 3. 
also capable of establishing polarity gradients in its ooplasm, for instance, by formation of 
microdomains of mitochondrial assemblies with mitochondria of high and low redox poten-
tial in the cell cortex or the vicinity of the spindle, respectively (26–28), or by recruiting 
molecules such as nuclear mitotic antigen (11,29), spindlin (30), nucleoplasmin, protein 
kinase C, glycogen synthase 3 !  (31) or transcription factors such as OCT4 (9) to the meiosis 
II spindle such that they can reach the male chromatin by passing along microtubule tracks 
from the female to the male chromatin in the shortest, most effi cient, and timely manner once 
the oocyte has been fertilized and the oocyte spindle becomes depolymerized and pronuclei 
form. Thus, the meiotic spindle is thought to provide a scaffold that mediates spatial and 
temporal regulation of the signaling pathways orchestrating post-fertilization events.  
  An oocyte that possesses a dense layer of cortical granules and a cytoskeleton that has medi-4. 
ated asymmetric division (32–35). It can be instantaneously remodeled upon sperm entry 
such that cortical granule exocytosis occurs (36), the membrane undergoes repetitive depo-
larizations, calcium transients from intracellular stores can activate the oocyte (37) and 
induce calcium calmodulin-dependent kinase II to release from cytostatic arrest by initia-
tion of proteolysis of meiotic inhibitor EMI2 (early mitosis-like inhibitor 2), and, as a result, 
activate the anaphase promoting factor APC/C, thus mediating ubiquitinylation of cyclin B 
regulatory factor of maturation promoting factor (MPF) and inactivating cyclin-dependent 
protein kinase 1 (Cdk1 kinase) for exit from meiosis II (38,39). This sets the stage for degra-
dation of securin, activation of separase protease, and proteolysis of meiotic cohesin pro-
tein, causing loss of cohesion between centromeres of sister chromatids, their detachment, 
and migration to opposite spindle poles for completion of meiosis II and fi rst polar body 
formation (40,41).  
  An oocyte that has accumulated proteins, enzymes, and RNAs, in particular messenger 5. 
RNAs that can be stage specifi cally recruited for polyadenylation and translation during 
maturation or early embryogenesis according to consensus sequences in the 3" untranslated 
sequence or can be degraded or stored at specifi c times to orchestrate expression and cell 
cycle progression and transition from oocyte to embryo (10–13). Such an oocyte should 
also contain a store of untranslated RNAs and enzymes involved in RNAi-mediated 
degradation or inactivation of messenger RNAs that modulate gene expression and 
chromatin conformation in the oocyte and preimplantation embryo and contribute to 
spindle regulation at oogenesis and control of expression during oogenesis and early 
embryogenesis (42–44).  
  An oocyte embedded in an expanded cumulus that may contribute to stimulation of oocyte/6. 
sperm interactions and an oocyte that possesses a dense and regularly shaped zona pellu-
cida surrounding it, which prevents polyspermic fertilization and also shelters the early 
embryo from mechanical stresses during passage through the ampullae, creating a microen-
vironment that may help to enrich molecules in the extracellular space with embryo-derived 
molecules (45–48).   

 Thus, a “mature” oocyte that has attained high quality and developmental competence 
relies on its “history” throughout development rather than presenting just as a specialized cell 
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that possesses a small fi rst polar body, a large cytoplasm, and a zona pellucida, and is arrested 
at the MII stage of meiosis.   

 RECOGNITION OF MATURITY FOR CRYOPRESERVATION 

 An embryologist is faced with the problem of not only selecting the “best,” fully mature oocyte 
for fertilization, but also recognizing the signs of immaturity, overmaturity, and defects associ-
ated with aberrant nuclear or cytoplasmic maturation, for instance, by dysmorphisms and aber-
rations, which may adversely affect development, cause generation of chromosomally aberrant 
and/or developmentally incompetent embryos, and lead to implantation failure, congenital 
abnormalities, spontaneous abortion, or disease in the offspring. For cryopreservation it is 
essential that the most robust oocytes are recognized and selected as they are the most likely to 
cope with the stress associated with exposure to cryoprotectants, mechanical and osmotic stress, 
and changes in temperature and media, and with re-forming a spindle and cellular three-
dimensional organization in a short period of time in order to stay within the strict time 
window for optimal fertilization that is related to the fertilization-independent and fertilization-
dependent changes in translation, degradation and recruitment of maternal messages and mol-
ecules, such as in the spindle apparatus (49–51), or developmental competence (52). The period 
of thawing and recovery that prepares oocytes for fertilization can be associated to some 
extent with “postovulatory aging” and therefore has to be kept short. Conversely, it has to be 
long enough for recruitment of molecules to sites such as the spindle, the cell cortex or sub-
plasmalemma, and microdomains within the ooplasm if they have been diffused from their 
original site during any step of the cryopreservation procedures. Currently, it is largely unknown 
to what extent preservation might lead to transient degradation of regulatory and structural 
molecules of the spindle, chromosome condensation, or transient loss of control over the 
regulation of cellular and mitochondrial redox regulation. 

 When optimizing cryopreservation, one has to take into account that subpopulations of 
oocytes may exist that may react differently to cryopreservation. For instance, oocytes from 
young patients may be protected from loss of cohesion between sister chromatids because they 
still possess abundant cohesin complexes at their centromeres whereas aged oocytes may have 
much more fragile centromere cohesion (53–55). As maternal and postovulatory aging can 
increase the loss of chromosome cohesion and reduce molecules in cell cycle control and 
cytoskeleton, in addition to maternal factors (53,56–59), aged oocytes can be considered to be 
especially sensitive to “prolonged” procedures. Healthy young oocytes appear to posses a 
remarkable plasticity to deal with disturbances such as DNA breaks or disturbances in chromo-
some congression because they have still functioning checkpoint controls. Aged oocytes may be 
more susceptible to changes in the environment, temperature, and handling because of permis-
sive cell cycle control and therefore are at increased risk for disturbances ultimately affecting 
survival and developmental capacity. 

 As most of the features that are characteristic of a mature oocyte cannot be analyzed 
directly, especially those related to the expression of maternal factors and chromatin conforma-
tion (60), the relevance of detecting non-invasive markers of maturity before and after cryo-
preservation is therefore of utmost signifi cance for assisted reproduction. Analysis of 
morphology before and after freezing and of the presence of a spindle can help to identify 
mature oocytes and the best cryopreservation protocols. Cryopreservation by itself may increase 
success rates in ART by providing time for completion of chromosome analysis and detection of 
molecular markers (e.g., in follicular fl uid or cumulus) before oocytes are fertilized in a cycle 
that optimizes uterine receptivity. However, so far only very limited information is available on 
how maturity, immaturity, or overmaturity and quality before cryopreservation predicts and 
determines maturity after freezing, and much more research is required in this area.   

 OOCYTE SIZE AND STATE OF CHROMATIN IN A MATURE OOCYTE 

 The human oocyte is one of the largest cells in the body and its growth takes place during a 
prolonged period, which is initially independent of gonadotropic hormones when primordial 
follicles are recruited, followed by an extensive growth phase in tertiary follicles until oocytes 
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resume maturation downstream of the luteinizing hormone (LH) surge. From studies in human 
and animal models it is clear that follicle size is related to growth and maturity of oocytes. As 
growth is associated with sequential alterations in chromatin and maternal imprinting, there 
has been a concern that hormonal stimulation or in vitro maturation may have adverse effects 
by preventing completion of imprinting of the maternal DNA for monozygotic gene expression 
in the embryo and offspring (60–62). Similarly, cryopreservation might adversely affect imprint 
control. This could either interfere with maintaining maternal imprints during cryopreserva-
tion, similar to postovulatory aging (63), or affect the stability and regulation of maternal factors 
that control preservation of parental imprints in the embryo, when remodeling of paternal and 
maternal heterochromatin occurs and zygotic gene activation takes place after fertilization (64). 
Currently, there is no indication that cryopreservation leads to imprint defects in embryos 
obtained from cryopreserved oocytes or children born from cryopreserved embryos (e.g., from 
vitrifi ed oocytes) (65,66). Oocyte spindles appear to possess normal shapes (67–69), as discussed 
in more detail in other chapters of this book. However, alterations in the proteome and ionic 
homeostasis have been observed in suboptimal cryopreservation protocols (70). Further 
follow-up studies in human and animal models can hopefully provide more evidence for the 
safety of procedures on this aspect of oocyte maturity.   

 OOCYTE NUCLEAR MEIOTIC MATURATION 

 The presence of a fi rst polar body is an indicator of progression from fi rst to second meiosis, but 
several studies using non-invasive polarization microscopy revealed that not all oocytes with a 
polar body have reached MII (71,72). Instead, some may be incompetent to establish a MII 
spindle whereas others are delayed in meiotic progression and therefore are still in the telo-
phase I or prometaphase II stage of maturation. Obviously, fertilization would pose an increased 
risk for errors in segregation of chromosomes in the absence of a functional spindle or even 
failure to extrude one set of chromosomes with the risk of forming a digynic triploid embryo. 
Freezing oocytes at this stage might affect completion of cytokinesis, but it is also possible that 
the telophase I/prometaphase II stages might be suitable for cryopreservation as they have not 
progressed to MII and might do so during recovery from freezing. Further research is needed to 
show whether this improves or rather interferes with recovery to form a normal MII spindle 
and mediate chromosome congression. 

 From animal models it is known that meiotic progression is fi ne-tuned by opposing 
events, including, for instance, a partial degradation of cyclins after resumption of maturation 
until thresholds of activity of Cdk1/MPF have been reached and oocytes progress to metaphase 
I, followed by rapid degradation when they progress to anaphase I and second meiosis (14,16). 
Inhibiting protein synthesis in MII-arrested oocytes eventually results in chromosome decon-
densation due to reduced MPF activity (73). Alterations in the expression and activity of kinases, 
phosphatases, and components of the anaphase promoting factor can therefore signifi cantly 
delay or advance meiotic maturation as well as affect spindle re-formation after cryopreserva-
tion. In addition, ablation or reduced expression of checkpoint proteins will advance meiosis 
whereas adverse exposures including depolymerization due to temperature shifts that interfere 
with chromosome attachment can lead to a transient meiotic arrest prior to progression to ana-
phase I (14,74). As second meiosis is completed rather rapidly after fertilization, the timing of 
events such as pronuclear apposition and time to cleavage might present an indirect marker of 
oocyte maturity, quality, and capacity to reorganize the cytoskeleton and chromatin after cryo-
preservation. Therefore, it is imperative to fi rst analyze the timing of spindle re-formation in a 
routinely used cryopreservation protocol, not only to optimize the time for fertilization but also 
to fi nd the best window for spindle analysis in frozen/thawed oocytes (e.g., by non-invasive 
spindle analysis), and retain a strict protocol to fertilize and assess pronuclear formation/scores 
and early cleavage according to these fi xed points in order to obtain information on kinetics and 
improve outcomes by selection of mature, undamaged oocytes and good quality embryos. 

 Hormonal homeostasis and genetic background can profoundly modulate cell cycle pro-
gression in animal models (75). Consequently, it may be assumed that “delayed” or “advanced” 
human oocytes may come from a suboptimal follicular environment due to an inappropriate 
stimulation protocol or refl ect a patient-specifi c disturbance leading to total or transient meiotic 
arrest/delay. Rescuing such oocytes by in vitro maturation for few hours may increase the 
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chances for a conception, particularly when few mature oocytes are available. In cases where 
immature germinal vesicle-stage oocytes are retrieved in intracytoplasmic sperm injection 
cycles, chances that they will form a chromosomally balanced embryo appear low in view of 
studies showing increased aneuploidy when compared with mature oocytes from the same 
patients (76), and only a small proportion possesses spindles when matured to MII (23). In addi-
tion, spindles in such oocytes have a tendency to degenerate in a fairly short time period, sug-
gesting that they reached nuclear maturity but are incompetent to support normal development 
(25). Cryopreservation of such immature oocytes from stimulated cycles that progressed to 
MII in vitro should increase the risks for abnormalities due to synergistic effects of oocyte 
immaturity and stresses by cryopreservation. 

 In IVF cycles where maturity cannot be easily assessed by analysis of oocyte polar body 
extrusion, cumulus expansion can help to identify oocytes that progress to meiosis II. However, 
it is now believed that analysis of apoptosis or expression of certain mRNAs related to stress by 
hypoxia, suboptimal follicular support, or up- or downregulation of genes in response to oocyte-
derived growth factors may be predictive of oocyte maturity (77). Unfortunately, so far there are 
no fast, inexpensive, and uncomplicated tests with high predictive value that use cumulus or 
markers in follicular fl uid for molecular analyses in the selection of mature oocytes, apart from 
the common, well-known morphological criteria. Cryopreservation has the potential to improve 
the selection of mature oocytes by cumulus or follicular markers once appropriate methodolo-
gies exist as it provides time for such analysis. Although LH induced signaling branches for 
induction of cumulus mucifi cation and expansion, infl ammatory signaling for ovulation, and 
resumption of oocyte maturation (78,79), testing for the cumulus proteome or metabolome 
might also refl ect some oocyte-derived, maturation-dependent changes. Accordingly, more 
information on signaling pathways and molecules obtained from cumulus in cryopreservation 
cycles may eventually help to design “custom-made” treatment protocols for ( i ) cryopreserva-
tion; ( ii ) selection of mature, high quality oocytes before and after freezing; and ( iii ) identifi ca-
tion of patients with a specifi c problem or defi ned mutation, which may help improve outcomes 
or overcome the disturbance in maturation to MII or sensitivity to freezing.   

 OOCYTE CYTOPLASMIC MATURATION: MITOCHONDRIA AND POLARITY 

 Although it is still unclear when and to what extent spatial organization and polarity infl uence 
and determine the fate of the oocyte and early embryo, it is predicted that subzonation and 
establishment of gradients and microdomains enriched with molecules and organelles in the 
large ooplasm may facilitate and thus optimize meiotic progression, egg activation, and embryo-
genesis. For instance, the spindle acts as a sink for molecules that are passed to the embryo and 
translocate before or along with the female pronucleus to a central location in the vicinity of the 
chromatin to be either integrated into the pronuclei or at a position where the fi rst mitotic spin-
dle will be formed (11). Therefore, the factors infl uencing the remodeling of chromatin, activa-
tion of transcription, or regulation of transport from the cytoplasm to the nucleus should be 
present in the right location upon fertilization, thus avoiding long periods to “collect” them 
from all over the ooplasm. Cryopreservation of oocytes may result in reversible or irreversible 
redistribution of spindle-associated factors. This does not necessarily result in fertilization fail-
ure but is expected to delay development and interfere with the developmental program, and 
possibly even cause arrest or abnormalities. Thus, removal of the spindle or checkpoint ablation 
in cloning is implicated in partial depletion of the ooplasm from factors re-setting the chromatin 
of the somatic cell nucleus and providing totipotency (80). Further studies are needed to ana-
lyze the effects of different cryopreservation protocols on the redistribution of spindle-associated 
factors, evaluate the benefi ts and disadvantages of the procedures, and assess the impact on 
oocyte quality. 

 Unfortunately, it is impossible to visualize the distribution of mitochondria and defi ned 
maternal factors on the spindle or in the ooplasm non-invasively, but it is clear that features of 
dysmorphic oocytes such as accumulation of large vacuoles, a highly granular cytoplasm, or a 
very large polar body is an indicator of a disturbed distribution of cellular components (81,82). 
A robust spindle characterized by highly ordered paracrystalline arrays of microtubules can be 
taken as an indicator of the capacity of the oocyte to establish polarity and recruit molecules to 
this site, which supports early embryogenesis (25), but it does not predict chromosome congression 
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or the presence of maternal factors required for embryogenesis, as, for instance, evident from 
the good morphology of oocytes from PCOS patients having a limited developmental potential 
(83). However, as spindle size and density of fi bers are infl uenced by chromosome-derived 
gradients (84,85), they should not only relate to maturity but also refl ect the state of chromatin-
assisted spindle stabilization (e.g., before or after cryopreservation). Spindles are highly dynamic 
and undergo continuous depolymerization/repolymerization, so even slight changes in tem-
perature or culture conditions may alter their morphology. Given the dynamic nature of spindles 
and their susceptibility to change over time, the analysis of the spindle (e.g., by non-invasive 
polarization microscopy) should always be kept under a stringent time schedule to obtain 
meaningful information.   

 CONCLUSIONS 

 In conclusion, mature oocytes should possess full nuclear and cytoplasmic maturation compe-
tence. Any disturbance in the synchrony of events affecting the concerted nature of cell cycle 
regulation, chromatin conformation and chromosome segregation, spatial organization, and 
distribution and functionality of organelles as well as expression and degradation of matura-
tion and maternal molecules can not only pose hazards for normal development of the embryo 
after fertilization and health of the offspring, but is also likely to synergistically affect robust-
ness to cryopreservation, survival, and developmental potential. The procedures in cryopreser-
vation should therefore be optimized to minimize aging and oocyte overmaturity and/or 
alterations in spatial organization of cell organelles and maternal products. Changes in epige-
nome and maternal products stored within the ooplasm due to exposures to cryoprotectants are 
critical and may accelerate age-related deterioration of oocytes and overmaturity. However, 
safe and effi cient cryopreservation procedures can also provide options for molecular analyses 
of non-invasive markers in cumulus and follicular fl uid for oocyte selection and detection of 
aberrations such as cytoplasmic immaturity, errors in chromosome segregation, incompetence 
to support embryogenesis, or mutations involved in subfertility. The time gained for discourse 
between embryologists, geneticists, and gynecologists by safe cryopreservation will be valuable 
to decide on options to improve treatment, counseling, and outcomes in routine assisted 
reproduction.     

 REFERENCES 

   1.   Wassarman P, The mammalian ovum. In: Knobil E, Neill J, eds. The Physiology of Reproduction. New 
York: Raven Press Ltd, 1988: 69–102.  

   2.   Sugiura K, Su YQ, Diaz FJ, et al. Oocyte-derived BMP15 and FGFs cooperate to promote glycolysis in 
cumulus cells. Development 2007; 134: 2593–603.  

   3.   Su YQ, Sugiura K, Wigglesworth K, et al. Oocyte regulation of metabolic cooperativity between 
mouse cumulus cells and oocytes: BMP15 and GDF9 control cholesterol biosynthesis in cumulus cells. 
Development 2008; 135: 111–21.  

   4.   Gilchrist RB, Lane M, Thompson JG. Oocyte-secreted factors: regulators of cumulus cell function and 
oocyte quality. Hum Reprod Update 2008; 14: 159–77.  

   5.   Lucifero D, Mann MR, Bartolomei MS, Trasler JM. Gene-specifi c timing and epigenetic memory in 
oocyte imprinting. Hum Mol Genet 2004; 13: 839–49.  

   6.   Schaefer CB, Ooi SK, Bestor TH, et al. Epigenetic decisions in mammalian germ cells. Science 2007; 
316: 398–9.  

   7.   Tan JH, Wang HL, Sun XS, et al. Chromatin confi gurations in the germinal vesicle of mammalian 
oocytes. Mol Hum Reprod 2009; 15: 1–9.  

   8.   Kageyama S, Liu H, Kaneko N, et al. Alterations in epigenetic modifi cations during oocyte growth in 
mice. Reproduction 2007; 133: 85–94.  

   9.   Zuccotti M, Merico V, Sacchi L, et al. Maternal Oct-4 is a potential key regulator of the developmental 
competence of mouse oocytes. BMC Dev Biol 2008; 8: 97.  

  10.   Mendez R, Richter JD. Translational control by CPEB: a means to the end. Nat Rev Mol Cell Biol 2001; 
2: 521–9.  

  11.   Eichenlaub-Ritter U, Peschke M. Expression in in-vivo and in-vitro growing and maturing oocytes: 
focus on regulation of expression at the translational level. Hum Reprod Update 2002; 8: 21–41.  



ESSENTIAL FEATURES OF THE MATURE OOCYTE 101

  12.   Guzeloglu-Kayisli O, Pauli S, Demir H, et al. Identifi cation and characterization of human embryonic 
poly(A) binding protein (EPAB). Mol Hum Reprod 2008; 14: 581–8.  

  13.   Radford HE, Meijer HA, de Moor CH. Translational control by cytoplasmic polyadenylation in Xenopus 
oocytes. Biochim Biophys Acta 2008; 1779: 217–29.  

  14.   Vogt E, Kirsch-Volders M, Parry J, et al. Spindle formation, chromosome segregation and the spindle 
checkpoint in mammalian oocytes and susceptibility to meiotic error. Mutat Res 2008; 651: 14–29.  

  15.   Vardy L, Pesin JA, Orr-Weaver TL. Regulation of Cyclin A protein in meiosis and early embryogenesis. 
Proc Natl Acad Sci U S A 2009; (in press).  

  16.   Holt JE, Jones KT. Control of homologous chromosome division in the mammalian oocyte. Mol Hum 
Reprod 2009; (in press).  

  17.   Belloc E, Méndez R. A deadenylation negative feedback mechanism governs meiotic metaphase 
arrest. Nature 2008; 452: 1017–21.  

  18.   Xu Y, Zhang JJ, Grifo JA, et al. DNA methylation patterns in human tripronucleate zygotes. Mol Hum 
Reprod 2005; 11: 167–71.  

  19.   Morgan HD, Santos F, Green K, et al. Epigenetic reprogramming in mammals. Hum Mol Genet 2005; 
14: R47–58.  

  20.   Duranthon V, Watson AJ, Lonergan P. Preimplantation embryo programming: transcription, epige-
netics, and culture environment. Reproduction 2008; 135: 141–50.  

  21.   Menezo Y Jr, Russo G, Tosti E, et al. Expression profi le of genes coding for DNA repair in human 
oocytes using pangenomic microarrays, with a special focus on ROS linked decays. J Assist Reprod 
Genet 2007; 24: 513–20.  

  22.   Derijck A, van der Heijden G, Giele M, et al. DNA double-strand break repair in parental chromatin 
of mouse zygotes, the fi rst cell cycle as an origin of de novo mutation. Hum Mol Genet 2008; 17: 
1922–37.  

  23.   Barton TS, Robaire B, Hales BF. DNA damage recognition in the rat zygote following chronic paternal 
cyclophosphamide exposure. Toxicol Sci 2007; 100: 495–503.  

  24.   Liu L, Bailey SM, Okuka M, et al. Telomere lengthening early in development. Nat Cell Biol 2007; 9: 
1436–41.  

  25.   Shen Y, Betzendahl I, Tinneberg HR, et al. Enhanced polarizing microscopy as a new tool in aneu-
ploidy research in oocytes. Mutat Res 2008; 651: 131–40.  

  26.   Van Blerkom J. Mitochondria in human oogenesis and preimplantation embryogenesis: engines of 
metabolism, ionic regulation and developmental competence. Reproduction 2004; 128: 269–80.  

  27.   Dumollard R, Ward Z, Carroll J, et al. Regulation of redox metabolism in the mouse oocyte and 
embryo. Development 2007; 134: 455–65.  

  28.   Dumollard R, Duchen M, Carroll J. The role of mitochondrial function in the oocyte and embryo. Curr 
Top Dev Biol 2007; 77: 21–49.  

  29.   Tang CJ, Hu HM, Tang TK. NuMA expression and function in mouse oocytes and early embryos. 
J Biomed Sci 2004; 11: 370–6.  

  30.   Oh B, Hwang SY, Solter D, et al. Spindlin, a major maternal transcript expressed in the mouse during 
the transition from oocyte to embryo. Development 1997; 124: 493–503.  

  31.   Baluch DP, Capco DG. GSK3 beta mediates acentromeric spindle stabilization by activated PKC zeta. 
Dev Biol 2008; 317: 46–58.  

  32.   Azoury J, Verlhac MH, Dumont J. Actin fi laments: key players in the control of asymmetric divisions 
in mouse oocytes. Biol Cell 2009; 101: 69–76.  

  33.   Zhang X, Ma C, Miller AL, et al. Polar body emission requires a RhoA contractile ring and Cdc42-
mediated membrane protrusion. Dev Cell 2008; 15: 386–400.  

  34.   Li H, Guo F, Rubinstein B, et al. Actin-driven chromosomal motility leads to symmetry breaking in 
mammalian meiotic oocytes. Nat Cell Biol 2008; 10: 1301–8.  

  35.   Puppo A, Chun JT, Gragnaniello G, et al. Alteration of the cortical actin cytoskeleton deregulates Ca 2+  
signaling, monospermic fertilization, and sperm entry. PLoS ONE 2008; 3: e3588.  

  36.   Abbott AL, Ducibella T. Calcium and the control of mammalian cortical granule exocytosis. Front 
Biosci 2001; 6: D792–806.  

  37.   Ajduk A, Ma’agocki A, Maleszewski M. Cytoplasmic maturation of mammalian oocytes: development 
of a mechanism responsible for sperm-induced Ca 2+  oscillations. Reprod Biol 2008; 8: 3–22.  

  38.   Hansen DV, Tung JJ, Jackson PK. CaMKII and polo-like kinase 1 sequentially phosphorylate the cytostatic 
factor Emi2/XErp1 to trigger its destruction and meiotic exit. Proc Natl Acad Sci USA 2006; 103: 
608–13.  

  39.   Wu JQ, Kornbluth S. Across the meiotic divide—CSF activity in the post-Emi2/XErp1 era. J Cell Sci 
2008; 121: 3509–14.  

  40.   Terret ME, Wassmann K, Waizenegger I, et al. The meiosis I-to-meiosis II transition in mouse oocytes 
requires separase activity. Curr Biol 2003; 13: 1797–802.  



102 EICHENLAUB-RITTER

  41.   Lee J, Okada K, Ogushi S, et al. Loss of Rec8 from chromosome arm and centromere region is required 
for homologous chromosome separation and sister chromatid separation, respectively, in mammalian 
meiosis. Cell Cycle 2006; 5: 1448–55.  

  42.   Tam OH, Aravin AA, Stein P, et al. Pseudogene-derived small interfering RNAs regulate gene expression 
in mouse oocytes. Nature 2008; 453: 534–8.  

  43.   Watanabe T, Totoki Y, Toyoda A, et al. Endogenous siRNAs from naturally formed dsRNAs regulate 
transcripts in mouse oocytes. Nature 2008; 453: 539–43.  

  44.   Lykke-Andersen K, Gilchrist MJ, Grabarek JB, et al. Maternal Argonaute 2 is essential for early mouse 
development at the maternal-zygotic transition. Mol Biol Cell 2008; 19: 4383–92.  

  45.   Wassarman PM, Litscher ES. Mammalian fertilization: the egg’s multifunctional zona pellucida. Int 
J Dev Biol 2008; 52: 665–76.  

  46.   Coy P, Cánovas S, Mondéjar I, et al. Oviduct-specifi c glycoprotein and heparin modulate sperm-zona 
pellucida interaction during fertilization and contribute to the control of polyspermy. Proc Natl Acad 
Sci USA 2008; 105: 15809–14.  

  47.   Duncan FE, Stein P, Williams CJ, et al. The effect of blastomere biopsy on preimplantation mouse 
embryo development and global gene expression. Fertil Steril 2008; (in press).  

  48.   Shen Y, Stalf T, Mehnert C, et al. High magnitude of light retardation by the zona pellucida is associ-
ated with conception cycles. Hum Reprod 2005; 20: 1596–606.  

  49.   Schultz RM, Letourneau GE, Wassarman PM. Program of early development in the mammal: changes 
in patterns and absolute rates of tubulin and total protein synthesis during oogenesis and early 
embryogenesis in the mouse. Dev Biol 1979; 68: 341–59.  

  50.   Tatone C, Carbone MC, Gallo R, et al. Age-associated changes in mouse oocytes during postovulatory 
in vitro culture: possible role for meiotic kinases and survival factor BCL2. Biol Reprod 2006; 74: 
395–402.  

  51.   Ma W, Zhang D, Hou Y, et al. Reduced expression of MAD2, BCL2, and MAP kinase activity in pig 
oocytes after in vitro aging are associated with defects in sister chromatid segregation during meiosis 
II and embryo fragmentation after activation. Biol Reprod 2005; 72: 373–83.  

  52.   Hall VJ, Compton D, Stojkovic P, et al. Developmental competence of human in vitro aged oocytes as 
host cells for nuclear transfer. Hum Reprod 2007; 22: 52–62.  

  53.   Hodges CA, Revenkova E, Jessberger R, et al. SMC1 beta-defi cient female mice provide evidence that 
cohesins are a missing link in age-related nondisjunction. Nat Genet 2005; 37: 1351–5.  

  54.   Liu L, Keefe DL. Defective cohesin is associated with age-dependent misaligned chromosomes in 
oocytes. Reprod Biomed Online 2008; 16: 103–12.  

  55.   Subramanian VV, Bickel SE. Aging predisposes oocytes to meiotic nondisjunction when the cohesin 
subunit SMC1 is reduced. PLoS Genet 2008; 4: e1000263.  

  56.   Steuerwald N, Cohen J, Herrera RJ, et al. Association between spindle assembly checkpoint expres-
sion and maternal age in human oocytes. Mol Hum Reprod 2001; 7: 49–55.  

  57.   Hamatani T, Falco G, Carter MG, et al. Age-associated alteration of gene expression patterns in mouse 
oocytes. Hum Mol Genet 2004; 13: 2263–78.  

  58.   Steuerwald NM, Steuerwald MD, Mailhes JB. Post-ovulatory aging of mouse oocytes leads to 
decreased MAD2 transcripts and increased frequencies of premature centromere separation and 
anaphase. Mol Hum Reprod 2005; 11: 623–30.  

  59.   Pan H, Ma P, Zhu W, Schultz RM. Age-associated increase in aneuploidy and changes in gene expres-
sion in mouse eggs. Dev Biol 2008; 316: 397–407.  

  60.   Huntriss J, Picton HM. Epigenetic consequences of assisted reproduction and infertility on the human 
preimplantation embryo. Hum Fertil (Camb) 2008; 11: 85–94.  

  61.   Haaf T. Methylation dynamics in the early mammalian embryo: implications of genome reprogramming 
defects for development. Curr Top Microbiol Immunol 2006; 310: 13–22.  

  62.   Horsthemke B, Ludwig M. Assisted reproduction: the epigenetic perspective. Hum Reprod Update 
2005; 11: 473–82.  

  63.   Liang XW, Zhu JQ, Miao YL, et al. Loss of methylation imprint of Snrpn in postovulatory aging mouse 
oocyte. Biochem Biophys Res Commun 2008; 371: 16–21.  

  64.   Wan LB, Pan H, Hannenhalli S, et al. Maternal depletion of CTCF reveals multiple functions during 
oocyte and preimplantation embryo development. Development 2008; 135: 2729–38.  

  65.   Chian RC, Huang JY, Tan SL, et al. Obstetric and perinatal outcome in 200 infants conceived from 
vitrifi ed oocytes. Reprod Biomed Online 2008; 16: 608–10.  

  66.   Shih W, Rushford DD, Bourne H, et al. Factors affecting low birthweight after assisted reproduction 
technology: difference between transfer of fresh and cryopreserved embryos suggests an adverse 
effect of oocyte collection. Hum Reprod 2008; 23: 1644–53.  

  67.   Cobo A, Kuwayama M, Pérez S, et al. Comparison of concomitant outcome achieved with fresh and 
cryopreserved donor oocytes vitrifi ed by the Cryotop method. Fertil Steril 2008; 89: 1657–64.  



ESSENTIAL FEATURES OF THE MATURE OOCYTE 103

  68.   Larman MG, Minasi MG, Rienzi L, et al. Maintenance of the meiotic spindle during vitrifi cation in 
human and mouse oocytes. Reprod Biomed Online 2007; 15: 692–700.  

  69.   Cobo A, Pérez S, De los Santos MJ, et al. Effect of different cryopreservation protocols on the meta-
phase II spindle in human oocytes. Reprod Biomed Online 2008; 17: 350–9.  

  70.   Katz-Jaffe MG, Larman MG, Sheehan CB, et al. Exposure of mouse oocytes to 1,2-propanediol during 
slow freezing alters the proteome. Fertil Steril 2008; 89(5 Suppl): 1441–7.  

  71.   Eichenlaub-Ritter U, Shen Y, Tinneberg HR. Manipulation of the oocyte: possible damage to the spindle 
apparatus. Reprod Biomed Online 2002; 5: 117–24.  

  72.   Montag M, Schimming T, van der Ven H. Spindle imaging in human oocytes: the impact of the meiotic 
cell cycle. Reprod Biomed Online 2006; 12: 442–6.  

  73.   Fulka J Jr, Moor RM, Fulka J. Sister chromatid separation and the metaphase-anaphase transition in 
mouse oocytes. Dev Biol 1994; 165: 410–17.  

  74.   Homer HA, McDougall A, Levasseur M, et al. Mad2 is required for inhibiting securin and cyclin B 
degradation following spindle depolymerisation in meiosis I mouse oocytes. Reproduction 2005; 130: 
829–43.  

  75.   Polan’ski Z. In-vivo and in-vitro maturation rate of oocytes from two strains of mice. J Reprod Fertil 
1986; 78: 103–9.  

  76.   Magli MC, Ferraretti AP, Crippa A, et al. First meiosis errors in immature oocytes generated by stimu-
lated cycles. Fertil Steril 2006; 86: 629–35.  

  77.   Li Q, Mckenzie LJ, Matzuk MM. Revisiting oocyte-somatic cell interactions: in search of novel intra-
follicular predictors and regulators of oocyte developmental competence. Mol Hum Reprod 2008; 14: 
673–8.  

  78.   Richards JS. Genetics of ovulation. Semin Reprod Med 2007; 25: 235–42.  
  79.   Hsieh M, Lee D, Panigone S, et al. Luteinizing hormone-dependent activation of the epidermal growth 

factor network is essential for ovulation. Mol Cell Biol 2007; 27: 1914–24.  
  80.   Tani T, Kato Y, Tsunoda Y. Aberrant spindle assembly checkpoint in bovine somatic cell nuclear transfer 

oocytes. Front Biosci 2007; 12: 2693–705.  
  81.   Ebner T, Moser M, Tews G. Is oocyte morphology prognostic of embryo developmental potential after 

ICSI? Reprod Biomed Online 2006; 12: 507–12.  
  82.   Ubaldi F, Rienzi L. Morphological selection of gametes. Placenta 2008; 29(Suppl B): 115–20.  
  83.   Wood JR, Dumesic DA, Abbott DH, et al. Molecular abnormalities in oocytes from women with 

polycystic ovary syndrome revealed by microarray analysis. J Clin Endocrinol Metab 2007; 92: 
705–13.  

  84.   Dumont J, Petri S, Pellegrin F, et al. A centriole- and RanGTP-independent spindle assembly pathway 
in meiosis I of vertebrate oocytes. J Cell Biol 2007; 176: 295–305.  

  85.   Brunet S, Dumont J, Lee KW, et al. Meiotic regulation of TPX2 protein levels governs cell cycle 
progression in mouse oocytes. PLoS ONE 2008; 3: e3338.        



             Expression of Functional Aquaporins 
in Oocytes and Embryos and the Impact 
on Cryopreservation   
   François   Chauvigné and       Joan   Cerdà   
  Laboratory of the Institut de Recerca i Tecnologia Agroalimentàries (IRTA)-Institut de, Ciències del Mar, Consejo 
Superior de Investigaciones Científi cas (CSIC), Barcelona, Spain      

 INTRODUCTION 

 The development of successful methods for cryopreservation of oocytes and embryos must 
ensure that cells are not damaged by chilling, the formation of extracellular and intracellular 
ice, the chemical toxicity of cryoprotectants, fracturing, and osmotic swelling and shrinkage. 
Two main methods are currently employed for cryopreservation of oocytes and embryos: slow 
cooling rate with low concentration of cryoprotectants, and fast cooling after incubation in 
highly concentrated cryoprotectant solutions (vitrifi cation) (1,2). In both techniques, however, 
one of the main challenges is to rapidly replace intracellular water with cryoprotectant. Vitrifi -
cation protocols on specifi c developmental stages of oocytes or embryos result in acceptable 
survival rates (3,4), but identical protocols often fail when they are applied to other stages of the 
same species (5). These observations suggest that the cryobiological properties of oocytes and 
embryos may change during development. Investigation of the mechanisms regulating water 
and solute permeability in oocytes and embryos, for which current knowledge is still scarce, is 
essential to improve current cryopreservation protocols. 

 Understanding of the permeability properties of biological membranes was revolutionized 
by the discovery of the fi rst water-specifi c membrane channel, aquaporin-1 (AQP1), by Peter 
Agre and collaborators (6). It is now recognized that water transport across membranes not only 
occurs by simple diffusion through the lipid bilayers, but also through aquaporins, particularly 
when rapid water permeability is required for physiological processes such as secretion, 
reabsorption, or osmotic stress. Aquaporins have been identifi ed in many different tissues 
where water transport is important (7). The recent discovery of aquaporins in mammalian 
gametes and embryos will greatly contribute to uncover the mechanisms for water and solute 
movement in these complex systems. Recent reports also suggest that aquaporins could be the 
molecular pathway by which water and/or solutes move across the plasma membrane during 
cryopreservation. These advances are the focus of this chapter.   

 AQUAPORIN STRUCTURE AND FUNCTION 

 Aquaporins consist of six transmembrane domains, connected by fi ve loops (A–E), and have their 
N- and C-termini located intracellularly ( Fig. 1 ). One molecule consists of two repeats (hemipores) 
which are 180° mirror images. Each repeat contains the highly-conserved asparagine-proline-
alanine (NPA) motif (in loops B and E), which is the hallmark of the major intrinsic protein 
superfamily of proteins to which aquaporins belong. The folding of the two loops, following the 
predicted “hourglass” model (8), is important for the formation of the water pore, as has been 
corroborated by cryo-electron microscopy and X-ray crystal structure studies (9,10). Aquaporins 
are present in the membrane as tetramers, but, unlike ion channels, each monomer contains its own 
pore. Most mammalian aquaporins are inhibited by mercurials. In AQP1, the site of mercurial 
inhibition was demonstrated at Cys-189 proximal to the NPA motif of loop E (11) ( Fig. 1 ).  

 The 13 aquaporins that have been identifi ed so far in mammals can be divided into two 
groups on the basis of their permeability characteristics, which generally coincide with specifi c 
amino acid sequence patterns (12) ( Table 1 ). In the fi rst group (aquaporins), there are the channels 
that are mainly permeated by water, such as AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8. 
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 Figure 1    Topology and structure of the prototypical AQP1. ( A ) “‘Hourglass” model for AQP1 topology in which 
arrangement of loops E and E with highly conserved NPA motifs forms a single aqueous pathway through the 
AQP1 subunit. Redrawn from Jung et al. (8) ( B ) Crystal structure of AQP1 monomer based on protein data bank 
(PDB) No. 1J4N viewed from the side. The arrow highlights the route taken by water, which can move in both 
directions through the channel. In both panels, the membrane-spanning helices are numbered (1-–6 ) . The Cys 
potentially responsible in the inhibition of water permeability by mercurial compounds of most AQPs is indicated 
in A.  Abbreviation : NPA, asparagine-proline-alanine.    

 Table 1    Permeability Characteristics of Mammalian Aquaporins  

Aquaporin Functional permeability

AQP0 Water
AQP1 Water, nitric oxide, carbon dioxide
AQP2 Water
AQP3 Water, glycerol, urea
AQP4 Water
AQP5 Water
AQP6 Water (low), anions (NO 3  – , Cl – )
AQP7 Water, glycerol, urea, arsenite
AQP8 Water, ammonia, hydrogen peroxide, urea
AQP9 Water, glycerol, urea, arsenite, large solutes (carbamides, polyols, purines, pyrimidines)
AQP10 Water, glycerol, urea
AQP11 Water
AQP12 Unknown

AQP6, however, is also permeated by anions (13), and AQP8, which, based on sequence analysis, 
might form a different subgroup within the family (14), could also be permeated by urea (15,16). 
The second group (aquaglyceroporins) includes AQP3, AQP7, AQP9, and AQP10 that are perme-
ated by water to varying degrees and by small, non-charged solutes, in particular glycerol (17). 
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AQP11 and AQP12 are two aquaporins with poorly conserved NPA motifs (18), and although 
water permeation through AQP11 has been demonstrated (19), the permeability properties of 
AQP12 are as yet unknown. Recently, however, particular aquaporin isoforms (AQP1, AQP7, 
AQP8, AQP9) have been reported to conduct unconventional permeants, such as the nonpolar 
gases carbon dioxide and nitric oxide, the polar gas ammonia, the oxidative oxygen species 
hydrogen peroxide, and the metalloids antimonite, arsenite, and silicic acids (20), expanding 
the functional repertoire of aquaporins.  

 The most striking feature of the aquaporin channels is perhaps their high selectivity and 
effi ciency with regard to water or glycerol transport, and the strict exclusion of ions including 
protons. Two main constriction sites have been identifi ed in AQP1 and the  Escherichia coli  
glycerol transporter (GlpF), as models for aquaporins and aquaglyceroporins, respectively, 
that underlie these features (21). The fi rst constriction is located in the center of the pore in 
the NPA region, where the two asparagines located at the end of the two half helices (B and E in 
 Fig. 1B ) create an electrostatic barrier in the NPA region, which, together with desolvation, is 
essential for proton exclusion. The second constriction, located close to the extracellular exit of 
the channel and referred as the aromatic/arginine (ar/R) constriction, forms the narrowest 
region of the pore and is therefore generally assumed to be important for channel selectivity. 
In AQP1, the narrow ar/R site (2.8 Å) is formed by Phe, His, Cys, and Arg, which provides 
a hydrophilic environment creating a hydrophobicity and size fi lter (22). In contrast, in GlpF, 
and essentially in all other aquaglyceroporins, the ar/R region is wider (3.4 Å) and more 
hydrophobic due to the lack of His and substitution of the Cys by a second aromatic residue, 
which allows the passage of polyols and urea, and possibly of other small solutes such as NH 3 , 
CO 2 , or O 2  (22). 

 Aquaporins are widely distributed in different tissues and cell types with important water 
transport or secretory roles (23). However, the localization of aquaporins in the cell is not always 
seen at the plasma membrane. For instance, AQP6 is colocalized alongside H + -ATPase in intra-
cellular vesicles of acid-secreting  ! -intercalated cells from renal collecting duct, AQP11 is found 
in the endoplasmic reticulum of cells of the proximal tubule, and AQP12 appears in intracellular 
organelles of pancreatic acinar cells (13,24,25). Studies using genetically modifi ed rodents and 
the identifi cation of humans with altered aquaporin genes have demonstrated the physiological 
role of several aquaporins during water homeostasis in kidney, brain, and skin, as well as dur-
ing the metabolism of adipocytes. Excellent reviews summarizing these fi ndings have recently 
been published (26,27). Here we concentrate on the information available on the expression, 
localization, and role of aquaporins in reproductive tissues, oocytes and embryos.   

 AQUAPORINS IN THE FEMALE REPRODUCTIVE SYSTEM  

 Reproductive Tract 
 Metabolic processes during reproduction depend on fl uid secretion and reabsorption, and 
therefore aquaporins may play a role in fl uid exchange in the female reproductive tract. At least 
10 aquaporin isoforms (AQP1–AQP9) have been shown to be expressed in female reproductive 
organs, and their specifi c expression patterns suggest that they might be involved in water 
movement between the intraluminal, interstitial, and capillary compartments (28). 

 In the uterus, steroid hormones induce water imbibition in the uterine endometrium. This 
water then crosses the epithelial cells into the lumen, leading to a decrease in viscosity of uterine 
luminal fl uid (29). The expression of aquaporins has been demonstrated in the stroma (AQP8), 
myometrium (AQP1 and AQP8), endometrium (AQP1 and AQP2), and in glandular (AQP5 and 
AQP9) and luminal epithelial cells (AQP2, AQP3, and AQP5) of the uterus, and this expression 
seems to be regulated by estrogens and progesterone (29–32). The expression of human endo-
metrial AQP2 is menstrual-cycle-dependant and reaches a high level at the midsecretory phase, 
the time of embryo implantation (30). These observations suggest that aquaporins may play 
important roles in hormone-mediated water and solute transport during uterine imbibition, as 
well as regulating luminal fl uid volume at the time of blastocyst implantation (30,32). In addi-
tion, aquaporin isoforms (AQP3–AQP5 and AQP8) are also present in the mouse cervix, which 
may contribute to the changes in the organization of the collagen network and water content 
in the cervical connective tissue that occur during gestation, which allows cervical dilatation 
during labor (33). 
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 Aquaporins have also been found in epithelial cells of the oviduct (AQP5, AQP8, and 
AQP9) (34), and in the cell membrane of associated smooth muscle cells (AQP1) (35). The 
location of aquaporins in these areas may provide the mechanism for regulating ovum trans-
port in the fallopian tube by altering the tubal luminal diameter during the estrus cycle (35). 
In addition, they may control the production of oviductal fl uid for fertilization and early 
embryonic development (28).   

 Ovarian Follicles and Oocytes 
 Ovarian folliculogenesis is accompanied by the formation and expansion of the fl uid-fi lled 
antrum. Development of this cavity requires water infl ux, which may occur by transcellular or 
pericellular transport mechanisms. Experiments testing the uptake of radiolabelled water and 
inulin (a complex sugar restricted to the extracellular compartment) by isolated rat antral follicles 
in vitro, in the presence or absence of HgCl 2 , as well as the ability of granulosa cells to swell after 
hypotonic challenge, suggest that granulosa cell aquaporins may mediate transcellular water 
movement in antral follicles (36). Flow cytometry and immunocytochemical studies support 
this conclusion since they demonstrate the presence of AQP7–AQP9 in granulosa cells (36,37) 
( Table 2 ). Interestingly, AQP5 has also been recently found in fl attened follicle cells of pig 
primordial follicles (37).  

 In contrast, in the mammalian oocyte only mRNAs encoding AQP3, AQP7, and AQP9 have 
been reported, whereas AQP1, AQP5, AQP6, and AQP8 were not detected (38,39) ( Table 2 ). In 
rat oocytes, AQP9 mRNA is expressed in proestrus (immature) oocytes but not in estrous 
(mature) oocytes, in line with the decrease in water and solute permeability of oocytes during 
maturation (39). In naturally obtained mouse metaphase II (mature) oocytes, however, tran-
scripts of AQP3 can be detected by a polymerase chain reaction after reverse transcription of 
RNA, but expression is reduced when oocytes are obtained by controlled ovarian hyperstimula-
tion (40). These data suggest that permeability of immature oocytes is mediated by AQP9 (39), 
whereas that of mature oocytes may be mediated by AQP3 (40). However, this hypothesis 
is questionable because neither AQP3, AQP9, or AQP7 polypeptides have been demonstrated 
in mammalian oocytes, and the level of water permeability of oocytes, and its temperature 
dependency, is not necessarily consistent with the presence of water channels (41) (see next section). 

 In lower vertebrates, some aquaporin isoforms are highly expressed in the oocyte. In the 
amphibian  Xenopus laevis , oocytes express AQP3 (42) as well as high levels of mRNA encoding 
a novel aquaglyceroporin unknown in mammals, termed AQPxlo, with similar permeability 
characteristics to rat AQP3 (43). However, water permeability of  X. laevis  oocytes is low, and it 
has been speculated that even though oocytes contain large amounts of stored AQPxlo mRNA, 
protein expression in oocytes is possibly low until embryogenesis (43). Most notably, a novel 
AQP1-like channel, originating from a teleost-specifi c gene duplication event, is found in marine 
teleosts that produce highly hydrated eggs, buoyant in seawater (44,45). This water-selective 
aquaporin, termed Aqp1b, is translocated into the oocyte plasma membrane during meiotic 
maturation where it mediates water infl ux into the oocyte following the osmotic gradient created 
by the hydrolysis of yolk proteins and the accumulation of ions (46,47). These fi ndings suggest 

 Table 2    Expression Pattern of AQPs in Mammalian Ovarian Follicles and Embryos  

AQP1 AQP3 AQP5 AQP6 AQP7 AQP8 AQP9 Ref.

 Ovarian Follicle 
Granulosa cells N/D N/D  + N/D  +  +  + 36,37
Oocyte N/D  • N/D N/D  • N/D  • 38,39,40
 Embryo 
Zygote  •  •/+  •  •  • N/D  •/+ 48,51
4–8 cells  •  •/+  •  •  • N/D  •/+ 38,48,51
Morula  •  •/+  •  •  •  +  •/+ 38,48,51,52
Blastocyst  •  •/+  •  •  •  •/+  •/+ 38,48–51

•, reported mRNA expression; +, reported protein expression; N/D, mRNA and/or protein not detected.
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that comparative studies in lower vertebrates may be of great interest for understanding aquaporin 
regulation and function in mammalian oocytes.   

 Embryos 
 In mouse embryos, mRNAs encoding seven aquaporin isoforms, AQP1, AQP3, AQP5–AQP9 
have been found from the one-cell stage up to the blastocyst stage, although AQP8 mRNA is not 
detected in early cleavage stages (38,48,49) ( Table 2 ). In morula- and blastocyst-stage embryos, 
AQP8 levels are reduced when embryos are cultured in glycerol-based hyperosmolar media 
(50). AQP9 polypeptides have been demonstrated in cell margins from eight-cell embryos 
onward, whereas AQP3 and AQP8 are found only from compacted morula stages (51,52). In 
the trophectoderm, a squamous epithelium that surrounds the fl uid-fi lled blastocyst cavity 
(blastocoele), AQP3 and AQP8 are detected in basolateral membranes, while AQP9 is predomi-
nantly observed within the apical membrane. AQP3 is also observed in the margins of the apo-
lar cells of the inner cell mass (embryoblast) (49,51). Barcroft et al. (51) have demonstrated that 
these embryonic aquaporins are functional by measuring variations in water movement across 
the trophectoderm following exposure of blastocysts to a hyperosmotic gradient in the presence 
of mercurial inhibitors. These results support the current model of blastocyst formation in which 
aquaporins mediate trans-trophectodermal water movements during cavitation following the 
osmotic gradient created by Na + /K + -ATPase and ion channels (53).    

 ROLE OF AQUAPORINS IN WATER AND SOLUTE PERMEABILITY OF OOCYTES AND EMBRYOS 

 The signifi cant involvement of water channels in the permeability of oocytes and embryos can 
be deduced from the permeability to water and its dependency on temperature, as the move-
ment of water through channels is much less dependent on temperature than that through the 
lipid bilayer (5). The temperature dependency of permeability is expressed by the Arrhenius 
activation energy ( E  a ). Diffusion of water across the cell membrane requires a relatively large 
osmotic gradient, as the  E  a  of trans-cellular water transport is much higher ( E  a  > 10 kcal/mol) 
than that observed in the presence of aquaporins (54). In general, it appears that an osmotic 
water permeability coeffi cient ( P  f ) higher than 10  µ m/sec and an  E  a  lower than 6 kcal/mol is 
suggestive of water transport through aquaporins, although there is not a priori theoretical 
basis for such values (54). Thus, this is not a strict criteria but a rough estimation for deducing 
predominant pathways for water and solute movement in the cell. Similarly, although such 
criteria have not been reported for the movement of small neutral solutes across the plasma 
membrane, it seems reasonable that high solute permeability ( P  s ) and low  E  a  values may indicate 
aquaporin-mediated solute transport (41).  

 Oocyte Permeability 
 As stated earlier, mammalian oocytes express AQP3, AQP7, and AQP9. However, mature 
oocytes have a  P  f  of 9.9  ±  0.7  µ m/sec [hydraulic conductivity ( L  p ) of 0.4  ±  0.0  µ m/min/atm] at 
20°C, 0.7  ±  0.1  µ m/min/atm at 25°C, or 0.5  ±  0.02  µ m/min/atm at 19°C in mouse (41,52,55,56), 
10.5  ±  4.7  µ m/sec (0.5  ±  0.2  µ m/min/atm) at 20°C in cow (57), 10.2  ±  2.9  µ m/sec at 22°C in the 
golden hamster (58), and 9.9  ±  3.4  µ m/sec (0.4  ±  0.1  µ m/min/atm) at 20°C in human (59), whereas 
the  E  a  values are 12.3–14.5, 7.8, 8.0  ±  1.0, and 8.6  ±  5.1 kcal/mol, respectively. The permeabilities 
of mouse oocytes, at 25°C, to cryoprotectants such as glycerol ( P  Gly ), ethylene glycol ( P  EG ), and 
propylene glycol ( P  PG ), when tested at hypertonic concentrations (1.5 M), are 0.02  ±  0.02, 0.6  ±  0.0, 
and 1.7  ±  0.6  !  10 –3  cm/min, with a remarkably high  E  a , 41.6, 17.3, and 20.3 kcal/mol, respectively 
(41,52). In human oocytes, the  P  EG  is 0.6  !  10 –3  cm/min (60). These data are slightly or clearly 
outside the suggested  P  f  and  E  a  values for aquaporin-mediated water and solute transport, and 
therefore they might indicate that water and solute permeation in oocytes occurs mainly by 
simple diffusion across the lipid bilayer rather than through aquaporins. This hypothesis is 
reinforced by the fi nding that water permeability of mouse oocytes is not sensitive to mercurial 
compounds or phloretin (52), known inhibitors of aquaglyceroporin function (61,62). However, it 
has also been reported that goat immature oocytes have a  P  f  of 22.3  ±  2.5  µ m/sec (63), and that rat 
immature oocytes are permeable to water ( P  f  12.8  ±  0.9  µ m/sec) and mannitol in a mercury- and 
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phloretin-sensitive manner (39). In addition, naturally obtained metaphase II mouse oocytes 
show a high and HgCl 2 -sensitive water permeability ( P  f  78  ±  3  µ m/sec) which is associated with 
higher fertilization rates (40). Although these studies did not provide  E  a  estimations for water 
or solute permeation, it seems that the role of aquaporins during water and solute permeability 
in mammalian oocytes, and subsequent viability, is not yet clear. Future studies using targeted 
aquaporin gene knockdown strategies in oocytes might help to clarify this question. 

 Similar to mammals, fi sh mature oocytes are less permeable than immature oocytes to 
water and cryoprotectants (64,65). In freshwater teleosts, such as medaka ( Oryzias latipes ) or 
zebrafi sh ( Danio rerio ), the  L  p  of fully-grown immature oocytes at 25°C has been estimated to be 
0.13 to 0.37  µ m/min/atm, whereas that of metaphase II oocytes is 0.06 to 0.1  µ m/min/atm. The 
permeability of mature oocytes to different cryoprotectants, including dimethylsulfoxide 
(DMSO), is close to zero, whereas that of immature oocytes is 1.5 to 3.0  !  10 –3  cm/min. Zebrafi sh 
mature oocytes however are less susceptible to chilling injury than immature oocytes, probably 
because they are less water permeable (66). In contrast, there appears to be increased water 
permeability in oocytes of marine teleosts undergoing meiotic maturation, due to the transient 
insertion of Aqp1b in the oocyte plasma membrane, which mediates the hydration of the oocyte 
(46,47). Such hydration may account for a three- to eight-fold increase in volume of mature 
oocytes compared with immature oocytes (47).   

 Embryo Permeability 
 A different situation is seen in mammalian embryos, where considerably higher  P  f  and  P  s  and 
lower  E  a  values are found. It has been calculated that the  L  p  and  P  Gly  at 25°C of mouse morula 
embryos are 4.4  ±  1.8  µ m/min/atm and 4.7  ±  1.5  !  10 –3  cm/min, with  E  a  values of 6.3 and 10 
kcal/mol, respectively (52). Mouse morulae are also more permeable to EG, with a  P  EG  of 10  ±  
3.7  !  10 –3  cm/min ( E  a  of 9.1 kcal/mol) at 25°C, than to other cryoprotectants such as PG or DMSO 
(41). Mouse blastocysts have an  L  p  of 3.6  ±  1.7  µ m/min/atm and an  E  a  of 5.1 kcal/mol (52), and 
the  L  p  of rabbit trophectoderm epithelium has been reported to be 1118  µ m/min/atm on day 5 
(67). The increased water and solute permeability of embryos at the morula and blastocyst 
stages correlates with the appearance of AQP3, AQP8, and AQP9 polypeptides in the plasma 
membrane of blastomeres and trophectodermal cells, and of mercury-sensitive water transport 
(51,52). In contrast, in four-cell stage embryos, when low and exclusively cytoplasmic immu-
noreaction for AQP3 and AQP9 is seen, low  L  p  and high  E  a  values (0.63  µ m/min/atm and 
11.6 kcal/mol, respectively) have been reported (52,68). Altogether, these results support the 
role of aquaporins in water and solute permeability of mammalian embryos. 

 In the mouse morula stage, however, AQP3, AQP8, and AQP9 have all been detected at 
the cell-cell contact domains of blastomeres, so the specifi c contribution of each aquaporin 
isoform in the movement of water and various cryoprotectants is unclear. Edashige and collabo-
rators (41) have recently clarifi ed the role of AQP3 through the suppression of AQP3 expression 
by injecting double-stranded RNA (dsRNA) of AQP3 at the one-cell zygote stage. The results of 
this study demonstrate that AQP3 expressed in morulae may play an important role in perme-
ability to water and neutral solutes, but this contribution depends on the concentration of exter-
nal solutes. In this study, however, suppression of AQP3 expression did not completely prevent 
glycerol and EG permeation, and therefore, it is possible that AQP9 may also be involved in the 
movement of these solutes. In addition, it has been shown that AQP3 knockout mice embryos 
can develop to term (69), which suggests that embryonic aquaporins may compensate each 
other for water and neutral solute transport during embryogenesis (41). This, however, remains 
to be demonstrated.   

 Artifi cial Expression of Aquaporins in Oocytes 
 Effective vitrifi cation of oocytes relies on the rapid permeation of cryoprotectants and water in 
the cell. The cryopreservation of mature oocytes faces an important obstacle because these cells 
appear to have low permeability to water and cryoprotectants. One proposed strategy to 
improve the permeability of mature mouse oocytes is the artifi cial expression of AQP3 (41,70) 
( Fig. 2 ). Using this approach, it has recently been reported that mouse oocytes injected with rat 
or mouse AQP3 cRNA, when exposed to a hyperosmotic glycerol-based solution (1.5 M), have 
increased water and glycerol permeability with respect to the noninjected oocytes. Most notably, 
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the survival of oocytes after vitrifi cation correlated with the values of  L  p  and  P  Gly  for each oocyte. 
Thus, those oocytes with higher  L  p  and  P  Gly  values have higher survival rates and retain the abil-
ity to be fertilized after vitrifi cation, although embryos cannot develop beyond the two-cell 
stage (70). These experiments demonstrate that over-expression of aquaporins in the oocyte 
improves survival during cryopreservation, although why subsequent development into 
blastocysts after fertilization is blocked is, as yet, unknown. 

  The over-expression of AQP3 cRNAs in mouse oocytes has also revealed unexpected phe-
nomena regarding water and solute movements under hyperosmotic conditions in both oocytes 
and morula embryos (41). In glycerol solution, both the  L  p  and  P  Gly  of AQP3-injected oocytes 
and morulae are higher than in noninjected oocytes or in morulae injected with dsRNA of AQP3, 
indicating that, in modifi ed oocytes and morulae, most water and glycerol molecules move 
through AQP3. However, in EG solution, although the  P  EG  values of both AQP3-injected oocytes 
and morulae are higher (and with a lower  E  a ) than in non-injected oocytes and dsRNA-injected 
morulae, the  L  p  values were similar. It has been hypothesized that, in the EG solution, the rapid 
permeation of EG into oocytes and morulae through AQP3 would decrease the movement of 
water to the outside through the same AQP3, because both EG and water would move through 
the same channel (41). This means that the osmotic difference inside and outside the plasma 
membrane would be lost by the rapid permeation of EG into the cell. While the mechanism 

AQP3 cRNA
Promoter

Holding pipette

CPA

Oocyte Covering pipette

Petri dish
Oocyte

AQP3

Water
CPA

(A)

(B) (C)

–AQP3 +AQP3

GV

Injection
pipette AAAAA

AAAAA

 Figure 2    Artifi cial expression of AQP3 cRNA in oocytes and effect on their permeability to water and CPAs. 
( A ) Drawing showing the microinjection of AQP3 cRNA into an oocyte, which drives translation and further 
translocation of the polypeptide into the oocyte plasma membrane. ( B ) Immunolocalization of rat AQP3 in an intact 
(noninjected, –AQP3) and a rat AQP3 cRNA-injected (+AQP3) mouse oocyte.  Source : From Ref. 70. ( C ) Schematic 
representation of the device and the procedure for direct transfer of an oocyte (solid circle) to a CPA solution (grey 
hemisphere) from isotonic culture medium (open hemisphere) using a micromanipulator system. Redrawn from 
Ref. 70.  Abbreviations : AQP, aquaporin; CPA, cryoprotectant agents; GV, germinal vesicle.    
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underlying this phenomenon is not yet understood, it may be that oocytes artifi cially express-
ing AQP3, although an increased  P  EG  can reduce osmotic stress, still might suffer major cell 
damage produced by the formation of intracellular crystals due to the reduction in water effl ux. 
This would be very unfortunate because EG seems to have relatively low toxicity as a cryopro-
tectant for mammalian oocytes, including human (60,71–74). The movement of water and EG in 
oocytes artifi cially expressing AQP3 needs to be studied in more detail before this strategy can 
be applied for successful cryopreservation of mammalian oocytes. 

 The artifi cial expression of rat AQP3 in fi sh and amphibian oocytes, as well as in fi sh 
embryos, has also been reported to improve the permeability to water and/or cryoprotectants 
(75–78). In zebrafi sh embryos, expression of AQP3 fused with a green fl uorescent protein 
increases the permeability of the yolk sac to cryoprotectants due to the ubiquitous expression of 
AQP3 in the membranes, overcoming one of the main obstacles for the cryopreservation of fi sh 
embryos which is the low permeability of cryoprotectants into the yolk (75). These studies have 
also shown that AQP3-expressing embryos develop and reproduce normally (79). It has also 
been reported that frog and fi sh oocytes expressing mammalian AQP3 show increased perme-
ability to DMSO, PG, and acetamide (76,77,80,81), which does not occur in mouse oocytes or 
embryos expressing AQP3 (41). However, in these studies fi sh and frog oocytes were injected 
with very high amounts of AQP3 cRNA (40 ng) when compared with mouse oocytes (2–10 pg), 
and it is possible that over-expression of AQP3 above physiological levels may cause abnormal 
permeation by solutes (41). 

 An additional strategy for the artifi cial expression of aquaglyceroporins in oocytes and 
embryos, not yet explored, is the use of nonmammalian aquaglyceroporin isoforms with different 
solute permeability characteristics. Recently, in zebrafi sh, which has seven aquaglyceroporins 
in the genome, we have isolated two different AQP3-like cDNAs (that share only 73% identity), 
Aqp3a, and Aqp3b, which have increased permeability to EG when expressed in  X. laevis  
oocytes (82). Similar to mammalian AQP3 (83), water and solute permeation through zebrafi sh 
Aqp3a and Aqp3b is blocked by acidic pH, but maximum permeation is at pH 8.5 ( Fig. 3 ), unlike 
mammalian AQP3, which seems to be more permeable at pH 7.5. Point mutations in the amino 
acid sequence of zebrafi sh Aqp3a increase water and EG permeability with respect to those 
of the wild type, or change the pH sensitivity. These fi ndings suggest that zebrafi sh Aqp3a 
could be used as a model for investigating water and solute movement in aquaporin-expressing 
vertebrate oocytes, perhaps offering new possibilities for cryopreservation.  

 The osmotic fl ow of water across the cell membrane is another crucial aspect during cryo-
preservation. In baker’s yeast ( Saccharomyces cerevisiae ), tolerance to rapid freezing conditions 
and expression of the water-selective aquaporins, Aqy1 and Aqy2, have been positively corre-
lated based on microarray analysis of freeze resistant mutant strains and over-expression of 
Aqp1-1 or Aqy2-1 (84). It is believed that high levels of aquaporins in the plasma membrane of 
cells allow rapid water effl ux, especially at freezing temperatures, resulting in the reduction in 
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 Figure 3    Osmotic water permeability ( P  f ), and apparent glycerol ( P  !  Gly ) and ethylene glycol ( P  !  EG ) permeability of 
 X. laevis  oocytes injected with water or 1 ng of zebrafi sh Aqp3a cRNA. For the calculation of  P  f , oocytes were 
transferred to a 20 mOsm modifi ed Barth’s solution (MBS) for 20 sec ( A ), whereas for the calculation of  P  !  Gly  and 
 P  !  EG , oocytes were exposed to isotonic MBS (200 mOsm) containing 160 mM of glycerol ( B ) or ethylene glycol 
( C ) for 1 min. Data are the mean  ±  SEM (n = 8–10 oocytes).    
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intracellular ice crystal formation and cell damage. Interestingly, a recent study reports that 
increased AQP2 translocation into the plasma membrane of rat kidney inner medullar collect-
ing duct cells, by treatment with arginine vasopressin before freezing, results in a signifi cant 
increase in cell viability on warming (85). Therefore, it is possible that the over-expression of 
water-selective aquaporins in mammalian oocytes, such as AQP1 or AQP4, which transport 
water more effi ciently than aquaglyceroporins (86), might reduce osmotic stress and intracel-
lular ice formation in oocytes, hence improving survival during cryopreservation. However, 
changes in oocyte water and/or solute permeability induced using this approach have not been 
reported.    

 CONCLUDING REMARKS 

 With the discovery of aquaporins and aquaglyceroporins in vertebrate oocytes and embryos, 
new questions on their role during oogenesis and early embryogenesis have arisen. However, 
published data can potentially provide the basis for a whole area of development on aquaporin-
based techniques for oocyte cryopreservation. From the available reports, it appears that, 
although mammalian mature oocytes, in general, have low permeability in contrast to early 
embryos and might not express functional aquaporins in the plasma membrane, transient 
artifi cial expression of AQP3 in oocytes does affect their membrane permeability and the condi-
tions suitable for cryopreservation. This fi nding opens up the possibility of testing other 
aquaglyceroporins, from mammalian or nonmammalian origin, which can be modifi ed to 
enhance selected channel functions. Also, although not yet tested, artifi cial coexpression of 
aquaglyceroporins and water-selective aquaporins may optimize the movement in and out of 
cryoprotectants and water in oocytes, reducing the time of exposure to cryoprotectants during 
vitrifi cation and the osmotic stress. However, before these methods can be successfully devel-
oped, additional research should be devoted to understanding the intracellular translational 
and post-translational mechanisms that regulate endogenous and exogenous aquaporin func-
tion both in immature and mature oocytes. This investigation will be important to optimize the 
permeability properties to water and neutral solutes of oocytes during cryopreservation.   
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 FERTILITY STORAGE: DIVERSITY AS A RULE 

 Although embryo cryopreservation is a very advantageous technique for couples resorting to 
assisted reproduction therapies, its routine use has also resulted in a series of ethical, legal, and 
religious constrains related to embryo storage and/or discarding. Some countries have limited 
or even outlawed its use, stressing the need for alternative approaches. Despite these restrictive 
decisions for infertile couples, basic investigation at the cryobiology level has been continu-
ously addressed, leading to new possibilities for female patients wishing to preserve their fertil-
ity potential. At the same time, oocyte banking has become a tangible option not only for human 
oocyte donation (1), but also to help maintain, in a safe and effi cient manner, the diversity of 
organisms that are rare, endangered, or bred for agricultural or medicinal value (2). 

 From a clinical perspective, several situations could benefi t from oocyte storage. Cases of 
premature ovarian failure, either due to intrinsic or iatrogenic causes (3,4), are a clear example, 
but a series of other situations raise equivalent concerns. These relate to legal/ethical constrains 
of surplus embryo storage, oocyte donation, or even the controversial trend of delaying parent-
hood (5). Other cases include ovarian tissue freezing (3), where concomitant antral follicle punc-
ture is advised, or oocyte pickup with no accompanying sperm collection. Each particular case 
could benefi t from oocyte storage at a particular developmental stage and, if technically opti-
mized, one should not be considered more advantageous than the other, as the several possible 
situations impose a diversity of solutions.   

 OVERVIEW OF OOCYTE DEVELOPMENTAL STAGES 

 When considering storage of ovarian tissue, cumulus–oocyte complexes (COC), or oocytes, we 
cannot avoid being confronted with both cellular heterogeneity and distinct levels of complex-
ity. From a cortical ovarian organization, rich in extracellular matrix and several cell types, to 
the cellular interactions between the immature oocyte and its surrounding cumulus cells, com-
plexity is the key theme. At the intracellular level, the oocyte displays a cytoskeleton arrange-
ment that further contributes to cellular vulnerability. In every case, the intrinsic physiological 
and biophysical characteristics of each oocyte’s developmental stage add new variables to the 
cryopreservation equation.  

 Immature Oocytes 
 Fully grown, immature mammalian oocytes are arrested at prophase I of meiosis and are char-
acterized by the presence of a prominent nucleus known as the germinal vesicle (GV). Although 
its size varies from one model to another, all oocytes must reach a species-specifi c predeter-
mined volume that seems to correspond to the ability to support correct maturation and early 
embryo development (6). In every case, the oocyte is surrounded by and metabolically coupled 
to its companion granulosa cells through microtubule- and microfi lament-rich trans-zonal pro-
cesses (TZPs) (7,8) ( Fig. 1 ). Decondensed chromosomes enclosed within the nuclear envelope 
support active transcription until the oocyte reaches its fi nal diameter (9). Depending on the 
species, microtubules can be present in an interphase-like pattern, with microtubule reinforce-
ment around the GV and at the cortex, or in a mitosis-like pattern (10,11). Dense microfi lament 
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bundles can also be observed at both the cortex and around the GV (12) and their presence can 
be related to the specifi c positioning of this organelle (13) ( Fig. 2 ). Organelles such as the Golgi 
apparatus and endoplasmic reticulum locate in the cytoplasm along with mitochondria and 
cortical granules (14). A slight degree of vacuolization is commonly found in this state (15). The 
plasma membrane is characterized by low concentrations of cholesterol and polyunsaturated 
fatty acids (16), provided with numerous microvilli projecting into the perivitelline space (17), 
and its aquaporin content has been suggested to be higher than in maturing MI or mature MII 
oocytes (18). The oocyte is surrounded by a completely assembled  zona pellucida  in which 
glycoproteins are functionally linked giving it a characteristic spongy texture. 

 Quiescent and early growing immature oocytes are also worth considering in the context 
of female germ cell preservation. The preservation of both quiescent oocytes inside primordial 
follicles and early growing oocytes in primary or secondary follicles relates to the issue of ovar-
ian cortical tissue freezing, which will not be extensively discussed in this chapter. In short, their 
potential for fertility preservation can be considered clinically relevant only when performed by 
a multidisciplinary team. This team should not only be able to guarantee proper cortical ovarian 
tissue recovery and freezing, but also to assure the technical expertise for subsequent function 
re-establishment (3,4,19). Oocytes at these developmental stages need to go through in vivo 
growth after successful ovarian tissue transplantation (20) or, theoretically, through prolonged 
culture before oocyte maturation, which we are still far from being able to manipulate in most 
large mammal models and particularly in humans (21). 

 The recovery and preservation of this pool of immature oocytes contained in the ovarian 
tissue is of signifi cant interest, considering the potential for fertility recovery in the context of 
animal and human reproduction. However, they are associated with several diffi culties that 
exclude them from current practical use. First, these cells have not acquired complete functionality 
like the fully grown immature oocyte. Second, in vitro approaches are still not effective. Third, 
freezing is particularly harmful to these follicles, as opposed to the earlier primordial stages. 
Nevertheless, in spite of all these diffi culties, its use could prove highly benefi cial, particularly in 
the context of avoiding primordial follicle exhaustion after ovarian tissue transplantation.   

(A) (B)

Figure 1 (A) Fully grown germinal vesicle of hamster oocyte surrounded by cumulus cells exhibiting microfi lament-
rich trans-zonal processes (arrows). (B) Fully grown mouse oocyte with attached cumulus cell projecting a micro-
tubule-rich transzonal process across the zona pellucida (arrow). This oocyte was mechanically stripped before labeling. 
Note a strong microfi lament staining at the oocyte cortex (arrow heads in A and B). See Color Plates on Page xvi.
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 Mature Oocytes 
 Oocyte maturation is a short process but includes many important events occurring in the 
nuclear and cytoplasmic compartments. The main players in nuclear maturation are the chro-
mosomes and the cytoskeleton, with meiotic spindles ensuring correct chromosome segrega-
tion and asymmetric cellular division. The key determinants in cytoplasmic maturation may 
well be the cumulus cells and their interactions with the oocyte, as they promote the availability 
of crucial metabolites and signaling molecules to the oocyte. These somatic cells have an essen-
tial role in maturation and, in some models such as the hamster, their presence is absolutely 
necessary until the MI stage (22). Recently it has been demonstrated in mice that immediately 
after luteinizing hormone stimulation, gap junctions between the oocyte and corona radiata 
cells are transiently closed, reopening soon afterwards (23), showing that somatic-germ cell 
communication maintains even at the latest stage of oogenesis. 

 The mature mammalian oocyte is promptly distinguished by the presence of the fi rst polar 
body in the perivitelline space. Although it retains the large volume-to-surface ratio established 
during the growth phase, its condition is now of an M-phase (mitotic or meiotic) arrested cell, 
exhibiting the meiotic spindle as its most distinctive trait. The chromosomes are equatorially 
located at the microtubular spindle, which is associated with an enriched microfi lament domain 
overlying the spindle at the oocyte cortex (24) ( Fig. 3 ). As centrioles disappear at the pachytene 
stage of prophase I, spindle poles organize from the pericentriolar material containing microtu-
bule organizing centers that include  ! -tubulin and pericentrin (24,25). In contrast to the stable, 
well-aligned equatorial plate chromosomes, the oocyte spindle is a rather dynamic structure 
where most microtubules undergo rapid cycles of assembly and disassembly (26). Mitochondria, 
evenly dispersed through the cytoplasm (27), are often arranged in association with smooth 
endoplasmic reticulum elements (either tubules or vesicles) to form voluminous aggregates and, 
less frequently, small mitochondria–vesicle complexes (28). Particularly, a pericortical distribu-
tion of high-polarized, metabolically active mitochondria has also been described (29). The typical 
cortical granules appear stratifi ed in one to three rows at the subplasmalemmal area (30). Finally, 
mature oocyte membranes are characterized by high (approximately 80%) saturated fatty acids 
and low (approximately 6%) polyunsaturated fatty acids content (31). This particular proportion 
of lipidic elements is believed to be responsible for its higher fl uidity and resistance to chilling 
injury at low temperatures in comparison with immature stages (16). 

Figure 2 Fully grown germinal vesicle of hamster oocyte with microtubule network (green) around the germinal 
vesicle (blue) and at the cortical region. This oocyte was mechanically stripped before labeling. See Color Plates 
on Page xvii.
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  A particularly relevant aspect pertaining to mature oocytes derives from in vitro maturation 
(IVM). Despite the relative success of oocyte IVM, differences between in vivo- and in vitro-
matured oocytes emerge at both cytological and molecular levels (25). Beyond the normal 
appearance of a regular metaphase II oocyte characterized by the presence of a polar body, 
in vitro-matured oocytes may display some irregular features that refl ect a diminished compe-
tence (32) and may lead to decreased resistance to cryopreservation. In the mouse, some of the 
features relate to abnormal centrosome number, loss of cell polarity, and absence of some mor-
phofunctional characteristics of a normal spindle such as a dispersed pericentrin pattern (25,32). 
Other differences regarding protein synthesis (33), translation and transcription patterns (34), 
patterns of gene methylation (35), mitochondrial distribution (36), and ATP (37) and glutathione 
content (38) have also been reported. Aquaporin content has also been suggested to be lower in 
in vitro-matured human oocytes when compared to their in vivo-matured counterparts (39). 
Although this difference may refl ect a more general culture effect upon cells, it can indicate that 
permeability characteristics of matured oocytes may be altered by culture conditions.    

 LESSONS FROM OOCYTE STORAGE AT DIFFERENT DEVELOPMENTAL STAGES 

 The current and recently reinforced belief that a limited primary oocyte pool is established at 
the time of birth (40) stresses the relevance of increasingly successful oocyte preservation 
attempts. Although much information concerning the cryopreservation of semen and embryos 
has been gathered, and turned into routine procedures, oocyte preservation at an effi cient rate 
is still an elusive task. Efforts are continuously being made to circumvent such diffi culties and 
several models have contributed to the understanding of the physiological and biophysical 
characteristics common to these cells. However, taking into account the distinctive features of 
these female gametes, diversity advises us caution in extrapolating results from one model to 
the other. 

 Over the past years, several promising results have been published regarding MII oocyte 
cryopreservation (41,42), but few have been translated to the in vitro fertilization laboratory in 

 Figure 3    In vitro-matured hamster oocyte depicting a cortical second meiotic spindle with chromosomes 
equatorially aligned and the fi rst polar body. Note the strong microfi lament labeling overlying the spindle at the 
oocyte cortex. This oocyte was mechanically stripped before labeling. Microtubules (green), microfi laments 
(red), DNA (blue).     See Color Plates on Page xvii.
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the form of a well-established protocol (43–45). The small, but increasing number of children 
born after mature oocyte preservation confi rms that the right direction has been taken, but also 
refl ects the need to pursue more effi cient methodologies. As an attempt to avoid some problems 
related to this strategy, immature oocyte preservation has gathered some attention. Reports 
span a variety of models (46–48) but despite some encouraging outcomes, only one human live 
birth after immature oocyte cryopreservation has been reported (49). 

 Survival is the fi rst challenge for oocyte freezing. Factors that infl uence oocyte survival 
relate to cryoprotectant agent (CPA) toxicity, osmotic cell shrinkage, intracellular ice formation, 
chilling temperatures, and osmotic swelling during CPA removal (50). However, one should 
bear in mind that success of oocyte cryopreservation cannot only be evaluated through cell 
survival, but more importantly through effective fertility preservation. In that sense, extending 
the evaluation of the freezing process to a functional level, both CPA type and concentration 
have been shown to infl uence post-thaw developmental potential (51–53). In particular, CPA 
infl uence depends on specifi c events such as the induced osmotic response, which in turn also 
depends on the oocyte’s developmental stage (42,54). 

 Although data on slow freezing and vitrifi cation point to increasingly higher oocyte sur-
vival rates, post-thaw events remain drastically compromised (55,56). Nevertheless, the afore-
mentioned success rates need to be carefully interpreted as they vary within a wide range of 
values (1,57), with such disparities being probably related to the degree of cellular evaluation. 
For instance, morphological assessment of a polar body or correctly assembled spindle as a 
maturation marker represents a necessarily different evaluation level when compared to a 
functional evaluation, such as fertilization and developmental competence.  

 Immature Oocyte Storage 
 Immature oocytes rely on effi cient cumulus–oocyte communication in order to correctly mature. 
Although some reports indicate post-thaw IVM as the main determinant for the technique’s low 
success rates (58,59), others point to the preservation process itself as the most important factor 
(60). Great efforts have been made over the past years with the aim of elevating both survival 
and developmental rates (42) for immature oocytes. However, freezing immature oocytes while 
maintaining its maturation potential turned out to be one of the hardest challenges in this fi eld 
as two main problems arise: ( i ) regarding TZPs and associated cytoskeleton preservation and 
( ii ) relating to distinct cell volume between germ and somatic cells. 

 Accordingly, cryopreservation protocols imply a series of conformational changes either 
during CPA equilibration or during extracellular ice formation, which can drastically modify 
the physical interaction between the two cellular compartments. Such mechanical stress is, in 
most cases, responsible for either TZP rupture or oocyte–cumulus cell membrane damage (61). 
Furthermore, a deleterious CPA effect on the actin and microtubule cytoskeleton that support 
TZPs has also been reported, leading to subsequent cumulus cell loss during freezing (62–64) 
( Fig. 4 ). All these effects are potential threats to oocyte–cumulus bidirectional communication, 
possibly compromising oocytes function. 

  Another big obstacle to maturation potential maintenance is cumulus cell survival per se. 
The huge volume difference between these cells and the oocyte hinders the optimization of a 
freezing protocol that is able to sustain the survival of both cell types (65). Even when ice crys-
tals are avoided, as with vitrifi cation, volume disproportion dictates different reactions to CPA 
concentrations. In that sense, freezing seems to act on cumulus–oocyte communication in much 
the same way mechanical stripping does (i.e., negatively affecting meiotic progression). Most 
structural abnormalities detected following post-thaw IVM relate to spindle morphology, chro-
mosome alignment (42,57,60), and modifi cations of cytoplasmic and nuclear organization (28) 
( Fig. 4 ). Although vitrifi cation has been reported to support post-thaw meiotic resumption in a 
more effi cient manner than slow cooling, spindle assembly is still highly compromised after 
IVM (66). However, all these argumentations may change soon as some teams are already suc-
cessfully vitrifying immature oocytes, and successfully maturing them in vitro afterwards 
(Brambillasca F, personal results). 

 Regarding oocyte survival, immature oocyte resistance has been associated with mem-
brane permeability and the presence of cumulus cells during CPA equilibration and freezing. 
GV oocytes have been reported to be less permeable than its mature counterparts, possibly due 
to its membrane lipidic composition (16) and cortical microfi lament network (67). Furthermore, 
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cumulus cells have been shown to render considerable protection against CPA toxicity either by 
slowing down CPA penetration in the case of ethylene glycol or by conferring protection through 
osmotic swelling during CPA removal (50). Although contrasting data indicate that cumulus 
cells may act as an obstacle to oocyte CPA uptake or even as potential ice nucleation sites (68), 
its absolute requirement for subsequent maturation dictates its presence during freezing. 

 In order to improve not only oocyte and cumulus cell survival but also maturation rates 
after freezing, a rather simple approach focused on cellular membrane protection has been pro-
posed. CPA equilibration at physiological temperature, associated with low toxicity CPA and a 
natural mixture of phospholipids and antioxidants (e.g., egg yolk) proved very effi cient in min-
imizing the negative infl uence of the most common freezing protocols. As it is not desirable to 
use a poorly defi ned animal substance in clinical settings, the development of defi ned lipidic 
mixtures with a similar protective action is a very attractive possibility. Such a rationale led to a 
series of interesting ideas on the importance of preserving membrane organization rather than 
simply aiming for cell survival. Given the importance proper cytoskeleton organization has for 
correct maturation and fertilization, greater attention should be given to protecting the inter-
play between the cytoskeleton and the plasma membrane. In that sense, membrane protection 
would be expected to indirectly promote correct cytoskeleton functioning during and following 
maturation (65). 

 Another risk for membrane integrity is the cellular organization of the COC. Distinct 
attempts to preserve the three-dimensional COC structure have focused on cytoskeleton protec-
tion, either by depolymerizing or by stabilizing it. These approaches span several models and 
some results, mostly in association with vitrifi cation, are starting to prove benefi cial in terms of 
maturation (69) and developmental potential (70,71), possibly due to better TZP preservation 
(72). Following the same rationale, reports on oocyte osmotic properties point to an elevation of 
membrane permeability after actin depolymerization possibly due to a more uniform CPA pen-
etration (67). Regarding functional studies on COC integrity following freezing, the hamster 
may prove to be an effi cient model in terms of TZP integrity evaluation, as meiotic progression 
halts at the pre-metaphase I stage if that particular communication pathway is impaired (10). In 
that sense, a statistically signifi cant improvement of the maturation potential has been observed 

 Figure 4    Cultured, fully grown hamster germinal vesicle oocyte after slow freezing and fast thawing. In this 
oocyte the absence of cumulus cells is a consequence of the cryopreservation process, negatively affecting 
meiotic progression. No mechanical stripping was done. Note the persistence of the germinal vesicle (blue) and 
the reappearance of a microtubule interphase-like network (green). See Color Plates on Page xvii.    
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following a slow cooling protocol with prior microtubule depolymerization (Rato M and Plancha CE, 
personal results). 

 Species-specifi c features also strongly contribute to diverse immature oocyte cryopreserva-
tion outcomes. One such example is the infl uence lipid content exerts over the chilling sensitivity, 
as oocytes with low lipid content such as those of the mouse, cat, rabbit, and human are more 
likely to be successfully cryopreserved than porcine, cattle, and buffalo oocytes (52). Specifi cally 
regarding the porcine model, the presence of a large number of intracytoplasmic lipid droplets 
has proven to exert a negative infl uence on the oocyte (73). Although the concept of delipation 
before cryopreservation has been introduced as a means to circumvent this problem (74) and 
even improve maturation rates (73), some recent modifi ed vitrifi cation protocols such as Solid 
Surface Vitrifi cation have yielded slight improvements regarding survival, maturation potential, 
and blastocyst production without any micromanipulation or delipation procedures (75). 

 Despite all the different approaches, immature oocytes are still functionally compromised 
by freezing. Currently, efforts to determine and protect the major targets of COC disruption are 
mainly focused on chilling, CPA, and ice crystal-related injuries. On the other hand, IVM of 
freshly collected, fully grown immature oocytes is proving its effi ciency by an increasing num-
ber of births. Regarding this immature stage, only the combination of these promising tech-
niques will allow the elaboration of a freezing protocol able to sustain cell survival, post-thaw 
maturation, and, above all, fertility preservation in a safe and effi cient manner.   

 Mature Oocyte Storage 
 Presently, mature oocyte storage will benefi t from the establishment of a preservation protocol 
with minimal interference on cell viability and maximum safeguarding of developmental poten-
tial, as survival per se does not seem to be an issue anymore, in both slow freezing and vitrifi ca-
tion protocols. Understandably, temperature-related spindle disassembly has been continuously 
addressed and although it is an ever present drawback of the current cryopreservation proto-
cols, the encouraging number of babies born from frozen-thawed mature oocytes is a feedback 
that compels us to pursue higher effi ciency. 

 For MII oocytes, osmotic stress and its associated volume changes are the main lines of 
injury during cryopreservation as it infl uences not only cell survival but also spindle organiza-
tion (76). In order to defi ne a theoretical base for the design of freezing solutions, some reports 
have been produced on the permeability characteristics of MII oocyte membranes to different 
CPAs (39,54). In that sense, the defi nition of dehydration strategies able to prevent excessive 
osmotic stress and minimize the exposure to high CPA concentration will surely prove benefi -
cial for subsequent embryonic development (76). Furthermore, specifi c permeability character-
istics of in vivo- and in vitro-matured oocytes should also be taken into account (39). The 
presence or absence of cumulus cells during mature oocyte freezing is another matter of discus-
sion. While some studies report no protective effect of somatic cells (46), others have shown a 
positive effect upon post-thaw survival and fertilization rates (77). In that context, it has been 
hypothesized that cumulus cells could render some protection against sudden osmotic changes 
induced by rapid CPA passage through the ooplasm, but an effective protection upon oocyte 
developmental competence is still to be proven. 

 Despite these and other technical adjustments, equilibration protocols still aim for the 
same gold standard: to avoid ice crystal formation with minimum infl uence on oocyte mor-
phology and physiology. Slow cooling strategies now favor higher sucrose concentrations 
and low toxic/rapid permeating CPAs (78). On the other hand, vitrifi cation focuses on achieving 
high cooling rates by minimizing freezing volumes and CPA equilibration duration in order 
to alleviate CPA toxicity (79). Nevertheless, both slow freezing and vitrifi cation should aim 
not only to improve survival but also to maintain post-thaw structural and developmental 
integrity. 

 Several reports point to structural modifi cations of the mature oocyte after slow freezing 
(28). Those include premature cortical granule exocitosis with subsequent zona hardening (14), 
loss of mitochondria polarity (29), decreased mitochondria number (27), increased microvacu-
olization (28), abnormal cytoskeleton (27,80) and spindle confi guration, chromosome scatter-
ing, and chromatid non-disjunction (24) ( Fig. 5 ). After vitrifi cation, much less modifi cations 
have been reported. Fracture and detachment of microvilli have been observed, but regarding 
mitochondria and cortical granule disposition, no alterations seem to be induced (55). It appears 



OOCYTE STORAGE AT DIFFERENT DEVELOPMENTAL STAGES 123

that not one but the combination of some of the above-mentioned effects may be responsible for 
the reported low developmental competence after either slow freezing or vitrifi cation. 

  While zona hardening is nowadays easily overcome by micromanipulation (intracyto-
plasmic sperm injection), other types of alterations can signifi cantly impair further development. 
For instance, irreversible loss of mitochondria polarity is related to abnormal regulation of free 
intracellular Ca 2+  (81). Another example is vacuolization, an important feature related to fertil-
ization failure (82) that may be associated with membrane rupture of secondary lysosomes and 
of the oolemma itself (28). Regarding the cytoskeleton, the disruption of the oocyte architecture 
and related chromosomal and cytokinesis abnormalities is a widespread concern, as it may 
ultimately lead to development failure. Most profound cytoskeleton alterations include the dis-
ruption of the subplasmalemmal microfi lament cortex, extensive appearance of cytoplasmic 
microtubular asters, and spindle disorganization with subsequent chromosome scattering (24). 
Mature oocyte exposure to specifi c CPAs was also reported as a disturbing agent for both the 
microfi lament (62) and the microtubule networks (66), while oocyte handling below physiolog-
ical temperatures (83,84), or freeze and thaw cycles (85,86), have been specifi cally related to 
microtubule depolymerization. 

 Nonetheless, most of these alterations seem partially reversible when appropriate manip-
ulation after thawing is carried out. Although similar observations of post-thaw spindle and 
cytoskeleton reassembly seem to be a widespread phenomena across different animal models 
and in humans (62,85), a species-dependent response to cooling, CPA, and cryopreservation 
cannot be disregarded (55,84). Interestingly, human oocyte handling at room temperature dur-
ing a pre-freezing equilibration series does not seem to have a signifi cant infl uence on spindle 
morphology (1,85). This observation, which contrasts with previous data (87,88), suggests a 
protective action during the equilibration period attributable to the pre-freezing medium and 
possibly related to the documented ability of some CPAs, specifi cally propanediol, to stabilize 
the spindle structure (89). 

 Figure 5    In vitro-matured hamster oocyte after slow freezing at the germinal vesicle stage. A distorted second 
meiotic spindle (green), with non-aligned chromosomes (blue), is clearly observed. Note the fi rst polar body with 
a microfi lament (red) rich region (arrow head), and several foci of premature cytoplasmic microtubule polymerization 
(arrows). See Color Plates on Page xviii.    
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 Recent reports have highlighted that spindle and cytoskeleton injuries are not the sole 
factors responsible for post-thawing developmental impairment. Beyond these morphological 
traits, DNA integrity (59), the oocyte’s proteome (90), and cell physiology (29,56) are reported to 
be modifi ed after freezing. For instance, reports on DNA fragmentation after slow freezing (59) 
or vitrifi cation (91) indicated DNA as a preferential target for cryoinjury and as a possible cause 
for low embryonic development. Strengthening this idea, the degree of injury seems to be pro-
tocol dependent and intracellular ice formation during slow cooling or devitrifi cation is indi-
cated as one of the probable causes for such damage (59). Moreover, events such as intracellular 
calcium elevation and proteome deregulation after CPA equilibration and freezing have also 
revealed protocol dependency (92). In that sense, the elimination of extracellular calcium from 
the equilibration media may alleviate such an effect (56). 

 In face of the series of alterations induced by freezing and its associated protocols, some 
modifi cations have been proposed in order to elevate both oocyte survival and competences. As 
mentioned previously, sucrose supplementation to the freezing media proved to be an advanta-
geous strategy for increased oocyte survival (78) and spindle integrity (86). Calcium removal 
from the cryopreservation media has also yielded some interesting results in terms of oocyte 
physiology (56); also, post-thaw incubation seems an advantageous proposal regarding fertil-
ization and early embryonic development (85,86). Regarding vitrifi cation, attempts to improve 
its outcome include mainly the use of freezing devices (79,93) and cytoskeletal stabilizing agents 
(69,94).    

 FINAL REMARKS 

 The continuous search for the most effi cient cryopreservation protocol has already been respon-
sible for a series of successes. The increasing numbers of babies born from frozen oocytes, along 
with reassuring follow-up results, represent the main driving force to keep pursuing top effi -
ciency. While there was a time when embryo preservation was the only available option to infer-
tile couples, the demands of a progressively more encompassing management of human 
infertility has led to new attempts at tackling the complexity of one of the largest animal cells. 
Although an ongoing task, these challenges will continue to lead us to a better understanding of 
female gamete biology, further strengthening the clinical relevance of oocytes cryopreservation.   
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 INTRODUCTION 

 The low temperature storage of mammalian oocytes at all stages of development was pioneered 
in the mouse. Sherman and Lin (1,2) began to investigate the effects of cooling and exposure to 
cryoprotectants on mouse metaphase II oocytes half a century ago. At about the same time, the 
viability of immature oocytes frozen in ovarian tissue was demonstrated by the birth of live 
young after the tissue was transplanted (3). Interest in oocyte cryopreservation waned but was 
reignited when mouse embryos were frozen in 1972 (4,5). In 1976, Parkening et al. (6) reported 
the birth of three offspring from metaphase II oocytes frozen and held at –75°C before warming, 
fertilization in vitro, and transfer to surrogate mothers. Just a year later, the possibility of pro-
longed oocyte storage became a reality when Whittingham (7) obtained live births from frozen 
oocytes that had been stored at –196°C in liquid nitrogen. Mature oocytes were vitrifi ed for the 
fi rst time in 1988 (8). Isolated immature oocytes (9) and immature oocytes contained within 
isolated ovarian follicles (10,11) were frozen successfully in the 1990s. 

 As soon as embryo cryopreservation became possible, it was recognized by biomedical 
scientists as having a vital role in safeguarding genetically important mouse strains against 
accidental loss, facilitating the transport of stocks worldwide, and sparing laboratories the enor-
mous cost of maintaining stocks not immediately required for research. Oocyte freezing was 
hailed as offering, in addition, the option of preserving the haploid mouse genome and thus 
allowing the subsequent creation of novel genetic combinations; it was soon superseded by 
sperm freezing. Currently, the major demand is for the storage of vast numbers of transgenic 
and mutant mouse stocks and for these freezing spermatozoa is often more effi cient than freez-
ing oocytes. Few laboratories regularly archive oocytes, although stocks of cryopreserved 
oocytes may be useful in specifi c projects (12–15). The mouse oocyte has served as a model for 
the development of basic cryobiological theory (16), but it is mainly the rapidly developing fi eld 
of human assisted reproduction that has sustained interest in mouse oocyte cryopreservation. 

 Human oocytes are a scarce resource. The ethics of having donors undergo ovarian stimu-
lation and oocyte collection purely to provide oocytes for research are questionable. The alter-
native of accepting oocytes from women requiring assisted conception or women donating 
primarily for clinical use, risks compromising the outcome of treatment. Furthermore, research 
in an animal model, before new procedures are adopted for clinical treatment or before a licence 
is granted for research on human oocytes, is not only sound practice but may also be a require-
ment of statutory bodies such as the U.K.’s Human Fertilization and Embryology Authority. 
The mouse has frequently been that model. 

 Mouse oocytes are available on demand in comparatively large numbers, thus enabling 
sound experimental design and valid analysis of results. Techniques for mouse superovulation, 
in vitro fertilization (IVF), embryo culture, and embryo transfer at all preimplantation stages are 
well established. In mouse, the ultimate test of oocyte viability, that is, fertilization and the proof 
of full developmental potential by the birth of normal mice, is readily available; results can be 
obtained within a month of oocyte cryopreservation. The bicornuate uterus of the mouse allows 
the transfer of control embryos and experimental embryos obtained from cryopreserved oocytes 
into the same foster mother (17), with a concomitant increase in statistical power. 

 Most of the problems, whether real or potential, associated with cryopreserving human 
oocytes were identifi ed initially in the mouse. These include low and variable rates of survival 
(7,18–20), reduced rates of fertilization in vitro (7,18,21), and an increased occurrence of poly-
ploidy in embryos obtained by IVF from frozen oocytes (18,21). The potential for disruption of 
the metaphase spindle and chromosome scattering during cooling (22) raised the spectre of an 
increased occurrence of chromosome nondisjunction after fertilization of cryopreserved oocytes, 
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with a resultant production of aneuploid embryos (21). Some potentially deleterious effects of 
cryopreservation on oocyte physiology have been identifi ed recently (23). 

 The aim of this chapter is to provide an historical perspective of developments in mouse 
oocyte cryopreservation and to indicate how research on the mouse metaphase II oocyte helped 
to lay a foundation for the introduction of oocyte freezing into clinical practice.   

 SURVIVAL, FERTILIZATION AND VIABILITY 

 Mouse oocytes are cryopreserved by slow controlled rate freezing or by vitrifi cation. The out-
come of cryopreservation, fertilization in vitro, and subsequent development in vitro and 
in vivo in some key studies is summarized in  Tables 1    –  4 . The lists are not comprehensive but 
other references are included in the text. 

  The survival and subsequent viability in vitro of frozen mouse oocytes ( Table 1 ) is vari-
able, ranging from just 4% of oocytes surviving and none being fertilized normally (data not 
shown in  Table 1 ) (24,51) to rates of survival and fertilization of  ! 80% or more and subsequent 
development to blastocysts of >65% of the embryos obtained (25,26,28). This variability is per-
haps not surprising given the number and interdependence of the factors, from mouse strain 
through all the stages of cryopreservation and handling in vitro, that contribute to success. 

 Most of the methods reported for oocyte freezing were derived empirically from those 
proven for mouse embryo storage, although, notably, a procedure identifi ed as optimal in a 
theoretical exercise (30) corresponds closely with that previously followed by several groups 
(7,21,25,28,29). Further refi nement of this procedure appeared to increase survival and fertiliza-
tion rates (31), but the comparison was made retrospectively. Typically, cumulus enclosed or 
cumulus free oocytes incubated at  ! 0°C with 1.5 M dimethylsulfoxide (DMSO) are cooled 
slowly (0.3–0.5°C/min) to temperatures between –30°C and –40°C or below –65°C before rapid 
cooling and storage in liquid nitrogen. Oocytes are thawed slowly ( ! 8–20°C/min) or rapidly 
(>200°C/min) before dilution of the cryoprotectant. The permutations of the procedures for 
equilibrating the oocytes with the cryoprotectant before cooling and returning the thawed 
oocytes to isotonic conditions (19,24,28,31,34,52 for example), are too numerous to list, but exert 
profound effects on survival and fertilization. The presence or absence of the cumulus cells 
(data not shown in  Table 1 ) during freezing is usually considered to have no infl uence on sur-
vival (7,28), although one group (24) reported that their removal before cooling decreased survival 
from 72% to 5%. 

 DMSO has been the cryoprotectant of choice for mouse oocytes ( Table 1 ) and in that 
respect the mouse is not a good model for humans, because after some initial success (53,54), 
DMSO was soon replaced by 1,2-propanediol (PrOH) in combination with sucrose for freezing 
human oocytes (51,55,56). The use of PrOH in mouse was limited by reports of poor survival 
(4%) after freezing (51) and an increased incidence of oocyte degeneration and parthenogenetic 
activation after exposure to PrOH at temperatures above 0°C (57–59). One group (19) reported 
similar, albeit low (49–63%), rates of survival after freezing in DMSO or PrOH, whereas 87% of 
oocytes survived in a mixture of DMSO with PrOH. The adverse effects of PrOH in mouse may 
be mediated by the protracted rise it induces in levels of intracellular calcium, similar to that 
seen at fertilization (60). Recently, however, Stachecki et al. (32–34) demonstrated that when the 
sodium content of the medium is reduced, PrOH is highly protective for mouse oocytes. The 
rates of survival (76–90%), fertilization (70–85%), and development in vivo (48%) were similar 
to the highest rates achieved with a conventional medium and DMSO (survival 80–91%; fertil-
ization 75–86%; development of normal fetuses 56%) (28). A similar approach was successfully 
applied in human and several live births have resulted (61,62). Glycerol, although protective, is 
usually considered impractical for the cryopreservation of oocytes because equilibration and 
return to isotonic conditions, which is compatible with survival and development similar to 
oocytes in DMSO, takes a total of two hours at 37°C (26). 

 After initial enthusiasm in the 1990s few attempts have been made to develop mouse oocyte 
vitrifi cation ( Table 2 ), refl ecting in part the lack of demand from the scientifi c community to 
archive mouse oocytes (12). The challenge of cryopreserving the temperature sensitive oocytes 
and embryos of some domestic species has led to signifi cant advances in the approach to vitrifi ca-
tion (63), but these have not been pursued systematically in mouse. Nonetheless, the mouse oocyte 
is still seen as a model in which to investigate the effects of vitrifi cation on cell physiology (23). 
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 Mouse oocytes were fi rst vitrifi ed (8) in solution VS1 (a mixture of DMSO, PrOH, acetamide, 
and polyethylene glycol) introduced by Rall and Fahy (64) for embryo vitrifi cation, but the out-
come was very discouraging: survival (71%) was similar to that of frozen oocytes, but fertilization 
(27% vs. 58%) and subsequent embryo development were low. An increased number of abnormal 
fetuses was seen after the transfer of embryos derived by IVF from oocytes exposed to the solu-
tion, with or without vitrifi cation. In addition, the vitrifi cation and warming procedures were 
cumbersome, involving prolonged stepwise addition and removal of cryoprotectants, partly at 
room temperature and partly at 4°C. For more than a decade, research focused on developing 
safer solutions and minimizing the toxic and osmotic damage sustained when oocytes were equil-
ibrated with the cryoprotectants before cooling and when the cryoprotectants were removed after 
warming (38–42,44–48). Increased rates of survival (80–95%) and fertilization (>80%) resulted 
from some of the modifi cations (38,40,42,45–48) but the variability between samples (41,42,47) 
was a major drawback. 

 The newer methods of vitrifi cation, which combine increased rates of cooling and warm-
ing with lower concentrations of cryoprotectants (63), have been applied sporadically in mouse 
(15,35,37,49,60,65). Given the variety of solutions and containers used, it is meaningless to com-
pare the relative success of the different approaches, particularly as fertilization was in some 
cases assisted either by breaching the zona pellucida before insemination (35) or by injecting 
sperm into the oocyte cytoplasm (ICSI) (15). 

 There is no consensus about the capacity for development in vitro of embryos derived 
from oocytes frozen in DMSO, although it is clear that those obtained from oocytes frozen in 
PrOH have a reduced capacity to form blastocysts in vitro ( Table 1 ). When embryos were trans-
ferred at the two-cell stage to the oviducts of foster mothers, their potential for development to 
late-stage fetuses (7,21,28,50) or live mice (6,7) was unimpaired, although sometimes the num-
ber of embryos transferred was low. In contrast, when the embryos were cultured to the blas-
tocyst stage before transfer, their capacity for full fetal development was signifi cantly reduced 
compared with controls obtained from fresh oocytes fertilized in vitro (29,35) or blastocysts 
developed in vivo (50). It is pertinent for application in human assisted conception to speculate 
that embryos derived from frozen oocytes have a reduced ability to withstand the stress of 
prolonged culture. 

 Most groups report similar development in vitro among embryos obtained from vitri-
fied and fresh oocytes ( Table 2 ). The high postimplantation losses and recovery of abnormal 
fetuses in the first report of oocyte vitrification (8) raised alarm about the risky nature of 
vitrification. Subsequent studies ( Table 4 ) on the first generation of vitrification solutions 
with cryoprotectant concentrations >6 M confirmed the reduced developmental potential 
in vivo (38,42). After the transfer of embryos of hybrid and inbred mouse strains obtained 
from oocytes vitrified with lower concentrations of cryoprotectants, development to late 
stage fetuses (35) and the live birth rate (15) were significantly impaired. Wood et al. (42) 
reported similar rates of implantation for two-cell embryos from oocytes vitrified in 6 M 
DMSO and controls; but the postimplantation losses were almost doubled in the vitrified 
group (49% vs. 27%). In contrast, two years later in the same laboratory with a similar vit-
rification solution, postimplantation losses (37%) were lower than previously reported 
(49%) and did not differ from unfrozen controls (44%) (43). An inspection of laboratory 
records showed that rates of postimplantation loss among controls in several studies varied 
from 17% to 44%, suggesting that caution must be exercised when interpreting viability 
data as factors unrelated to cryopreservation may influence the outcome of the embryo 
transfers. 

 Comparisons between slow controlled rate freezing and vitrifi cation have claimed the 
superiority of vitrifi cation according to several criteria, including oocyte survival (35,37,66), 
fertilization (35,37), zona hardening (66), development in vitro (35–37) and in vivo (35), blasto-
cyst cell number and the allocation of cells to the inner cell mass (35), post-warming ultrastruc-
ture (35–37), and post-cryopreservation metabolism (35) and protein expression (60). In only 
two of these comparisons (35,37) were the freezing procedures suitable for  mouse  oocytes but in 
neither was the outcome of freezing equal to that achieved previously with conventional (28) or 
sodium depleted (34) medium. Vitrifi cation may well offer a more reliable approach than freezing 
for oocyte cryopreservation, but until the fi ndings are confi rmed for oocytes frozen according to 
procedures that are appropriate and  reliable  for  mouse  oocytes the conclusions must be treated 
cautiously.   
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 FAILED FERTILIZATION AND ZONA HARDENING 

 Conventional freezing in DMSO reduces the rate of fertilization by up to 50% among mouse 
oocytes inseminated in vitro (7,18,21,26,27,30,67,68). The cause of this reduction lies primarily at 
the level of the zona pellucida: DNA labelling showed that sperm had not penetrated the zona 
in about 80% of oocytes in which fertilization failed (68); fertilization was restored to control 
levels by zona-drilling (67) or complete removal of the zona (68) before fertilization in vitro. The 
“hardening” of the zona of frozen oocytes that inhibits sperm penetration is generally attrib-
uted to exocytosis of the cortical granules, similar to that triggered by the entry of the fertilizing 
spermatozoon (69,70), although evidence of premature cortical granule release was not always 
found (68). Alternative mechanisms may be involved in the inhibition of sperm entry, or it is 
possible that only a subpopulation of cortical granules is released during cryopreservation 
(36,68,71,72). Whatever the mechanism, some oocytes are plainly less susceptible than others as 
fertilization is rarely a total failure. 

 The effect of vitrifi cation on fertilization is more diffi cult to dissect. The only study specifi -
cally addressing the question (65) reported a signifi cant decrease in fertilization in oocytes vitri-
fi ed in solutions containing DMSO and ethylene glycol (EG). Early attempts to vitrify mouse 
oocytes in solutions containing  ! 6 M penetrating cryoprotectants resulted in comparatively high 
rates of fertilization ( Table 2 ), although these were often signifi cantly lower than in controls 
(8,38,41,42) and with extreme variability between individual samples of oocytes (41,42,45–47). 
With lower concentrations of cryoprotectants (35,36,49), fertilization was similar in vitrifi ed and 
control oocytes, whether (35) or not (36,49) the zona was breached before insemination. 

 Different stages of the cryopreservation procedure have been implicated in zona harden-
ing, including cooling to temperatures close to 0°C (73) and exposure to cryoprotectants (DMSO, 
PrOH, EG) at temperatures above 0°C (60,65,69,70,74). Attention usually focuses on the effect of 
exposure to cryoprotectants before cooling, but the period after thawing appears to be equally 
important for zona hardening (74) and the maintenance of high rates of fertilization in frozen 
oocytes (28,31,32,52). The time course of zona hardening as a result of cryoprotectant exposure 
at or above room temperature warrants further investigation, as it has implications for the 
development of vitrifi cation procedures. 

 The release of cortical granules after sperm entry is mediated by a rise in levels of intracel-
lular calcium and it is tempting to speculate that a similar mechanism is effective during cryo-
preservation: Exposure of mouse oocytes to PrOH and EG at room temperature (60,75,76) and 
to PrOH, DMSO or EG at 37°C (60,65) increased the level of intracellular calcium and hardened 
the zona. The effect on calcium levels of equilibrating oocytes with DMSO at 0°C, the most com-
mon procedure for mouse oocyte freezing ( Table 1 ), has not been tested. Removing calcium 
from the medium reduced the rise in intracellular calcium in response to PrOH and EG but not 
to DMSO (60,65), indicating that in the response to DMSO calcium is released from internal 
stores. Vitrifi cation in calcium-free medium containing EG, DMSO and sucrose, or freezing in 
calcium-free medium with PrOH and sucrose, signifi cantly reduced zona hardening and 
increased the rate of fertilization (60,65). The development in vitro of the vitrifi ed embryos was 
similar to controls (65) but the full potential of embryos cryopreserved in the absence of calcium 
remains to be demonstrated in vivo. 

 The problem of failed fertilization is easily overcome in mouse. Simply breaching the zona 
pellucida (32,35,67) removes the barrier to sperm penetration, but the risk of polyspermic fertil-
ization precludes this approach in human. Zona hardening is prevented by freezing and recov-
ering oocytes in medium containing a protective protein supplement (25,28,32). The rates of 
fertilization in frozen oocytes were increased almost to that in freshly collected oocytes when 
the medium was supplemented with fetal bovine serum (FBS) instead of bovine serum albumin 
(BSA) (28). The risk of disease transmission from animal-derived proteins prohibits the addition 
of FBS to media for human use; a possible alternative, human serum albumin (HSA), appears to 
offer no protection (77) but the effect of rHSA is not known. Seemingly minor modifi cations of 
the cryopreservation procedure may be suffi cient to maintain high rates of fertilization in mouse 
without the addition of FBS (31,52). Cryopreserved human oocytes have been fertilized almost 
exclusively by ICSI since the mid 1990s (56,78,79) but freezing protocols have changed consider-
ably since then. In the light of a recent report of similar rates of fertilization (82–83%) in frozen 
oocytes achieved with conventional IVF and ICSI (80), it is perhaps timely to question the need 
for universal ICSI.   
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 CYTOSKELETON AND CHROMOSOMES 

 Events in the oocyte during fertilization and the fi rst cleavage division depend upon a functional 
cytoskeleton. Species differences in cytoskeletal organization make it unwise to extrapolate the 
effects of cryopreservation in mouse directly to human (81,82). Nevertheless, the possibility that 
cryopreservation may compromise the cytoskeleton prompted extensive research in the mouse, 
with attention focused primarily on the resilience of the metaphase spindle. 

 There is extensive evidence that cooling and exposure to cryoprotectants have profound 
effects on spindle morphology and chromosome location (22,58,59,83–89). Stabilization of the 
spindle with paclitaxel (Taxol TM ) before vitrifi cation had no infl uence on survival (>80%) but 
promoted blastocyst development (59% vs. 24%) (13), although others (35) have reported higher 
rates of blastocyst development (>90%) with better developed inner cell masses in the absence of 
a stabilizer. In practice, “Does cryopreservation disrupt the spindle?” is not the relevant question. 
It is more important to know whether the spindle can reorganize and function normally after 
warming. A remarkable number of cryopreserved oocytes have apparently normal spindles with 
correctly aligned chromosomes immediately after warming or after a period of recovery at 37°C 
(13,31,37,49,66,88,90–93), although, in a signifi cant proportion the spindle remains disorganized 
(31,37,49,66,90). However, spindle morphology does not necessarily correspond with function 
and, with few exceptions (93), the cryopreservation protocols tested have not yet been estab-
lished as compatible with high rates of post-fertilization embryonic development in mouse. 
Non-invasive examination of the oocyte spindle (87) will provide an opportunity to associate 
cryopreservation induced changes with subsequent viability in vitro and even in vivo. 

 Cytogenetic analysis of zygotes obtained by IVF from cryopreserved oocytes has pro-
vided convincing evidence for the normality of spindle function in those oocytes that are able 
to complete meiosis. The occurrence of aneuploidy at the fi rst cleavage division is similar in 
embryos derived from frozen or vitrifi ed oocytes and untreated oocytes (21,27,31,37,43,94,95). 
An early report (8) that vitrifi cation and freezing increased the occurrence of aneuploidy has not 
been confi rmed. There is little doubt that the fear of chromatid nondisjunction in cryopreserved 
mouse oocytes is unfounded, and the same appears to be true in human (96). 

 The microfi lament network of the oocyte has a vital role in its structure and function, 
infl uencing, for example, the viscoelasticity of the cytoplasm, cortical granule exocytosis, chro-
mosome movements, extrusion of the second polar body, movement of the pronuclei, and the 
fi rst cleavage division. The effect of cryopreservation on this network has received little atten-
tion, although it has been known for almost 20 years that its organization is disturbed by cool-
ing and exposure to cryoprotectants (82,97). Freezing and vitrifi cation disrupt the intermediate 
fi laments (36) and the network of cortical actin (31), although the latter recovers after incubation 
at 37°C. In a novel approach (98), proactive disassembly of the F-actin network before freezing 
preserved oocyte viscoelasticity, increased post-thaw survival, had no infl uence on fertilization, 
and promoted development in vitro. The potential of the embryos to develop after transfer 
in vivo remains to be evaluated. The authors suggest that this treatment prevents the stresses 
of osmotic shrinking and swelling from being transmitted to the plasma membrane and 
intracellular organelles. 

 The increased incidence of polyploidy, usually triploidy, in embryos derived from cryo-
preserved mouse oocytes is undisputed (8,21,27,31,43,94,95), although the source of the extra 
set of chromosomes in the triploid zygotes is more contentious. Morphological and cytogenetic 
analyses implicated retention of the second polar body (18,27), and this was presumed to be the 
result of a damaged microfi lament network. Triple staining of microfi laments, microtubules, 
and DNA in combination with interference contrast microscopy to locate sperm tails also identi-
fi ed the extra chromosomes as maternal. However, the abnormal spindle remnants in all the 
digynic zygotes and the observation that 40% (5 out of 12) had extruded a second polar body 
lacking chromatin led the authors (31) to suggest that a failure of spindle rather than microfi la-
ment function was the cause of digyny. In contrast, when frozen (95) and vitrifi ed(43) oocytes 
were parthenogenetically activated to allow cytogenetic examination of the maternal chromo-
somes in isolation, the incidence of digyny was low in cryopreserved and control oocytes alike, 
leading to the conclusion that the increased polyploidy is of paternal origin. The incidence of 
polyspermic fertilization in cryopreserved oocytes has not been examined directly but could be 
clarifi ed by counting decondensing sperm heads in the oocyte cytoplasm. The possibility of 
producing polyploid embryos has not deterred the use of cryopreserved oocytes in assisted 
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conception, as it is usual practice to examine all oocytes for evidence of normal fertilization 
while the pronuclei are still visible. Nonetheless, it is possible that a small proportion of triploid 
zygotes, in which the second polar body is extruded but both sets of maternal chromosomes are 
retained within one pronucleus (31), may be scored as normal.   

 CRYOPRESERVATION AND OOCYTE PHYSIOLOGY 

 Understanding the infl uence of cryopreservation on oocyte physiology will provide more effec-
tive endpoints than those currently used, that is, survival, fertilization and, to a lesser extent, 
development in vitro, for the development and refi nement of new protocols (23,99). It has 
already been shown that cryopreservation alters oocyte metabolism (35), calcium signalling 
(60,65,76), and mRNA and protein expression (60,99). Pyruvate uptake was signifi cantly reduced 
in frozen and vitrifi ed oocytes compared with controls (35). Exposure to common cryopro-
tectants as well as the complete sequence of cryopreservation (60,65,75,76) causes a rise in levels 
of intracellular calcium, and thus may modify the downstream events of fertilization and 
embryo development. Exposure to PrOH and freezing (100,60) resulted in both up and down 
regulation of proteins but vitrifi cation in a solution without PrOH had a less marked effect (60). 
Freezing decreased expression of the gene  CD9 , which is associated with female infertility in 
mice, possibly as a result of its role in sperm–oocyte fusion (99). The value of some of these data 
for frozen oocytes is limited by the use of protocols appropriate for freezing human rather than 
mouse oocytes (60,99,100). DMSO, the cryoprotectant preferred for mouse oocytes, modifi es 
calcium signalling at 37°C (65) but its effects under conditions that would be used prior to freez-
ing have not been tested. The effect of cryoprotectants at 37°C is more relevant for oocyte vitri-
fi cation than freezing, and it is encouraging that vitrifi cation in medium containing DMSO, EG, 
Ficoll, and sucrose appears to have less impact on oocyte physiology than freezing in PrOH and 
sucrose (35,60,65). It is unclear, however, whether the difference refl ects an advantage of the 
vitrifi cation procedure per se or the choice of a solution appropriate for the cryopreservation of 
 mouse  oocytes.   

 CONCLUSION 

 The value of the mouse oocyte in basic cryobiological research was recognized half a century 
ago. It offers the ultimate test of cell viability, that is, the birth of normal offspring and, because 
of its ready availability, has been used widely in the development of procedures for freezing 
mammalian oocytes. The ability of embryos resulting from the in vitro fertilization of frozen 
mouse oocytes to develop normally after transfer in vivo, provided reassurance and paved the 
way for the introduction of oocyte freezing in human assisted conception. The problems associ-
ated with oocyte freezing were fi rst identifi ed in the mouse; however, the extent to which the 
mouse has been a good model in which to investigate them has varied. In contrast with freez-
ing, the mouse oocyte has contributed little as a model for human oocyte vitrifi cation, except 
perhaps to discourage vitrifi cation in the “fi rst generation” solutions in which survival was 
extremely variable and had potentially deleterious effects on embryonic development. It seems 
likely that the mouse oocyte will continue to be seen as a model in which to assess the effects of 
cryopreservation on oocyte physiology, but this raises the fundamental issue of its suitability 
for testing cryopreservation procedures that are appropriate for the human rather than the 
 mouse  oocyte.     
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 INTRODUCTION: THE PRIVILEGED ROLE OF DOMESTIC SPECIES IN MAMMALIAN EMBRYOLOGY RESEARCH 

 In contrast to many other fi elds of science, domestic animal research has pioneered advance-
ments in some fi elds of reproductive biology including embryology and cryopreservation. 
Besides the well-know achievements in somatic cell nuclear transfer (1,2), considerable suc-
cesses have been achieved in cryopreservation of spermatozoa (3) and preimplantation stage 
embryos (4,5). These discoveries were often made in parallel with or even preceding those in 
experimental animals. These results have had enormous consequences both on the practical 
application (e.g., commercial artifi cial insemination and frozen embryo transfer in cattle) and 
on the advancement of research in other mammalian species including humans. Recent achieve-
ments in the establishment of new cryopreservation, embryo culture, and gender determination 
methods, as well as the impressive advancement in the fi eld of transgenic research, indicate that 
this positive trend will continue in the future. 

 There are three reasons that may explain the privileged role domestic species play in 
embryology research. First, there is easy and inexpensive access to almost unlimited numbers 
of oocytes in many domestic species including cattle, pig, and sheep. These animals are slaugh-
tered in huge numbers and their ovaries are routinely discarded. Logistics is the only problem 
in obtaining these ovaries. (The relatively handicapped situation in equine embryology may at 
least be partially attributed to the less amenable access to horse oocytes.) Second, there is 
considerable pressure from the animal breeding industry for rapid genetic advancement using 
the most advanced technologies available. Practical ways need to be discovered for widespread 
on-fi eld application. This pressure is especially strong in species with small litters, long gestation, 
and large size (to gain more from investment). This may explain the long-existing differences in 
the overall effi ciency of embryo technologies in cattle versus pigs. (This gap, however, has 
closed rapidly during the past few years with pig embryology needed for highly profi table 
industrial biomedical application). The third factor that may explain the advanced status of 
domestic animal embryology is that there are many similarities between the features of oocytes 
and embryos from both domestic species and humans, in contrast to those from experimental 
animals. Although the mouse is still the preferred animal model for human embryology, some 
techniques (including cryopreservation of oocytes) can be performed more easily in the mouse 
than in the human. This makes the mouse species suboptimal for the development of more-
effi cient, less harmful oocyte cryopreservation technologies. The opposite problem occurs in 
rats. To obtain large quantities of oocytes from other experimental animals seems to be too 
complicated and expensive for most laboratories compared to domestic species.   

 CRYOPRESERVATION OF MAMMALIAN OOCYTES: GENERAL FEATURES 

 In contrast to male gametes, where freeze-drying and room-temperature storage may maintain 
fertilizing ability [although not viability (6)], at present the only available way for long-term 
preservation of mammalian oocytes is storage below –150°C, in practice at or around –196°C. 
The oocytes are immersed in or kept slightly above the level of liquid nitrogen. In other fi elds 
of cryobiology, storage itself is not the demanding part of the cryopreservation process, most 
problems occur at cooling and warming. Various kinds of injuries may occur during these 
processes including ice crystal formation, chilling injury, osmotic and toxic damage and frac-
ture of the samples (7–9). The challenge is to minimize these injuries as well as to increase the 
resistance and regeneration ability of the sample. The two major cryopreservation techniques 
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that have emerged over the past decades for oocytes and embryos use different approaches to 
achieve these goals. While traditional slow-rate freezing attempts to establish a balance between 
various sources of injuries by minimizing all of them to a tolerable level, vitrifi cation focuses on 
the total elimination of ice crystal formation. Vitrifi cation reduces chilling injury due to the 
rapid passage through the dangerous temperature zones above and slightly below 0°C (10,11). 
This was initially observed to be a by-product of vitrifi cation; however, it is now seen as the 
integral element of the technique. In mammalian embryology, these strategies have become 
increasingly important for cryopreserving samples from many different species at various 
developmental stages. 

 Unfortunately oocytes from almost all mammalian species are very sensitive to cryoinju-
ries, and to store them successfully is one of the ultimate challenges in reproductive cryobiology. 
Reasons for this sensitivity have been described in detail elsewhere (12) and are also discussed 
in other chapters of this book. Briefl y, major factors may include the  extreme size and round shape , 
making the equal distribution of cryoprotectant solution within the oocyte diffi cult to achieve 
without side effects such as toxic and osmotic injuries; sensitivity to  chilling injury  that may 
cause irreversible damage to cytoplasmic lipid droplets, and serious, although potentially 
reversible damage to the meiotic spindle and membranous structures (13–17). The shock caused 
by the cryopreservation process may also induce  premature release of cortical granules , conse-
quently hardening the zona pellucida and reducing sperm penetration. 

It should be noted, however, that there are some reservations regarding the above factors 
and their effects. Zygotes have at least the same size and exactly the same shape as oocytes; 
however, in many species they are much less sensitive to cryoinjuries. Pig oocytes and early 
embryos suffer irreversible chilling damage during slow-rate freezing, supposedly due to the 
extreme amount of cytoplasmic lipid droplets ( Fig. 1 ), while cat embryos with similar amount 
of lipid droplets have been successfully cryopreserved by both traditional freezing and vitrifi ca-
tion (18). Damage to the meiotic spindle does not occur in immature [germinal vesicle (GV) 
stage] oocytes theoretically, making these earlier, immature stage oocytes less prone to cryoinju-
ries. However, in most species, the cryopreservation of GV stage oocytes is much more demand-
ing than that of matured ones (17,19,20). Explanations for this phenomenon include the changing 
permeability of membranes as observed in goat oocytes by Le Gal et al. (21). Recently, concerns 
were also raised regarding the commonly believed dramatic effect of zona hardening (8). 

  Other, practical factors have also hampered advancement in this fi eld. Paradoxically, the 
need for oocyte cryopreservation may be far less important than that of preimplantation stage 
embryos in domestic animals. As mentioned earlier, fresh oocytes can be obtained anytime in 
large quantities for experimental purposes. When the genetics is important, a much safer option 

50mm

(A) (B)

 Figure 1    Mature pig ( A ) and human oocytes ( B ). Pig oocytes contain lipid droplets that are believed to increase 
the sensitivity of these cells to cryodamage. See Color Plates on Page xviii.    
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is to perform either in vitro or in vivo fertilization with commercially available semen and 
cryopreserve these embryos before transfer for logistic reasons. Long-term storage of oocytes 
would be required only in special situations and does not attract much research money. On the 
other hand, as mentioned earlier, methods for mouse oocyte cryopreservation were available 
decades ago, but this approach was effi cient for that species only. Among other factors the lack 
of pressure to advance domestic and experimental animal embryology contributed consider-
ably to the prolonged ineffi ciency of mammalian oocyte cryopreservation in many species 
including humans. 

 However the rapidly increasing, almost imperative need to establish effi cient protocols 
for human oocyte cryopreservation has generated a considerable demand for an appropriate 
animal model, and the most feasible choice was to test new methods in cattle and pigs. During 
the past decade this approach has become quite successful, especially in the fi eld of vitrifi cation. 
Based on established techniques, new areas of application were discovered in domestic animal 
embryology. These include the preservation of oocytes from rare and endangered species or 
from animals with special genetic value for potential future breeding programs.   

 ACHIEVEMENTS WITH DOMESTIC ANIMALS 

 As can be concluded from the previous chapter, the initial advancement in the cryopreservation 
of oocytes in domestic species has been far less impressive than that of preimplantation stage 
embryos ( Table 1 ). The fi rst calf born from traditionally frozen oocytes was reported by Fuku 
et al. only in 1992 (22), 15 years after the fi rst mouse pup (30) and 6 years after the fi rst human 
baby (31). On the other hand, oocyte vitrifi cation was rapidly adapted to cattle, with the birth of 
the fi rst offspring in the same year as that from traditional freezing (23). This occurred just three 
years after the birth of the fi rst mouse pup (32), preceding by seven years the fi rst publication 
reporting human success (33). In contrast to humans and the mouse, since the very fi rst suc-
cesses, vitrifi cation has become the dominant approach for oocyte cryopreservation in domestic 
animals. 

  Oocyte vitrifi cation has become less demanding and more effi cient with the introduction 
of purpose-designed tools to increase cooling and warming rates. This has resulted in off-
spring born after double-vitrifi cation, using both matured oocyte and blastocyst stage embryos, 
after in vitro fertilization (34). A similar technical approach was followed to produce calves 
after vitrifi cation of immature oocytes. These immature oocytes underwent subsequent in vitro 
maturation, fertilization, and transfer with or without a second round of blastocyst vitrifi ca-
tion (24,35). Vitrifi cation of enucleated cattle oocytes resulted in full-term development of 
calves after embryonic cell nuclear transfer (25). The same method when applied to matured 
oocytes before enucleation eventually led to the birth of a healthy calf after somatic cell nuclear 
transfer (26). 

 Table 1    Offspring Born after Oocyte Cryopreservation in Domestic Animals  

Species Reported by Method, sample, and further treatment

Cattle Fuku et al. (22) Slow freezing, IVM oocytes, IVF
Cattle Hamano et al. (23) Vitrifi cation, IVM oocytes, IVF
Cattle Vieria et al. (24) Vitrifi cation, immature oocytes, IVF
Cattle Booth et al. (25) Vitrifi cation, IVM oocytes, embryonic cell NT
Cattle Hou et al. (26) Vitrifi cation, IVM oocytes, somatic cell NT
Pig Li et al. (27) Vitrifi cation, delipated IVM oocytes, somatic cell NT
Horse Maclellan et al. (28) Vitrifi cation, in vivo-matured oocytes, IVF
Buffalo Neglia et al. (29) Vitrifi cation, IVM oocytes, IVF

 Abbreviations : IVF, in vitro fertilization; IVM, in vitro maturation; NT, nuclear transfer.
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 For a long period of time pigs were regarded as the most challenging domestic species to 
work with from an embryologist’s point of view due to extreme sensitivity to any in vitro 
procedures. Additionally, for animal breeders the large litter and short gestation and generation 
interval makes porcine embryology far less attractive commercially than that in cattle. How-
ever, disadvantages from the breeders’ point of view may become advantageous when bio-
medical application is considered. Similar features (size, genetics, organ structure, etc.) to 
humans make pigs excellent candidate animals for various applications including xenotrans-
plantation and disease models. To achieve these goals genetic modifi cations are required, and a 
well-established embryology background seems to be indispensable. Accordingly, during the 
fi rst decade of the 21st century, research in this direction has accelerated dramatically and 
resulted in rapid advancement predominantly in the fi eld of somatic cell nuclear transfer (36). 
It should be acknowledged retrospectively that many proposed diffi culties could be eliminated 
relatively easily with the application of a simple, proper approach. 

 With cryopreservation however, the extreme chilling sensitivity has made the advancement 
very challenging, even though vitrifi cation of in vivo-derived pig embryos, with high cooling 
and warming rates, has eventually resulted in piglets being produced without any additional 
treatment (37). Zygotes, early cleavage stage embryos, and especially oocytes did not survive 
the procedure. It was discovered that the only possible way to obtain survival was to physically 
remove the most sensitive structures, namely the lipid droplets, from the cytoplasm. A method 
was originally introduced to delipate embryos by high-speed centrifugation with subsequent 
micromanipulation (38), however, this was rather complicated for routine application. A modi-
fi cation of the technique [partial zona digestion followed by centrifugation, creating a larger 
perivitelline space permitting complete separation of lipid droplets from the cytoplasm during 
and after centrifugation (39)] has made the delipation technique more practical and compatible 
with some new in vitro procedures including handmade cloning. Eventually these delipation 
techniques resulted in live piglets after somatic cell nuclear transfer using either zona-included 
or zona-free vitrifi ed oocytes (27,40). 

 The third domestic species where offspring were obtained after cryopreservation of 
oocytes is the horse, and the successful method was again vitrifi cation (28). Finally, a birth 
was also reported after the vitrifi cation of buffalo ( Bubalus bubalis ) oocytes (29). So far, there 
has been no report published regarding the birth of live offspring from sheep and goat, 
although vitrifi cation of ovine oocytes has already resulted in late-stage fetuses (Ledda, personal 
communication). 

 The initial, sporadic successes have demonstrated the possibility of live births from sheep 
and goats; however, the work was abandoned after the fi rst achievements were published. The 
fi rst three calves born after double-vitrifi cation (from oocyte and blastocyst stage embryos, 
respectively) were slaughtered a month after their birth (Vajta, unpublished), and the labora-
tory that produced the fi rst foals from vitrifi ed oocytes had to discontinue the transfer program 
(Seidel, personal communication). Both decisions were made for fi nancial reasons. Even the 
experimental use of cryopreserved domestic animal oocytes (suggested earlier to avoid logistic 
problems, for example, for somatic cell nuclear transfer) has remained unexploited: Researchers, 
prefer to use fresh oocytes instead of cryopreserved ones with their intrinsic handicap. Accord-
ingly, even the most optimistic among us may not see the number of domestic animals born 
alive after oocyte vitrifi cation exceed much more than twenty worldwide. These numbers barely 
justify the invested effort. 

 Due to the rapidly increasing need for animal models to establish an effi cient oocyte cryo-
preservation method in humans, research in this fi eld has been markedly intensifi ed, including 
research with domestic animals. Next we will summarize the achievements from two major 
areas of research, the use of cytoskeleton relaxants and the application of a stress to induce 
stress tolerance.   

 CYTOSKELETON RELAXANTS AND STABILIZERS 

 The idea to use cytoskeleton-modifying agents to minimize the effect of deformations during 
cryopreservation—due to the rather drastic osmotic effects that may occur, especially at vitrifi -
cation—is not new. A cytoskeleton relaxant, cytochalasin B, has been successfully used to 
improve survival rates of vitrifi ed pig embryos (41). In MII-phase oocytes it may also prevent 



146 VAJTA ET AL

damage to the meiotic spindle. So far, the achievements with cytochalasin B, a commonly used 
cytoskeleton relaxant are controversial. According to some recent publications, treatment with 
cytochalasin B before vitrifi cation improved in vitro development of mature ovine oocytes (42), 
but decreased the survival of immature ones (43). It did not have any effect on porcine oocytes 
regardless of their maturation status (44). On the other hand, according to earlier publications, 
cytochalasin B treatment improved survival rates and developmental competence of porcine 
in vitro-matured oocytes (45). It also improved maturation rates of immature porcine oocytes 
(46,47). It is worthwhile to mention that, although the species has not yet been domesticated, 
there was no improvement in maturation rates when immature mink whale oocytes were 
treated with cytochalasin B before vitrifi cation (48). 

 The apparent confusion is hard to interpret: one may propose that there are some benefi -
cial effects from cytochalasin B treatment under certain circumstances. However, considering 
the potential risks of cytochalasin B treatment, it does not seem to be a very promising approach 
to improve the survival and developmental competence of human oocytes. 

 There is another agent with a microtubule stabilizing effect that may become a more 
appropriate candidate. Although the initial fi ndings were disappointing (49), recent results 
unanimously support the positive effect of the chemotherapeutic drug Taxol in preventing 
cryodamage to domestic animal oocytes. Pretreatment of cow oocytes with Taxol prevented 
spindle and cortical granule abnormalities after vitrifi cation and resulted in higher cleavage 
and blastocyst rates (50). Blastocyst development was also improved when porcine and ovine 
oocytes were treated with Taxol before vitrifi cation (42,51). A recent ultra-structural study has 
also confi rmed that Taxol treatment was very effi cient in stabilizing the metaphase plate and the 
spindle morphology of cow oocytes subjected to vitrifi cation (52). These, almost unanimous, 
observations in domestic animals have confi rmed the initially reported benefi cial effect of Taxol 
pretreatment on in vitro developmental rates of mouse oocytes (53). On the other hand, the 
ultimate goal of application in humans will be a diffi cult task, because Taxol at present is 
regarded as a very potent anticancer drug that attacks mitosis through microtubules (54). 
Accordingly any suggestion for its embryological application in humans will possibly create a 
strong and a partially justifi ed aversion. It should also be noted that there is almost no data 
regarding the in vivo long-term effect of this treatment. Extensive studies of fetal and postnatal 
development are required, and apart from the traditional experimental animals, pigs may be 
excellent candidates for this purpose.   

 STRESS FOR STRESS TOLERANCE 

 Another possible way to improve survival and developmental rates after cryostorage of 
mammalian zygotes and embryos has been discovered recently, fi rst in experimental ani-
mals, then more widely in domestic animals. The fact that in humans and other mammals the 
appropriate physical (or even mental) stress may induce subsequent stress tolerance has been 
a widely acknowledged phenomenon for years. The physiological principles, however, were 
discovered by János (Hans) Selye and colleagues only in the middle of the last century (55). 
This research has also proven that the response is not limited to the initial impulse, as 
expressed by the name: general adaptation syndrome. Later, a similar phenomenon was also 
discovered at the cellular level in eukaryotes and even in bacteria. Many recent publications 
have dealt with the biochemical and molecular biological basis of these processes (56–58). 
The factors involved may include stress proteins (heat, cold, and other shock proteins, most 
of them with chaperone activity) and different pathways, including those mediated with 
glutathione (59,60). 

 The reason why stress-induced stress tolerance has not been exploited in zygotes and 
early embryos is (among other reasons) that their cells are regarded as being transcriptionally 
inactive. However, according to recent investigations this inactivity is not absolute and 
transcription as well as post-translational stability can be modifi ed by different impacts. For 
example, the heat-induced increase in the transcription of the HSP70 gene has been observed 
in bovine embryos as early as at the two-cell stage, much earlier than the activation of the 
whole genome at the 8- to 16-cell stage (61). 

 Earlier, high hydrostatic pressure (HHP) was demonstrated to have a profound effect on 
cell metabolism: it changes various intracellular biochemical reactions including passive and 
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active transport through the membranes as well as the protein profi le of cells (62–64). HHP also 
induces production of heat shock proteins both in prokaryotes and in eukaryotes (65–67). As the 
intensity and length of HHP can be measured exactly, its impact is consistent and repeatable, 
affecting all samples uniformly, so it seems to be an appropriate way to induce the initial stress. 

 To achieve maximum protection the initial stress should be sublethal, which means a rather 
high impact of 200 to 800 bars that equates to the pressure at 8000 to 10,000 meters below sea 
level. A special device is required to induce this. This pressure should be applied for one to two 
hours, and then a recovery period of one to two hours is required before cryopreservation. 

 The fi rst experiments were performed with in vivo-derived murine and in vitro-produced 
bovine blastocysts. HHP treatment resulted in a considerable increase in survival and hatching 
rates after cryopreservation (68–70). HHP was also found to be surprisingly effi cient for porcine 
sperm cryopreservation, improving motility, changing the protein profi le, and increasing the 
litter number by 50% after artifi cial insemination (71–74). 

 Eventually the work became focused on porcine oocytes, where HHP did not result in mor-
phological alterations detectable by light microscopy, but induced higher in vitro shock resistance 
and developmental competence after vitrifi cation and parthenogenetic activation (75,76). 

 The impressive results encouraged researchers to test another sublethal injury to induce 
tolerance. When applied to in vitro-matured porcine oocytes, a 1% (w/v) increase in the sodium 
chloride concentration of the media over the normal physiological range for one hour increased 
blastocyst rates after vitrifi cation (77). The resistance could also be induced by elevated con-
centrations of sucrose and trehalose (78); thus, the most feasible explanation for this result is a 
common osmotic effect. 

 The possibility of stress-induced stress tolerance is far from being extensively exploited, 
and may have considerable applications in mammalian reproductive cryobiology including 
oocyte cryopreservation. These experiments focus on improving survival rates and develop-
mental competence, and to also prove the safety of the entire procedure, for potential human 
application. Domestic animals are indispensable for this work, and eventually effi ciency may 
reach a level where commercial and other practical applications (including rescue of eggs 
from endangered species and breeds) become a realistic goal.   

 CONCLUSION 

 At present, cryostorage of oocytes from domestic species is a very limited part of mammalian 
reproductive cryobiology, largely due to the relative ineffi ciency of available procedures and 
the lack of need from animal breeders for cryopreserved oocytes. However, techniques devel-
oped with the use of easily accessible domestic animal oocytes can be applied to many species 
including humans. On the basis of recent encouraging results, the effi cient cryostorage of 
oocytes will eventually reach a level appropriate for practical application as well as for breeding 
and preservation of genetics in domestic species.   
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             Control of the Solution Effect During 
Controlled-Rate Cooling: Principles 
and Practical Application   
   James J.   Stachecki   
  Tyho-Galileo Research Laboratories, Livingston, New Jersey, U.S.A.      

 Much of the information we know today about solution effects during controlled-rate freezing 
comes from previously published works. Specifi cally, those papers published between 1950 and 
1980. Therefore, the topic of solution effects is not new, but actually very old, especially if one 
considers the works of Luyet, (1,2), for example. These early works have laid the foundation for 
modern cryobiology, at least as it applies to the storage of mammalian cells, including oocytes 
and embryos. The information in the collective works of Lovelock, Meryman, Mazur, Polge, 
Smith, Levitt, Farrant, Willadsen, Luyet and company provide us an invaluable resource from 
which we can continue to learn about the effects of cryopreservation on cells. It is therefore ben-
efi cial to review some of these manuscripts in order to comment on the principles of controlled-
rate cooling. The idea of solution effects or how the intracellular environment as well as the 
extracellular environment will impact the cells during cooling comes into play. These effects can 
also be described, if only in part, due to our incomplete understanding of exactly what happens 
during any form of cellular cooling and/or freezing. The importance of having a general under-
standing of solution effects, and for that matter, of controlled-rate cooling, is so that we are bet-
ter able to understand how to freeze cells in such a way that they can remain viable upon 
rewarming. This chapter will therefore discuss the principles and the practical applications of 
controlled-rate cooling and solution effects. For the purposes of this book, I will focus on mam-
malian oocytes. What is confusing, or can be, is that the principles or theoretical ideas about 
solution effects and cooling, and how to cool to obtain viability, sometimes do not work when 
applied to a dynamic and complex system such as a living cell. Discussions of this type 
may best serve as a starting point for evaluating the complexities of cellular cryopreservation. 
Practical application of principles and/or theories leads to interesting and often unexpected 
results. The unexpected results we obtain then have us thinking of ways to explain them in a 
scientifi cally sound manner. 

 Controlled-rate cooling theories have been applied successfully, and sometimes not so 
successfully, to a variety of cell types including yeast, plants, red blood cells, stem cells, and 
other assorted mammalian cells. Controlled-rate cooling refers to the decrease in temperature in 
a controlled manner, typically with a computer controlled freezing machine. However, any 
cooling in which the rate is known and can be adjusted could be called controlled-rate cooling. 
In its simplest form, this could involve placing a beaker of alcohol in a freezer or other cold 
environment and monitoring the temperature decline over time (3). Controlled-rate cooling 
also refers to the rate at which the cell adapts to its changing environment. In other words, 
controlling the rate of dehydration in a manner that brings about an equilibrium between the 
outside environment and the intracellular environment, also known as equilibrium cooling. 
Solution effects refer to those effects that can occur during cooling, whether it be in equilibrium 
or not. The effects caused by solutes, penetrating and nonpenetrating cryoprotectants, and the 
osmotic environment are collectively known as solution effects. The potential problem of solu-
tion effects involves the change(s) in a solution or cytoplasm that result from dehydration, 
increased solute concentration, pH changes, and precipitation of solutes (4,5). 

 To begin our discussion of solution effects we can fi rst examine what occurs in solutions 
of known composition. Phase diagrams are used to describe equilibrium situations in which 
two or more phases of matter exist together in pure substances or in solutions. The manner in 
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which the substances are cooled determines the mixture of phases that exist when they become 
solid. Phase diagrams have been widely used in cryobiology since Cocks and Brower published 
an article showing their utility (6). In biological systems, the primary component is water; the 
entire system is a collection of compartments fi lled with an aqueous solution. As aqueous solu-
tions are cooled, the water forms a crystalline solid (ice) which has almost no solubility for the 
solutes that were in the aqueous solution. As pure ice forms, the solutes will be confi ned to 
the remaining liquid phase, becoming more concentrated. Since this lowers the freezing point 
of the aqueous liquid, the system can remain in equilibrium with a substantial unfrozen frac-
tion. As cooling continues, the solubility limit of the solution will also be reached, leading to the 
precipitation of solutes. These events are succinctly described by a phase diagram. The simplest 
type of phase diagram is for binary systems, systems in which there are only two phases present. 
 Figure 1  shows the phase diagram for sodium chloride and water.  

 Starting at the left hand side of the diagram, if the temperature of a solution with 0% salt 
is lowered, the freezing point occurs at 0°C. If the solution has salt dissolved in it (i.e., the con-
centration of salt is below the solubility limit), then the mixture will exist in the brine compart-
ment. As the temperature is lowered, the weight percent of NaCl does not change until the thick 
line in  Figure 1  is reached. This line defi nes the freezing point of the solution. Further cooling 
will take the solution along the curve defi ned by the thick line until the eutectic point is reached 
at –21.2°C. At this point, the unfrozen compartment of the mixture is saturated with NaCl; any 
further cooling will cause salt to precipitate out of the mixture. For freezing biological systems, 
this left side of the phase diagram is the most important as it describes the osmolality of the 
solution in which the cells exist. The osmolality will follow this curve down to –21.2°C, where 
it will hold constant until the temperature is raised once again. 

 Although the binary phase diagram for sodium chloride and water is useful for under-
standing injury to cells, most cryopreservation protocols use at least one cryoprotective addi-
tive to reduce the freeze-thaw injury. In such cases, there are three compounds that must be 
considered: water, NaCl, and the cryoprotectant. A system with three components is described 
by a ternary phase diagram. Diagrams have been published for the ternary systems DMSO-
NaCl-H 2 O and glycerol-NaCl-H 2 O. From these diagrams, it is clear that the solubility and eutec-
tic (solidifi cation point) behavior of a single solute can be altered signifi cantly by the amount 
and type of additional solutes introduced into the system [e.g., dimethylsulfoxide (DMSO) 
serves as a solvent for NaCl as well as being a solute in water]. It is also clear that equilibrium 
between solids and liquid becomes increasingly complex as the number of components is 
increased. 
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 In a recent paper, Fahy reviews several ways of estimating or calculating the amount of ice 
formed in an aqueous cryoprotectant solution at different temperatures based on phase dia-
grams (7). One of the simplest methods is to make estimates based on the behavior of ideal 
solutions. Equations that describe such relationships are not new and have been published else-
where (7). These equations are important in gaining an understanding of how ideal solutions 
behave, however, keep in mind that an oocyte or cell is not an ideal solution. Fahy discusses the 
correlation between freezing injury and osmotic stress and goes on to explain the concept of 
colligative cryoprotection. 

 If we examine the cellular effects of controlled-rate cooling, based on the discussions 
above, there are a number of phenomena that occur, namely ( i ) an increase in osmolarity of the 
extra- and intracellular solute concentration and ( ii ) a decrease in cell volume (initially, but the 
cell may re-expand somewhat from uptake of solute and/or penetrating cryoprotectant). Both 
of these have been shown to cause cell damage. Lovelock applied the binary phase diagram in 
 Figure 1  and the above equations to cryobiology by explaining the freezing injury suffered by 
red blood cells, as well as providing an explanation of the cryopreservative effects of such com-
pounds as glycerol and DMSO. Lovelock (8) showed that the increasing extracellular solute 
concentration that occurs during cooling when water freezes out as ice was responsible for red 
blood cell lysis (>0.8 mol/L NaCl) and that the addition of a cryoprotectant (glycerol) reduced 
the amount of ice formed at any temperature, thereby effectively reducing the concentration of 
electrolytes produced. This was among the fi rst experiments (mainly done in human erythro-
cytes) to describe solution effects, namely osmotic stress and cell injury. The collective works of 
many investigators (8–14) have supported a link between observed injury after thawing and a 
failure of membrane semipermeability during freezing that allows solute uptake during freez-
ing and entrapment of the solute upon thawing. Similarly, Meryman showed a consistent rela-
tionship between salt (specifi cally, NaCl) osmolality and injury during freezing in the presence 
of a wide variety of cryoprotectants (15). Meryman proposed that injury is linked to an inability 
of the cell to shrink below a critical minimum volume, causing hydrostatic pressure across the 
cell membrane thereby increasing its permeability to solute (9,10,16,17). 

 Therefore, cell shrinkage, increased osmolarity (intracellular), and solute uptake can be 
detrimental to cell survival. The rate at which cells are cooled will thus affect the rate of cell 
shrinkage (via water removal) and solute concentration and these in turn relate to cell survival 
(18). Mazur’s inverted U curve demonstrated this, showing cell survival with increasing cooling 
rate until an optimum is reached and then declining with further increases in the cooling rate. 
 Figure 2 , redrawn from Leibo et al. (19), shows a modifi ed version of this curve. The descending 
portion of the curve is linked to the formation of intracellular ice, and the cooling rate at which 
this descent takes place has been linked to the permeability of the cell to water (5,20).  

 Let us now examine what happens in the cell when we try to cool it in a solution contain-
ing cryoprotectants. The theoretical basis for cryopreservation of cells proposed by Mazur has 
been applied to many cell types including mouse (5) and human oocytes (21). According to 
Mazur’s two-factor hypothesis for cellular damage when cooling, the growth of ice crystals 
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intracellularly (IIF) and high concentrations of solutes resulting from the freezing of water 
(solution effects) were major causes of cell damage during freezing and thawing. Despite its 
incompleteness and imperfections, this hypothesis has been, and continues to be, very useful 
for getting to grips with mammalian-cell cryopreservation. Conventional freezing methods aim 
to minimize both IIF and solution effects by the use of penetrating cryoprotectants that interact 
with water to abolish eutectic freezing (6) and reduce the amount of ice formed at any tempera-
ture (8,10). It is a characteristic of these cryoprotectants that at a certain concentration [for 1,2-
propanediol (PrOH), slightly above 70%; [see  Figure 1  in Ref. 14] they prevent ice formation 
altogether (22). This concentration is well in excess of the starting concentration employed in 
conventional cell freezing methods (1–2 M). Here ice formation is initially induced extracellu-
larly by seeding and, as a result of the solute gradient thus created, freezable water fl ows out of 
the cells to restore equilibrium in water activity across the cell membrane, minimizing the 
chance of IIF during cooling. As the temperature is gradually lowered, the concentration of 
cryoprotectant in the liquid phase, which includes the intracellular fl uid, increases correspond-
ingly until a level is reached at which additional formation and growth of ice crystals, although 
possible, are unlikely, even if the temperature drops further (22). Rather, the liquid phase turns 
into a glassy substance that solidifi es without further crystal formation as the temperature con-
tinues to decrease. The unfrozen liquid phase remaining within the cells when they are plunged 
into liquid nitrogen (LN 2 ) should ideally, at least according to the two-factor hypothesis referred 
to above, consist of this glassy substance with all the original cell solutes remaining in solution 
(22). This theory suggests that when we slow-cool cells using a penetrating cryoprotectant 
such as PrOH and standard slow-cooling protocols, we are actually vitrifying the cells. Indeed, 
when we slow-cool human embryos, for example, typical survival rates range between 80% and 
100%, for many in vitro fertilization centers. These survival rates would not be possible, at least 
according to Mazur and company, if IIF were occurring. This correlates well with the idea that 
slow-cooling is vitrifi cation. Of course, this does not mean that IIF does not or cannot occur, 
it simply suggests that in conventional embryo freezing protocols, IIF is not a major source of 
cell damage. 

 In order to avoid IIF, the cooling rate down to the temperature at which no further ice 
formation is possible must be adjusted to allow time for most, if not all, freezable water to dif-
fuse out of the cells. The fl ow of water and cryoprotectant through the cell membrane, on which 
dehydration and prevention of IIF depends, is related to membrane permeability. More specifi -
cally, dehydration and rehydration are infl uenced by the composition and the permeability 
characteristics of the cell membrane, the surface-to-volume ratio of the cell, the temperature, 
and the difference in osmotic pressure between the intracellular and extracellular environment. 
All these factors will effect cell survival and should be taken into account when dehydrating 
and rehydrating cells (23–25). Many investigators have thus looked at membrane permeability 
characteristics of a variety of cells including human oocytes (26–30). Paynter (26) suggests that 
variability in success rates with oocyte freezing is due in part to the different protocols that are 
in use today, and concludes that enough time is needed to dehydrate the cell and allow cryopro-
tectant to fl ow inside the cell in a manner that is suffi cient but that does not dehydrate the cells 
too much and cause too large a volume change, as these have been related to cell demise, most 
likely originating from Meryman’s minimum volume hypothesis and supported by others. 
Dehydration is complicated by the fact that different cell types have different permeability char-
acteristics, and this may also differ within cell types, between cell stages. For example, dynamic 
changes were observed in the permeability of mouse oocytes during fertilization (23), and these 
most likely occur during human oocyte maturation as well. During controlled rate cooling, 
surface-to-volume ratio is an important factor, infl uencing the rate of dehydration and therefore 
the risk of IIF. This has been deemed responsible for the failures of the early attempts of freezing 
mature oocytes, due to their spherical shape and very large size. However, zygotes which have 
the same surface-to-volume ratio freeze relatively easily (31,32), as do activated unfertilized 
oocytes (Stachecki et al., unpublished data). 

 According to our equilibrium model (cooling in the presence of a cryoprotectant, PrOH), 
slow cooling must be continued at least to a temperature below –50°C before the cells are 
plunged into LN 2 , in principle around –110°C when the cryoprotectant is PrOH, since in a 
water–PrOH system freezable water is still present above this temperature at atmospheric 
pressure. A similar line of argument applies when cryoprotectants other than PrOH are used. 
However, as amply demonstrated by experience, this is not necessary in practice where cells, 
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including embryos, have been shown to be able to survive plunging from much higher tem-
peratures even when conventional freezing procedures were employed. Admittedly, it is not 
diffi cult to think of reasons why the argument above is inaccurate, the main one being the 
assumption that phase equilibrium is maintained during cooling and rewarming. Even though 
the cell, theoretically, should remain highly permeable to water, even at reduced temperature 
below –20°C, calculating or observing this at such a low temperature is diffi cult at best. Phase 
equilibrium is rarely, if ever, the case especially in the lower temperature range where increas-
ingly high viscosity of the liquid phase as the temperature is lowered interferes with the mobil-
ity of water molecules (22,33). This would suggest then that the majority of the water must be 
removed from the cell at a relatively high temperature, to avoid IIF, despite calculations of 
membrane permeability. 

 The conclusion above would help explain Fabbri’s observations. Fabbri showed that addi-
tion of 0.3 M sucrose was better, in terms of oocyte survival, than 0.2 M and 0.1 M sucrose, and 
later studies have confi rmed this (34). In terms of removal of water from the cell, the 0.3 M 
sucrose will dehydrate the cell more than 0.2 M sucrose. However, if we consider that after seed-
ing the osmolarity increases dramatically far beyond what is necessary for adequate dehydra-
tion for cell survival, and if we believe that the cell can continue to lose water at and below the 
seeding temperature, based on the theories surrounding equilibrium cooling; then the effect of 
increasing the sucrose concentration from 0.1 to 0.2 M or 0.2 to 0.3 M (a paltry 100 mOsm) should, 
by fact, be negligible. Yet it is not. So how could this be possible? To start with, sucrose may have 
different effects. The presence of more sucrose would also reduce the total amount of ice formed 
and the concentration of salts during freezing (11,12), thus reducing osmotic effects from sol-
utes, although the sucrose concentration itself would increase, thus balancing out the overall 
osmotic effect; so this line of reasoning does not go far in explaining the increase in survival. 
Sucrose will also raise the glass transition temperature and may therefore protect by arresting 
cell volume reduction at a higher temperature (35). Meryman has also presented evidence that 
sucrose can stimulate potassium effl ux during cell swelling, reducing the chances of cell lysis 
due to post-hypertonic swelling (10). In addition, the added sucrose would provide osmotic 
support by its presence after thawing. These ideas do not seem to fully explain the observed 
increase in survival. However, if water permeability was severely inhibited (not in equilibrium), 
past a certain temperature (somewhere near the seeding temperature), this would increase the 
possibility of IIF occurring, despite slow cooling and the suffi ciently high solute concentrations 
generated below the seeding temperature. This would help explain why increasing the sucrose 
concentration by 100 mOsm, at the start of the procedure, where the cell would be more likely 
to act as a perfect osmometer (36), could have such an impact on survival. It would then stand 
to reason that further increases in sucrose concentration beyond 0.3 M would lead to a further 
increase in survival rate, but only up to a point that the sucrose itself would become detrimen-
tal or have toxic effects. Thus, it is intriguing that there are no publications about this in the 
literature. 

 Although this chapter is about solution effects, let us take a minute and discuss IIF, as it 
has a potential role in cell death. We can see that, according to  Figure 2  [derived from Leibo et al. 
1975, and again in 1977 and 1978 (19,33,37)] survival decreases proportionally to increasing IIF, 
and is directly related to the cooling rate. From the fi gure, IIF is essentially zero, at least for 
mouse eggs in a solution of 1 M DMSO from which this graph is derived, when the cooling rate 
is below 1°C/min. This means that essentially no IIF can or does occur below this rate. Further-
more, Toner (38,39) showed that IIF by either homo- or heterogeneous nucleation is rendered 
ineffective by the addition of cryoprotectants. Standard slow-cooling protocols for mouse and 
human oocytes and embryos use 1.5 M cryoprotectant and cool at –0.3°C/min, well below this 
critical rate. Therefore, there should be virtually no IIF formed, and thus cellular demise must 
be explained by something other than IIF. However, as suggested above, if water permeability 
is inhibited and does not occur in equilibrium, as originally thought, and despite a slow cooling 
rate, IIF could pose a real problem, and removal of this excess water would, most likely, have to 
occur at a relatively high temperature. 

 If IIF does not occur using modern slow-cooling protocols containing cryoprotectants in 
excess of 1 M and cooling rates of less than 1°C/min, as suggested above, then, for arguments 
sake, solution effects would be responsible for most of the damage that occurs during equilib-
rium cooling. However, despite calculations and many experimental results, this too can be 
disputed. Most, if not all, cooling studies have used saline as their base solution, with sodium 
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being the most abundant ion. The works of Lovelock, Meryman, Mazur, and company have 
used saline/sodium as their base solution in the majority, if not all, of their experiments. During 
cooling, with the addition of cryoprotectant(s) and after seeding, the solute concentration 
increases signifi cantly causing the cell to shrink and dehydrate and the solute concentration to 
increase. Both of which, according to Meryman’s minimal volume hypothesis and Mazur’s 
work, could be detrimental to cell survival. An increased solute concentration could also lead to 
membrane alterations and solute uptake, as described above. The most likely and abundant 
candidate for uptake would be sodium. In his fi rst paper on the subject, Stachecki theorized that 
because the energy-dependent Na + /K +  pump may be expected to become increasingly disabled 
as the temperature decreased, it is likely that the intracellular sodium load will have increased 
by the time the cell is transferred to LN 2 . If so, this situation will still exist immediately after 
thawing and could be at least one reason for cellular demise. In the same paper, Stachecki et al. 
showed that replacing sodium chloride with choline chloride in the cryopreservation media, 
mouse oocytes survived at a signifi cantly higher rate. They concluded that the high concen-
tration of sodium ions, that is an inevitable consequence of using conventional cell handling 
media for cryopreservation, poses a specifi c threat to the cells, and that choline, which does 
not diffuse through the plasma membrane, is a promising candidate to replace sodium. By con-
trast, embryos have been successfully cryopreserved in sodium containing solutions for years, 
although survival rates rarely reach over 90%. Different membrane characteristics between 
oocytes and embryos (including activated eggs) can have a profound effect on their ability to 
survive freezing in a sodium environment. Thus, it would appear that sodium-loading either 
does not affect embryos or does not occur at a detrimental rate, as in oocytes. 

 In a previous paper, Toner et al. (40) showed that mouse zygotes exposed to high osmolar 
solutions (1200–2000 mOsm) of phosphate-buffered saline (PBS) supplemented with choline 
chloride remained intact after cooling to –40°C and rewarming (and some were able to continue 
developing in vitro), whereas PBS supplemented with sodium chloride, at any concentration, 
was lethal to the embryos subjected to the same cooling and rewarming regime. The osmotic 
effects of the choline, especially at a starting concentration of 1200 mOsm, would be increased 
signifi cantly after seeding and by the time the temperature reached –40°C. By way of compari-
son, the salinity of an isotonic saline solution (around 300 mOsm), with no cryoprotectant, is 
about 5 molal at a temperature of –25°C (8). This would suggest that with a starting concentra-
tion of 1200 mOsm the salinity would be signifi cantly higher than 5 molal. In Toner’s experi-
ment, zygotes were directly placed into the solutions causing a rapid exodus of water from the 
cell and cell shrinkage over 30% of their original volume. Additionally, there were no cryopro-
tectants to dilute out the osmotic effects and aid in preventing cell shrinkage, as are in conven-
tional slow-cooling protocols. Even in a conventional protocol (26), after around three minutes 
of exposure to 1.5 mol/l PrOH in the presence of 0.3 M sucrose, oocyte volume shrinks drasti-
cally exceeding rapidly the 30% threshold excursion believed to be detrimental to cell viability. 
Collectively, these studies demonstrate that oocytes can shrink beyond what is thought to be 
detrimental to survival. It has also been shown that, in the absence of cooling, oocytes and 
embryos can withstand quite a lot of hypertonic exposure. Agca et al. (41) exposed bovine 
oocytes to PBS with increasing concentrations of sodium chloride to increase the osmolarity to 
supra-physiological concentrations (up to 4800 mOsm). They found that oocytes exposed to 
2400 mOsm or lower, developed to the blastocyst stage, albeit at slightly reduced rates as com-
pared with untreated controls. van Os and Zeilmaker (42) exposed mouse zygotes to solutions 
up to 3100 mOsm (by addition of NaCl) and rinsed them out without detriment to blastocyst 
formation. Although there are other studies, previously mentioned, that indicate hypertonic 
exposure is detrimental to survival following cooling, it would indeed be interesting to repeat 
those studies using choline-based and choline-supplemented media. It could well be that 
sodium toxicity during cooling was responsible for much of the observed cellular damage 
in many experiments and, to a much lesser extent, the solution effects of cell shrinkage and 
hypertonicity. 

 According to the theory of equilibrium cooling, cooling to lower temperatures will lead to 
the further dehydration of the cell, a lower chance for IIF, and an increase in solution effects and 
vice versa. In a subsequent study, Stachecki showed that the majority of mouse oocytes frozen 
in a choline-based medium remained intact after plunging into LN 2  from –20°C and that 32% 
were intact after plunging from –10°C. In the fi rst successful mammalian embryo freezing 
experiments, plunge temperatures between –60°C and –120°C were employed and considered 
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essential (43–45). Subsequently, it was shown that embryos could survive plunging from tem-
peratures of –30°C to –36°C provided that rapid thawing was used (46). With plunge tempera-
tures above –30°C, survival is greatly reduced when such protocols are used, particularly in the 
absence of extracellular dehydrators such as sucrose. Stachecki et al. showed that a conven-
tional sodium-based freezing medium did not allow oocytes to survive and develop when a 
plunge temperature of –20°C was employed, whereas a choline-based medium did. There have 
been few previous studies that have examined embryo survival following plunging at a tem-
perature greater than –30°C (47,48). Stachecki found that with choline the ability of mouse 
oocytes to survive cryopreservation was far greater than expected at plunge temperatures above 
–30°C, especially in the light of the literature on survival at these relatively high temperatures 
(48–50). Indeed Stachecki observed time and again that there was nearly 100% survival of mouse 
oocytes plunged at –20°C versus only 90% survival (on average with hundreds of oocytes fro-
zen) when plunged at –33°C. At a higher plunge temperature, less dehydration would be 
expected and thus there would be less solution effects, as well as a greater chance for IIF. Besides 
the interesting observation that choline offered more protection than sodium was that lethal IIF 
was negligible even after cooling to only –20°C. This is in marked contrast to what has been 
expected or calculated in an equilibrium cooling system and helps support  Figure 2  whereby 
cooling at a rate below 1°C/min and in the presence of a cryoprotectant IIF is virtually elimi-
nated. By contrast, Stachecki found that cooling to –10°C led to only 60% survival at best, indi-
cating the possibility of IIF damage to those oocytes. IIF will of course occur above a certain 
dehydration point, which, at least for the mouse egg, seems to be somewhere above –20°C. In 
an earlier study by Wood and Farrant (48), they froze mouse eight-cell embryos by plunging 
from –20°C to –25°C and found a similar result. Of the embryos plunged after cooling to only 
–20°C, 66% survived, whereas only 23% survived after being plunged from –25°C, suggesting 
that the further demise of embryos plunged at –25°C was due to something other than IIF. Of 
course, one must keep in mind that improper warming regimes can cause IIF to form, and the 
studies mentioned above used the most optimal warming protocol at their disposal. 

 Another interesting observation by Stachecki (51) was that although mouse eggs could 
survive plunging from –20°C, their development to the blastocyst stage was poorer (35% loss 
from two-cell to blastocyst, despite less solution effects) than those eggs plunged at –33°C where 
their loss in development was only 20% from two-cell to blastocyst stage. Here, at –33°C, one 
would expect greater solution effects, which could be the reason for the 10% reduction in sur-
vival, but development was 15% better overall. These results are diffi cult to explain in a compli-
cated biological system, but it seems that IIF did not occur and solution effects were minimal, at 
least compared to the marked effect that choline-substitution had on mouse oocyte survival. 
The same was found for human oocytes (52). 

 In addition to the solution effects mentioned, the effect of penetrating cryoprotectants is 
also critical. As water is frozen out as ice, the cryoprotectant concentration will also dramati-
cally increase. This will help chelate the remaining intracellular water, but at the same time 
could have detrimental toxic effects (53–55). The PrOH concentration of the extracellular liquid 
phase of media containing 1.5 M PrOH and 0.1 M sucrose at –33°C was approximately 47% to 
48% (w/w) PrOH (51) which, according to Fahy (56), is high enough to suppress ice nucleation 
and achieve vitrifi cation in a small sample and further supports the idea of negligible IIF in a 
standard equilibrium cooling system employing a cryoprotectant and cooling rate below 1°C/min. 
Cryoprotectant toxicity has been linked to the type of cryoprotectant, concentration, tempera-
ture, and duration of exposure. Cells can also be sensitized to injury in the presence of a cryo-
protectant, in that more damage can occur once injury begins (7). Nonpenetrating cryoprotectants 
such as sucrose will reduce the concentration of penetrating cryoprotectant at any temperature, 
thereby reducing their toxic effects. This may, in part, help explain the added benefi t of increas-
ing the sucrose concentration to 0.3 M for freezing human oocytes (34,57), in addition to the 
benefi t of added dehydration at a higher temperature, as previously discussed. Toxicity from 
the most commonly used penetrating cryoprotectants, although not thought to have signifi cant 
effects on oocyte or embryo viability under conditions of conventional equilibrium cooling 
regimes, can have profound effects during rapid vitrifi cation from room temperature (55,58,59). 
Of great interest is a recent paper by Wusteman et al. (60) that, for the fi rst time, showed that 
choline actually reduces cryoprotectant toxicity (PrOH and DMSO). Although this study was 
done in smooth muscle cells and not oocytes, the fi ndings are nonetheless relevant to this 
discussion. 
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 Although this chapter is about solution effects during cooling, we must not overlook the 
fact that the solution effects during rewarming and rehydration are likely to be as important as 
other steps of the entire procedure, or perhaps even more so (3,7). Removal of the intracellular 
cryoprotectant and re-establishment of the original water content is an obvious source of osmotic 
stress. Therefore, it is possible to have 100% survival after cooling and then effectively kill the 
cells during the rewarming and rehydration phases. What complicates all the theories around 
successful storage of cells is that it is diffi cult to precisely identify when and where damage 
occurs. What happens, more often than not, is that cellular demise is associated with IIF or solu-
tion effects, ignoring the critical steps of rewarming and other potential damaging effects such 
as ion loading. 

 Solution effects, from all their different sources, although potentially detrimental to cell 
survival during and after equilibrium cooling, for the most part, do not fully explain the poor 
overall survival (typically under 80%) of mammalian oocytes. It seems logical, however, that 
other factors are responsible for cellular demise, and that solution effects from sodium ions, 
specifi cally, have led many into thinking that solution effects, in general, are problematic. 
Despite theoretical calculations of solute concentration and water permeability, experimental 
manipulations and practical application often give markedly different results. Based on the 
discussions herein, it was found that dehydration at a relatively high temperature in order to 
avoid IIF, in a medium with minimal sodium, while assuming that solution effects, although 
present, had a negligible negative impact, led to around 90% survival of human unfertilized 
metaphase II oocytes (52). Others have reported successful cryopreservation of human oocytes 
using a sodium-reduced medium (61–63). However, these studies used an earlier version of the 
sodium-depleted choline medium, and not the exact formulation Stachecki used to obtain 90% 
survival. For example, Boldt reported suboptimal survival rates (61% and 59%) using a sodium-
depleted media that was either PBS or HEPES based (63). In the PBS group, fertilization after 
intracytoplasmic sperm injection was also inadequate (55.8%). Despite the poor survival rates 
and implantation rates, the authors concluded that sodium-depleted media is benefi cial to 
the cryopreservation of human oocytes. Not only did Boldt et al. (2006) use a different version 
of the choline media reported by Stachecki et al. (52), they also modifi ed the “optimized” proto-
col that Stachecki used. Boldt et al. changed the dehydration protocol as well as the freezing 
container used, which would alter the temperature of the oocytes at seeding as well as the 
warming rate obtained upon thawing, and they also changed the thawing protocol used by 
Stachecki, which was carefully derived to deliver an optimal warming and rehydration rate to 
aid in reducing cellular damage. These protocol modifi cations alone could well have produced 
the observed outcome, despite the benefi ts of using choline in the medium. 

 Stachecki, as well as others [Dr. Wilding, personal communication; (61)], using this media 
and protocol have obtained high survival rates. However, survival after rewarming and rehy-
dration is only the fi rst step in obtaining a viable pregnancy. It has been shown, not only in a 
choline-based system of slow-cooling human oocytes but in most others as well that embryo 
development and pregnancy rates are much lower than with nonfrozen oocytes (64,65). Solu-
tion effects, if we believe are of minimal impact on initial survival, may certainly be manifested 
later in the further development of the cells even if they are not immediately apparent upon 
rewarming. It is the solution effects and all the other effects of phase changes, pH modifi cations, 
solute precipitation, etc., which can occur during slow cooling and solidifi cation, that combined 
could impact the overall survival of oocytes and cells. 

 With the current trend towards vitrifi cation via plunging from room temperature, as 
opposed to vitrifi cation after equilibrium cooling to –30°C or below, solution effects are mark-
edly different. Here they come mainly from high cryoprotectant concentrations, rather than 
from a combination of high solute and cryoprotectant concentration. In a rapid cooled vitrifi ca-
tion scenario concentrating solutes may only occur to a small degree and thus impact overall 
survival and development differently. Dehydration comes from the increased penetrating and 
nonpenetrating cryoprotectant concentrations used. These methods have their own hazards to 
be avoided, such as cryoprotectant toxicity, but at the same time minimize solution effects, at 
least those from solute concentration. 

 As mentioned in the introductory paragraph, the importance of having a general under-
standing of solution effects, and controlled-rate cooling, is so that we are better able to under-
stand how to freeze cells in such a way that they can remain viable upon rewarming. 
Experimental results often differ from theory, as shown. When trying to rationalize our results, 
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the complexity of a biological cell, such as the human oocyte, becomes apparent. It has been 
suggested herein that oocytes, as well as embryos, have a far greater tolerance to solution effects 
than originally thought and that different types of solution effects (i.e., sodium vs. choline ions) 
will produce vastly different results. Additional experiments geared towards identifying the 
limits of a cell’s tolerance to various solution effects, where survival is not necessarily the goal, 
should help further our understanding of the cell’s potential to survive storage at subzero 
temperatures.   
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 INTRODUCTION 

 In eukaryotic cells, variations in shape, active movement, and mechanics of cell division 
depend on the cytoskeleton, a sophisticated array of protein fi laments that extends throughout 
the cytoplasm. The cytoskeleton also directs and provides the machinery for the intracellular 
transport of organelles. These functions are assured by three types of fi laments, namely micro-
tubules, actin fi laments, and intermediate fi laments. Each fi lament, formed from a different 
protein monomer, can be assembled in different structures whose functions, such as coordi-
nated polymerization and depolymerization in time and space or interaction to one another 
and other cell components, are fi nely regulated by a wide range of associated proteins. In the 
context of oocyte physiology, the microtubules and actin fi laments assist the cytoplasmic choreo-
graphy of the meiotic process, and, in the course of oogenesis, contributes to an endowment of 
maternal-derived molecules and spatial clues that are essential for the development of the 
embryo (1,2). An example of the importance of the cytoskeleton for the function of the oocyte 
is represented by the involvement of microtubules—in the form of the metaphase I (MI) and 
metaphase II (MII) spindles—and actin fi laments in the sequential segregation of homolo-
gous chromosomes and sister chromatids through two successive and highly asymmetric cell 
divisions that coincide with the emission of the fi rst (PBI) and second (PBII) polar body. This 
process ensures that the zygote receives a haploid set of maternal chromosomes. The organiza-
tion and dynamics of microtubules and actin fi laments are known be affected by a variety of 
intrinsic and extrinsic factors (3–5). In fact, it is paradoxical that much of current understanding 
of microtubule dynamics during cell division in somatic and germ cells is a consequence of 
studies on the cold sensitivity of these structures. Damage to the MII spindle has emerged from 
studies that have tested the effects of physical–chemical conditions which are imposed, often 
unknowingly, during the return journey to and from physiological temperatures to cryogenic 
storage in liquid nitrogen (–196°C). This has generated the credence that oocytes cannot be 
safely cryopreserved. In reality, the question as to whether the oocyte cytoskeleton is subjected 
to damage after cryostorage does not imply a simple answer. Many factors, such as specifi c 
conditions imposed by the diverse cryopreservation protocols or nature of the biological mate-
rial (differences in species, maturation stage, and intrinsic quality), can act independently or 
through complex interactions, infl uencing the response of the cytoskeleton to cryopreserva-
tion conditions, in a fashion that is not always understood or even recognized. For example, 
relatively minor differences in the degree of dehydration of the cytoplasm generated by expo-
sure to cryoprotective agents (CPAs) before controlled rate slow cooling (CRSC) cryopreser-
vation can infl uence the proportion of frozen-thawed oocyte with a normal MII spindle (6). 
Current evidence, which has expanded considerably over the last few years, collectively does 
not appear to be entirely consistent, probably as a result of differences in the protocols sub-
jected to scrutiny and/or criteria and methods of analysis. It is perceived, however, that specifi c 
sets of cryopreservation conditions may generate rather unique infl uences that may be not 
necessarily reproduced under other conditions, making arduous the attempt to draw general 
conclusions. In this chapter, evidence on the effects of cryopreservation on the actin and micro-
tubular structures of the fully grown human oocytes will be discussed, without taking in 
consideration the countless number of regulatory factors on which virtually no information is 
presently available.   
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 MICROFILAMENTS  

 Organization and Function of Microfi laments in the Mammalian Oocyte 
 Microfi lament fi bers are formed from only one type of structure, the polymerized helical form 
of actin monomers. Actin fi laments can acquire multiple shapes and functions in different cell 
types. Various nucleation and assembly factors, such a Arp2/3 and formins (7,8), can in fact 
establish whether actin fi laments will organize into bundles and networks interacting with 
membranes or other cell components, or will provide the scaffolding for lamellipodia, microvilli, 
and other specialized cell protrusions. In the mature oocyte, actin fi laments form a sub-oolemmal 
network, which is profoundly involved in the process of PB extrusion (see below), similar to 
what occurs in other cell types for less specialized forms of cytokinesis. Actin fi laments also 
appear to play a role in other rather different functional contexts, during oocyte maturation, 
and the determination of oocyte asymmetry, which is established by the cortical localization of 
the meiotic spindle. In the mouse, during meiotic maturation in vitro, the centrally positioned 
germinal vesicle (GV) breaks down and the chromosomes, which in the meantime have acquired 
a condensed conformation, migrate to the periphery. Here, the newly formed MI spindle, which 
has accompanied chromosomes in their journey to the cortex, will dictate a highly asymmetric 
cell division and the extrusion of the PBI. Conditions which hinder the migration of the chromo-
somes toward the cortex have important developmental implications, because the MI spindle 
forms and remains in a more central position, determining the loss of a large mass of cytoplasm 
with the emission of the PBI (9). In the mouse, MI spindle migration and anchoring to the cortex 
relies on the action of actin microfi laments. The fi ne details of this process are not known, but 
recently it has emerged that myosin-II is not implicated, while a chromosome–actin interaction 
is required (10). In particular, relocation of chromosome to the cortex is initially associated to a 
cloud of actin fi laments whose nucleation is mediated by the activity of Fmn2, a formin-family 
protein. Active chromosome movements appear to depend on actin turnover and an asymmetric 
distribution of actin, with a polarized accumulation of microfi laments behind the chromosomes/
spindle during their relocation to the cortex. The universality of the importance of actin-mediated 
chromosome/spindle translocation in the unfolding of meiosis is challenged, however, by other 
lines of evidence. In fact, it seems that in preovulatory oocytes of other mammals (including 
humans), the GV acquires a peripheral location before it breaks down and therefore the chromo-
some/spindle complex does not require repositioning (2). It is possible that in mouse oocytes 
the central position of the GV, and the consequent necessity to move the chromosomes/spindle 
complex to the periphery after GV break down, may derive from a disanchoring from the cortex 
as an effect of a particular sensitivity to culture conditions (7,11). Irrespective of whether the 
chromosomes/MI spindle complex forms in the periphery or is vehicled from the center, in 
mouse oocytes, its presence induced a polarization of the cortex, which is critical for the correct 
emission of PBI and PBII. Actin fi laments, initially distributed uniformly throughout the cortex, 
accumulate beneath the oolemma in correspondence with the chromosomes/MI spindle posi-
tion (12,13). This is believed to limit the extension of the cleavage furrow, which determines the 
extrusion of PBI to the differentiated cortical area overlying the chromosomes, thereby reducing 
the loss of cytoplasm. A similar mechanism is thought to operate in coincidence with the emission 
of PBII.   

 Does Cryopreservation Affect the Oocyte Actin Organization and Function? 
 From the above scenario, it emerges that actin fi laments are actively involved in a multiplicity 
of phases of the meiotic process and therefore represent a possible cytoskeletal target of 
cryopreservation-induced damage. Studies on this subject in human oocytes are rare, but data 
of in vitro maturation in frozen-thawed oocytes are compatible with a possible involvement of 
microfi laments in cell alterations found after freezing and thawing. For example, in comparison 
to fresh controls, in cryopreserved GV-stage oocytes recovered from unstimulated ovaries, the 
maturation rate (i.e., the proportion of MII oocytes after 48 hours of culture) may be reduced 
(56.9% vs. 76.3%, respectively) (14). Clearly, an inhibitory effect on the process of meiotic matu-
ration may involve different aspects or stages of the cell cycle machinery, but it is possible that, 
under certain cryopreservation conditions, disarrangement of cortical actin prevents extrusion 
of PBI. Consistent with this hypothesis is the evidence that mature mouse oocytes frozen-
thawed under suboptimal conditions may show an increased tendency to retain the PBII after 
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insemination (11.8% vs. 1.3% of controls) (15). In this species, microfi laments appear actually 
sensitive to conditions that may occur during cryopreservation, as indicated by the disruption 
of cortical microfi laments upon treatment with 1.5 M dimethylsulfoxide (DMSO) at 37°C (16). 
However, a reduction in the effect of the CPA was observed when the treatment was performed 
at lower temperatures. Alterations in the cortical arrangement of microfi laments were also 
reported following exposure of mouse oocyte for a prolonged period (>5 minutes) at high con-
centrations (>4 M) of ethylene glycol (EG) at room temperature. In view of this, perhaps it is 
not incidental that the most successful CRSC protocols developed for mouse oocytes require 
treatment with 1.5 M DMSO a 4°C (17). Temperature- and concentration-dependent infl uence of 
CPA exposure on actin fi laments have also been demonstrated in the rhesus monkey. GV-stage 
oocytes of this species treated with a medium supplemented with 1.0 or 2.0 M glycerol at room 
temperature lose the typical cortical layer of actin fi laments, while this effect is prevented when 
CPA concentration is lowered to 0.5 M or temperature is reduced to 0°C (18). In human oocytes, 
the condition of cortical fi laments after cryopreservation has been described only rarely. Never-
theless, in comparison to fresh controls, no alterations in frequency (around 80%) and quality of 
actin staining was found in oocytes frozen with CRSC protocols based on exposure to 1.5 M EG 
or 1,2-propanediol (PrOH) at room temperature (19). Another sign that in mature human oocytes 
cryopreserved by CRSC or vitrifi cation microfi laments are not signifi cantly affected is provided 
by the fact that no increase in the tendency to retain the PBII and give rise to three-pronuclear 
fertilization is found after intracytoplasmic sperm microinjection (20,21). Along the same lines, 
the shape and size of PBII, features that depend on the functioning of the cortical actin network, 
have never been reported to be abnormal in cryopreserved oocytes. It is not clear why, in com-
parison to the mouse, human oocytes appear less sensitive to disruption of the mechanism of 
PB extrusion on exposure to freezing conditions. Perhaps, this may refl ect differences in organi-
zation of actin fi laments in the oocyte cortex, as suggested by the fact that in humans the cortical 
actin is found as an uninterrupted and regular layer beneath the oolemma (19), and the process 
of polarization, which occurs in the mouse in coincidence with the subcortical positioning of the 
meiotic spindle, is not observed ( Fig. 1 ). Another element that is suggestive of the preservation 
of the function of actin fi laments in cryopreserved oocytes is the observation that, after sperm 
microinjection and fertilization, the fi rst mitotic divisions generate cleaving embryos with 
blastomeres of normal size and shape in a proportion comparable to unfrozen control (21,22). 
This requires that the endowment of actin present in the unfertilized oocyte be passed on to the 
ensuing embryo unaltered in quantity and functional ability.     

 MICROTUBULES  

 Microtubule Dynamics During Oocyte Maturation 
 Microtubules are composed of heterodimers formed by  ! - and  " -tubulin [see Ref. (23) for a 
review]. Individual units of this heterodimer are connected in a head-to-tail fashion to form 
protofi laments. In their turn, 13 of these protofi laments can juxtapose side-by-side and slightly 

 Figure 1    Human germinal vesicle (GV)-stage oocyte showing an interphase-like three-dimensional network of 
microtubules (in green) spanning across the cytoplasm. Within the GV, an uninterrupted ring of heterochromatin 
is visible around the nucleolus. The image is derived from a collaborative study between Tecnobios Procreazione 
and the laboratory of Prof. D. Albertini. See Color Plates on Page xviii.    



CRYOPRESERVATION AND THE CYTOSKELETON OF THE HUMAN OOCYTE 165

out of phase to each other, to form the typical cylindrical and helical microtubular structure. 
Numerous functions fulfi lled by microtubules require dynamic assembly (polymerization) and 
disassembly (depolymerization). This is driven by binding, hydrolysis, and exchange of guanos-
ine triphosphate (GTP) on the  ! -tubulin monomer. Polymerization is initiated from free heterodi-
mers loaded with GTP. Organization of heterodimers into protofi laments and cylinders of the 
microtubular wall is followed by hydrolysis of GTP into guanosine diphosphate and inorganic 
phosphate. The conformational change that accompanies GTP hydrolysis makes heterodimer 
interactions at the growing end of the microtubule rather unstable. Stabilization, however, can 
intervene as an effect of the creation of a terminal “cap” of tubulin-GTP. This gives rise to a meta-
stable, blunt-ended microtubule that may remain temporarily stable, disassemble, or progress 
to further growth. This general machinery is fi nely controlled by a myriad of regulatory factors 
that promote microtubule polymerization, stabilization, or destabilization. 

 The dynamic character of microtubules can be seen at work in the maturing oocyte. Shortly 
before meiotic maturation is resumed at ovulation, in the GV-stage oocyte microtubules are 
organized in a dense and relatively static network of fi bers which spans across the whole cyto-
plasm (24) ( Fig. 2 ). As soon as the GV breaks down (as discussed, an event that occurs peripher-
ally in the human oocyte), the microtubular array becomes more dynamic, establishes contacts 
with the chromosomes, which in the meantime have condensed, and organizes into the MI 
spindle. This is a relatively short-lived structure that expedites chromosome segregation during 
the fi rst meiotic division and is afterwards remodeled to give origin to the MII spindle in the 
mature oocyte. While being highly dynamic in its basic components (the microtubules), to 
assure chromosome congression and continued alignment on the metaphase plate, the MII 
spindle as a whole is required to persist undisturbed in a bipolar confi guration for a few hours 
(25), that is, during the temporal window in which the oocyte expresses its highest ability to 
develop into a viable embryo (26). Once fertilization is commenced, prompted by penetration 
of the spermatozoon, the MII spindle guides chromatid segregation concomitantly with the 
extrusion of the PBII, thereby ensuring completion of the meiotic process. The MII spindle plays 
other important roles in oocyte physiology. In a fashion similar to the fi rst meiotic division (1,9), 
its sub-oolemmal position dictates a highly asymmetric second meiotic division and the extru-
sion of a small PBII, thereby minimizing the loss of organelles and molecules needed for the 
earliest stages of development. Spindle position also appears to play a critical developmental 
role, acting as a landmark for the establishment of the animal–vegetal axis and thereby contrib-
uting to set the geometrical coordinates of the embryo (2). Also, the MII spindle appears to be 
involved in another process not closely related to chromosome segregation and PBII extrusion, 
as suggested by the fact that it represents a preferential localization site of the src-family protein 
tyrosine kinases, proteins essential for late stages of fertilization (27).    

 Figure 2    Detail of a human MII oocyte. Actin fi laments (in red) are organized in a thin uninterrupted layer 
beneath the oolemma and do not exhibit a restricted localization coincident with the position of the MII spindle 
that instead is found in mouse oocytes. The end of the MII spindle oriented toward the center of the oocyte is 
clearly disorganized, having lost the typical polar convergence of microtubule fi bers. The image is derived from a 
collaborative study between Tecnobios Procreazione and the laboratory of Prof. D. Albertini. See Color Plates 
on Page xix.    
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 Effects of Cryopreservation on Microtubule and Chromosome Organization 
 As a highly dynamic and sensitive structure that depends on the fi nely regulated process of 
tubulin polymerization and depolymerization, it is not surprising that the MII spindle may be 
affected by diverse factors. Disparate spindle confi gurations may be found in fresh mature 
oocytes or in oocytes derived from various forms of manipulation ( Fig. 3 ). The classical bipolar 
organization with chromosomes aligned on the metaphase plate is the one that is believed to 
assure the highest chances of fl awless segregation of sister chromatids, while structures that 
diverge from this scheme are clearly at higher risk of meiotic errors (5). Spindle perturbances 

(A) (B)

(C) (D)

 Figure 3    Confocal microscopy 3D reconstructions of spindles presenting different microtubule and chromosome 
confi gurations: ( A ) bipolar organization, with microtubules converging at both poles and all chromosomes present 
and evenly aligned at the equatorial plate; ( B ) bipolar spindle, microtubules meeting at both poles, but with 
chromosomes only partially aligned on the metaphase plate; ( C ,  D ) spindles with microtubules showing signs of 
disorganization and in part not converging at one or both poles, with chromosomes showing varying degree of 
misalignment. The images are derived from a collaborative study between Tecnobios Procreazione and the 
laboratory of Prof. D. Albertini. See Color Plates on Page xix.    
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can have intrinsic origins, as indicated by the fact that the large majority of oocytes from older 
women (40–45 years) display microtubular abnormalities and chromosome displacement, as 
opposed to oocytes of younger women (20–25 years) in which those anomalies are only spo-
radically represented (5). These anomalies are believed to be the cellular basis of the increase in 
aneuploidies that affects the oocytes (and the resulting embryos) of older women. Inadequate 
temperatures may represent an extrinsic source of spindle damage and, likewise the previous 
case, meiotic errors. In a fundamental study conducted two decades ago, using epifl uorescence 
microscopy, Pickering et al. (3) observed that in mature human oocytes cooled at room tem-
perature for 10 to 30 minutes, the MII spindle suffers major structural alterations, including 
reduction in size, microtubular disorganization or disappearance, and chromosome dispersal. 
Upon rewarming to physiological temperature (37°C), some of these spindle anomalies may 
disappear, but others persist, predisposing oocytes to developmental failure. This bears obvious 
implications for the cryopreservation of these cells, a process that involves thermal transitions 
to and from liquid nitrogen temperature. In addition, low temperature preservation techniques, 
CRSC and vitrifi cation, require the use of cryoprotectants whose action may affect spindle and 
chromosome confi guration, as a consequence of acute osmotic stress and/or direct interference 
with the dynamics of tubulin polymerization. Therefore, analysis of the MII spindle has repre-
sented an intensely studied subject in both animal models and humans since the dawn of oocyte 
cryopreservation history.  

 Classically, the meiotic spindle may be visualized through immunofl uorescence micros-
copy, which offers reliable and detailed information on microtubular structures. Chromosomes 
may also be visualized by using fl uorescent DNA-specifi c dyes. Such a technique requires 
methods of preparation (fi xation and staining) which are incompatible with the preservation of 
cell viability. Therefore, it cannot be adopted for oocyte selection in an in vitro fertilization (IVF) 
context, but is crucial for an objective assessment of oocyte quality after cryopreservation. Using 
the mouse model, Johnson and Pickering were among the fi rst to investigate the effects of cryo-
preservation conditions on the oocyte MII spindle (28). They reported that exposure to DMSO 
initially generates the formation of microtubular asters around the multiple microtubule orga-
nizing centers normally found in the oocytes of this species. They also found that a prolonged 
treatment with the same CPA causes spindle disassembly and chromosome disarrangement. 
Together with the observation of the same authors that described how lower suboptimal 
temperature cause irreversible spindle depolymerization in human oocytes (3), this evidence 
contributed to generate the belief that cryopreservation was incompatible with the maintenance 
of an intact MII spindle. This appeared as a confi rmation of the impression that oocytes were 
altogether particularly susceptible to cryopreservation, as suggested by the low survival rates 
experienced by those who fi rst attempted to cryopreserve human oocytes in a clinical context 
using the CRSC approach (29). Data that emerged a few years later from the work of Gook et al. 
came as a surprise. By adopting a CRSC protocol involving 1.5 M PrOH and 0.1 M sucrose as a 
freezing mixture, these authors showed that, after freezing and thawing, 60% of human oocytes 
could be found with normal spindle and chromosome confi guration (30). A 60% rate may appear 
relatively low, but it should be noted that in fresh controls it is not infrequent that the proportion 
of oocytes with a normal spindle is around 70% (6,31). From the studies of Gook et al. it was also 
evident that in frozen-thawed oocytes in which the spindle is absent or aberrant no stray chromo-
somes are observed (32). In other words, disassembly of the spindle, when it occurs, does not 
lead to chromosome dispersal throughout the cytoplasm. More recently, similar fi ndings were 
reported by Zenzes et al. (33). This has important implications because, in the hypothesis of a 
possible spindle repolymerization after freezing-thawing, if chromosomes remain closely adja-
cent to each other, reestablishment of physical interactions with the spindle fi bers and organiza-
tion on the equatorial plate would seem more feasible in comparison to a situation in which 
they would need to be recaptured from mutually distant cytoplasmic locations and redeployed 
in a compact array. Gook et al. also provided evidence of normal sets of chromosomes in frozen-
thawed oocytes undergoing fertilization, a sign that the second meiotic division had occurred 
undisturbed under the conditions tested by these authors (32). Confi rmation that cryopreser-
vation may be compatible with the maintenance of an intact spindle came from experiments in 
the mouse, in which it was described that, after CRSC or ultra-rapid freezing, a large number of 
oocytes (72% and 84%, respectively) with a normal, barrel-shaped MII spindle could be recovered 
after two hours of incubation from thawing (34). However, these fi ndings were not considered 
conclusive to rule out damage to the MII spindle after cryopreservation. Some investigators 
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have tested the hypothesis that cryopreservation-induced damage to the cytoskeletal apparatus 
may be circumvented if oocytes are stored at the GV stage, when microtubules are not organized 
in the MII spindle, and matured in vitro after thawing, therefore avoiding direct exposure of the 
MII spindle to cryopreservation conditions. Using supernumerary GV-stage oocytes from IVF 
patients, Baka et al. (35) found that, after CRSC cryopreservation with a protocol based on 
1.5 M PrOH and 0.1 M sucrose as CPAs, in vitro maturation generated mature oocytes whose 
frequency of formation of normally organized spindles was not statistically different from 
in vitro or in vivo matured fresh controls (81%, 83%, and 89%, respectively). These results show 
that cryopreservation at the GV stage has some potential. However, this strategy—while 
attempting to resolve a problem, the preservation of the MII spindle—in fact, introduces another 
perhaps more important complication. In fact, it is recognized that in vitro maturation systems 
have not yet been developed to a stage capable to generate oocytes with a developmental poten-
tial comparable to fresh material. Other studies on GV stage oocytes have not confi rmed the 
fi ndings of Baka et al. In an investigation performed with oocytes retrieved from unstimulated 
patients, Park et al. (36) observed that cryopreservation at the GV stage has a detrimental effect 
on the rate of in vitro matured oocytes with normal chromosome and spindle confi guration, in 
comparison with nonfrozen in vitro matured material. Similar results were obtained by Boiso 
et al. (37) also. As discussed above, microtubules are involved in highly dynamic processes 
during the whole process of meiotic maturation, shifting from an interphase-like intricate and 
diffuse array to the delicate and compact organization of the MI and MII spindles. Changes of 
the same magnitude are also likely to involve a countless number of cytoskeletal regulatory 
factors. Therefore, it is plausible that cryopreservation conditions, when applied at the GV 
stage, may alter some cytoskeletal elements and compromise indirectly, but signifi cantly, phases 
of microtubular dynamics occurring at later stages of the maturation process. Another diffi culty 
involved in the in vitro maturation approach derives from the fact that cryopreservation, apart 
from potentially affecting the oocyte proper, has major implications for the cumulus cells that 
are physically and functionally associated to the oocyte and play a crucial role for the acquisition 
of developmental potential (see chap. 9). Paradoxically, storage conditions that are compatible 
with oocyte survival after thawing, nevertheless, can destroy the intercellular communication 
between the germinal and somatic components within the cumulus cell–oocyte complex and 
even be lethal to the cumulus cells, compromising the oocyte ability to develop to the blastocyst 
stage (38). In addition, in vitro maturation technique per se can represent a possible source of 
perturbation to the normal process of formation of the MII spindle. For example, Ceckleniak 
et al. (39) proved that the adoption of an inappropriate culture medium for in vitro maturation 
can severely affect the proportion of in vitro matured oocytes displaying a normal chromosome 
and spindle confi guration. In conclusion, it seems that the option to cryopreserve oocytes at the 
GV stage to avoid damage to the MII spindle generates more problems than those that is hoped 
to solve, at least for the time being. 

 Probably for this reasons, more recent studies based on the hypothesis of spindle disruption 
after cryopreservation have again focused on mature oocytes. Mullen et al. (40) transiently 
exposed mature human oocytes to anisosmotic conditions generated by buffer solutions includ-
ing different concentrations of sucrose, with the objective to simulate the osmotic stress occur-
ring during dehydration and rehydration and ascertain possible consequences to the MII 
spindle structure. The authors found that both hypo- and hyperosmotic conditions caused a 
decrease in the proportion of oocytes with a normal spindle, in extreme cases with a total loss 
of a recognizable microtubular structure. However, such anisosmotic conditions were obtained 
in the absence of penetrating CPAs (DMSO, EG, and PrOH), molecules which interact with tubu-
lin infl uencing microtubule dynamics and under certain circumstances inducing microtubule 
polymerization or stabilization (28,41). Our group has been directly involved in investigations 
aiming to ascertain the conditions of the MII spindle in human oocytes after cryopreservation. 
In particular, in a study published in 2006 (6), we compared the effect of two distinct CRSC 
protocols differing in the concentration of sucrose in the freezing solution. In control oocytes, 
we ascertained tubulin staining in about 90% of oocytes, although only in a smaller fraction 
(73.1% of the total) we observed an orderly bipolar array of microtubules and a regular chromo-
some distribution. These fi gures are comparable to those reported by Stachecki et al. (31). The 
fraction of oocytes with abnormal spindles varies depending on age (5), a circumstance that 
suggested us to limit our observations to oocytes donated by patients younger than 36 years. In 
our experience, cryopreservation with a method in which sucrose concentration in the loading 
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solution was 0.3 M did not essentially affect the regularity of spindle and chromosome arrange-
ment. By contrast, the application of a protocol involving a lower sucrose concentration (0.1 M) 
was associated to a limited but statistically signifi cant reduction (50.8%) in the rate of oocytes 
with normal spindle and chromosome confi gurations. Cobo et al. (42) have provided evidence 
that the chromosome complement of embryos derived from cryopreserved oocytes is unaffected, 
a circumstance that requires as a prerequisite that the MII spindle organization is unaltered after 
cryopreservation. In particular, using probes for chromosomes 13, 18, 21, X, and Y, these authors 
conducted a preimplantation genetic diagnosis assessment, ascertaining that embryos developed 
from oocytes frozen with a 1.5 M PrOH and 0.2 M sucrose protocol had a rate of aneuploidy 
similar to the one found in embryos from fresh oocytes (28% and 26%, respectively). However, 
it should be noticed that only 21 embryos from frozen oocytes were examined in this study. 
Evidence converging with our experience has been described also by Stachecki et al. (31), whose 
data suggest that the proportion of oocytes with barrel-shaped spindles and chromosomes regu-
larly aligned on the spindle equatorial plane is unchanged after cryopreservation (76.7% vs. 
69.7% in fresh and frozen oocytes, respectively). It is interesting to note that these authors used 
a CRSC protocol involving the replacement of sodium with the less toxic cation choline, to 
reduce the so-called solution effect, consisting of the increase in solute concentration occurring 
during extracellular ice formation. It appears then that the preservation of an intact spindle after 
CRSC is a goal that may be achieved under certain conditions. However, as a confi rmation of 
the impression that the effects of cryopreservation on the microtubular structure depend strictly 
on the protocol employed, another study conducted by our group has come to different conclu-
sions. In particular, after cryopreservation with a CRSC protocol including 1.5 M EG and 0.2 M 
sucrose, we observed that the percentage of oocytes with a bipolar spindle and chromosomes 
aligned on the equatorial plane was moderately but signifi cantly lower in comparison to fresh 
oocytes (53.8% and 70%, respectively). Recently, the trend of evidence which indicates that the 
oocyte spindle may endure the process of cryopreservation has been confi rmed by a study in 
which four different protocols were compared (CRSC 1.5 M PrOH + 0.2 M sucrose; CRSC 1.5 M 
PrOH + 0.3 M sucrose; CRSC 1.5 M PrOH + 0.3 mol/L sucrose with Na + -depleted, choline-
replaced media and cryotip vitrifi cation) (43). The proportion of oocytes showing bipolar spindle 
and equatorial chromosome alignment ranged from 73.9% to 88.9% in the different groups, an 
incidence that in all cases was not statistically different in comparison with fresh controls. These 
data confi rm the results generated previously and concerning the CRSC 1.5 M PrOH + 0.3 M 
sucrose (44) and the Na +  depleted–choline replaced (31) protocols. Other more comprehensive 
analyses will need to be performed especially on the vitrifi cation approach, in consideration 
that current applications are based in most cases on the use of the cryotop as a storage device. 
This may not be without consequences, because the design of the storage device infl uences the 
volume in which oocytes are vitrifi ed, with possible consequences on the rate of cooling and 
warming and in fi nal analysis on the effi ciency by which oocytes are vitrifi ed. Overall, this 
study is nevertheless rather reassuring, confi rming that maintenance of spindle organization 
may be achieved by a number of cryopreservation conditions. The fact that the vitrifi cation 
approach can also preserve the MII spindle is particularly important, in the view of the increasing 
number of IVF programs that are introducing oocyte vitrifi cation as a standard cryopreservation 
procedure.   

 Dynamic Observation of the MII Spindle in Cryopreserved Oocytes 
 In the last several years, technical advances in polarized light microscopy have made possible 
the observation of the oocyte MII spindle in a dynamic and noninvasive fashion, thereby allow-
ing repeated observations of the same specimen over time. Polarized light microscopy is based 
on the phenomenon of birefringence by which highly orderly structures, such as the spindle 
microtubules, generate the decomposition of a single incident beam of polarized light into two 
orthogonal rays. This creates a difference in contrast between the spindle and the rest of the cell, 
which may be detected by imaging devices (e.g., the Polscope or the Oosight) that digitally 
amplify birefringence signals and, after computational manipulations, make quantifi able the 
degree of microtubule orientation. Polarized light microscopy does not require any preparative 
technique of the specimen and does not affect cell viability, conditions that have strongly 
motivated its use as a tool to study spindle presence, organization, and dynamics after cryo-
preservation and, therefore, to select oocytes of higher developmental potential. A detailed 
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account of the evidence generated by the use of polarized light microscopy for the analysis of 
cryopreserved oocytes may be found elsewhere in this volume (see chap. 14). In general, as an 
effect of its absolute noninvasiveness, polarized light microscopy has confi rmed its validity to 
study spindle dynamics, or more precisely disappearance and reappearance, during the phases 
of dehydration and rehydration in both CRSC and vitrifi cation protocols (45–47). However, 
recent evidence has questioned the ability of the Polscope, a particular application of polarized 
light microscopy adopted by several human IVF laboratories, to provide detailed information 
on the actual constitution of the MII spindle. In particular, after comparison of data generated 
from the same material by the Polscope and high-performance confocal microscopy, it has 
emerged that, after cryopreservation, quantitative Polscope analysis, that is, measurement of 
retardance, is unable to discriminate among spindles with different confi gurations or different 
chromosome distributions (44). This suggests that the Polscope may be a rather ineffi cient 
method for assessing the precise structure of the MII spindle and, as a result, for noninvasive 
oocyte assessment and selection after cryopreservation or other IVF manipulations. Another 
recent study (48), not based on polarized light microscopy but on high-performance confocal 
microscopy, has addressed the question of the oocyte MII spindle dynamics after cryopreser-
vation. In the section Effects of Cryopreservation on Microtubule and Chromosome Organiza-
tion of this chapter it has been discussed how several lines of evidence based on confocal 
microscopy indicate that different cryopreservation conditions are compatible with the mainte-
nance of an apparently normal MII spindle. These data, however, were produced by considering 
only one time point, usually chosen between one and three hours, after the end of the thawing 
(or warming in the case of vitrifi cation) and rehydration procedures. While it is possible that, as 
an effect of CPAs or other unrecognized factors, the spindle may endure the entire cryopreser-
vation procedure without undergoing depolymerization, in fact, it is perhaps more plausible 
that the spindle may depolymerize and repolymerize with different dynamics in dependence of 
the specifi c conditions imposed by a given protocol, as suggested by at least one polarized light 
microscopy study (47). For this reason, using high-resolution confocal microscopy, the dynam-
ics of the meiotic spindle reassembly in human oocytes cryopreserved by a CRSC protocol based 
on 1.5 M PrOH + 0.3 M sucrose has been investigated over a period of three hours. It has been 
found that, immediately following thawing and rehydration, cryopreserved oocytes display a 
variety of spindle and chromosome abnormalities. However, recovery of a bipolar spindle with 
aligned chromosomes occurs within one hour from rehydration. Extending the post-thaw/
rehydration culture for longer intervals (2–3 hours) results in progressive loss of bipolar spindle 
structure coincident with chromosome displacement. Therefore, an active process of spindle 
repair and chromosome alignment appears to be acting within one hour from the end of the 
thawing/rehydration procedure, followed by a deterioration in the forces that maintain chro-
mosomes in a metaphase confi guration. The causes of this biphasic spindle dynamics are not 
currently known, but it may be hypothesized that energy sources for spindle recovery (i.e., 
tubulin polymerization) and for the activity of microtubule motors, which keep the spindle 
poles focused and assure appropriate attachment of the chromosomes at the equatorial plate, 
may be compromised by cryopreservation. This hypothesis is consistent with the observation 
that mitochondrial function may be affected in frozen-thawed oocytes (49). Irrespective of the 
specifi c merit of these data, which are relevant to a particular set of freezing and thawing condi-
tions, and despite the reassuring evidence provided by several studies, it appears that the ques-
tion of a possible infl uence of cryopreservation on the oocyte MII spindle still demands a 
substantial investigation effort. In future studies, the analysis of MII spindle in cryopreserved 
oocytes will require a methodology that contemplates the possibility to detect morpho-func-
tional changes within a time period of interest. It will also be very important to include novel or 
more accurate criteria to establish spindle normalcy, in the light of evidence which suggests that 
spindle size, microtubule density, and other parameters may indicate a condition of abnormal-
ity, and yet coexist with bipolarity and equatorial chromosome alignment (48,50,51).    

 CONCLUSIONS 

 Because of its inherent dynamic properties and sensitivity to a variety of intrinsic and extrinsic 
infl uences, the cytoskeleton of the human oocyte has been suspected to be a potential target 
of adverse cryopreservation conditions, with possible implications for the health of children 
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developed from cryopreserved oocytes. In reality, the complement of polymerized actin of the 
mature oocyte appears rather insensitive to cryopreservation, but the paucity of observations 
conducted so far suggests that this matter would benefi t from a more extensive analysis. The 
issue of the MII spindle constitution after cryopreservation has attracted more interest, leading 
to several studies performed under a variety of cryopreservation conditions. Currently, a con-
sensus seems to have converged around the position that preservation of spindle integrity is 
compatible with at least some CRSC and vitrifi cation approaches. However, it appears diffi cult 
to draw defi nite conclusions because even relatively minor protocol modifi cations, such as 
diverse dehydration conditions or type of storage devices, can have different and unpredictable 
downstream effects on microtubule organization. Therefore, each cryopreservation protocol, 
especially those newly developed, should be assessed separately. Novel insights of the MII 
spindle apparatus could derive from technical and methodological advances in confocal micros-
copy that have integrated previously unrecognized morphometric parameters of normalcy with 
the traditional assessments of spindle bipolarity and chromosome alignment. This will increase 
our understanding of the cytoskeleton, irrespective of the concerns raised by the possible effects 
of cryopreservation.     

 REFERENCES 

   1.   Barrett SL, Albertini DF. Allocation of gamma-tubulin between oocyte cortex and meiotic spindle 
infl uences asymmetric cytokinesis in the mouse oocyte. Biol Reprod 2007; 76: 949–57.  

   2.   Albertini DF, Barrett SL. The developmental origins of mammalian oocyte polarity. Semin Cell Dev 
Biol 2004; 15: 599–606.  

   3.   Pickering SJ, Braude PR, Johnson MH, et al. Transient cooling to room temperature can cause irre-
versible disruption of the meiotic spindle in the human oocyte. Fertil Steril 1990; 54: 102–8.  

   4.   Pickering SJ, Johnson MH, Braude PR, et al. Cytoskeletal organization in fresh, aged and spontaneously 
activated human oocytes. Hum Reprod 1988; 3: 978–89.  

   5.   Battaglia DE, Goodwin P, Klein NA, et al. Infl uence of maternal age on meiotic spindle assembly in 
oocytes from naturally cycling women. Hum Reprod 1996; 11: 2217–22.  

   6.   Coticchio G, De Santis L, Rossi G, et al. Sucrose concentration infl uences the rate of human oocytes 
with normal spindle and chromosome confi gurations after slow-cooling cryopreservation. Hum 
Reprod 2006; 21: 1771–6.  

   7.   Leader B, Lim H, Carabatsos MJ, et al. Formin-2, polyploidy, hypofertility and positioning of the 
meiotic spindle in mouse oocytes. Nat Cell Biol 2002; 4: 921–8.  

   8.   Hall A. Rho GTPases and the control of cell behaviour. Biochem Soc Trans 2005; 33: 891–5.  
   9.   Choi T, Fukasawa K, Zhou R, et al. The Mos/mitogen-activated protein kinase (MAPK) pathway 

regulates the size and degradation of the fi rst polar body in maturing mouse oocytes. Proc Natl Acad 
Sci U S A 1996; 93: 7032–5.  

  10.   Li H, Guo F, Rubinstein B, et al. Actin-driven chromosomal motility leads to symmetry breaking in 
mammalian meiotic oocytes. Nat Cell Biol 2008; 10: 1301–8.  

  11.   Maro B, Verlhac MH. Polar body formation: new rules for asymmetric divisions. Nat Cell Biol 2002; 4: 
E281–3.  

  12.   Verlhac MH, Lefebvre C, Guillaud P, et al. Asymmetric division in mouse oocytes: with or without 
Mos. Curr Biol 2000; 10: 1303–6.  

  13.   Halet G, Carroll J. Rac activity is polarized and regulates meiotic spindle stability and anchoring in 
mammalian oocytes. Dev Cell 2007; 12: 309–17.  

  14.   Son WY, Park SE, Lee KA, et al. Effects of 1,2-propanediol and freezing-thawing on the in vitro 
developmental capacity of human immature oocytes. Fertil Steril 1996; 66: 995–9.  

  15.   Carroll J, Warnes GM, Matthews CD. Increase in digyny explains polyploidy after in-vitro fertilization 
of frozen-thawed mouse oocytes. J Reprod Fertil 1989; 85: 489–94.  

  16.   Vincent C, Pickering SJ, Johnson MH, et al. Dimethylsulphoxide affects the organisation of micro-
fi laments in the mouse oocyte. Mol Reprod Dev 1990; 26: 227–35.  

  17.   Carroll J, Wood MJ, Whittingham DG. Normal fertilization and development of frozen-thawed mouse 
oocytes: protective action of certain macromolecules. Biol Reprod 1993; 48: 606–12.  

  18.   Younis AI, Toner M, Albertini DF, et al. Cryobiology of non-human primate oocytes. Hum Reprod 
1996; 11: 156–65.  

  19.   De Santis L, Coticchio G, Paynter, et al. Permeability of human oocytes to ethylene glycol and their 
survival and spindle confi gurations after slow cooling cryopreservation. Hum Reprod 2007; 22: 
2776–83.  



172 COTICCHIO AND BONU

  20.   Borini A, Sciajno R, Bianchi V, et al. Clinical outcome of oocyte cryopreservation after slow cooling 
with a protocol utilizing a high sucrose concentration. Hum Reprod 2006; 21: 512–17.  

  21.   Cobo A, Kuwayama M, Perez S, et al. Comparison of concomitant outcome achieved with fresh and 
cryopreserved donor oocytes vitrifi ed by the cryotop method. Fertil Steril 2008; 89: 1657–64.  

  22.   Bianchi V, Coticchio G, Distratis V, et al. Differential sucrose concentration during dehydration 
(0.2 mol/L) and rehydration (0.3 mol/L) increases the implantation rate of frozen human oocytes. 
Reprod Biomed Online 2007; 14: 64–71.  

  23.   Howard J, Hyman AA. Dynamics and mechanics of the microtubule plus end. Nature 2003; 422: 
753–8.  

  24.   Combelles CM, Cekleniak NA, Racowsky C, et al. Assessment of nuclear and cytoplasmic maturation 
in in-vitro matured human oocytes. Hum Reprod 2002; 17: 1006–16.  

  25.   Brunet S, Maro B. Cytoskeleton and cell cycle control during meiotic maturation of the mouse oocyte: 
integrating time and space. Reproduction 2005; 130: 801–11.  

  26.   Ducibella T. Biochemical and cellular insights into the temporal window of normal fertilization. 
Theriogenology 1998; 49: 53–65.  

  27.   McGinnis LK, Albertini DF, Kinsey WH. Localized activation of Src-family protein kinases in the 
mouse egg. Dev Biol 2007; 306: 241–54.  

  28.   Johnson MH, Pickering SJ. The effect of dimethylsulphoxide on the microtubular system of the mouse 
oocyte. Development 1987; 100: 313–24.  

  29.   Al-Hasani S, Diedrich K, van der Ven, et al. [Initial results of the cryopreservation of human oocytes]. 
Geburtshilfe Frauenheilkd 1986; 46: 643–4.  

  30.   Gook DA, Osborn SM, Johnston WI. Cryopreservation of mouse and human oocytes using 1,2-
propanediol and the confi guration of the meiotic spindle. Hum Reprod 1993; 8: 1101–9.  

  31.   Stachecki JJ, Munne S, Cohen J. Spindle organization after cryopreservation of mouse, human, and 
bovine oocytes. Reprod Biomed Online 2004; 8: 664–72.  

  32.   Gook DA, Osborn SM, Bourne H, et al. Fertilization of human oocytes following cryopreservation: 
normal karyotypes and absence of stray chromosomes. Hum Reprod 1994; 9: 684–91.  

  33.   Zenzes MT, Bielecki R, Casper RF, et al. Effects of chilling to 0 degrees C on the morphology of meiotic 
spindles in human metaphase II oocytes. Fertil Steril 2001; 75: 769–77.  

  34.   Aigner S, Van der Elst J, Siebzehnrubl E, et al. The infl uence of slow and ultra-rapid freezing on the 
organization of the meiotic spindle of the mouse oocyte. Hum Reprod 1992; 7: 857–64.  

  35.   Baka SG, Toth TL, Veeck LL, et al. Evaluation of the spindle apparatus of in-vitro matured human 
oocytes following cryopreservation. Hum Reprod 1995; 10: 1816–20.  

  36.   Park SE, Son WY, Lee SH, et al. Chromosome and spindle confi gurations of human oocytes matured 
in vitro after cryopreservation at the germinal vesicle stage. Fertil Steril 1997; 68: 920–6.  

  37.   Boiso I, Marti M, Santalo J, et al. A confocal microscopy analysis of the spindle and chromosome con-
fi gurations of human oocytes cryopreserved at the germinal vesicle and metaphase II stage. Hum 
Reprod 2002; 17: 1885–91.  

  38.   Ruppert-Lingham CJ, Paynter SJ, Godfrey J, et al. Developmental potential of murine germinal 
vesicle stage cumulus-oocyte complexes following exposure to dimethylsulphoxide or cryopreser-
vation: loss of membrane integrity of cumulus cells after thawing. Hum Reprod 2003; 18: 392–8.  

  39.   Cekleniak NA, Combelles CM, Ganz DA, et al. A novel system for in vitro maturation of human 
oocytes. Fertil Steril 2001; 75: 1185–93.  

  40.   Mullen SF, Agca Y, Broermann DC, et al. The effect of osmotic stress on the metaphase II spindle of 
human oocytes, and the relevance to cryopreservation. Hum Reprod 2004; 19: 1148–54.  

  41.   Joly C, Bchini O, Boulekbache H, et al. Effects of 1,2-propanediol on the cytoskeletal organization of 
the mouse oocyte. Hum Reprod 1992; 7: 374–8.  

  42.   Cobo A, Rubio C, Gerli S, et al. Use of fl uorescence in situ hybridization to assess the chromosomal 
status of embryos obtained from cryopreserved oocytes. Fertil Steril 2001; 75: 354–60.  

  43.   Cobo A, Perez S, De los Santos MJ, et al. Effect of different cryopreservation protocols on the 
metaphase II spindle in human oocytes. Reprod Biomed Online 2008; 17: 350–9.  

  44.   Coticchio G, Sciajno R, Hutt KJ, et al. Comparative analysis of the metaphase II spindle of human 
oocytes through polarized light and high performance confocal microscopy. Fertil Steril Accepted for 
publication.  

  45.   Rienzi L, Martinez F, Ubaldi F, et al. Polscope analysis of meiotic spindle changes in living 
metaphase II human oocytes during the freezing and thawing procedures. Hum Reprod 2004; 19: 
655–9.  

  46.   Bianchi V, Coticchio G, Fava L, et al. Meiotic spindle imaging in human oocytes frozen with a slow 
freezing procedure involving high sucrose concentration. Hum Reprod 2005; 20: 1078–83.  

  47.   Ciotti PM, Porcu E, Notarangelo L, et al. Meiotic spindle recovery is faster in vitrifi cation of human 
oocytes compared to slow freezing. Fertil Steril 2008; DOI: 10.1016/j.fertnstert.2008.03.013.  



CRYOPRESERVATION AND THE CYTOSKELETON OF THE HUMAN OOCYTE 173

  48.   Bromfi eld J, Coticchio G, Hutt K, et al. Meiotic spindle dynamics in human oocytes following slow-
cooling cryopreservation. Submitted for publication.  

  49.   Jones A, Van Blerkom J, Davis P, et al. Cryopreservation of metaphase II human oocytes effects 
mitochondrial membrane potential: implications for developmental competence. Hum Reprod 2004; 
19: 1861–6.  

  50.   Sanfi ns A, Lee GY, Plancha CE, et al. Distinctions in meiotic spindle structure and assembly during 
in vitro and in vivo maturation of mouse oocytes. Biol Reprod 2003; 69: 2059–67.  

  51.   Shen Y, Betzendahl I, Sun F, et al. Non-invasive method to assess genotoxicity of nocodazole interfering 
with spindle formation in mammalian oocytes. Reprod Toxicol 2005; 19: 459–71.      



             Non-Invasive Assessment of Cryopreserved 
Oocytes Through Polarized Light Microscopy   
   Markus   Montag   ,    Maria   Köster   ,    Benjamin   Rösing   ,    Katrin   van der Ven   , and    Hans   van der Ven   
  Department of Gynecological Endocrinology & Reproductive Medicine, University of Bonn, Bonn, Germany      

 INTRODUCTION 

 The interest in cryopreservation of oocytes in human assisted reproduction is increasing. There 
are numerous reasons for this, and some of the more prominent ones are fertility preservation 
in young cancer patients, cryobanking of oocytes for future use to delay motherhood, legal 
restrictions regarding the number of oocytes that can be used for insemination in a fresh cycle 
after puncture (as in Italy), and oocyte donation programs. Although oocyte cryopreservation 
using a slow freezing protocol was successful in achieving pregnancies as early as 1986/1987 
(1,2), the fi eld has recently attracted much interest due to encouraging data obtained with oocyte 
vitrifi cation (3,4). Another important stimulus was the change in legislation in Italy a few years 
ago, where nowadays only a restricted number of oocyte can be used for insemination (5). Legal 
restrictions seem to be a driving force for exploring new technologies and techniques and espe-
cially publications from Italian groups on cryopreservation of metaphase II oocytes have 
recently increased. 

 The main factor that affects the success rate of an oocyte freezing program is the cryo-
preservation procedure by itself. The reason is that cryopreservation may directly affect the 
oocyte or have an indirect impact on subsequent embryo development. This is infl uenced by the 
methodological approach as well as by the quality and properties of the solutions applied dur-
ing the freeze-thaw procedure. Another important factor is the quality of the oocyte prior to 
freezing, which may be infl uenced by the stimulation protocol and patient driven factors (e.g., 
maternal age). 

 Therefore, investigations on oocyte quality are of utmost interest in order to reveal the 
state of the oocyte at the very beginning and to allow detecting changes during the whole process, 
which may be due to the intervention made during the freeze/thaw process. 

 As these oocytes will be used for therapeutic purposes, all investigations on oocyte quality 
should be non-invasive in order to guarantee that the oocytes remain healthy and intact.   

 PARAMETERS OF OOCYTE QUALITY PRIOR TO FREEZING 
THAT CAN BE ASSESSED NON-INVASIVELY 

 Assessing oocyte quality prior to the freezing process will not only help in identifying the cur-
rent quality status of an oocyte, but it will also enable to visualize and document any changes 
that may have occurred during freezing and thawing.  

 Morphological Parameters 
 Obviously, morphological parameters of the oocyte are primarily assessed. Certain parameters 
in fresh oocytes such as polar body morphology or cytoplasmic features (6–9) and position and 
shape of the metaphase II spindle (10–15) were shown to correlate with the success of assisted 
reproductive technology (ART). Although these parameters allow for a qualitative grading of 
all oocytes from one patient, they do not allow for a defi nite and conclusive all or none decision 
about whether an oocyte is completely devoid of any implantation potential. Therefore, assess-
ment of oocyte quality prior to cryopreservation is not a means to exclude oocytes from the 
freezing process, but to assist in identifying oocytes that after freezing and thawing may be 
preferentially used for further therapeutic treatment. Morphological parameters that seem to 
have a negative infl uence on the outcome of cryopreservation are a large perivitelline space, 
presence of vacuoles, and/or central granules in the ooplasm.   
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 Non-Morphological Parameters 
 Besides morphological parameters other parameters exist, which to some extent give an 
indirect picture of the physiological state of an oocyte. Among these are appearance and 
birefringence of the zona pellucida (16–19), respiration rate measurements (20), and in the 
near future probably also tests on the expression of genes related to oocyte quality (21). As 
for the morphological parameters, assessing zona birefringence, oocyte respiration, or gene 
expression profi les will not enable the identifi cation of those oocytes that will implant at a 
rate of 100%.    

 PARAMETERS OF CRYOPRESERVED OOCYTE QUALITY 
THAT CAN BE ASSESSED NON-INVASIVELY 

 Most of the parameters mentioned above could be used for assessing oocyte quality after cryo-
preservation; however, so far only few of them have been investigated toward their potential for 
that purpose. 

 With regard to morphology, the overall morphological appearance of a frozen-thawed 
oocyte is one parameter that can be assessed. Major detrimental changes during freezing or 
thawing either due to oocyte quality or due to technical problems will result in degeneration of 
the oocyte, which can be easily detected.  

 Respiration Rate Measurements 
 The most promising possibilities for assessing oocyte quality are those non-invasive methods 
that provide some information about oocyte physiology. One method that can detect oocyte 
health is the respiration rate, which correlates with the ability of an oocyte to produce ATP—a 
key factor for subsequent fertilization and embryo development (22). This topic is an open fi eld 
for research, as so far only data on fresh oocytes are available (20). The data from Ref. (20) show 
that the baseline respiration rate of an oocyte cultured over three hours is a good means to 
detect oocytes that are atretic, arrested, properly matured, or abnormal. It would be interesting 
to assess the baseline respiration rate of oocytes before freezing and after thawing and to com-
pare the values in order to detect those oocytes that, in a physiological way, did survive the 
whole procedure without any compromise and thus may have the best potential for further 
fertilization and embryo development.   

 Polarized Light Microscopy 
 Another approach to non-invasive quality assessment is polarized light microscopy. Polarized 
light microscopy was already introduced a century ago in cell biology to investigate the struc-
ture and development of skeletal and cellular components in animal cells (23). Further, it has 
been used to visualize the microtubule-dependent birefringence of the mitotic spindle (24), 
whose fi lamentous nature was revealed in 1953 in living cells by Inoué using time-lapse movies 
recorded with the polarizing microscope (25). It was demonstrated that microtubules are 
responsible for spindle birefringence and that spindle retardance is related to microtubule den-
sity (26). With the improvements in computer technology, a new type of polarization micro-
scope system enabled real-time visualization of birefringent structures (27). This truly 
non-invasive method was used in the fi eld of ART to investigate human oocytes and to visual-
ize the two birefringent structures that are present in oocytes at the same time: the spindle and 
the inner layer of the zona pellucida ( Fig. 1 ). 

   Spindle Imaging of Cryopreserved Metaphase II Oocytes 
 Spindle imaging was initially applied to investigate the effect of the presence and location of 
the spindle on fertilization rates and embryo viability in fresh oocytes. It was shown that 
oocytes presenting a spindle showed signifi cantly higher fertilization rates (10,12–15,17,28,29), 
higher blastocyst formation rates (10,17), and higher pregnancy and implantation rates (15), 
although few studies reported the opposite (11,30). Therefore, the spindle and especially the 
functions mediated by an intact spindle seem to be an important part of the human oocyte and 
the fertilization process. 
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 Although the presence or absence of a spindle is discussed in the literature, one must be 
aware that spindle visibility may also depend on physiological characteristics of oocytes. The 
dynamics of spindle formation during oocyte maturation, in particular during the transition 
from metaphase I to metaphase II, was assessed by video cinematography (31). During this 
transitional step the human spindle behaves in a highly dynamic manner and is even absent for 
a certain time period. This phenomenon has been already mentioned by others (14,32,33). There-
fore, the timing of spindle imaging seems to be of utmost clinical importance, and oocyte clas-
sifi cation cannot rely on the presence or absence of the fi rst polar body. Some oocytes classifi ed 
as metaphase II based on the presence of a fi rst polar body by conventional light microscopy can 
actually be in early telophase I with spindle remnants linking the polar body and the ooplasm, 
as seen by polarization microscopy. From the point of oocyte maturation, these oocytes can be 
classifi ed as being immature. Quite a large number of these “immature” oocytes will acquire a 
metaphase II spindle within two to three hours in culture (31). In view of cryopreservation of 
oocytes, spindle imaging may help to start the freezing process at a time when the oocyte has 
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Score:  +3.8 (+)
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 Figure 1    Zona and spindle imaging in metaphase II oocytes. The presence and location of a spindle within a 
metaphase II oocyte can be easily assessed by polarization microscopy. Due to its birefringent nature, the spindle 
will appear as an intense birefringent structure in the cytoplasm and close to the fi rst polar body. Besides the 
spindle, the inner ring of the zona pellucida has some birefringent properties and can be visualized. An automatic 
zona evaluation system (Octax PolarAide TM ) enables a qualitative analysis of the zona birefringence and thus a 
subclassifi cation of the quality of the corresponding oocytes, which is displayed as a score. The oocytes shown 
are characterized by a low score/low quality ( A ), intermediate score/intermediate quality ( B ), and high score/high 
quality ( C ). For details on zona imaging see Refs. (18) and (19). See Color Plates on Page xx.    



NON-INVASIVE ASSESSMENT OF CRYOPRESERVED OOCYTES 177

reached a defi ned maturational state and this may be an important point for later evaluation 
and comparison of the results achieved. 

 Visualizing a spindle is dependent on external factors also. The use of glass-bottom dishes 
for spindle imaging is mandatory, as polarized light cannot pass through plastic. Another char-
acteristic feature of the spindle is the dynamic instability of the microtubules involved in spindle 
formation (34) and, hence, the sensitivity of the spindle to temperature and pH. Consequently, 
the most important aspect with regard to spindle visualization is the proper control of these 
essential factors. 

 Besides pH, temperature is another important factor that has an impact on the spindle. 
Pickering and colleagues showed almost 20 years ago (35) that the meiotic spindle in mature 
human oocytes undergoes major structural changes after cooling at room temperature for 10 to 
30 minutes. Upon re-warming to physiological temperature (37°C), not all spindles will return 
to their normal state. Similar studies were performed with polarization microscopy and it was 
reported that in human oocytes spindles start to disintegrate at a temperature of 33°C (36,37). 
Below a certain threshold of 25°C the spindle will never form again (36) and even partial spindle 
recovery may result in the formation of a defi cient spindle, which may not separate chromo-
somes properly in the following meiotic division and give rise to aneuploid oocytes. Therefore, 
temperature-induced spindle disassembly may have a dramatic impact on fertilization and 
embryo development. 

 Changes in temperature are part of the cryopreservation procedure, and in combination 
with the use of cryoprotectant, temperature change is a major intervention in cryopreservation. 
Therefore, cryopreservation techniques such as slow cooling and vitrifi cation may affect spindle 
and chromosome confi guration. 

 Consequently, polarized light microscopy has been applied in the cryopreservation of 
spindle-positive metaphase II oocytes. Following cryopreservation of human oocytes by a 
slow freezing/rapid thawing protocol (33), spindles were present in 37% of all oocytes after 
thawing; however, they all disappeared in the following washing steps and after further incu-
bation a spindle fi nally reappeared within three hours in 57% of all thawed oocytes. Another 
study on slow freezing of human metaphase II oocytes also confi rmed that following thawing 
a re-organization of the spindles occurs within three to fi ve hours (38). Since the report of these 
studies, the solutions used for cryopreservation of human oocytes by slow cooling have been 
improved (39,40). 

 Whether polarization microscopy is a good tool for studies on fi ne changes in spindle 
assembly has been questioned recently by a study on thawed oocytes, where polymerized 
microtubules were visualized by fl uorescence confocal scanning microscopy although the spin-
dle was not organized in a normal way (41). The same authors reported in more detail about the 
qualitative use of polarization microscopy in fresh as well as frozen oocytes (42). They con-
cluded that the assumption that polarization microscopy-based qualitative detection of spindle 
birefringence is indicative of normal spindle organization and chromosome organization is not 
correct. Their results also show that retardance measurements are not informative on the degree 
of order or polymerization of the meiotic spindle, something that has already been questioned 
by others also (19). Altogether this allows the conclusion that polarization microscopy cannot 
allow an objective morphometric evaluation of the spindle. However, polarization microscopy 
remains a valid approach to study spindle dynamics in a non-invasive way. 

 Besides slow freezing, vitrifi cation as an alternate technique for cryopreservation of imma-
ture and mature human oocytes has aroused much interest due to the success that had been 
reported by various authors (3,4,43). 

 As with the slow freezing protocol, polarization microscopy studies were undertaken to 
investigate the presence of the metaphase II spindle during the vitrifi cation process. In con-
trast to the slow freezing protocol, Chen and co-workers reported that after vitrifi cation and 
warming of mouse metaphase II oocytes, spindles were found in 50% of the warmed oocytes 
and in another 25% the spindle appeared within the following two hours (44). In addition, in 
contrast to the slow freezing/rapid thawing protocol, spindles remained present and did not 
disappear. Larman and colleagues (45) also reported that processing oocytes during the vitri-
fi cation procedure at temperatures below 37°C resulted in spindle depolymerization, whereas 
maintaining the temperature at a physiological point left the spindle intact and unaffected. 
When they used a slow freezing protocol instead, they found that the meiotic spindle was not 
preserved. 
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 It is very diffi cult to draw any fi nal conclusions from the studies published until now. 
Further, one should be aware that the term slow cooling as well as vitrifi cation is indicative for 
a certain technique, although the details of how the technique is actually performed may differ 
from laboratory to laboratory (39,40,46). Besides the variations in temperature that are used 
during the equilibration steps in the freezing or thawing solutions in both methods, there are 
numerous variations in terms of the composition of these solutions. 

 In our studies we found a very good visibility of the spindle in metaphase II oocytes dur-
ing freezing and thawing using a slow freezing protocol ( Fig. 2 ). However, in contrast to the 
fi ndings by Larman and colleagues (45), we also noticed a loss of the spindle in some oocytes 
during vitrifi cation and a re-formation within a certain time period, similar to the fi ndings in 
slow freezing. This can probably be attributed to the way we perform vitrifi cation (47), which 
may be different in other studies or compared with other techniques. 

  Based on our observations and in view of the profound data presented by Coticchio et al. 
(41,42), the visualization of a spindle during or shortly after freezing and thawing may be com-
promised due to unknown factors. This was extensively discussed in a recent review (48) espe-
cially in view of the role of the cryoprotectants, whose presence in the cytoplasm of the oocyte 
may have altered the optical characteristics in a way that, under certain circumstances, does not 
allow visualizing a still existing spindle. 

 Besides the presence of the spindle, spindle location may also be an important factor. The 
location of the spindle in relation to the fi rst polar body, as a prognostic tool, was initially inves-
tigated by Rienzi et al. (12). These authors reported that oocytes with a deviation of the spindle 
location from the position of the polar body of more than 90° showed lower fertilization rates. 
However, the discussion on the relevance of spindle deviation is still unclear, as the daily rou-
tine work in the laboratory indicates that this phenomenon could be due to manipulation and 
stress caused by oocyte denudation (49). In addition, Fang et al. (50) showed that the use of 
polarized light microscopy in detecting spindle deviation in oocytes did not lead to higher fer-
tilization rates compared to a control group without spindle imaging, although numbers were 
low in this study. We observed that after freezing and thawing of a human oocyte, the location 
of the polar body may have altered probably due to the osmotic stress and/or other mechanic 
interventions (data not shown). Therefore, the location of the spindle in human metaphase II 
oocytes in relation to the fi rst polar body seems to be of no prognostic value with regard to 
oocyte quality after the freeze/thaw process.   

 Zona Imaging 
 Besides the visualization of spindle birefringence, polarized light microscopy also enables the 
visualization of structures within the zona pellucida. The multilaminar structure of the zona 
pellucida was fi rst identifi ed in hamster oocytes (51). The inner zona layer exhibits the highest 
amount of birefringence, and these fi ndings were verifi ed in human oocytes (52) and stimulated 
further studies in human ART on the value of zona imaging. As for respiration rate measure-
ments, zona imaging using polarization microscopy is a prognostic tool for oocyte quality and 
subsequent embryo development (16–19). The ratio is that unfertilized metaphase II oocytes are 
classifi ed by a non-invasive single investigation using an automatic scoring module that allows 
for user-independent zona imaging. The measuring device is based on the automatic detection 
of the birefringence of the inner zona layer. Once detected, a software module automatically 
starts to calculate and display in real time a zona score based on the intensity and distribution 
of the birefringence at 180 measuring points. Zona birefringence as revealed by polarization 
microscopy is directly linked to the paracrystalline network structure of the zona (53,54), which 
is formed during follicular maturation by the oocyte (56) and to a lower extent by the granulosa 
cells (55–57). A high birefringence of the inner zona layer appears to be primarily an indication 
of an optimal formation of this ordered structure of the inner zona layer during oocyte matura-
tion. Therefore, zona imaging by polarization light microscopy is an indirect measure of oocyte 
quality and also of embryo quality, as embryo development on day 3—but not on day 2—is 
superior in embryos derived from oocytes with high and uniform birefringence of the inner 
zona layer (18,19). 

 All studies on the prognostic value of zona imaging were performed with fresh meta-
phase II oocytes. We used polarization microscopy to investigate in a preliminary study zona 
imaging of metaphase II oocytes during freezing and thawing with a slow cryopreservation 
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 Figure 2    Spindle imaging in metaphase II oocytes during slow cooling cryopreservation. The presence and loca-
tion of a spindle within a metaphase II oocyte was assessed prior to cryopreservation ( A ) and in equilibration 
solutions 2 ( B ) and 4 ( C ) by polarization microscopy. Following thawing of the same oocyte, the spindle was clearly 
visible in the fi rst thawing solution ( D ) but disappeared in the following solutions ( E ). After incubation for another 
2 hr in culture medium, the spindle did form again ( F ). For slow freezing/rapid thawing of denuded human oocytes 
we used a commercial kit (OC-Freeze/OC-Thaw; Cook, Limerick, Ireland) and essentially followed the instructions 
given by the manufacturer. The fi nal freezing solution contains 1.5 M propanediol and 0.2 M sucrose in a HEPES 
buffered salt solution, while the fi rst thawing solution contains 1.0 M propanediol and 0.3 M sucrose in a HEPES 
buffered salt solution. A detailed protocol is given in Ref. (46). See Color Plates on Page xxi.    
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protocol ( Fig. 3 ). As shown in  Figure 4 , the initial zona score of the oocytes, assessed prior to 
freezing, did change during the freezing and the thawing process. Notably, three to four hours 
after thawing, which is the time point at which intracytoplasmic sperm injection may be per-
formed, the score was higher compared to the initial value but with time it did return to the 
initial score. These data show that exposure to the cryoprotectant has an impact on the zona and 
in particular the inner birefringent ring of the zona is affected. Our investigations do not allow 
drawing a conclusion on the exact biophysical nature of these changes. However, a change in 
the zona score indicates a re-arrangement of the fi lamentous structures within the zona and a 
rising score indicates a shift toward a state with a higher order. Probably this change does refl ect 
a hardening of the zona. Interestingly, Nottola and colleagues (58) reported that three to four 
hours after thawing human metaphase II oocytes showed signs of zona hardening in an electron 
microscopic analysis, which is in accordance with our observations using polarization micros-
copy. However, our preliminary results allow us to conclude that the zona may undergo further 
changes and that the state present three to four hours after thawing is not fi xed. 

Score: –3.3 (–) Score: +4.4 (++)

(A) (B)

Score: –2.3 (–)

(C)

 Figure 3    Zona imaging in metaphase II oocytes during slow cooling cryopreservation. Zona imaging of a met-
aphase II oocytes revealed that 3.5 hr after thawing the zona score ( B ) was different from the value prior to freezing 
( A ). Following culture for another 18 hr, the zona score was almost similar to that in the beginning ( C ). This indi-
cates that the changes induced by the cryopreservation procedure do have an impact on the architecture of the 
zona pellucida. The higher value 3.5 hr after thawing may indicate a temporary hardening at least of the inner ring 
of the zona pellucida. The freeze/thaw procedure was performed as described in the legend to  Figure 2 . See Color 
Plates on Page xxii.     
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  In view of assessing oocyte quality, we may conclude that the cryopreservation procedure 
does also impact the zona structure. Therefore, the prognostic benefi t of the zona can be relied 
on only if the imaging is done at proper time intervals. Further studies in this direction will be 
undertaken to investigate whether the changes in the zona structure can be used as another 
indicator for the quality of the oocyte or for the quality of a freezing protocol.     

 CONCLUSIONS 

 Assessing cryopreserved oocytes by polarization light microscopy has the potential to identify 
oocytes with good quality and high potential for further embryo development. The key factors 
that can be investigated after cryopreservation and thawing are the re-formation of the spindle 
(spindle imaging) and the texture of the zona pellucida (zona imaging). Polarized light micros-
copy of cryopreserved oocytes will generate data that can be used as a prognostic criterion to 
identify the embryo with the highest implantation potential. However, the technique must be 
properly applied in order to avoid artifacts, which may have an impact on the fi nal results.     
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 INTRODUCTION 

 Following the fi rst birth from a cryopreserved human oocyte over 20 years ago (1), very few 
births were reported during the next decade. The initial success of Chen’s technique, which was 
based on a slow freezing method developed using the mouse oocyte as a model, could not be 
repeated. Furthermore, subsequent laboratory studies revealed the potential negative effects of 
cooling and exposure to cryoprotectants on oocyte physiology, which raised concerns regarding 
the safety of such a procedure. Meiotic spindle disruption, chromosome abnormalities, zona 
hardening, and reduced fertilization were the initial indicators that suggested oocyte cryo-
preservation protocols were suboptimal and consequently had a negative impact on the oocyte. 
The unique physiology and membrane composition of the metaphase-II-ovulated oocyte evi-
dently provided greater challenges to scientists than that of the embryo. The report of the fi rst 
birth from a cryopreserved human embryo (2) was around the same time as that of the oocyte 
(1). The effi cacy of human embryo cryopreservation, however, has established the process as a 
routine assisted reproductive technique. Frozen embryos were transferred in around 15% of the 
total number of in vitro fertilization (IVF) cycles performed in the United States in 2005 (Assisted 
Reproductive Technology Report by Centers for Disease Control and Prevention). Almost 30% 
of these frozen embryo transfers resulted in a live birth, which equates to around 6000 births in 
2005. This is also the case in Europe, where the number of live births derived from frozen embryo 
transfers is around 8000/yr (3). In comparison, oocyte cryopreservation is still considered an 
experimental procedure by the American Society of Reproductive Medicine and has resulted in 
approximately 500 live births worldwide, in two decades. However, encouraging outcomes for 
clinical oocyte cryopreservation are now being reported (4,5). 

 What has made the oocyte so diffi cult to cryopreserve compared with the embryo? The 
pronuclear oocyte is routinely cryopreserved, so it does not appear an issue of the surface area 
to volume ratio. The plasma membrane and zona pellucida of the oocyte undergo a dynamic 
change at fertilization. Thus, differences in permeability to water and cryoprotectants would 
mean that successful cryopreservation protocols for embryos may not directly translate to 
oocytes. A unique and evident difference between the oocyte and embryo is the presence of the 
meiotic spindle. This highly dynamic structure is critical for appropriate chromosome segrega-
tion and is extremely temperature sensitive. Therefore, it is imperative that cryopreservation 
protocols maintain the meiotic spindle and chromosome separation capabilities. Another spe-
cifi c characteristic of the oocyte is that it is primed for activation by the sperm. This means that 
the zona pellucida of a metaphase II (MII) oocyte is in its unfertilized confi guration. It has not 
undergone the physical hardening and proteolytic modifi cation that occurs following the sperm 
induced release of the oocyte’s cortical granules, which facilitates part of the block to polyspermy. 
Due to the ability to bypass the zona pellucida and directly place the sperm in the cytoplasm 
through intracytoplasmic sperm injection (ICSI), cryopreservation induced zona hardening has 
not been considered as a major technical issue. However, zona hardening is but one of many 
early-activation events, triggered through a common messenger, an increase in intracellular 
calcium. Therefore, it is plausible that other cellular events that are normally activated by the 
fertilizing sperm are also precociously initiated by cryopreservation, leading to an altered 
physiological state. 

 This chapter will consider the effects of cryopreservation on oocyte physiology that have 
been observed using various forms of microscopy (electron, polarized light, epifl uorescent, and 
confocal), and analyzed through metabolomics and proteomics. Furthermore, such effects will 
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be discussed with regard to the cryopreservation technique (slow freezing or vitrifi cation) and 
cryoprotectants that have the best potential to maintain oocyte physiology.   

 ZONA PELLUCIDA MODIFICATION AND REDUCED FERTILIZATION 

 Due to the diffi culties in obtaining fresh human oocytes, most of the research into the effects of 
cryopreservation has been performed on the mouse. These studies will be discussed initially to 
provide a background on how cryopreservation affects the mammalian zona pellucida, which 
in turn has the potential to reduce fertilization rates. 

 The fi rst report of mammalian (mouse) oocyte cryopreservation noted a reduction in 
fertilization rate (6). This was subsequently confi rmed by numerous other studies in the pro-
ceeding decade (7–10). In mouse oocytes, both cooling and exposure to cryoprotectants was 
found to induce physical hardening of the zona pellucida (11,12). Breaching the zona or remov-
ing it completely prior to insemination, however, permitted fertilization (13,14). This suggested 
that the process of cryopreservation leads to zona hardening, explaining the reduction in fer-
tilization rates. The normal process of zona hardening, which acts as a block to polyspermy, is 
triggered by the penetrating sperm (see Ref. (15) for a review). The sperm introduces a protein 
(phospholipase C ! ) that causes an initial large increase in intracellular calcium, followed by 
oscillations that last several hours (16). One of the downstream events of the initial increase is 
the calcium-dependent process of cortical granule exocytosis (17,18). The cortical granules 
release their contents into the zona pellucida, leading to a physical hardening and loss of 
sperm-binding capacity through the proteolytic cleavage of sperm-binding proteins (15). 

 The exact mechanism of zona hardening through cooling and cryoprotectant exposure 
is unclear and may involve different processes. Dimethylsulfoxide (DMSO) and 1,2-propane-
diol (PrOH) were shown to cause cortical granule exocytosis of up to 80% following a step-
wise increase to 1.5 M (19). The cryoprotectant does not appear to have a direct effect on the 
zona pellucida, as exposure to DMSO failed to cause zona hardening unless the oocyte was 
present (20). Furthermore, studying electron micrographs of these oocytes revealed that only 
the treatments that led to zona hardening corresponded to a signifi cant reduction in cortical 
granules. Additional evidence that DMSO triggers cortical granule exocytosis and reduces 
fertilization was provided by the observation that a sperm-binding protein (ZP2), present in 
the zona pellucida, was modifi ed following DMSO exposure (20). Proteolysis of ZP2 inhibited 
sperm binding and occurred only in the presence of the oocyte. These investigations indicate 
that cryoprotectants (DMSO and PrOH) cause cortical granule release, which in turn leads to 
zona hardening, modifi cation of the sperm-binding protein ZP2, and a signifi cant reduction 
in fertilization. 

 Interestingly, adding fetal bovine serum (FBS) to the medium before and during exposure 
to DMSO signifi cantly reduces zona hardening and proteolysis of ZP2 despite cortical granule 
release (21). A component of FBS, fetuin, is thought to be responsible for reducing zona harden-
ing, most likely by acting as a competitive inhibitor for the enzyme(s) released by the cortical 
granules (22). Using FBS or fetal calf serum (FCS) to prevent zona hardening, following exposure 
to DMSO, allowed subsequent fertilization to be performed (23,24). It appears that only FBS and 
FCS have enough fetuin to reliably reduce zona hardening suffi ciently to allow fertilization, 
although some fractions of bovine serum albumin and sources of human cord serum are capa-
ble of improving fertilization rates (22,24). FBS was used to demonstrate that cryoprotectant 
exposure leads to only partial cortical granule exocytosis (23). Although cortical granules had 
been released following exposure to DMSO (in the presence of FBS), suffi cient cortical granules 
were still available to induce zona hardening following a second DMSO alone treatment. Partial 
exocytosis may help explain why other reports have failed to see a signifi cant reduction in corti-
cal granules using a fl uorescent assay (14,25). As a number of studies, using electron micros-
copy, have revealed that both cooling and cryoprotectant exposure result in reduced cortical 
granules, it is plausible that inadequate sensitivity or diffi culty in quantitative measurement 
may not permit the fl uorescent assay to detect partial cortical granule exocytosis during 
cryopreservation. 

 DMSO is not the only cryoprotectant to cause zona hardening. Matson et al. (26) used 
PrOH in a slow freezing protocol and demonstrated signifi cant zona hardening of mouse 
oocytes. Furthermore, using a vitrifi cation protocol that exposed mouse oocytes to 8% DMSO 
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(1.13 M) and 8% ethylene glycol (EG) (1.43 M) for one minute followed by 16% DMSO (2.25 M) 
and 16% EG (2.86 M) for 30 seconds at 37°C (27) induced signifi cant zona hardening and reduc-
tion in fertilization (28) ( Fig. 1 ). As mentioned above, zona hardening triggered by the sperm is 
a calcium-dependent event, and recent studies have demonstrated that exposure of mouse 
oocytes to three commonly used cryoprotectants (DMSO, PrOH, and EG) cause an increase in 
intracellular calcium (28–31). 

  Undertaking analysis of MII oocytes using a fl uorescent intracellular calcium indicator 
revealed that the individual cryoprotectants, at concentrations comparable to the initial exposure, 
were capable of causing a large transient increase in calcium similar to the initial calcium tran-
sient caused by a fertilizing sperm ( Fig. 2 ). Surprisingly, the source of calcium increase was differ-
ent for cryoprotectants (i.e., intracellular or extracellular). Performing the cryoprotectant exposure 
in calcium-free medium demonstrated that DMSO causes an increase by releasing calcium from 
intracellular stores, whereas EG and PrOH cause an infl ux of calcium across the plasma mem-
brane. Subsequently, performing vitrifi cation with calcium-free medium signifi cantly reduced 
zona hardening and increased fertilization (28), indicating that these changes in oocyte physiol-
ogy are the consequence of a cryoprotectant induced intracellular calcium increase. To support 
the fi ndings that cryoprotectants cause zona hardening through an increase in calcium, which in 
turn leads to a reduction in fertilization, two additional treatments were performed. First, intro-
ducing a calcium chelator into the oocytes, which would sequester any increase in calcium before 
it could cause cortical granule exocytosis, signifi cantly reduced zona hardening to a level compa-
rable to non-vitrifi ed oocytes. Second, using a laser to breach a small section of the zona pellucida 
following standard vitrifi cation/warming, which would permit direct access for the sperm, sig-
nifi cantly increased fertilization rates similar to non-vitrifi ed oocytes. 

  Importantly, the release of calcium caused by the cryoprotectants can cause more 
than zona hardening. Increases in intracellular calcium act as important cell signaling second 
messengers. Therefore, cortical granule release is not the only activation event triggered by 
an increase in calcium at fertilization. A precocious increase in calcium could also affect 
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 Figure 1    Cryoprotectants and vitrifi cation cause zona hardening of mouse MII oocytes. To assess zona hardening, 
oocytes were incubated in a 1% chymotrypsin solution. The time taken for the zona pellucida to disappear com-
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levels/activity of cell cycle proteins such as M-phase promoting factor (MPF). Downregulation 
of MPF is required for meiosis resumption and is normally triggered by the sperm-induced 
calcium oscillations (32–34). Reduced levels of MPF at the time of ICSI would affect sperm decon-
densation and formation of the pronucleus from the sperm. The levels of intracellular calcium 
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 Figure 2    The effect of cryoprotectants on intracellular calcium of mouse MII oocytes. Mouse oocytes were loaded 
with a fl uorescent calcium indicator and monitored with a photomultiplier-based system. Oocytes were treated with 
1.5 M DMSO ( A ,  E ), EG ( B ,  F ), or PrOH ( C ,  G ) in the presence or absence, respectively, of extracellular calcium. 
DMSO and EG caused a transient increase in intracellular calcium similar to that at fertilization ( D ). PrOH increased 
intracellular calcium for the duration of the exposure. Removing calcium from the medium signifi cantly reduced the 
increase in intracellular calcium in response to EG and PrOH. The response to DMSO was unaffected, indicating 
that the increase was from intracellular calcium release and not extracellular calcium infl ux. Data from Refs. (31) 
and (106).  Abbreviations : DMSO, dimethylsulfoxide; EG, ethylene glycol; PrOH, 1,2-propanediol.    
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experienced by the oocyte have physiological sequelae. For example, activated oocytes that 
show a different calcium release profi le develop at different rates and may even undergo apop-
tosis (35–38). So, although ICSI can circumvent the physical block to fertilization caused by zona 
hardening and proteolytic modifi cation, it should be noted that zona hardening also refl ects 
additional effects on oocyte physiology. 

 Due to limited studies, the degree of zona hardening and fertilization reduction in human 
oocytes is somewhat unclear. Initial reports of human oocyte cryopreservation (1986–1991) were 
made before ICSI had been developed as a form of fertilization that bypasses sperm interactions 
with the zona pellucida and plasma membrane (39). Therefore, from the mouse data discussed 
above it seems that the high fertilization rate (83%) reported by Chen (1986) (1) may have been 
due to the exposure of oocytes to cryoprotectant at a low temperature and in the presence of 
FBS. It is diffi cult to compare subsequent studies, not only due to the rather limited numbers of 
oocytes used and the variability in oocyte quality (i.e., fresh, aged, in vitro matured) but also the 
variation in cryopreservation protocol. These early reports on oocyte cryopreservation do, how-
ever, suggest a 10% to 50% decrease in fertilization rates for cryopreserved oocytes compared 
with fresh (40–44) oocytes. An interesting side note is that the membrane properties of human 
MII oocytes matured in vitro appear different to those of freshly ovulated oocytes, which in turn 
affects their response to cryopreservation (Larman and Gardner, unpublished observations). 

 With concerns of reduced fertilization rates, the advent of ICSI provided an opportunity 
to overcome any possible effects that cooling and cryoprotectants may have on the zona pellu-
cida (45,46). Two initial publications indicated that ICSI may improve fertilization rates over 
IVF. In the fi rst reported study of using ICSI on cryopreserved human oocytes, Gook and col-
leagues (45) demonstrated an improvement, albeit statistically nonsignifi cant, in fertilization 
rates using ICSI over IVF (71% and 55%, respectively). Unfortunately, due to regulatory issues, 
this study was carried out in two different clinics, which means that the sperm and oocytes used 
in the two groups were different, making direct comparison diffi cult. Kazem et al. (47) reported 
a signifi cant (p < 0.005) increase in fertilization rates using ICSI over IVF (45.9% and 13.5%, 
respectively). The total number of cryopreserved oocytes used for comparing fertilization in 
these two studies, however, is small (56 for ICSI and 55 for IVF). Another factor to consider is 
that in 1995 ICSI was still relatively new, and the success of this procedure was lower compared 
with what is now expected. In contrast, a more recent comparison of the fertilization methods 
concluded that there was no difference in fertilization rates between ICSI and IVF (83% and 
85%, respectively) (48). The reason for this outcome is unclear, especially considering that the 
cryopreservation protocol used (49) has been shown to induce cortical granule release and 
apparent zona hardening (50). 

 Following the study of electron micrographs involving the cooling of human oocytes to 
0°C in the presence of DMSO, Sathananthan and colleagues (51) noted that the cortical granules 
were well preserved even though cooled oocytes did not appear to have the two to three rows 
of cortical granules underlying the plasma membrane seen in control oocytes. In contrast, step-
wise increases in DMSO or PrOH released 70% to 80% of cortical granules in all oocytes (19). 
Li et al. (2005) (48) reported that no cortical granule exocytosis took place following cryopreser-
vation using a fl uorescent probe to stain the granules. There were, however, no control oocytes 
available, making it diffi cult to determine if there was indeed a change in fl uorescence and 
therefore the number of cortical granules. These apparently confl icting studies may be explained 
by the observation that cryoprotectant exposure induces only partial cortical granule exocytosis 
(23), as discussed above. There are, however, no extensive studies on the effect of cryopreserva-
tion on fresh human oocytes to indicate if zona hardening occurs to the extent to warrant ICSI, 
but recent reports (using electron microscopy) do indicate the loss of cortical granules following 
cryopreservation (50,52,53).   

 MEIOTIC SPINDLE DEPOLYMERIZATION 

 At MII the oocyte is arrested with the maternal chromosomes suspended on an organized, bipolar, 
microtubule structure that is the meiotic spindle. The spindle must be formed and positioned 
correctly, with aligned chromosomes, to ensure proper chromosome segregation during second 
polar body extrusion. The intact spindle is also required for downregulation of MPF (54). 
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It is, therefore, imperative to ensure, for meiotic resumption and appropriate separation of the 
maternal chromosomes following fertilization, that the meiotic spindle is complete. This is of 
signifi cance considering the numerous reports detailing the disappearance of the meiotic spin-
dle during cryopreservation (51,55–67). 

 Interestingly, the meiotic spindle is not a static structure and is under constant fl ux. Micro-
tubule dimers (composed of  ! - and  " -tubulin) are preferentially lost at the microtubule organiz-
ing center (centrosome) and added at the end that is associated at the chromosome kinetochore. 
The rate at which the microtubule dimers are lost/added determines the state of the meiotic 
spindle. The meiotic spindle will rapidly depolymerize if oocytes are cooled below 37°C (68–71). 
Signifi cantly, the spindle in mouse oocytes can recover from cooling. Following a short expo-
sure to 4°C, the spindle in mouse oocytes were found to take around one hour to repolymerize 
(72). However, the human oocyte appears to be more sensitive to temperature than that of the 
mouse (71). Allowing human oocytes to cool from 37°C, spindle disassembly had occurred 
within fi ve minutes, at which point the temperature was 27°C. The spindle could repolymerize 
within 20 minutes if the oocytes were immediately returned to 37°C. Unfortunately, if oocytes 
were maintained at a cooled temperature and then returned to 37°C, the spindle failed to reform 
in the same time period. The effect of cooling may even be permanent as the majority of human 
oocytes cooled to room temperature for 10 minutes failed to repolymerize their spindles within 
four hours of being returned to 37°C (73,74). As the human oocyte spindle is exquisitely sensi-
tive to cooling, signifi cant concerns were raised for the ability of cryopreserved oocytes to support 
appropriate chromosome separation and meiotic resumption. 

 To determine the effect of cryopreservation on the MII oocyte, it is possible to fi x and stain 
the spindle and chromosomes. The advantage of this technique is the ability to obtain high-
resolution images of the microtubules and chromosomes. The obvious disadvantage is that it 
only provides a snap shot, for example, the recovery of individual oocytes over time cannot be 
monitored. As the meiotic spindle is composed of highly organized microtubules, it retards 
polarized light (75). To enable polarized light microscopy to be performed more easily and pro-
vide a quantifi able image of retardance, liquid crystal optics, employing circularly polarized 
light and novel image processing algorithms were combined [Polscope; (76)]. Thus, the birefrin-
gent retardation of the polarized light (i.e., retardance) provides a measure of the order and 
density of the microtubules comprising the meiotic spindle (77). As this technique provides 
images of the spindle using transmitted light, it is noninvasive and does not affect embryo 
development and viability (71). 

 The combination of the two techniques outlined above has provided invaluable insight 
into the effect of the cryopreservation process on the meiotic spindle. It is diffi cult to compare 
directly the different studies using human oocytes due to the variability in oocyte quality and 
cryopreservation methods employed. However, when oocytes were fi xed and stained immedi-
ately after thawing or at subsequent timed intervals, it was noted that in many cases the spindle 
was highly disorganized or depolymerized and completely absent. Over the course of one to 
fi ve hours post-thaw recovery, the majority of spindles would repolymerize to some degree 
(56,61–63,65,66). However, the concern remained that even if the meiotic spindle does repo-
lymerize after cryopreservation, are the chromosomes correctly aligned? In the mouse, scat-
tered chromosomes associated with multiple microtubule asters were observed in the cytoplasm 
following cryoprotectant exposure and cryopreservation (70,72,78). Fortunately, unlike the 
mouse, human chromosomes appear to remain clustered in the cytoplasm (51,56,73). Subse-
quently, during depolymerization in the human oocyte, an association between the kinetochore 
and microtubule organizing center is maintained so that the chromosomes are effectively 
tethered and await meiotic spindle reformation. Despite the potential for chromosome mis-
segregation (8,57), it appears that oocytes are actually at no greater risk of aneuploidy or 
polyploidy than noncryopreserved oocytes (56,61,63,65,79–82). 

 Using polarized light microscopy has enabled a more dynamic investigation of meiotic 
spindle depolymerization and repolymerization following cryopreservation. One of the most 
interesting discoveries was that the spindle actually increases in birefringence during the equil-
ibration phase, which occurs at room temperature, and in fact depolymerizes during the thaw-
ing procedure, when the cryoprotectant is being removed (60). It appears that cryoprotectants 
provide a protective effect against spindle depolymerization at temperatures below 37°C (60,83). 
The mechanism of protection is unclear. It was suggested that tubulin dimer concentration in 
the cytosol would increase during dehydration, which would drive the reaction towards 
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increased polymerization. This explanation, however, now seems unlikely given the observation 
that human oocytes exposed to hypo- and hyperosmotic conditions can exhibit depolymerized 
meiotic spindles (84). 

 Recent studies have indicated that the meiotic spindle is maintained or recovers more 
rapidly following vitrifi cation and warming (59,64,85). Each of these studies used polarized 
light microscopy to examine the oocytes before vitrifi cation and immediately after warming. 
Using a protocol that exposed the mouse oocytes to cryoprotectants at room temperature and 
warmed them at 37°C (imaging every 15 minutes for three hours), Chen et al. (59) revealed that 
48% and 72% of the oocytes possessed spindles within 15 and 60 minutes of warming, respec-
tively. Larman and colleagues (64) demonstrated that a vitrifi cation protocol that exposed indi-
vidual mouse and human oocytes to vitrifi cation and warming solutions at 37°C maintained the 
spindle, which was in stark contrast to human oocytes with depolymerized spindles following 
slow freezing ( Fig. 3 ). A comparison of each of these three types of cryopreservation methods 
plus vitrifi cation and warming at room temperature was performed on human oocytes (85). In 
agreement with Larman and colleagues (2007) (64), keeping the oocyte at a physiological tem-
perature (37°C) during exposure to the solutions for vitrifi cation and warming was signifi cantly 
better for maintaining the meiotic spindle. Almost half of the oocytes had a spindle in the fi nal 
warming solution and this increased to 100% within 15 minutes of culture. 

    COMPROMISED METABOLIC ACTIVITY 

 Surprisingly, only a few groups have undertaken research to investigate the effect of cryopreser-
vation on oocyte and embryo metabolism. Considering that embryo developmental compe-
tence is tightly correlated with metabolism, which can be measured noninvasively, makes 
metabolism assessment a powerful assay for cryopreservation effi cacy. The metabolic activities 
of bovine, mouse, and human embryos have been measured after cryopreservation and shown 
to be related to subsequent development (86–90). Lane et al. (2002) (88) also demonstrated that 
analysis of metabolism can be used to improve cryopreservation conditions. Analysis of pyru-
vate uptake, by individual two-cell mouse embryos demonstrated that slow freezing signifi -
cantly reduced metabolism. In contrast, pyruvate uptake by vitrifi ed embryos was twice that of 
slow frozen embryos. Furthermore, embryo viability of the subsequent blastocysts was assessed 
by cell number, trophectoderm/inner cell mass outgrowth, and glucose uptake. Each of these 
parameters indicated that the embryos cryopreserved using vitrifi cation were signifi cantly 
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 Figure 3    The effect of vitrifi cation and slow freezing on spindle retardance of sibling human MII oocytes. 
( A ) Polarized light microscopy (Oosight™) was used to image the meiotic spindle before and immediately after 
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more viable than those slow frozen. The uptake and oxidation of pyruvate is the major energy 
source for the early embryo (91) and is dependent on pyruvate transfer across the inner mito-
chondrial membrane. Disruption of this process through reactive oxygen species (ROS) production 
appears to account for the difference in metabolism between slow frozen and vitrifi ed early 
embryos, as the addition of a ROS scavenger (ascorbate) to the slow freezing medium restored 
pyruvate uptake to the level achieved with vitrifi cation and increased viability (88). 

 Metabolism measurement has also been used to assess the impact of cryopreservation on 
oocytes (27). Mouse oocytes were slow frozen or vitrifi ed and subsequent survival and metabo-
lism of the oocytes were recorded. Due to zona hardening, a small breach in the zona pellucida 
was made using a laser (see section “Zona Pellucida Modifi cation and Reduced Fertilization”) 
to permit fertilization. Subsequent fertilization, embryo development, and viability were also 
assessed.  Figure 4  clearly demonstrates that in all the parameters measured, oocytes and subsequent 
embryos are affected less by vitrifi cation and thus, generate more viable embryos. 
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 Figure 4    Developmental capacity of mouse MII oocytes following vitrifi cation and slow freezing. Mouse oocytes 
were cryopreserved using vitrifi cation or slow freezing. ( A ) Subsequent survival, fertilization, and embryo develop-
ment were monitored. Oocytes that were slow frozen were signifi cantly impaired in all parameters. Embryos 
derived from vitrifi ed oocytes were comparable to the control. *p < 0.05; **p < 0.01 ( B ) Pyruvate uptake by the 
oocytes was measured, as an assessment of metabolic activity (using ultramicrofl uorometry) during the next three 
hours after cryopreservation. The metabolism of slow frozen oocytes was signifi cantly less than those vitrifi ed. 
Both cryopreservation treatments led to signifi cantly different pyruvate uptake compared to noncryopreserved 
control oocytes. Data from Ref. (27). Different letters denote signifi cant differences (p < 0.05).    
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    ABERRANT PROTEIN EXPRESSION 

 Changes in gene expression profi les following cryopreservation of mouse and human embryos 
have been reported (92–94). These studies are valuable in the overall assessment of cryopreserva-
tion, but proteins are the functional moiety. The ability to acquire protein profi les (proteome) 
from small groups of oocytes (n = 5) has recently enabled the comparison of cryopreservation 
techniques (31,95). Surface-enhanced laser desorption/ionization time-of-fl ight mass spectrom-
etry (SELDI-TOF MS) is a form of chromatography that utilizes chemically modifi ed or receptor/
ligand bound surfaces to select for different proteins. The proteins captured on the surface can 
then be isolated by TOF MS, due to differences in mass/charge ratio, following ionization (96). 

 Proteomic analysis of mouse MII oocytes undergoing slow freezing or vitrifi cation 
revealed signifi cant alterations in the proteins expressed by oocytes that had been slow frozen 
(31). Using positively/negatively charged surfaces and TOF MS capable of detecting peptides 
and proteins <20 kDa, numerous proteins were found to be up- or downregulated in slow fro-
zen oocytes compared to control (noncryopreserved) and vitrifi ed MII oocytes. Seventeen posi-
tively charged proteins showed a signifi cant alteration in expression levels following slow 
freezing. Twelve proteins were upregulated and the remainder downregulated. Twenty-one 
negatively charged proteins showed a signifi cant alteration in expression levels following slow 
freezing. Fourteen proteins were downregulated and the remainder upregulated.  Figure 5  
shows three negatively charged proteins that are upregulated and four downregulated by slow 
freezing, but not vitrifi cation. Hierarchical cluster analysis, which groups samples with similar 
protein expression profi les together, revealed the proteome of vitrifi ed oocytes to be closer 
to the control than those slow frozen. The identity of the affected proteins has not been 
established, nor has the mechanism of up- or downregulation. 

  Regarding the etiology of cryo-induced trauma, SELDI-TOF MS has also been used to 
discern which segment of the slow freezing protocol has the most signifi cant effect on the proteome 
(95). Analysis of mouse oocytes at the different stages of the slow freezing protocol indicated 
that aberrations in protein expression are principally caused by the prolonged exposure to 
PrOH during the original dehydration phase. One potential protein that is upregulated by 
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 Figure 5    Expression of negatively charged proteins in mouse MII oocytes following vitrifi cation and slow freezing. 
SELDI-TOF MS was used to investigate the effect of cryopreservation on the proteome of mouse oocytes. Protein 
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PrOH is E2 ubiquitin-conjugating enzyme. This protein tags other proteins for degradation, so 
it could be involved in removing damaged or denatured proteins following slow freezing. 
Analyzing the effects of each stage of the cryopreservation procedure on the proteome should 
allow a more directed approach to improve oocyte and embryo cryopreservation methods.   

 SUMMARY 

 Cryopreservation methods have generally been improved empirically through a focus on sur-
vival, fertilization, and subsequent development. To optimize a procedure, it is critical to be able 
to assess and understand the effect it has on the physiology of the cell. Measurement of the 
effect of oocyte cryopreservation on the zona pellucida, meiotic spindle, metabolism, and pro-
tein expression facilitates justifi cation and modifi cation of the various requirements of the cryo-
preservation procedure. As discussed in this chapter and in agreement with others, a number of 
these analyses have demonstrated that vitrifi cation has less of a detrimental impact on oocyte 
physiology than slow freezing (65,97–100). 

 It is clear that cryopreservation leads to cortical granule exocytosis, zona hardening, and 
reduced fertilization in the mouse oocyte. Whether the human oocyte is affected to the same 
extent remains unclear, but research has led to cryopreservation media that contain fetuin or are 
calcium-free, which have both been shown to reduce zona hardening and increase fertilization 
rates. Of some concern is the observation that DMSO causes an increase in calcium through 
intracellular release, probably by disrupting intracellular organelles. Although DMSO is an 
effective cryoprotectant (due to its high membrane permeability characteristic), there is grow-
ing evidence, albeit in other cell types, that DMSO has the potential to cause apoptosis and dif-
ferentiation (101,102). It may also be the cause of toxicity observed from frozen bone marrow 
and stem cell transplants (103) (NIH funded study NCT00631787). 

 It is worth noting that all cryoprotectants are toxic depending on their concentration and 
exposure time. Analysis of the effect of a slow freezing protocol (using PrOH) indicated that the 
aberrant protein expression observed by slow freezing is due to the chronic exposure of the 
oocytes to PrOH. The ability to assess the effect of cryopreservation on the proteins being 
expressed by the oocyte and perturbations in metabolism will allow the development of 
protocols with minimized impact on oocyte physiology. 

 The ability to monitor the meiotic spindle after cryopreservation using various techniques 
has demonstrated that vitrifi cation has a higher capacity to maintain or reform the dynamic 
microtubule structure than slow freezing. Previously, it was necessary to delay fertilization one 
to three hours following cryopreservation to allow the spindle to reform, thereby increasing 
oocyte aging. A vitrifi cation protocol that maintains the oocytes at a physiological temperature 
during exposure to the vitrifi cation and warming solutions has provided the opportunity to 
proceed with fertilization immediately following warming. 

 Of course, there are caveats with any given method of analysis. Cryopreservation is a 
rapidly growing fi eld with new protocols, media, and devices constantly being reported, mak-
ing it very diffi cult to compare the latest techniques. Live births have resulted from a plethora 
of cryopreservation techniques and protocols, so it is clear that multiple methods have the 
potential to succeed. Perhaps some of the effects of cryopreservation are insignifi cant or only 
transient and the oocyte is capable of recovery. However, stresses have been shown to accumu-
late in the embryo, resulting in compromised physiology and viability (104,105). Therefore, it is 
prudent to minimize stress on the oocytes to maximize developmental potential.     
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 THE PLACE OF CRYOPRESERVATION IN ASSISTED REPRODUCTION TECHNOLOGY 

 In the mid-1980s and during the successive decade, the cryopreservation of human mature 
oocytes was believed to be unfeasible in consideration of the existing knowledge and technology. 
In effect, the fi rst reports on the use of frozen oocytes in the clinical setting were in many respects 
rather disappointing and overall unable to prove the applicability of this form of fertility pres-
ervation (1,2). In the last few years, however, studies of fundamental cryobiology (3), empirical 
observations (4) and more systematic clinical experiences (5–10) have generated a renewed 
interest in this subject. More rational and theoretical approaches could provide the key to the 
development of methods able to guarantee greater success (11,12). Currently, several clinics 
offer oocyte cryopreservation as a form of treatment worldwide. Italy provides an extreme 
example where, as an effect of the introduction of a very restrictive legislation, oocyte cryo-
preservation has been adopted rather diffusely as an alternative to embryo freezing, and treat-
ment cycles can be counted in their thousands. Oocyte cryopreservation is attracting additional 
interest as a tool for better management of oocyte donation cycles (see chap. 23). Future studies 
will need to address the issue of the actual effi ciency of oocyte cryopreservation, in order to 
provide IVF specialists with criteria to enable them to measure performance and, in the fi nal 
analysis, guide patients in their choices among different treatment options.   

 GENERAL AND SPECIFIC REQUIREMENTS OF CRYOPRESERVATION PROCEDURES 

 The implementation of an appropriate program of internal quality control laboratory and the 
verifi cation of external quality schemes are essential for maintaining a good level of service offered 
to couples who seek treatment from a centre for assisted reproduction. This is particularly relevant 
to situations in which cryopreservation is considered, in view of the particular ethical and legal 
implications originating from the long-term storage of embryos and gametes. The analysis and 
management of the activity of the IVF laboratory has been a subject of increasing interest since the 
early eighties (13,14–16). Despite several clinical and technological advances that have signifi -
cantly increased the results in terms of pregnancies, the application of basic management princi-
ples and the standardization of procedures remains a major avenue through which the clinical 
outcome may be further improved (17,18). In the context of these general considerations, this 
chapter illustrates some basic elements concerning the cryopreservation of oocytes. 

 The principle of keeping cells in a “frozen” state is conceptually simple but in reality 
requires an understanding of a wide variety of biophysical events and careful control of the 
various practical elements required for cryopreservation. One of the major problems posed by 
cryopreservation is the risk of inadvertently generating a decrease in the viability of the bio-
logical material as an effect of the formation of intracellular ice. Cell damage may also derive 
from chemical toxicity or osmotic stress subsequent to the addition or removal of cryoprotectant 
and from “chilling injury” (even in the absence of ice formation), i.e., from direct detrimental 
effects of low supra-zero temperatures on bio-structures. 

 The recent interest generated by the approach of vitrifi cation in reproductive biology 
derives from the possibility of preserving cells in liquid nitrogen in a vitreous state in the absence 
of the formation of extra- or intracellular ice crystals, thereby reducing the risk of mechanical 
damage. However, irrespective of whether the slow freezing or the vitrifi cation approach is 
applied, a rigorous management system should be adopted, taking into account the sensitivity 
of the oocyte to adverse physical conditions and the infl uence of different procedural parameters 
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(time, manual handling and experience of the operator) on the survival and viability of the cell 
after cryostorage.   

 LABORATORY SPACE, EQUIPMENT, LOGBOOKS, AND DATABASES 

 In terms of mobilization of resources and time, cryopreservation can represent an important 
fraction of the IVF laboratory activity. As a consequence, a specifi c working area should be 
identifi ed for the manipulation and storage of cryopreserved material. This area should be 
adjacent to the main lab space, accessible only by authorized members of staff, subjected to a 
suffi cient number of air changes in order to prevent accumulation of nitrogen in its atmosphere, 
and equipped with a system for O 2  level monitoring. In laboratories in which slow cooling is 
applied routinely two cryofreezers should be available, to ensure a backup in case of failure of 
one of the two instruments and to run separate cycles of freezing, if required by the laboratory 
schedule. For each freezing cycle, cryofreezers generate temperature charts that should be 
enclosed in the patient’s laboratory data. Liquid nitrogen levels in cryotanks for long-term 
storage should be regularly checked and documented. Cryotanks could be also equipped with 
automatic alarm devices able to send information to remote users. Safety measures in the cryo-
preservation area should be always adopted. Members of staff should be instructed how to 
handle liquid nitrogen properly and have access to dedicate protective equipment. 

 Quality control and quality assurance programs imply monitoring and recording of the 
modalities by which gametes and embryos are cryopreserved. The resulting information can 
afterwards be analyzed for various purposes (e.g., for assessments of effi cacy and consistency). 
Each laboratory should have specifi c fl ow charts describing the route that the material (this also 
applies to semen and embryos) takes from the time of collection to the end of the cryopreservation 
process and operating instructions illustrating the cryopreservation protocol. All relevant 
aspects of a cryopreservation procedure (patient identifi cation details, cryopreservation protocol, 
type and lot of media, containment device, localization in the long-term storage container, etc.) 
should be stored in an electronic database with a backup in a safe memory area (e.g., the server 
of the clinic’s IT system). 

 Given below is an example of documentation that can enable the verifi cation of the cryo-
preservation method, traceability of sample and safety of storage. 

 Certifi cation standards require that there must be a specifi c operational instruction for 
each laboratory procedure including cryopreservation reporting:  

  Purpose  1. 
  Scope  2. 
  Acronyms and defi nitions  3. 
  Liability  4. 
  Description of activities  5. 
  Registration and storage  6. 
  Informed consent   7. 

 Detailed description of the procedure is essential to unambiguously identify the cryopreserved 
material of each patient/couple at any time. 

 Each operator (embryologist) is responsible for correct sample identifi cation and perfor-
mance of the procedure. To this end, the operator should mark in a relevant laboratory form 
each step of the procedure in which he/she has been involved. The operator is also responsible 
for the conformity of his/her actions with existing legislation (e.g., in Italy Law 40/2004) and 
related guidelines. 

 In the event of an error in the procedure, the operator is required to report to his/her 
manager, fi ll in a form in which errors and adverse events may be accurately described and 
recorded for future analysis.   

 STAFF TRAINING AND CONSISTENCY OF OPERATOR PERFORMANCE 

 All methods of oocyte cryopreservation, regardless of the approach used (vitrifi cation or 
slow freezing), are subject to the same strict rules governing embryo freezing. Staff training and 
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experience can largely affect clinical results. Manual skills for oocyte handling, together with 
adherence to operational times, signifi cantly infl uence the outcome in terms of survival. Both 
develop progressively and may be described by a learning curve. Greater the background 
experience of the laboratory in embryo storage, the shorter is the profi le of the learning curve, 
irrespective of the type of cryopreservation protocol used. Following the introduction of an 
oocyte cryopreservation method in a laboratory without previous experience, survival rates are 
initially low, rising to optimal levels only after practice. Once a critical mass of experience in 
cryopreservation techniques is gained, the same laboratory can immediately achieve ideal 
survival rates with other newly introduced protocols (19). This is substantiated by the fact 
that laboratories with proven experience in embryo cryopreservation usually develop a high 
competence in oocyte cryopreservation (20).   

 TIME INVESTMENT REQUIRED BY CRYOPRESERVATION PROCEDURES IN THE DAY-TO-DAY ROUTINE 

 The management of a cryopreservation program involves accurate assessment of the impact 
that the time required by a specifi c methodology (19) may have on other laboratory proce-
dures. In slow freezing the actual phase of cooling from physiologic to the liquid nitrogen 
temperature involves a relatively long period of time (2–3 hours). However, this is not neces-
sarily a drawback, because while the sample temperature is lowered automatically by a cryo-
freezer, the operator can be involved in other laboratory procedures. Automated cooling also 
offers the advantage of simultaneously processing a high number of oocytes, often of different 
patients, once they have been exposed in parallel to the dehydration/loading solutions. This is 
particularly important for laboratories with large workloads. However, despite this practical 
advantage, the simultaneous freezing of oocytes of different patients may involve the potential 
risk of protracting excessively the time of culture between egg pick up and the beginning of the 
freezing procedure, with possible consequences of ageing in vitro for some of these oocytes 
(21). Therefore, the precise time at which the freezing procedure is started during the daily 
schedule should ideally represent a compromise between the different times of retrieval (or 
human chorionic gonadotropin administration) of each cohort of oocytes and the necessity to 
cryopreserve at least some of these cohorts simultaneously. A recent study seems to confi rm that 
the time that oocytes spend in culture before freezing has an effect on the clinical outcome (22). 
Therefore, during a busy day with multiple egg retrievals, it may be appropriate to run more 
than one freezing cycle in an attempt to standardize the pre-freeze culture time. 

 Vitrifi cation offers the possibility of repeating sequentially the cryopreservation procedure, 
which lasts approximately 15 to 20 minutes depending on the amount of material, for each 
cohort of oocytes. This has the obvious advantage of setting precisely the time intervening 
between egg retrieval and cryopreservation, but has signifi cant implications in situations in 
which several cohorts of oocytes need to be cryopreserved. In such cases, the overall operative 
time could in fact exceed the one required by a slow cooling protocol for the storage of an 
equivalent number of oocytes. 

 In light of this, the choice of slow cooling or vitrifi cation as an oocyte cryopreservation 
methodology should be carefully considered on the basis of the amount of material to be stored, 
number of embryologists and particular pieces of equipment (fl ow hoods) available at a specifi c 
time, and coordination with other laboratories duties. Slow cooling and vitrifi cation are not 
necessarily mutually exclusive, instead (once established their ability to give rise to adequate 
rates of effi ciency) one could be preferred over the other case by case, depending on a series of 
factors.   

 CHOICE OF CRYOPRESERVATION APPROACH AND METHOD  

 Established vs. Newly Introduced Methodology 
 The choice of a specifi c approach and protocol of oocyte cryopreservation should be obviously 
inspired by principles of effi cacy and safety. As discussed elsewhere in this volume, the lack 
of current controlled prospective studies does not facilitate decision making based on objec-
tive considerations. The adoption of a given method should also be guided by other more 
general criteria. One important aspect concerns the previous cryopreservation history of the 
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IVF lab. Normally, all members of an IVF team can easily develop the ability to perform a slow 
cooling procedure, as the technicalities involved (exposure of embryos to cryopreservation 
media and loading into 250- µ m straws) are not unlike those of other IVF techniques (e.g., 
embryo transfer). As such, low cooling cryopreservation has been widely implemented since 
the report of the fi rst human pregnancy from a frozen embryo (23), becoming the norm for over 
25 years. Many IVF laboratories have gained extensive experience in this approach, making it 
an essential part of their IVF program. Thus the introduction of an oocyte slow cooling method, 
as opposed to the introduction of a vitrifi cation methodology, can occur without particular 
requirements in terms of training, equipment, and choice and management of materials. Vitrifi -
cation, described for the fi rst time in 1985 (24), on the other hand has found application in 
human IVF only in recent times, initially for the preservation of blastocysts. Its reputation and 
use is increasing, but even now only a few laboratories have developed suffi cient expertise. 
Therefore, in most IVF centers the adoption of vitrifi cation does not take place as a simple exten-
sion of a pre-existing ability but would instead generate specifi c questions. Although vitrifi ca-
tion demands specifi c manual skills that belong to the range of the technical potential of an 
embryologist, it certainly requires a specifi c training program. This could present a problem 
because very few centers have documented oocyte vitrifi cation experience, in qualitative and 
quantitative terms. In most cases, vitrifi cation also implies the use of specifi c storage devices 
(cryotop, cryoloop, etc.) as opposed to the classical straws used in slow cooling cryopreserva-
tion. This may appear to be a small difference, but the choice of a containment device can have 
a signifi cant impact on storage in liquid nitrogen. For example, the fi rst generation of cryotop 
(25) has been reported to fl oat when placed in a visotube fi lled with liquid nitrogen, causing an 
obvious problem in storage. This has necessitated the development of a new version of cryotop 
that ensures a safer containment. As an approach of recent application, vitrifi cation carries spe-
cifi c problems that can be defi nitely solved but that demand a particular commitment and can 
be expected to generate a learning curve whose profi le and extension in time may depend on a 
variety of factors.   

 Sustainable Margins of Errors 
 One of the most important aspects of a medical or biological procedure is its reproducibility. In 
the case of human IVF, the reproducibility of an oocyte cryopreservation method is essential, 
especially to give patients a realistic estimate of success (or failure) per cycle of stimulation. 
Reproducibility depends on a number of factors, some of which are applicable to all kinds of 
protocols, while others are specifi c to a given approach. An example of a general factor is the 
fi delity with which a protocol is applied by the different members of an IVF team. To assure 
reproducibility and leave no room for personal interpretations, protocol instructions should be 
formulated or approved by a lab director, produced in a written form, always accessible, and 
periodically updated. Other factors are more relevant to a specifi c cryopreservation approach. 
For instance, in slow cooling cryopreservation certain relatively minor deviations from a stan-
dardized set of conditions may not necessarily have an effect on reproducibility and therefore 
on overall success. Particularly, in slow cooling cryopreservation the time for incubation in 
freezing (dehydration) and thawing (rehydration) solutions is within a range of 5 to 10 minutes. 
During each of these intervals, the amplitude of the oocyte response to anisosmotic conditions 
imposed by a given dehydration/rehydration step may be relatively large at the beginning, but 
tends to be smaller or minimal towards the end. This is the case of the phase of dehydration 
generated by a freezing mixture including PrOH 1.5 M and 0.2 M sucrose, a treatment repre-
senting a foundation of successful slow cooling protocols (5,8). When an oocyte is exposed to 
such a mixture, it responds with a major decrease in volume (20%) relatively rapidly, within 
about two minutes (3). This is followed by a slower rate of shrinkage. Under these conditions, 
it is required that the oocytes are incubated for fi ve minutes. At the end of this interval, dehy-
dration occurs slowly. This implies that if the prescribed incubation time of fi ve minutes is 
shortened or extended by, for example, 30 seconds, accidentally by an operator, an unimportant 
difference in the rate of dehydration could be expected. Therefore, although the degree of 
dehydration is critical for controlling the amount of intracellular ice formation and the associ-
ated risk of cell damage, the above described deviation from protocol is likely to cause little or 
no effect in relation to the survival and viability of the stored material. Similar deviations to 
vitrifi cation protocols could cause more signifi cant effects. One of the most popular vitrifi cation 



202 SANTIS

protocols requires incubation in an equilibration solution containing 7.5% DMSO and 7.5% EG 
for 10 minutes, followed by incubation for 1 minute in a vitrifi cation solution including 15% 
DMSO and 15% EG and 0.5 M sucrose. Immediately afterward, oocytes are loaded onto cryotop 
and directly exposed to liquid nitrogen. Considering the massive cryoprotectant concentration 
in the vitrifi cation solution, it appears plausible that even small variations (20–30 seconds) in 
the incubation time could importantly affect the rate of dehydration and/or osmotic stress, with 
possible effects on the reproducibility of the method. Considerations on the reproducibility of 
slow cooling and vitrifi cation approaches could be extended to other phases of the cryopreser-
vation process. For examples, vitrifi cation requires an extremely rapid warming (a fraction of a 
second), while the “rapid thawing” of slow cooling protocols can take place within 30 to 60 seconds 
(in air and a 30°C water bath). Because the rates of warming/thawing are of utmost importance 
to achieve maximal survival and viability, it is obvious how an inappropriate timing of recovery 
from liquid nitrogen could differentially affect the two approaches . In general, it seems that the 
less extreme and more controllable cryopreservation conditions of slow cooling can tolerate 
larger margins of errors, assuring a higher reproducibility, irrespective of considerations of effi -
ciency. This appears to be confi rmed by the fact that the same slow cooling protocol (4) has 
given rise to virtually the same rate of implantation rate per thawed oocyte by different IVF 
laboratories (6,7,26).   

 Storage Devices: Effi ciency and Safety 
 The design and characteristics of storage devices can have a signifi cant impact on cryopreserva-
tion. In fact, straws, open pulled straws (OPS), cryoloops, cryotops, etc., generate differences 
in volume of the freezing/vitrifi cation solution that can infl uence cooling/warming rates. 
They also provide different degrees of containment and, therefore, protection from the risk of 
contamination. 

 In slow cooling cryopreservation, the 250- µ m straw has been the most widely used storage 
device. It ensures easy loading, with an advantage of reproducibility. The “high security” version 
can be loaded and sealed hermetically with no risk of contamination. Straws are rarely used in 
vitrifi cation protocols where extremely small volumes (<2  µ l) are required in order to achieve 
very high cooling and warming rates. Almost all vitrifi cation devices involve direct exposure of 
samples to liquid nitrogen during the actual vitrifi cation process and are not compatible with a 
safe system of sealing. Cryoleaf (27) and cryotop (25) are rather similar in design and use. They 
are constituted from a holder and a narrow strip at the end of which a very small volume of 
vitrifi cation solution containing one or a few oocytes are placed. After vitrifi cation in direct 
contact with liquid nitrogen, the strip is inserted into a shaft while still submerged in liquid 
nitrogen and the assembled device is moved to a dewar for long term storage. Cryoloop (28) is 
another vessel that has been used in vitrifi cation, especially for blastocyst cryopreservation. Its 
design includes a screw cap to which a very small nylon loop is connected. Samples carried in 
an extremely small volume of vitrifi cation solutions are loaded onto the thin fi lm, which may be 
created by briefl y plunging the loop into a drop of the same vitrifi cation solution. Once the 
samples are loaded and vitrifi ed by direct exposure to liquid nitrogen, the loop is inserted into 
a vial and the whole device is transferred into a dewar. Electron microscopy grids (29) may be 
employed to load a few microliters of solution containing one to three oocytes, but then, again, 
vitrifi cation requires direct contact with liquid nitrogen, while long term storage occurs in 
cryovials that do not ensure safe containment. Fine capillaries have been proposed to offer a 
safer solution for vitrifi cation, considering that they can be loaded with very few microliters of 
vitrifi cation solution sealed at both ends and protected by a metal shaft or a high security straw 
(30) for long term storage. However, no clinical data involving the use of capillaries has been 
published so far. The loading of 2  µ l or less of vitrifi cation solution onto one these devices is an 
action that may readily learned, but it is diffi cult to estimate whether different vessels are asso-
ciated with a carry over of comparable amounts of medium together with the oocyte(s). In addi-
tion, loading may not always be performed exactly within the same time. Because the volume 
of the loading solution and exposure time to the same solution have implications in terms of 
cooling and toxic effects, the choice of the storage device may affect the effi ciency of the overall 
cryopreservation procedure. In this connection, in a pilot study involving human oocytes it 
has been reported that, while using the same vitrifi cation protocol (25), the cryoleaf system 
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consistently generates much higher survival rates than the cryoloop (>80% and less than 50%, 
respectively) (31). However, no clinical study has been conducted so far. 

 Contamination from cryopreservation is a concern that involves various areas of medicine 
and biotechnology and has prompted the evolution and implementation of specifi c practices. 
Yet, this issue does not seem to have been properly addressed in human IVF. In particular, 
vitrifi cation raises particular questions, as described above. Microbial contamination of cryo-
preserved samples is not only a theoretical risk (32,33). Sources of contamination may be linked 
to liquid nitrogen itself or to other biological samples stored in the same dewar. Storage in nitro-
gen vapors reduces, but does not eliminate risks. Paradoxically, when released from production 
plants, liquid nitrogen has a very low microbial count. Contamination occurs, in fact, during 
storage and distribution, where sterilization may be not performed on a laboratory scale. On the 
other hand, microorganisms are well preserved by simple contact with liquid nitrogen. A par-
ticular source of contamination is represented by airborne microorganisms that are captured by 
minute highly electrostatic ice crystals that form above the liquid nitrogen level and fall again 
into the same liquid. This phenomenon creates an effect of accumulation of microbial sediment 
that may account for 1–5% of the content of a dewar. Viable microorganisms of different species, 
some of clinical relevance, have been isolated from liquid nitrogen and thawed samples (32), 
drawing particular attention to the issue of safety of cryopreserved oocytes. Concerning this, 
the current minimum standard requires the separate storage of samples from HBV, HCV, and 
(where applicable) HIV positive patients.    

 CONCLUSIONS 

 Cryopreservation is a well established IVF capability that has found large application for the 
storage of embryos and spermatozoa. In recent years, it has been progressively extended to the 
storage of mature oocytes in many laboratories, especially those subjected to laws that prohibit 
embryo cryopreservation. A 25-year long experience has been gained in slow cooling cryo-
preservation, leading to the generation of approximately 500,000 children (i.e., 15–20% of all IVF 
births). This should be taken into account when choosing a novel method for oocyte cryopreser-
vation. However, the apparently high effi cacy of vitrifi cation imposes on the embryologist the 
need to develop new skills and embrace novel technical options. Whatever the method of choice, 
assurance of quality should be a mandatory goal to achieve consistency, safety and ultimately 
effi cacy. This requires meticulous management of work areas, members of staff, equipment, 
materials and documentation.     
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 INTRODUCTION 

 The development of cryopreservation techniques eventually resulted in the fi rst baby being 
born in 1983 following freezing-and-thawing of human embryos (1). Today this technique 
accounts for an increasing proportion of all in vitro fertilization (IVF) treatment cycles. ICMART, 
the International Committee Monitoring ART, in its latest World Report (2) noticed a world-
wide increase of the proportion of frozen-and-thawed embryo replacements (FER) or transfers 
(FET), from 8% in 1991 to 20% in 2004 ( Fig. 1 ). In Europe in 2004, 25% of all embryo transfers 
were FER (3). ICMART estimates that, worldwide in 2008, altogether about 3.5 million babies 
have been born after IVF. Possibly, some 15% to 20% of these come from frozen-and-thawed 
embryos, corresponding to about 500,000 babies. In recent years, cryopreservation of blasto-
cysts and of oocytes has also been introduced in clinics, although cryopreservation of cleavage 
stage embryos continues to dominate.    

 CLINICAL EFFICACY AND MULTIPLE PREGNANCY RATES INTER-RELATE 

 When IVF was fi rst introduced in 1978, natural cycle treatments were used, with no ovarian 
stimulation, only one mature egg was harvested and only one single embryo was transferred 
back to the uterus. The effi cacy was low. To enhance effi cacy, controlled ovarian hyperstimula-
tion was introduced to enable clinicians to harvest more than one egg and to transfer more than 
one embryo. It soon became accepted, as good clinical practice, to often transfer all the embryos 
that resulted from IVF, and transferring up to fi ve to six embryos was not uncommon. 

 And, indeed, effi cacy increased, at least when reported as “pregnancy rates per transfer.” 
But at the same time multiple pregnancy and delivery rates increased dramatically, from the 
natural rate of about 2% and up 30% and more in most countries, and high order of multiples, 
triplets or more, were not uncommon. 

 At fi rst, these developments were not regarded as questionable or harmful, but soon 
reports were published on serious health problems of these children, primarily arising from 
pre-maturity and birth defects. The possibility of freezing some of the embryos, to be used for 
later transfers, opened up, reducing the number of fresh embryos transferred. 

 Consequently, over the last 10 years or more, the proportion of cryopreservation of 
embryos increased and the number of fresh embryos transferred actually diminished world-
wide, albeit more in some countries, or much more, than in others.  Tables 1–3  demonstrate data 
for Europe on the decreasing number of embryos transferred over time, 1997–2005 ( Table 1 ), the 
reduction of multiple deliveries over the same time period ( Table 2 ) and increasing pregnancy 
rates per transfer after IVF, ICSI, FER, and ovum donation (OD) ( Table 3 ). So, as the proportion 
of FER increased, the number of embryos transferred fresh decreased as did the proportion of 
multiple deliveries, while pregnancy rates increased following both fresh transfer and FER.      

 REPORTING EFFICACY—SEVERAL OPTIONS 

 In the early days of IVF, the attitude of professionals and patients alike was to focus on effi cacy 
rather than safety. This attitude continues to some extent. Often driven by economic realities, 
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 Table 1    Number of Embryos Transferred per Procedure, IVF and ICSI Combined, in Europe (1997–2005)  

2005 2003 2001 1999 1997

1  20.0 15.7 12.0 11.9 11.5
2  56.2 55.9 51.7 39.2 35.7
3  21.5 24.9 30.8 39.6 38.4
4   2.3  3.5  5.5  9.3 14.2

 Abbreviations : ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
 Source : From EIM Consortium 2008, presentation at ESHRE.

 Table 2    Proportions of Singleton and Multiple Deliveries, IVF and ICSI Combined in Europe (1997–2005)  

2005 2003 2001 1999 1997

Singleton  78.2 76.7 74.5 73.7 70.4
Twin  19.7 22.0 24.0 24.0 25.8
Triplet   0.8  1.1  1.5  2.2  3.6
Quadruplet    0.01   0.08   0.02   0.1   0.15

 Abbreviations : ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
 Source : From EIM Consortium 2008, presentation at ESHRE.

 Table 3    Pregnancy Rates per Transfer in Europe, by Method (1997–2005)  

2005 2001 1997

IVF  30.4 29.0 26.1
ICSI  30.3 28.3 26.4
FER  19.3 16.4 15.2
OD  42.0 33.4 27.1

 Abbreviations : FER, frozen-and-thawed embryo replacements; ICSI, intracytoplasmic 
sperm injection; IVF, in vitro fertilization; OD, ovum donation.
 Source : From EIM Consortium 2008, presentation at ESHRE.
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 Figure 1    Proportions, over time and world-wide, of frozen-and-thawed embryo transfers (FET) to egg donation 
(ED) procedures and ovum pick-ups (OPU).  Source : From ICMART 2008, presentation at ESHRE.    
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where IVF treatments remain expensive, patients and doctors tend to set the multiple preg-
nancy issue aside, to reach maximal effi cacy in the one/only treatment cycle affordable. 

 A consequence of this focus is that effi cacy is often reported as “pregnancy per embryo 
transfer,” which gives a higher fi gure and thereby an impression of a higher effi cacy compared 
to reporting “delivery per started cycle” which actually is a much better and more comprehen-
sive way of describing effi cacy. Reporting “delivery” rather than “pregnancy,” is more accurate 
as it represents the true end point of the treatment and of actually having a baby and excludes 
pregnancy losses (e.g., miscarriage). “Started cycle” is also more relevant than “embryo trans-
fer” because it includes cancellation of treatment cycles, which occurs for a variety of reasons, 
some to enhance what is perceived as effi cacy. Also, “pregnancy rate” is often referred to as 
“success rate,” suggesting success to be equal to effi cacy, when in fact, success is rather the bal-
ance between several benefi t indicators (i.e., effi cacy, safety, quality, and cost). The correct 
reporting of the effi cacy per treatment cycle should therefore be delivery per started cycle.   

 CURRENT TRENDS 

 In an effort to reduce or eliminate the increased occurrence of ART multiple pregnancy and 
delivery, there is a current clinical policy transition to use more of elective single embryo trans-
fer (SET) (4), often followed by one or more FER from the same egg harvest procedure (3,5). In 
recent reports from the European IVF Monitoring (EIM) Consortium (3) and from ICMART (ref) 
this has been accounted for by introducing “cumulative rates” (i.e., the sum of effi cacy rates 
from fresh embryo transfers and FER from the same year). This way of summarizing results 
from different women is of course not entirely statistically correct, but is a compromise to get an 
approximation of a rate that should really summarize the result from several consecutive trans-
fers from the same woman after one egg harvest procedure.  Table 4 , from the latest EIM report 
exemplifi es this way of reporting effi cacy from three selected countries, showing that additional 
FER from the same initiated cycle and egg harvest does of course enhance the overall fi gure 
reported for effi cacy, very prominently so in Finland, with a fresh delivery rate per initiated 
cycle of 18.7% and a cumulative rate of no less than 29.2%.    

 IN SUMMARY 

 International reporting shows an increase in the proportion of FER over time, and simultane-
ously a gradual increase in effi cacy, reported as pregnancy per transfer, but even more so when 
reported as cumulative delivery rates per started cycle. Thus, the technique of cryopreservation 
of embryos has contributed to, or even been a prerequisite for, better effi cacy, as indicated by the 
recently introduced relevant measure of clinical effi cacy, which is the cumulative delivery rate 
per initiated cycle. During the same time period, the number of fresh and frozen transferred 
embryos has declined resulting in a substantial reduction of ART multiple pregnancies.   

 Table 4    Cumulative Rates of Deliveries per Initiated Cycle, Fresh and FER, Europe 2005  

Initiated 
cycles 
IVF and 
ICSI

Deliveries, 
“fresh” 
cycles 
IVF and 
ICSI

Multiple 
deliveries 
fresh

FER 
cycles 
(thawings)

Deliveries 
FER

Multiple 
deliveries 
FER

Deliveries 
fresh

Cumulative 
deliveries, 
fresh and 
FER

All 
multiples

Finland 4,731 887 104 – 491 52  18.7%  29.15%  11.3% 
Sweden 9,415 2,056 127 3,205 211 53  21.8%  24.1%  7.94% 
United 
Kingdom 32,001 7,328 1,903 7,349 1,210 204  22.9%  26.7%  24.7% 

 Abbreviations : FER, frozen-and-thawed embryo replacements; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
 Source : From EIM Consortium 2008, presentation at ESHRE.
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 FUTURE SCENARIOS 

 For the foreseeable future, cryopreservation of cleavage stage embryos will continue to be of 
utmost importance for the promotion of clinical effi cacy combined with a reduction or even 
elimination of iatrogenic multiple pregnancy and delivery after IVF treatments. Later, clinical 
policy transitions, currently barely visible, like Mild Stimulation strategies and Low-cost IVF 
strategies (6), may challenge cryopreservation of embryos, especially so in low resources coun-
tries or settings. Sophisticated and expensive laboratory equipment for freezing and for cryo-
preservation may be replaced by less expensive but still high quality techniques (vitrifi cation 
may be an example). Cryopreservation of oocytes for legal reasons in some countries and for 
cancer survivors has the potential to be increasingly important.     
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 WHAT DO WE MEAN BY CLINICAL EFFICIENCY IN ASSISTED REPRODUCTION? 

 The question most frequently asked in relation to assisted reproductive technology (ART) is 
“What is the success rate?” Although this may seem to be a simple question requiring an equally 
simple answer, careful consideration brings a realization that any simple response will inevita-
bly ignore a range of important qualifi cations. While the clear aim of ART is the birth of a 
healthy child, the effi ciency of the process can be assessed in a number of ways. 

 This is due, in large part, to the widespread use of ovarian stimulation in ART. While the 
fi rst clinical pregnancies from in vitro fertilization and embryo transfer (IVF/ET) were achieved 
in the natural menstrual cycle (1), subsequent successes with controlled ovarian stimulation (2) 
emphasized the advantages of having multiple oocytes available for treatment. Insemination of 
multiple oocytes in a treatment cycle allows identifi cation and elimination of oocytes that fail to 
undergo normal fertilization in vitro and also allows selection of embryos with optimal growth 
and morphological characteristics. The impact of selection of oocytes and embryos at sequential 
stages of fertilization and development prior to transfer is an important factor in the ultimate 
effi ciency of IVF/ET and this is aptly illustrated when we consider that perhaps less than 5% of 
the oocytes collected in the course of ART are destined to result in a live baby (3). This phenomenon 
is particularly important when we come to assess the clinical effi ciency of oocyte cryopreservation 
as little or no selection is applied to oocytes that are cryopreserved and stored prior to fertilization. 
However, a number of additional general considerations relating to clinical effi ciency must be 
taken into account before we consider those that are specifi c to oocyte cryopreservation. 

 A direct consequence of the availability of multiple oocytes following ovarian stimulation 
for ART has been the practice of replacing multiple embryos in utero in order to increase the 
probability of an implantation. The problem associated with this approach is the increased risk 
of multiple pregnancy, which has long been recognized as a major complication of ART (4,5) 
and one that should be minimized if the defi nition of clinical effi ciency includes a singleton 
birth as the optimal outcome. Reducing the number of embryos replaced in IVF/ET is facili-
tated by the cryopreservation of the surplus embryos which can be transferred in subsequent 
menstrual cycles and this has led to the concept of the cumulative pregnancy rate (including 
outcomes from the transfer of both fresh and cryopreserved embryos from a single cycle of 
oocyte collection) as a more accurate indicator of clinical effi ciency (6,7). The current trend 
towards single embryo transfer (SET) has dramatically reduced the incidence of multiple preg-
nancies arising from ART in many countries (8) and has further emphasized the importance of 
including outcomes from the transfer of cryopreserved embryos in cumulative pregnancy rates 
when assessing the clinical effi ciency of treatment (9–12). 

 It is obvious then that the number of embryos transferred in ART and minimizing the 
incidence of multiple pregnancies should be taken into account when assessing clinical effi -
ciency. In addition to cryopreservation, the importance of selecting the “best” embryo for fresh 
transfer is critical for effi cient ART and this has led to the validation of many markers of 
implantation potential in embryos, including the use of extended culture to identify embryos 
that can develop into “top-quality” blastocysts in vitro (13). Blastocyst transfer may increase 
the implantation rate associated with fresh embryo transfer when compared to transfer of early 
cleavage stages (14) but will also reduce the number of cryopreserved embryos. The relative 
clinical effi ciency of different strategies for embryo utilization will, again, only be evident if 
cumulative pregnancy rates are assessed (15). 
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 Perhaps the most important factor affecting the clinical effi ciency of ART is female age. 
There is a clear inverse relationship between the implantation potential of a transferred embryo 
and female age at the time of oocyte collection. This can be illustrated by analysis of the out-
comes obtained from the transfer of a single embryo on day 2 of development in relation to 
female age at oocyte collection ( Table 1 ). The implantation potential of a single fresh embryo 
from a woman under 36 years of age is approximately three times that of an embryo from a 
woman over 39 years. A similar relationship can also be seen for embryos that have been cryo-
preserved prior to transfer ( Table 1 ). It is, therefore, very important to take this variable into 
account when assessing the clinical effi ciency of ART. 

  Intraclinic differences in general outcomes may also lead to erroneous conclusions being 
drawn from comparisons of techniques or approaches based on data from different centers. 
Comparisons of techniques or approaches should ideally be made by comparing relevant out-
comes in women of equivalent age within the same clinic. The paucity of such studies in the 
literature has hampered the analysis of the clinical effi ciency of oocyte cryopreservation relative 
to the use of fresh oocytes or cryopreserved embryos in ART.   

 WHAT IS THE CLINICAL CONTEXT OF OOCYTE CRYOPRESERVATION? 

 The clinical effi ciency of oocyte cryopreservation will, inevitably, be dependent on the context in 
which it is applied. Oocyte cryopreservation may be indicated in a variety of circumstances. In 
cases where oocyte cryopreservation is used to preserve fertility in women undergoing cytotoxic 
treatments for malignant disease (16,17), the time available and the number of oocytes that can 
be stored may be limited by the need to commence chemo- and/or radiotherapy. While many of 
this group will be relatively young, there is also the possibility that their disease state may 
adversely affect gamete quality (18). A further impediment to clinical effi ciency in some cases, 
notably estrogen sensitive breast cancers, may also be the contraindication for ovarian stimulation, 
which results in high levels of circulating estrogen (19). As such, the results likely to be obtained 
in this group will be heavily dependent on a combination of the above considerations. 

 Much of the clinical application of oocyte cryopreservation to date has been a direct result 
of national legislation, which excludes the possibility of embryo cryopreservation in the routine 
practice of IVF/ET (20,21). The clinical effi ciency in this context is affected by factors relating to 
selection. In circumstances where all embryos must be transferred and embryos cannot be cryo-
preserved (22), the options for selection of fresh embryos for transfer are likely to be severely 
limited reducing the probability of a successful implantation. Additionally, there will be no 
option for selective cryopreservation of embryos that satisfy minimum quality criteria as only 
unfertilized oocytes are cryopreserved. When thawing cryopreserved oocytes, the number 
thawed will be restricted by the necessity to transfer all resultant embryos and, again, selection 
of embryos on the basis of developmental markers will not be possible. The lack of selection 
associated with application of oocyte cryopreservation in this clinical setting will inevitably 
reduce the effi ciency of treatment in terms of the average number of transfers (and, therefore, 
time) required to achieve a pregnancy. In this situation, the importance of assessing cumulative 
pregnancy rates from all the oocytes collected in a cycle is self-evident (23). The extent to which 
selection is routinely applied in IVF/ET with embryo cryopreservation is in contrast to the lack 
of selection inherent when oocyte cryopreservation is applied under the above restrictions and 
is summarized in  Table 2 . 

 Table 1    Implantation Rate (IR; FHs/Embryo Transferred) 
Following Single Embryo Transfer (SET) In Relation To Female 
Age at Time of Oocyte Collection  

Fresh embryos Thawed embryos

Age (yr) SETs IR SETs IR
<36 833 31.7% 1006 24.6%
36–39 391 19.7% 502 18.3%
>39 507 10.7% 572 10.3%

 Abbreviation : FH, fetal heart.
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  Oocyte cryopreservation offers a number of potential advantages when applied in 
conjunction with oocyte donation programs, particularly in relation to simplifi cation of syn-
chrony between donor and recipient and the option of quarantining donated gametes. The 
effi ciency of treatment will be dependent on the number of oocytes available and the degree of 
selection applied to the resultant embryos. For example, high pregnancy and implantation 
rates have been reported when multiple donated oocytes are warmed after vitrifi cation and 
cultured to the blastocyst stage prior to transfer (24). The age profi le of oocyte donors is also 
likely to be younger than in the ART population and may be expected to result in apparently 
improved outcomes. 

 Banking of cryopreserved oocytes for young women, usually without partners, who wish 
to defer their fertility options has often been referred to as “social egg freezing.” While this use 
of the technology remains controversial, its likely effi ciency will, again, be dependent on the 
number and quality of oocytes, the age of the woman at time of storage and the extent of selection 
applied when the gametes are eventually used to form embryos for transfer. 

 The above indications for oocyte cryopreservation will, therefore, impact on the clinical 
effi ciency of treatment in addition to the biological effects of cryopreservation on the oocyte and 
resultant embryos. It is, however, the effi ciency of the technology that will determine the even-
tual success and we shall now consider the effects of oocyte quality and current methods of 
cryopreservation on the human oocyte.   

 OOCYTE QUALITY 

 One inherent problem associated with oocyte cryopreservation is the lack of non-invasive 
markers of oocyte quality, which limits the ability to apply selection criteria prior to cryo-
preservation. As discussed above, a number of objective and subjective criteria based on mor-
phology and timing of development are routinely applied to embryos used in ART but in 
many of the clinical situations where oocyte cryopreservation is used these developmental 
criteria are not applicable. Assuming appropriate culture conditions, it is highly likely that 
poor quality embryos, which do not meet selection criteria, arise from poor quality oocytes. 
Therefore, if poor quality oocytes can be identifi ed and eliminated prior to cryopreservation, 
clinical effi ciency will be improved. The question is whether there are clear morphological 
selection criteria that can be applied to oocytes without the risk of “throwing the baby out 
with the bath water.” 

 Exclusion of oocytes from cryopreservation on the basis of maturational status is justifi -
able in the case of germinal vesicle (GV) stage oocytes retrieved following ovarian stimulation 
but less so in the case of metaphase I (MI) oocytes. Although three births have been reported 
following in vitro maturation of GV oocytes (25–27), the low developmental potential of these 
oocytes (<1% reaching blastocyst stage) (28), the high incidence of spindle and chromosome 
anomalies (29–31) and fragmentation of nuclei/multinucleation in resultant blastomeres (32) 
suggest that these oocytes should be excluded from all ART treatments. 

 Table 2    Summary of Selection Criteria Used in Routine IVF/ET with Embryo Cryopreservation Compared to 
Lack of Selection Associated with IVF/ET and Legally Imposed Oocyte Cryopreservation  

Embryo cryopreservation Oocyte cryopreservation

Fresh embryos Frozen embryos Fresh embryos Frozen oocytes

Developmental rate + + – –
Morphology + + – –
Early syngamy/cleavage + + – –
Post-thaw survival n/a + n/a +
Post-thaw development n/a + n/a –

 Abbreviations : ET, embryo transfer; IVF, in vitro fertilization.
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 Improved clinical effi ciency in IVM programs where natural cycles are manipulated solely 
by hCG administration early in the follicular phase (33), is achieved by in vitro maturation prior 
to cryopreservation. Notwithstanding the additional impact of cryopreservation (34), however, 
the clinical effi ciency of these IVM programs is reduced relative to the use of mature oocytes 
from stimulated cycles. 

 Evidence to support exclusion of metaphase I oocytes from the oocyte pool for cryopreser-
vation, especially in patients such as young women with cancer is less clear. Some births have 
been reported from the use of these oocytes (28,35–38) including one following oocyte cryo-
preservation (39). These oocytes are used routinely in clinical ICSI when they mature in vitro in 
the few hours following cumulus removal although their developmental potential is extremely 
low [4% to blastocyst (28) and 0.5% fetal heart (37)]. The overall contribution of immature 
oocytes to clinical effi ciency is likely to be minimal unless they occur in signifi cant numbers and 
they should only be considered for clinical use as a last resort. Caution is still warranted when 
using these oocytes, as a report, based on assessment of fi ve chromosomes, showed that only 
26% of these oocytes were euploid (40). 

 Selection of oocytes for cryopreservation based on intra and extracytoplasmic features 
may improve clinical effi ciency but the impact of different anomalies is diffi cult to quantify 
and assessment can be highly subjective. Although some oocytes may appear intuitively 
unattractive to an embryologist, there is no clear evidence that irregular shape, a large periv-
itelline space or a dark zona pellucida have an impact on subsequent development to the 
blastocyst stage (41). Time lapse video visualization of fertilized oocytes and embryos has 
demonstrated that some anomalies such as vacuolation may be expelled during cleavage. 
However, in a large study of over 5000 individually assessed good quality day 3 embryos, 
only 2% of these had arisen from oocytes with vacuolation (41). Similarly, less than 2% were 
derived from oocytes with central granulation, which is a likely indication of asynchronous 
nuclear and cytoplasmic development and, as observed with GV oocytes, is associated with 
an elevated incidence of aneuploidy (42). The presence of other organelles within the oocyte 
is often mistakenly referred to as vacuolation. Clusters of smooth endoplasmic reticulum 
(sERC) in the oocyte are associated with cleavage arrest in resultant embryos but a small pro-
portion will reach the morula stage (43). Although oocytes with cytoplasmic anomalies may 
be excluded from the cohort of cryopreserved oocytes, concerns remain that the presence of 
such oocytes is indicative of a poor cycle or a poor prognosis patient. Otsuki et al. (43) showed 
that cycles yielding oocytes with sERC have compromised implantation potential (2%) despite 
the transfer of high quality embryos derived from sibling oocytes without sERC. An extremely 
low implantation rate (1.7%) was also observed in patients showing the same dysmorphic 
phenotype in more than two cycles (44). Selection of only morphologically “perfect” oocytes 
(both cytoplasmic and extra cytoplasmic) for cryopreservation would not, therefore, necessar-
ily overcome this phenomenon. In fact, applying very strict selection criteria for oocyte cryo-
preservation did not appear to signifi cantly enhance the implantation rate (45). On the 
contrary, exclusion from cryopreservation based on irregular zona, debris in the perivitelline 
space or a fragmented polar body may have resulted in the rejection of some implantation 
potential. 

 Although high implantation rates can result from transfer of good quality blastocysts 
derived from cryopreserved oocytes (24), others have shown that a third of blastocysts from 
fresh oocytes are chromosomally abnormal (46). Selection for oocyte cryopreservation based on 
normal genetic compliment would theoretically improve the clinical effi ciency and this is now 
possible by applying comparative genomic hybridization to the fi rst polar body (47). Using this 
approach, Sher et al. (48) determined that only a third of oocytes collected from young donors 
were euploid. Selection for cryopreservation of only euploid oocytes resulted in a high blasto-
cyst development rate (65%) and a high implantation rate (61%). It should be noted, however, 
that in another study, 78% of oocytes from IVF patients aged below 37 years were found to be 
euploid (49). 

 It may be possible to improve clinical effi ciency without discarding oocytes by adopting a 
mild stimulation regimen (50). Although fewer oocytes were retrieved following mild stimula-
tion in this randomized control trial, the rate of embryonic aneuploidy was reduced, resulting 
in the same number of euploid embryos. This milder approach may increase clinical effi ciency 
and reduce the time taken to achieve pregnancy and may be particularly attractive in countries 
where legal restrictions necessitate the transfer of all embryos which are created. 
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 It is clear from the discussion above that the quality of oocytes cryopreserved will impact 
clinical effi ciency. This serves to emphasize the importance of controlling oocyte quality when 
determining the effects of cryopreservation, with parallel fresh controls being an ideal compo-
nent of any study. Unfortunately, data that conform to this rigorous requirement are all too rare 
in oocyte cryopreservation studies.   

 SURVIVAL OF CRYOPRESERVED OOCYTES 

 It is self-evident that an important determinant of the clinical effi ciency of any form of cryo-
preservation in ART will be the proportion of cells that survive the cryopreservation process. 
Lysis of the cell membrane as a consequence of ice formation and solution effects during slow 
cooling or only the latter during vitrifi cation (51) is the most obvious form of cryodamage. 
Unlike embryo cryopreservation where a proportion of the embryonic cells may survive cryo-
preservation, the all or nothing situation associated with oocyte cryopreservation has posed a 
diffi cult challenge. This appears to relate to the wide variation in permeability properties of the 
human mature oocyte membrane (52). 

 Over time the evolution of oocyte cryopreservation methodology has resulted in signifi -
cant improvements in the survival rate for the human mature oocyte. Initial reports of human 
oocyte cryosurvival with dimethyl sulfoxide (DMSO) and slow cooling ranged from 20% to 30% 
(53–58). Almost double this survival rate was achieved by changing the permeating cryopro-
tectant to propanediol and the addition of 0.1 M sucrose (20,21,59–65). Increasing the concentra-
tion of the non-permeating cryoprotectant, sucrose, from 0.1 to 0.2 M or 0.3 M during dehydration 
increased survival to between 60% and 80%, with the most commonly used method (0.3 M) 
generally achieving survival rates over 70% (66–77). In house comparisons of 0.1 M and elevated 
sucrose concentration have consistently shown an improvement in survival with higher sucrose 
concentrations (76,78–80). 

 Controlled comparisons between other methodological approaches have not been reported 
in the literature. Similar survival rates were achieved when the basal medium was modifi ed to 
a sodium depleted medium (81–86), and following vitrifi cation using various methods (34,87,88). 
However, recent developments in vitrifi cation using the cryoprotectants DSMO, ethylene glycol 
(EG) and sucrose have achieved encouraging results with survival rates over 90% (24,89). With 
potential survival rates now equivalent to or better than those reported for embryo cryopreser-
vation, the relative clinical effi ciency therefore depends on the subsequent developmental 
potential of the cryopreserved oocytes.   

 FERTILIZATION OF CRYOPRESERVED OOCYTES 

 Improved fertilization rates have also been observed using modifi ed methodologies with 
increases from approximately 50% with 0.1 M sucrose to 60–70% with 0.3 M and 80% with 0.2 M 
sucrose. In the few studies that compared fertilization of fresh oocytes and oocytes cryopre-
served using the elevated sucrose procedures, equivalent rates were observed (74,77,79,85,90,91). 
Similar conclusions can be drawn from studies involving vitrifi cation using the DSMO plus EG 
method (24,89). These similar fertilization rates observed with fresh and cryopreserved oocytes 
mean that the cryopreservation procedures currently in use are not likely to have an impact on 
clinical effi ciency by reducing the proportion of oocytes that undergo fertilization. It should be 
noted that, almost without exception, fertilization of cryopreserved oocytes has been achieved 
using intracytoplasmic sperm injection (ICSI).   

 DEVELOPMENT AND QUALITY OF EMBRYOS FROM CRYOPRESERVED OOCYTES 

 Based solely on the proportion of normally fertilized oocytes which undergo subsequent cleav-
age relative to fresh controls, oocyte cryopreservation does not appear to reduce clinical 
effi ciency by limiting the number of cleaving embryos available (24,74,77,85,89,91). However, 
the rate of development, an important correlate of implantation potential, does appear to be 
compromised following slow cooling in the presence of 0.3 M sucrose. 



214 GOOK AND EDGAR

 In one study that reported developmental rate in more detail (71), the majority of the 
embryos generated on day 2 were at the two-cell stage (68%) and only 14% were at the four-cell 
stage. However, no comparative fresh data were presented for this study and, therefore, the 
poor developmental rate cannot be conclusively attributed to the cryopreservation procedure. 
Although apparently retarded in their development, the embryos in this study did not exhibit 
high levels of fragmentation with only 20% of the embryos classifi ed as grade III or IV. 

 A recent study by Konc et al. (77) has clearly shown a signifi cant delay in development on 
day 2 in embryos derived from oocytes cryopreserved using the 0.3 M sucrose procedure when 
compared to embryos from fresh oocytes (17% at the four-cell stage vs. 66% in fresh controls). 
There is only one clinical report of a small number of embryos from cryopreserved (slow cool-
ing in 0.3 M sucrose) oocytes which were cultured for an extended period and transferred at the 
blastocyst stage (70), making further analysis of the impact of cryopreservation on developmental 
rate diffi cult. 

 Further evidence which suggests that slow cooling in 0.3 M sucrose may retard subse-
quent development is the observation that very few resultant embryos (7%) had undergone 
early cleavage at 25 hours post insemination compared to the majority (59%) of embryos from 
fresh oocytes (92). Early cleavage, when assessed at 25 to 27 hours post insemination, is an 
independent indicator of developmental potential (93,94). 

 Embryos from oocytes cryopreserved in sodium depleted media also appear to exhibit 
retarded development with a higher proportion of two cells (55%) on day 2 of development 
relative to embryos from fresh oocytes (28%) (85) and a lower than expected mean cell number 
of only 5.4 on day 3 (84). 

 In contrast, 50% of embryos generated from oocytes cryopreserved in 0.2 M sucrose were 
at least at the four-cell stage on day 2 (91) suggesting no impact on embryo development with 
this procedure. Similarly, embryo development to the blastocyst stage appeared to unaffected 
following oocyte vitrifi cation (24) using the most frequently used method initially reported by 
Katayama et al. (95).   

 IMPLANTATION OF EMBRYOS FROM CRYOPRESERVED OOCYTES 

 As in vitro developmental rate is a strong predictor of outcome following embryo transfer 
(96,97), any retardation of development following oocyte cryopreservation would be expected 
to have an impact on implantation potential and therefore clinical effi ciency. In the Borini et al. 
study (71) using 0.3 M sucrose, in which the majority of embryos (68%) were at the two-cell 
stage on day 2, a poor implantation rate of only 5.2% was reported. Similar low implantation 
rates have been observed in a number of studies using this method although information 
regarding cell numbers at transfer is not provided in the other publications (72,73,76). In a large 
study of over 1000 oocytes cryopreserved using the 0.3 M sucrose procedure, a signifi cantly 
lower implantation rate (5.7 %) was observed compared to 17% with control fresh oocytes (74). 
Although it had been, in general, abandoned due to poor clinical effi ciency, the initial propane-
diol method using 0.1 M sucrose, in fact resulted in higher implantation rates (65,76) than the 
method employing 0.3 M sucrose (71). In contrast, following cryopreservation of oocytes using 
the 0.2 M sucrose procedure, in which a higher proportion of 4 cell embryos (43%) was gener-
ated, an implantation rate of 13% was reported (91). An implantation rate of 15.7% was also 
reported following cryopreservation in 0.2 M sucrose in association with developmental rates 
similar to those observed in parallel fresh oocytes (98). 

 The clinical effi ciency of oocyte cryopreservation, therefore, will be dependent on a 
method which not only results in high survival rates but which also has a negligible effect on 
embryo development in vitro and, consequently, on implantation potential following transfer.   

 ATTRITION RATES AFTER OOCYTE CRYOPRESERVATION 

 The above data suggest that, although survival has improved with the higher sucrose methods, 
this has been offset by the poor implantation rate observed with the 0.3 M sucrose procedure 
resulting in no real improvement in the clinical effi ciency relative to the initial 0.1 M sucrose 
method. Therefore, to accurately estimate the clinical effi ciency of a procedure, a calculation of 
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the attrition resulting from each step of the process is necessary. To overcome bias and the small 
sample numbers in many studies, the total published data for each method has been pooled to 
compare the clinical effi ciency which is ultimately assessed as the number of implantations 
resulting from 100 oocytes cryopreserved and thawed/warmed using each method. The rela-
tive clinical effi ciency of each method is shown in  Table 3  which is an update of data previously 
reported by Gook and Edgar (99). 

     Over double the number of embryos are generated using the 0.3 M sucrose relative to the 
0.1 M sucrose method but similar clinical effi ciency is achieved (2.9 and 2.3 implantations per 
100 thawed oocytes, respectively). In comparison, the number of embryos generated with some 
of the newer methodological changes is similar to that calculated for the 0.3 M sucrose method. 
However, due to improved implantation rates, these result in a clinical effi ciency approximately 
double that of 0.3 M sucrose ( Table 3 ). 

 A recent publication by Cobo et al. (24) has reported very high survival and implantation 
rates (97 % and 41%, respectively) following vitrifi cation using the EG + DMSO + sucrose pro-
cedure. It has been suggested by some (100,101), that slow freezing should be abandoned on the 
basis of results such as these, but not all vitrifi cation procedures have shown an improvement 
in the clinical effi ciency relative to controlled rate freezing. In fact, although the implantation 
rate in the Cobo et al. study (24) is very high, partly due to transfer after selection by extended 
culture to the blastocyst stage, the clinical effi ciency (8.7 implantations per 100 warmed oocytes) 
is similar to that with controlled rate freezing using the 0.2 M sucrose procedure (9.0 implanta-
tions per 100 thawed oocytes). It is also relevant to note that the vitrifi ed oocytes were from an 
oocyte donor population with a mean age of 26.7 years. At present, however, the EG + DMSO + 
sucrose vitrifi cation procedure appears to be associated with the highest clinical effi ciency. 

 The potential importance of oocyte selection prior to cryopreservation has been empha-
sized in the case of vitrifi cation of only euploid oocytes (48) in which the clinical effi ciency was 
reported as 26 implantations per 100 warmed oocytes. However, in this study only 51 embryos 
per 100 warmed oocytes were generated suggesting that the improved clinical effi ciency is 
attributable to the selection and not vitrifi cation with EG + DMSO + Ficoll + sucrose per se. In 
fact, if we assume that the discarded aneuploid oocytes would not have implanted, the overall 
clinical effi ciency of the vitrifi cation procedure (19 implantations per 317 warmed oocytes; 6%) 
would be less than the controlled rate freezing with 0.2 M sucrose and vitrifi cation with EG + 
DMSO + sucrose.   

 RELATIVE CLINICAL EFFICIENCY OF OOCYTE CRYOPRESERVATION 

 There has been a general perception that oocyte cryopreservation is an experimental and rela-
tively ineffi cient approach that has limited application in ART and this has resulted in a reluc-
tance to adopt the technology other than as a last resort. The legislative framework that was 
introduced in Italy and resulted in widespread adoption of oocyte cryopreservation as an alter-
native to embryo storage led to comparisons being made between the two approaches. Given 
the pregnancy/implantation rates which can be achieved following transfer of embryos cryo-
preserved at early cleavage stages (102,103) or at the blastocyst stage (104), the clinical effi ciency 
of oocyte cryopreservation may appear to be signifi cantly reduced. However, as discussed ear-
lier in this chapter, much of the attrition which occurs after oocyte cryopreservation has already 
occurred prior to embryo cryopreservation. 

 For example, the proportion of oocytes that do not fertilize or fertilize abnormally will 
have been excluded, as will embryos that do not develop normally or whose morphology ren-
ders them unsuitable for cryopreservation. It can be realistically estimated that, from 100 fresh 
oocytes, 65 to 70 embryos may be derived, 40 to 45 of which may be suitable for cryopreserva-
tion. This is an ambitious target which may not be the case in many laboratories where the 
proportions of embryos deemed suitable for cryopreservation are signifi cantly lower. This fi g-
ure will, of course, also be lower if embryos are cryopreserved after extended culture to the 
blastocyst stage. Assuming cryosurvival rates consistent with those observed in many centers, 
we may predict that 30 to 35 embryos will be available for transfer and that 5 to 10 implanta-
tions may result. This range, derived from realistic estimates, refl ects the clinical effi ciency of 
the overall process (i.e., a yield of between 5 and 10 implantations per 100 oocytes). This yield 
from 100 oocytes is similar to that observed using currently optimal methodology for oocyte 
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cryopreservation. The importance of attrition and selection in determining the relative clinical 
effi ciency of approaches/technology used in ART cannot be underestimated. 

 Returning to the observation, made at the beginning of this chapter, that only a relatively 
small proportion of all oocytes collected for ART go on to result in a live birth, and the varying 
extent to which attrition and selection may manifest at different stages of a process depending 
on the approach adopted (or imposed), the value of assessing cumulative pregnancy rates (23) 
should be self-evident. Estimations of clinical effi ciency must take into account a number of 
diverse factors if valid comparisons and/or conclusions are to be made.     
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 INTRODUCTION 

 The history of human oocyte cryopreservation is quite peculiar as compared to the development 
of other assisted reproduction technologies. 

 Since the fi rst successful case of human embryo cryopreservation 25 years ago, it has often 
been pointed out that freezing of excess embryos is only a temporary solution with many dis-
advantages and that it would often be more acceptable to store human oocytes to avoid ethical 
and legal problems. Indeed, shortly after the fi rst birth with frozen human embryos, a similar 
clinical success with frozen human oocytes was announced. However, the enthusiasm for the 
announcement of the fi rst pregnancies with frozen eggs was not followed by a rapid integration 
of the technique into the IVF clinical routine and, unlike the early and fast spread of embryo 
freezing, oocyte cryopreservation was and still is considered an experimental technique. Lessons 
learned from the general history of IVF show us that techniques indispensable to solving a 
problem have been rapidly adopted in the clinical routine before displaying evidence of safety. 
Embryo cryopreservation was developed inside the unavoidable dilemma of “freezing or 
wasting.” On the contrary, oocyte cryopreservation was an optional choice. Ethical concerns 
were not powerful enough to push clinical research and application in oocyte cryopreservation. 
This is the main reason why those early fully successful clinical applications remain anecdotal. 
The postulated intrinsic cryo-vulnerability of the mature oocyte raised safety concerns and 
became a major constraint. It was thanks to the basic biological studies of excellent researchers 
in reproductive cryobiology that many of those concerns were alleviated in the 1990s allowing 
the clinical resumption of oocyte cryopreservation by the end of the decade. A relatively inten-
sive and, in some cases, routine application has been performed only in Italy, due to the recent 
restrictive legal regulation of IVF in that country. Variations in the results reported from different 
countries and IVF teams makes it still diffi cult to measure the true success of the procedure even 
though, in some reports, it seems to equal the embryo freezing effi ciency. In the past few years, 
the clinical application of egg storage has partially shifted to vitrifi cation, despite the absence of 
suffi cient basic biological studies addressing safety issues. Recently, the proposal of novel 
applications, such as the debated egg storage for non-medical indications to postpone mater-
nity in young women, as well as the development of commercial interests, have prompted an 
acceleration in the spread of oocyte cryopreservation.   

 EARLY ANIMAL STUDIES 

 Studies concerning the cryopreservation of oocytes and the effect of low temperatures on cell 
biology have been undertaken since the end of 1940s, yielding knowledge that would have 
practical as well as theoretical signifi cance. 

 Chang (1,2) documented the ability of rabbit oocytes stored either at 10°C and 0°C to 
generate embryos and healthy offspring. Afterwards, however, the author observed that preg-
nancy occurred more frequently with embryos kept at low temperatures (11–37% after storage 
for 24 hours) than with eggs (3–11% after storage for 6–31 hours). Subsequently, Chang (3) pub-
lished further investigations on egg storage at low temperature. Rabbit eggs were taken from 
the tubes of albino rabbits and placed in a suspension containing an equivalent percentage of 
“Ringer” solution and rabbit serum. Part of the oocytes (130) were kept in test tubes for 30 to 
31 hours at a temperature of 10°C, while the remaining 137 oocytes were kept at 0°C, after an 

19



222 PORCU ET AL.

initial acclimatization time of 1 hour at 10°C. Oocytes stored at 10°C were transferred to the left 
tube and oocytes stored at 0°C to the right tube. No statistically signifi cant difference was seen 
between the effects of conservation at 0°C or 10°C. Both groups registered a low percentage of 
normal fertilization, 7% of transferred oocytes in the fi rst group and 4% in the second group, 
after 31 hours of preservation. This percentage was statistically lower than that of a control 
group (27%). These observations raised the possibility of damage resulting from cell storage at 
low temperatures. 

 Sherman (4) evaluated the effect of glycerol supplementation on low temperature preserva-
tion of guinea pig eggs. He observed that some germ cells can survive exposure to temperatures 
of –10°C, if 5% glycerol is added to the storage solution consisting of 500 ml of distilled water, 
3.38 g of sodium chloride, 0.09 g of calcium chloride, 0.16 g of potassium chloride, 0.05 g sodium 
bicarbonate, and 0.36 g dextrose (modifi ed Locke solution). The glycerol lowers the freezing 
point preventing the medium from freezing. One hundred eighty oocytes were transferred into 
30 guinea pig recipients, with 17% embryo development after one hour of storage and 5% after 
two hours. The same study analyzed the effects of glycerol presence inside the cell on the ability 
of oocytes to generate offspring after transfer to recipients. The penetration of glycerol in the 
cells was achieved through exposure in 5% glycerol solution for 15 minutes. Exposure to glycerol 
solution fi rst caused oocyte shrinkage followed by their recovery to their initial volume after 8 
to 10 minutes. Sixty oocytes were transferred into 10 guinea pig recipients and 6 pregnancies 
were achieved. Therefore, the presence of glycerol inside the cells did not jeopardize fertilization 
and embryo development. 

 In another study, Sherman (5) carried out an assessment of the survival and function of 
mouse egg cells after rapid reduction in temperature and storage at low temperatures. One 
thousand eight hundred and fi fty-eight oocytes, harvested from the tubes of brown female 
guinea pigs, after hyperstimulation, were transferred into 310 white guinea pig recipients. The 
egg cells of the study group were released into the medium of storage; some were cooled to 
0°C at a rate of 0.2°C/sec and the remainder to a temperature of –21°C at a speed of 1°C/sec. 
The cells were then restored to a temperature of 22°C and transferred to recipients. In the con-
trol group, cells were preserved at a temperature of 22°C. The rate of pregnancy and survival 
of egg cells, along with their reproductive capacity, were unaffected by the rapid lowering of 
temperature. 

 However, egg cells proved extremely sensitive to prolonged exposure to low temperatures: 
with increasing exposure time, the rate of survival dramatically decreases. 

 Shortly later, Burks (6) reported on the morphology of cryopreserved human and rabbit 
egg cells subject to freezing. Four hundred and fi fty-fi ve rabbit eggs were divided into groups 
and subjected to increasing concentrations of glycerol (0%, 10%, and 35%) in Locke’s solution at 
different temperatures (5°C, 22°C, and 37°C for 15 minutes). The cells were then stored in sealed 
glass containers and immersed in liquid nitrogen. Morphological evaluation was performed 
after 1 to 15 days of storage. The survival cytological criteria were: ( i ) integrity of the vitelline 
membrane and the zona pellucida and ( ii ) absence of granulation and/or deformation of the 
cytoplasm. 

 The highest survival rate (96%) was recorded in egg cells exposed to 35% glycerol at a 
temperature of 5°C. In the early 1960s, Mazur (7) conducted various studies on the kinetics of 
cellular dehydration in relation to changes in temperature. He worked out a differential equation 
relating cooling rate, surface and cell volume, membrane permeability to water and the tem-
perature coeffi cient of the permeability constant. Through this equation it is possible to derive 
the intracellular water content and predict the probability of intracellular ice growing. The 
equation allows a number of conclusions.  

  Larger cells with a lower surface/volume ratio have a slower dehydration speed than smaller • 
cells because they retain more water and are more likely to encounter ice formation;  
  A high rate of cooling does not allow enough water leakage from the cell, and makes intra-• 
cellular crystal formation more likely;  
  A cell characterized by high permeability to water achieves faster dehydration.   • 

 The fate of intracellular water as temperature changes in egg cells was evaluated in a 
study by Asahina (8) which observed how the intracellular content of the sea urchin egg cell 
did not freeze until it reached a temperature of –5°C; if cooling continued at a rate of 1°C/min, 
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cells did not freeze but suffered a gradual decline in volume, while increasing the cooling 
rate to 10°C/min caused freezing and blocked the escape of water. In keeping with the Mazur 
equation, the trend to form intracellular crystals seems much more related to rapid changes in 
temperature. 

 In later studies, however, Mazur (9–11) pointed out that inhibition of intracellular ice 
formation is necessary but not suffi cient for the survival of the cell. Slow-freezing can be 
injurious in itself. As ice develops outside the cells, the residual unfrozen medium forms 
channels of decreasing size and increasing solute concentration. The cells lie in the channels 
and shrink in osmotic response to the rising solute concentration. Previous theories ascribed 
slow freezing injury to the concentration of solutes and/or cell shrinkage. Recent experi-
ments, however, indicate that the damage is due more to a decrease in the size of the unfro-
zen channels. In addition, the rate of warming can have as much effect on survival as the 
cooling rate. 

 The fi rst birth from animal oocytes cryopreserved in liquid nitrogen was announced by 
Parkening (12) who obtained three normal mouse offspring. Whittingham (13), too, achieved 
successful cryopreservation of unfertilized mouse oocytes resulting in offspring. Hamster egg 
cryopreservation was also investigated. Choung (14) evaluated the viability and fertilizability 
of unfertilized hamster oocytes in different freezing conditions: in the fi rst group oocytes were 
placed in medium at room temperature, while in the second group they stayed at 0°C. They 
were cooled to –6°C at a rate of –2°C/min (method 1) or at –0.5°C/min (method 2). After thaw-
ing, 52% (method 1) and 64% (method 2) of the oocytes showed normal morphologic features. 
The fertilization rate of frozen-thawed oocytes was 26%, while the penetration rate proved to be 
one third of fresh oocytes. Critser (15) conducted three experiments to evaluate the effects of 
vitrifi cation (16) or slow freezing on human sperm penetration of zona-free hamster oocytes. 
The survival of hamster oocytes, as defi ned by observation of morphologic features, did not dif-
fer between the vitrifi cation and the freezing group. Vitrifi ed oocytes showed a lower frequency 
of sperm penetration than frozen oocytes (15).   

 EARLY HUMAN STUDIES 

 Burks (6), encouraged by his good results with rabbit oocyte cryopreservation, performed a 
subsequent experiment with human oocytes. Ten human eggs were exposed to 35% glycerol 
at a temperature of 5°C and then frozen in liquid nitrogen. After thawing, 9 out of 10 eggs 
survived (90%). 

 Trounson (17) examined different methods of human oocyte cryopreservation. Part of the 
experiment was done with aged oocytes that failed to fertilize in the routine IVF program. Slow 
cooling with 1.5 M dimethyl sulfoxide (DMSO) gave 18% of survival. Rapid cooling with 1.5 M 
DMSO gave 25% of survival. Ultrarapid cooling with DMSO 1.5 M and 3.0 M resulted in 52% of 
egg survival. Vitrifi cation produced 75% survival rate. The second part of the experiment was 
performed with mature human oocytes. No survival was registered after slow cooling with 
DMSO 1.5 M. Slow cooling with 1.5 M PrOH gave good results with 67% survival and 100% 
fertilization. Vitrifi cation after removal of cumulus cells resulted in 67% survival rate and 75% 
fertilization rate without subsequent cleavage. Vitrifi cation with an intact cumulus was followed 
by fertilization and embryo development to at least the eight-cell stage. Therefore, even though 
small numbers of mature oocytes were involved in these experiments, it has been shown that 
human oocytes may survive freezing and thawing and may be fertilized after insemination. 
Furthermore, those early experiments gave indications about the most effi cient methods of 
human egg cryopreservation. Unfortunately, despite the development of these methods for egg 
cryopreservation in mid-1985, Trounson’s group has been unable to transfer developing embryos 
to patients because of legal restrictions in the Victorian State. 

 Chen (18) reported the fi rst human pregnancy with cryopreserved oocytes. In his oocyte 
cryopreservation program, Chen adopted a slow freezing-rapid thawing protocol with DMSO 
as a cryoprotectant. After partial removal of surrounding cumulus cells, DMSO 1.5 M was added 
as a one-step procedure. Seeding was performed at –7°C followed by slow cooling between 
–7°C and –36°C, rapid freezing to –196°C and storage in liquid nitrogen. Rapid thawing in a 37°C 
water bath was followed by dilution of DMSO in a single step. This was achieved by adding 
four times the sample volume of phosphate-buffered saline. The oocyte was examined for 
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morphological evidence of survival. Further development of the oocyte required the transfer to 
the regular culture medium, and at the appropriate time insemination was carried out. 

 Thirty-eight out of 50 (80%) cryopreserved oocytes survived thawing (76%), 71% fertilized, 
and 85% cleaved even to six to eight cells (19). Embryo transfers of between two and three 
embryos derived from frozen-thawed oocytes were performed in seven patients and two 
pregnancies (one twin and one single) resulted. 

 In the fi rst patient who became pregnant, a 29-year-old woman, six eggs were frozen, 
three were thawed, survived and fertilized. Three embryos were transferred at the three- to 
four-cell stages, about 46 hours after insemination. A twin pregnancy was achieved with the 
birth of two healthy children. The second patient, aged 37 years, conceived with the same tech-
nique using her spare eggs, which were kept frozen for four months. She delivered a healthy 
female. 

 Therefore, Chen’s clinical results led to a pregnancy rate of 29% embryo transfers and a 
birth rate of 6% per thawed oocytes. 

 Al-Hasani et al. (20) cryopreserved 133 oocytes of varying quality from 22 patients. The 
survival rate achieved after thawing was 34%, while fertilization rate was 75%. Out of a total 
of seven embryos transfers there was one pregnancy following the replacement of a six-cell 
embryo. Van Uem (21) published the second birth reported in the literature after oocyte cryo-
preservation with an alternative freezing technique. In an attempt to overcome cell damage 
due to supercooling, he developed a computer-controlled “open-vessel” freezing device 
(CTE 8100). This device, using tailed plastic straws, permits seeding to take place automati-
cally in the ideal temperature range around the freezing point of the medium (“self-seeding”). 
Further, van Uem adopted the technique of slow-freezing and the slow-thawing. As Chen did, 
van Uem also removed the cumulus by needle dissection. A freezing medium of phosphate-
buffered saline containing 10% heat-inactivated fetal cord serum and 1.5 mol/L DMSO not 
chilled before the addition to the oocyte was used. Seven out of 28 (25%) frozen oocytes 
survived after thawing. 

 A further study by Al-Hasani et al. (22) describes the results of three freezing methods 
used for cryopreserving 320 human oocytes. The fi rst method was a slow freezing protocol and 
adopted DMSO 1.5 M and 20% inactivated fetal calf serum. In the second method of slow freez-
ing the cryoprotectant was PrOH 1.5 M and sucrose 0.1 M. The third method with ultrarapid 
freezing used DMSO 3.0 M and sucrose 0.25 M. The survival and fertilization rates of the fi rst 
method were 28% and 50%, respectively, with 20% of polyploidy. The survival and fertilization 
rates of the second method were 32% and 75%, respectively, with 40% of polyploidy. The 
ultracooling method gave poor results with a survival rate of 4%. 

 Diedrich (23) published a study where two hundred eighty–three excess oocytes were 
frozen from 48 patients. One hundred and thirty-six, out of 157, oocytes survived after thaw-
ing (87% survival rate). The viability rate of oocytes after the procedure, evaluated through 
morphologic criteria, was 32% (43 oocytes out of 136) and fertilization rate was 58%. Embryo 
transfer was performed in 11 patients, giving rise to two pregnancies, though both ended in 
abortions. 

 As a matter of fact, within a few years during the 1980s, the knowledge about human 
oocyte cryopreservation progressed greatly. It clearly demonstrated the feasibility of human 
egg freezing, provided the oocytes were mature and of good quality. Oocytes could survive 
freezing and thawing by both slow freezing and vitrifi cation with high survival and fertilization 
rates. Embryos generated from thawed oocytes could develop and implant normally and 
healthy children could be delivered. It is surprising and disconcerting that, despite the proof of 
principle obtained in both basic research and clinical application, no pregnancies and births 
were achieved in the eight years following these early successes.   

 SUBSEQUENT RESEARCH 

 At the time the possibility of increased aneuploidy resulting from exposure of mature eggs to 
cryoprotectants and freezing and thawing caused concern. 

 Depolymerization of the spindle microtubules by cryoprotectants or by cooling may 
prevent the normal separation of sister chromatids at fertilization and thus lead to chroma-
tid nondisjunction and the state of aneuploidy after the extrusion of the second polar body. 
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Magistrini and Szöllösi (24) and Pickering and Johnson (25) described depolymerization of the 
spindle microtubules induced by cooling in mouse eggs and even by transient cooling to room 
temperature in human oocytes (26). However, the same authors observed that to some extent 
the depolymerization was reversible. Vincent et al. (27) found that the addition of cryopro-
tectant was responsible for the depolymerization of the microtubules but these changes were 
reversible after the removal of cryoprotectant and a short period of culture. Glenister et al. (28) 
found that oocytes frozen by slow cooling in DMSO did not signifi cantly increase the incidence 
of aneuploid zygotes in the mouse. These data contradict the fi ndings of Kola et al. (29) who 
found a two- to three-fold increase of aneuploidy after slow cooling in DMSO and after vitrifi ca-
tion. Sathananthan et al. (30) suggested a cautious approach to the integration of egg freezing in 
clinical IVF because of the sensitivity of meiotic spindle to simple cooling, even at 0°C, leading 
to extensive depolymerization of the microtubules. However, widespread displacement of 
chromosomes was not apparent in that study. These authors affi rm that the results of the litera-
ture taken together clearly indicate that not all embryos or fetuses derived from frozen oocytes 
are abnormal. It is possible that depolymerization and repolymerization may occur in some 
oocytes in a way to least disturb the normal distribution and behavior of chromosomes that are 
suspended on the spindle during freezing and thawing. 

 The consensus arising from all those studies appears to be that inappropriate exposure to 
cryoprotectants and cooling may induce anomalies in the spindle microtubules (31–34). 

 Because of the concern that had been raised over mature oocyte cryopreservation, some 
teams addressed their research towards freezing immature oocytes at the germinal vesicle (GV) 
stage as it was thought to be less sensitive to cryoinjury (35–39). 

 Actually, the literature did not show any true advantage of immature oocyte freezing as 
regards survival and fertilization rates as well as embryo developmental capacity. 

 In the 1990s, in parallel, the effects of cryopreservation on mature human eggs were reap-
praised. Several authors agreed on the fact that appropriate protocols allow the cryopreserva-
tion of mature oocytes without any signifi cant change in the meiotic spindle and without any 
increase in the rate of aneuploid embryos (40–44). 

 These reassuring fundamental studies should have opened the way to new clinical trials. 
In reality, additional doubts about possible injury to the zona pellucida (45,46) and cortical gran-
ules (22,47,48)leading to alterations in the mechanism of fertilization and increased incidence of 
polyspermy continued to cause concern. 

 A turning point in the effi ciency of human oocytes cryopreservation was reached with the 
introduction of intracytoplasmic sperm injection. Gook et al. (49) compared traditional IVF and 
ICSI for thawed oocyte insemination. Although no differences were seen in the percentage of 
normal fertilization, ICSI was found to be associated with a signifi cantly higher cleavage rate 
(50). A similar study was done by Kazem et al. (46) who reached a percentage of fertilization of 
45.9% in the ICSI group and 13.5% in the IVF group; in the IVF group, only one fertilized oocyte 
cleaved while in the ICSI group all the fertilized eggs cleaved (46).   

 RECENT CLINICAL APPLICATION 

 In spite of the great increase in basic knowledge, the clinical application of oocyte cryopreser-
vation has been stagnating for a long time. Unlike other techniques such as embryo cryo-
preservation or intracytoplasmic sperm injection, which were introduced fairly quickly in the 
clinical routine before displaying evidence of safety, oocyte cryopreservation was still regarded 
as an experimental procedure, potentially dangerous and unsafe. 

 As a matter of fact, there was no urgent need for implementation of oocyte freezing in 
current assisted reproductive technology, as embryo freezing was a reliable alternative. On the 
other hand, ethical indications were not powerful enough to urge clinical research in oocyte 
cryopreservation. 

 It was only in the second half of the 1990s that further clinical studies were undertaken. 
Tucker et al. (51) cryopreserved 285 aged unfertilized oocytes with slow freezing using 1,2-
propanediol (PrOH) 1.5 M and sucrose 0.1 M. Fifty-fi ve percent of oocytes survived thawing 
and were inseminated with ICSI achieving 41% fertilization rate. In the second part of the study, 
seven couples from their donor oocyte program consented to receive cryopreserved donated 
oocytes in eight thaw cycles. Cryosurvival of the 81 fresh donated oocytes was relatively poor 
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(24.7%) but normal fertilization after ICSI was 65% and embryo development was 100%. Uterine 
transfer of 13 embryos in fi ve cycles gave rise to three early pregnancies (60%), but none went 
successfully to term. 

 In the following years, a number of fi rst-ever achievements changed the clinical back-
ground of oocyte cryopreservation. Among the giants in reproductive cryobiology, Gook’s 
studies (40,41,49,50) were especially useful in alleviating concerns about safety of oocyte 
cryopreservation. 

 The fi rst live birth of a healthy female conceived from oocytes cryopreserved with PrOH 
1.5 M + sucrose 0.2 M and inseminated with ICSI was published by Porcu et al. (52) at the 
University of Bologna. The announcement of this live birth after nearly a decade since the fi rst 
reports of births following cryopreservation of human oocytes (18,21) reawakened interest in 
this fi eld. In the following year, several reports announced pregnancies and births from oocytes 
cryopreserved with PrOH and inseminated with ICSI (53–55). In the same year, Tucker et al. (56) 
published the fi rst birth from immature cryopreserved oocytes. In this study Tucker collected 
and cryopreserved twenty nine oocytes after ovarian stimulation in a 28-year-old woman; none 
of the16 mature oocytes survived thawing, while three of 13 GV-stage oocytes survived. Two 
out of three oocytes reached full maturity in culture and fertilized normally after ICSI. A single 
pregnancy was achieved after transferring both embryos. An uneventful full term gestation 
ended with the birth of a healthy female weighting 3300 g. Shortly after, Kuleshova et al. (57) 
published the fi rst birth of a healthy female from oocytes cryopreserved with vitrifi cation. 

 From then on, two main lines of clinical research were followed: slow freezing and vitri-
fi cation. Initially, slow freezing was the most popular. 

 Since 1997, ICSI had been almost invariably used to inseminate cryopreserved oocytes 
and proved to be a suitable means of optimizing fertilization after thawing and subsequent 
embryo development. This was probably the key to success that opened a new era in the clinical 
application of oocyte cryopreservation. 

 Porcu’s team at the University of Bologna thought it was the right time for undertaking an 
intensive investigation and documenting the actual degree of egg freezing clinical effi ciency in 
humans. In the fi rst trial 1769 supernumerary oocytes were frozen using slow freezing with 
PrOH and sucrose 0.2 M. One thousand fi ve hundred two oocytes were thawed. The overall 
survival rate was 54%, the fertilization rate after ICSI was 58% and the cleavage rate 91%. In a 
part of thawed oocytes, the effects of duration of cryopreservation were evaluated: no differ-
ence was seen in the survival rate between 24 hours and 3 months of storage (59% and 60%, 
respectively). Sixteen pregnancies were achieved in 112 thawing cycles. Seven singleton and 
two twin pregnancies ended with the birth of eleven healthy children (58). In that early trial it 
was also documented that elective cryopreservation of all the oocytes retrieved might be a valid 
strategy to avoid severe ovarian hyperstimulation syndrome (OHSS). In 20 patients at risk of 
OHSS, a total of 384 oocytes were frozen. In the subsequent postponed ICSI cycles with thawed 
oocytes the pregnancy rate was 17.8%. 

 With revived interest in the fi eld from the 1990s, several case reports and small series 
were published. Common procedures adopted in those studies were slow freezing using PrOH 
1.5 M and sucrose and ICSI to inseminate thawed eggs. Within this basic protocol, some lines of 
research investigated the role of different concentration of sucrose and the role of sodium 
depleted medium in an attempt to improve oocyte survival and competence. Porcu’s team 
discovered that sucrose 0.3 M seemed to improve egg survival when compared to sucrose 0.1 M 
and 0.2 M (59). With PrOH + 0.1 M sucrose pregnancies and births were reported (54,55,60–67). 
Freezing protocols with 0.2 M sucrose were used by several authors (52,58,68–77) as well as 
0.3 M sucrose (73,78––88). In general, 0.3 M sucrose seems to improve egg survival. However, 
differential sucrose concentrations during dehydration (0.2 mol/L) and rehydration (0.3 mol/L) 
seem to increase the implantation rate of frozen oocytes (76). Another modifi cation of the cryo-
preservation technique includes the replacement of sodium with choline in the freezing medium. 
Quintans et al. (89) used this freezing protocol and obtained 63% survival rates, 59% fertiliza-
tion rate, and 25% implantation rate. They achieved six pregnancies, with the birth of two 
babies. Boldt et al. (90,91) reported oocyte cryopreservation outcomes after use of a sodium 
deleted protocol: survival rate was 60.4%, fertilization rate 62%, and pregnancy rate 32.4% per 
embryo transfer. 

 Until recently, it has been impossible to calculate the actual effi ciency of oocyte freezing 
because only a low number of cases were done and sporadic pregnancies obtained. Variables to 
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be taken into consideration are egg survival, fertilization, cleavage and implantation. Survival 
rate reported in the early literature varies widely from 25% to more than 80% probably because 
a generally low number of frozen eggs were evaluated in most studies and several different 
procedures were used (21,22,40,51,48,45,50,92). Recently, percentages of post-thaw egg viability 
are relatively more consistent. Chen et al. (93) demonstrated a signifi cantly higher MII oocyte 
survival when using sucrose 0.2 Mol compared to 0.1 M (78.3 vs. 48.9%). One of the most active 
groups working in oocyte cryopreservation is that lead by Borini (66,72,83,94,95). This team 
showed 37% egg survival with 0.1 M (66) and 74.1% with 0.3 M sucrose concentration (72). The 
good results with 0.3 M sucrose solution are confi rmed by Fosas et al. (80) with 89.8% survival, 
by Chen et al. (79) who achieved 75% post-thaw egg viability, and by Levi Setti et al. (73) report-
ing 69.9% post-thaw intact oocytes. However, it must be kept in mind the concern expressed 
by Paynter et al. (96) about the possible injury derived by extreme cell shrinkage occurring in 
0.3 M sucrose solution. 

 In general, the rate of success of oocyte cryopreservation continues to be diffi cult to be 
estimate considering the variability among various studies depending more on the number of 
oocytes and thawing cycles and type of patient population than on the freezing protocols. 

 The number of births from frozen eggs increased progressively after the fi rst case reports. 
Among others, the largest series should be cited. Porcu et al. (58) reported the birth of 13 healthy 
children. Winslow (71) announced the birth of 16 children in 2001, after thawing 324 egg cells, 
resulting in a survival rate of 68.5%, a fertilization rate of 81% and a pregnancy rate of 26.2% per 
transfer. Yang et al. (74) obtained the birth of 14 children after thawing 158 oocytes from donor 
cycles, with a survival percentage of 71% and a pregnancy rate per transfer of 45.8%. Fosas (80) 
announced the birth of fi ve children. Borini et al. (66) documented the birth of 13 children. 
Porcu (97) reported the birth of 70 children from 2750 frozen eggs, with a survival rate after 
thawing of 69.6%, a fertilization rate of 74% and a pregnancy rate per transfer of 17%. Levi Setti 
et al. (73) reported the birth of 13 children. La Sala et al. (85) achieved the birth of seven children. 
Borini et al. published the birth of 4 additional children (72) and then of 105 babies (94). Konc 
et al. who described the birth of three children in Hungary, with a survival rate and a fertilization 
rate of, respectively, 80% and 81% (88). 

 Oocyte cryopreservation proved to increase the fl exibility of ART procedure allowing the 
use of epidydimal and testicular sperm (68,69), the use of both the male and female gametes 
frozen (58) and the possibility of refreezing zygotes and embryos derived from cryopreserved 
eggs and sperm (75,77,82,98,99). 

 Oocyte cryopreservation proved also to be a suitable choice for fertility preservation in 
oncological patients. Porcu et al. (100) documented the collection and storage of an average of 
fi fteen oocytes in young oncological patients undergoing chemotherapy. 

 The fi rst births recently reported demonstrate that oocyte cryopreservation in oncology is 
a reliable option. Yang et al. (101) documented the fi rst birth in a gestational carrier who con-
ceived with frozen oocytes belonging to a patient with Hodgkin’s lymphoma. This patient 
underwent egg retrieval and cryopreservation before radiotherapy. Ten of 12 cryopreserved 
oocytes survived after thawing and 9 were fertilized and developed into good quality embryos, 
which were transferred in three different cycles to a gestational carrier. A singleton pregnancy 
was achieved after the third transfer, resulting in the delivery of a healthy male. Surrogate 
motherhood is however not allowed in a majority of countries because of ethical concerns. 
Porcu et al. (102) reported the fi rst delivery of healthy twins by a patient with bilateral ovariec-
tomy for ovarian cancer who conceived using her own cryopreserved oocytes. Seven oocytes 
were retrieved before ovariectomy. After four years three oocytes were thawed. The survival 
rate of 100% as well as the fertilization and cleavage rate of 100% demonstrated that eggs may 
be safely stored for several years. The twin pregnancy progressed uneventfully to term. Oocyte 
storage may be then a concrete, pragmatic alternative also for oncological patients. The duration 
of oocytes storage does not seem to interfere with the oocytes survival as pregnancies occurred 
even after several years of gametes cryopreservation in liquid nitrogen. 

 Despite the diffi culties in evaluating the true effi ciency of cryopreservation with slow 
freezing, taking together all the clinical data available so far, a rough estimate of 5 implantations 
per 100 thawed oocytes may be done. 

 In the general awakening of interest about oocyte cryopreservation, the late 1990s also 
brought the revival of attention towards vitrifi cation as an alternative technique for storing 
human eggs. Vitrifi cation was originally proposed by Rall and Fahy (16) in mouse embryos. 
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Unlike slow freezing, the application of vitrifi cation techniques to human oocytes occurred in 
the absence of basic biological studies addressing safety issues. Kuleshova et al. (57) obtained 
the fi rst birth of a healthy girl from vitrifi ed human oocytes and reported an egg survival rate of 
65%. This survival rate was not higher than that achieved in slow freezing. However, vitrifi cation 
appeared attractive as potentially it would avoid the development of ice crystals and would be 
a simpler and cheaper technique. The most important variables that infl uence the results of 
vitrifi cation are the choice of cryoprotectants, the exposure time, the prefreezing temperature 
and the devices for storing samples in liquid nitrogen. Several modifi cations have been intro-
duced to improve the effi ciency of the technique by increasing the cooling rates, the cryopro-
tectant concentration and reducing cryoprotectants toxicity. The cooling rate can be increased 
by reducing the volume of the cryoprotectant solution and directly exposing the biological 
sample to liquid nitrogen in either an open straw or an electron microscopy grid. Very high 
concentration of ethylene glycol (EG) (5.5 M) and sucrose (1.0 M) apparently displayed an appar-
ently tolerable toxicity (57). The same cryoprotectant solution in combination with grids, per-
mitted to achieve a pregnancy from immature human oocytes (103) and seven births from 
mature oocytes (104) with a survival rate, respectively, of 59% and 69%. Kim et al. (105,106) 
achieved, respectively, one pregnancy and four births by using Kuleshova cryoprotectant solu-
tion. Ruvalcaba et al. (107) obtained the birth of fi ve children. Chian et al. (108) used an espe-
cially designed device (Cryoleaf) and obtained a 93.9% survival rate, 74.6% fertilization rate, 
and seven pregnancies. Another type of vitrifi cation device is the Cryotop, which was designed 
by Kuwayama et al. (109): with this device and a slightly lower concentration of EG (5.0 M) this 
author obtained 91% egg survival rate and 90% fertilization rate. Cobo et al. (110) published the 
birth of a healthy boy in a donation cycle. The birth of additional 28 children in 57 ovum dona-
tion cycles were also reported (111). In this study, survival rate was 96.1% and fertilization rate 
73.1%. In a further study (112), a comparison between fresh and vitrifi ed oocytes was done in 
term of survival, fertilization, cleavage, pregnancy and implantation rates. When evaluated 
simultaneously, the potential of vitrifi ed oocytes to fertilize and further develop resulted similar 
to fresh counterparts, with a survival rate of 96.9%, a fertilization rate around 76.3%, and 11 
ongoing pregnancies. 

 A different vitrifi cation protocol with 2.7 M EG + 2.1 M DMSO + 0.5 M sucrose resulted in 
pregnancies and births (113–118). An alternative vitrifi cation protocol, the super rapid cooling 
using slush nitrogen (SN2), was recently introduced. By applying negative pressure with a vac-
uum, liquid nitrogen will freeze and will be transformed into a slush state (SN2) avoiding the 
development of gas bubbles when plunging a biological sample. With this vitrifi cation strategy, 
Yoon et al. (119) achieved 85.1% survival rate (302 out of 364 frozen eggs), 77.4% fertilization 
94.3% cleavage rate and thirteen pregnancies (43.3%) from 30 uterine transfers of 120 embryos. 

 Studies on oocyte vitrifi cation after in vitro maturation of immature oocytes have also 
been carried out. Huang and Buckett (120) reported the successful vitrifi cation of three in vitro 
matured oocytes, as a strategy of fertility preservation in women with borderline ovarian malig-
nancy. The same author (121) published the results of four cryopreservation cycle after in vitro 
maturation. After achieving a mean maturation rate of 79%, a total of eight oocytes were vitri-
fi ed. In the author’s opinion, this technique seems to be associated with satisfying fertilization 
rate (121). 

 The fi rst live birth of a healthy baby after vitrifi cation of in vitro matured oocytes was 
recently reported (122). 

 Until recently, slightly more than 60 births from oocyte vitrifi cation were published. Then, 
suddenly, the birth of 200 children was reported (122). Rather unusually, the paper does not 
report details on the number of warming cycles, the number of vitrifi ed-warmed oocytes, the 
egg survival, fertilization and cleavage rates and the pregnancy rate. Vitrifi cation medium com-
posed of 15% EG and 1,2-PrOH or 15% EG and DMSO, plus 0.5 M sucrose were used. The 
oocytes were then loaded onto the McGill Cryoleaf or Cryotop and directly immersed into liq-
uid nitrogen. Obstetric and perinatal outcomes of 165 pregnancies and 200 infants conceived 
with vitrifi ed oocytes were evaluated. The multiple pregnancy rate was 17%. The mean gestational 
age was 37 weeks + 1 day, the percentage of preterm deliveries (34–37 weeks) was 30%, and the 
high preterm delivery rate (<34 weeks) was 6%. The mean birth weights were 2920  ±  37 g for 
singletons and 2231  ±  55 g for multiples. The incidence of congenital anomalies was 2.5%. These 
results indicate that the mean birth weight and the incidence of congenital anomalies are 
comparable to that of spontaneous conceptions. 
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 A few studies addressed the issue of meiotic spindle integrity in human oocytes after vit-
rifi cation (see also chap. 13). Noyes et al. (123) established an association between the presence 
of the meiotic spindle after thawing and warming and the subsequent development of compe-
tent embryos. Larman et al. (124) documented the maintenance of the meiotic spindle during 
vitrifi cation in human and mouse oocytes. Ciotti et al. (125) investigated the behavior of meiotic 
spindle during vitrifi cation and demonstrated that meiotic spindle recovery is faster in vitrifi ca-
tion of human oocytes as compared to slow freezing. Cobo et al. (126) reported no infl uence of 
vitrifi cation by the cryotip methodology on the proportion of oocytes with a normal spindle 
apparatus. These data support a possible protective effect of vitrifi cation on the meiotic spindle 
structure and, therefore, on the subsequent clinical outcome of the procedure even though 
additional basic biological studies as well as comparative clinical studies are needed.   

 CONCLUSIONS 

 To date, it is still diffi cult to estimate the true effi cacy of egg storage in the ART technologies 
background as suffi cient consistency and reproducibility of the results are still to be achieved. 

 Implantation rates per thawed or warmed oocyte vary considerably depending on the 
patient population, clinical conditions, oocyte quality and number of embryos transferred than 
to the cryopreservation technique itself. Slow freezing seems to produce apparently less favor-
able results than those obtained with vitrifi cation. Nevertheless, it must be taken into consider-
ation that the largest series of egg slow freezing have been performed in Italy were the 
insemination of no more than three eggs is allowed. In these studies, oocyte freezing is used in 
the general ART population and therefore also in cases with less favorable prognosis. On the 
other hand, most papers on vitrifi cation included selected populations, frequently with donor 
programs, very young patients and a very high number of embryos transferred. 

 As regards safety, a study by Noyes et al. (127), pointed out that in more than 900 births 
from oocyte cryopreservation, congenital anomalies do not seem to be higher than with natural 
conception.     
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 INTRODUCTION 

 Although still considered to be an experimental procedure by many, oocyte cryopreservation is 
rapidly expanding, boosted by advances in cryopreservation methodologies. Especially in Italy, 
probably several thousands patients have been treated in the last few years by different slow 
cooling and vitrifi cation protocols. This imposes an urgent need to assess the clinical effi ciency 
of oocyte cryopreservation in comparison to other treatment strategies. The defi nition of clinical 
effi ciency in IVF has been a heatedly debated matter. In the United States, where costs of treat-
ment are very high and not covered by national health agencies, the pregnancy rate per embryo 
transfer has been adopted as the most signifi cant parameter of effi ciency. Because it is clear that 
only a very small minority of oocytes (5–10%) has the potential to develop into a baby (1), in that 
country many clinics implement treatment strategies involving strict criteria of post-fertilization 
selection (e.g., blastocyst culture) and/or the simultaneous use of multiple embryos, to maxi-
mize the overall chances of at least one event of implantation per transfer. Such an approach can 
certainly give rise to comparatively high pregnancy rates, but also inevitably generates a high 
incidence of multiple pregnancies whose implications, in terms of prematurity, birth defects 
and healthcare costs, are increasingly considered unacceptable (see chap. 17). In Europe, espe-
cially in northern and Scandinavian countries, a different perception is emerging, according to 
which the rate of single healthy deliveries per cycle of stimulation is considered as the ultimate 
parameter to measure the clinical effi ciency of IVF treatments. This is currently leading to a 
decrease in the number of transferred embryos per transfer and to a more extensive use of the 
cryopreservation of “surplus” embryos. Fresh and frozen-thawed deliveries can be therefore 
taken into account together to express a comprehensive (cumulative) defi nition of clinical effi -
ciency. From these and other considerations discussed in this chapter, it shows the cumulative 
pregnancy rate is probably the most correct approach to assess also the effi ciency of oocyte 
cryopreservation. Unfortunately, no large prospective controlled studies have been conducted 
so far with the aim of comparing the cumulative delivery rates of treatment cycles where embryo 
or oocyte cryopreservation (the latter in its various methodological versions) has been used. 
However, no matter how imperfect, current evidence suggests that the clinical effi ciency of 
oocyte cryopreservation is rapidly approaching the rates normally achieved by cryopreserved 
embryos. This is also indicated by a comparison of the rates of implantations elaborated on the 
number of oocytes used for a treatment cycle.   

 A SYNOPSIS OF OOCYTE CRYOPRESERVATION BY THE SLOW COOLING APPROACH 

 The initial attempts to freeze oocytes were described by Whittingham about 30 years ago using 
mouse oocytes (2). After 1986, when the fi rst pregnancy from frozen human oocyte was obtained 
(3) other live births were reported, but remained sporadic (4,5). 

 After about a decade, pregnancies, after oocyte cryopreservation, were reported again 
(6,7) using the slow-cooling technique developed for early cleavage embryo freezing (8). These 
successes were obtained after that, in 1995. Gook et al. suggested the use of intracytoplasmic 
sperm injection (ICSI), instead of standard IVF, for thawed oocytes with the aim to avoid pos-
sible fertilization failure caused by premature cortical granules release and zona pellucida hard-
ening (9). During the following years, numerous small reports of pregnancies and births have 
been published (10–15). These initial results showed that conventional cryopreservation tech-
niques were not able to guarantee the successful storage of oocytes, especially as a consequence 
of low post-thaw survival rates. 
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 Compared to embryos, the mature oocyte is less suitable to freezing as a consequence of 
its size and cellular characteristics. Poor post-thaw survival rate has prevented oocyte freezing 
from being adopted as an established form of treatment. New developed cryopreservation pro-
tocols can now guarantee higher survival rates, almost comparable to the ones obtained after 
embryo freezing. Fertilization rates are also high. In this chapter, we will try to summarize the 
success rates obtained with oocyte cryopreservation, in particular focusing on: (a) freezing pro-
tocols; (b) cumulative pregnancy rates; (c) comparison with 2PN and early cleavage stage 
embryos results; (d) number of implantations compared with fresh oocytes.   

 CLINICAL SUCCESS RATE BASED ON FREEZING PROTOCOL 

 Usually, during slow cooling the cryoprotectants used are propane-1,2-diol (PROH) and sucrose. 
During last decade, different freezing protocols have been developed on the basis of different 
sucrose concentrations used at freezing and thawing.

   0.1   mol/L Sucrose at Freezing and 0.2 mol/L Sucrose at Thawing 
 As already mentioned, the fi rst protocol used was based on 1.5 mol/L PROH and 0.1 mol/L 
sucrose. Gook et al. have the merit to have tested this protocol on human oocytes describing 
survival, fertilization and cleavage rates, although they did not assess its clinical performance 
(9,16,17). Using this protocol, Porcu obtained the fi rst pregnancy utilizing ICSI to achieve fer-
tilization of thawed oocytes (6). Before that experience, Tucker et al. reported a low survival 
rate (25%) and a fertilization rate of 65%. After the transfer of 13 embryos, two implantations 
with fetal heartbeat were obtained. Unfortunately, both pregnancies miscarried during the fi rst 
trimester (18). 

 However larger studies reported a survival rate from 25% (19) to 50% (16), presenting this 
procedure as relatively ineffi cient. 

 In 2004, our group reported results, using 0.1 mol/L sucrose, on 68 patients, whose treat-
ment required oocyte freezing in response to a variety of conditions, during the period from Janu-
ary 1997 to December 2000 (20). 

 Survival, fertilization and cleavage rate were 37%, 45.4%, and 86.3%, respectively. The 
pregnancy rate per patients, per thawing cycle and per transfer were 22%, 17.4%, and 25.4%, 
respectively. The implantation rate was 16.4% and the implantation rate per thawed oocytes 
was 2.3% ( Table 1 ). 

  These data confi rmed that inadequate survival (37%) was the outcome when mature 
oocytes were frozen with a slow freezing protocol that on the contrary ensured excellent recovery 
when used for the storage of early cleavage embryos. Despite reduced survival and fertiliza-
tion rates, we observed a cleavage rate of 86%, similar to the value achieved with embryos 
from fresh oocytes. Other reports have confi rmed these fi ndings, describing similar cleavage 
rates (21,22).    

 Table 1    Clinical Outcome of Oocyte Cryopreservation 
after Slow Cooling with a Protocol Utilizing a Low 
Sucrose Concentration (0.1 mol/L) at Freezing (20)  

Age (yr) 33  ±  4.3
Thawing cycles 86
Oocytes thawed 737
Oocytes survived (%) 273 (37%)
2PN (%) 124 (45.4%)
Cleaved (%) 107 (86.3%)
Pregnancy rate/patient 22%
Pregnancy rate/transfer 25.4%
Pregnancy rate/thawing 17.4%
Implantation rate 16.4%
Abortion (%) 3 (20%)
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0.3   mol/L Sucrose at Freezing and 0.3 mol/L Sucrose at Thawing 
 An increase in the extent of dehydration of human oocytes prior to cooling was considered as a 
possible approach for improving the outcome of cryopreservation. Fabbri et al. used higher 
sucrose concentration (0.2 and 0.3 mol/L) in the freezing solution, achieving proportionally 
improved survival rates (58% and 83%, respectively) (23). 

 Chen confi rmed the benefi cial effect of this protocol in term of survival (24). In his study, 
75% of 159 oocytes were found to be intact after thawing. Fertilization and cleavage rates were 
within the normal ranges; pregnancy and implantation rates were 33% and 11%, respectively, 
and the implantation per thawed oocyte was 5% ( Table 2 ). The author concluded that in his 
experience oocyte cryopreservation with high sucrose protocol was comparable to cryopreservation 
at the 2PN stage. 

  Our group, using essentially the same protocol, presented a much larger number of thaw-
ing cycles (201 and 927 thawed oocytes) (25). Survival, fertilization and cleavage rates were 
74.1%, 76.1%, and 90.2%, respectively. Besides, pregnancy rate per patient, per thawing cycle, 
and per transfer was 12.3%, 8.9%, and 9.7%, respectively. Finally, implantation rate was 5.2% 
and implantation rate per thawed oocyte 2.6% ( Table 3 ). 

  So, we obtained high survival and fertilization rates, as well as apparently undisturbed 
cleavage, but in our experience this high sucrose concentration protocol did not generate high 
pregnancy rates. 

 In 2007, De Santis et al. (26) presented a retrospective study evaluating the clinical out-
come of two alternative slow freezing protocols involving 0.1 and 0.3 mol/L sucrose. Survival 
rates were, respectively, 24.3% and 71.2%. Whilst fertilization rate was higher in 0.3 mol/L 
group, enhanced results for 0.1 mol/L group were achieved overall. Implantation rate per trans-
ferred embryos was 12.2% versus 5.7%, pregnancy rate per transfer 16.7% versus 9.5%. This 
suggests that while the 0.1 mol/L protocol severely compromised the survival rate, at the same 
time it is able to better preserve the developmental potential of survived oocytes. 

 Table 2    Clinical Outcome of Oocyte Cryopreservation 
after Slow Cooling with a Protocol Utilizing a High Sucrose 
Concentration (0.3 mol/L) at Freezing Reported by Chen 
et al. (24)  

Age (yr) 32  ±  5
Oocytes thawed 159

Oocytes survived (%)
119 
(75%)

2PN (%) 80 (67%)
Pregnancy rate/transfer 33%
Implantation rate 11%

 Table 3    Clinical Outcome of Oocyte Cryopreservation 
after Slow Cooling with a Protocol Utilizing a High Sucrose 
Concentration (0.3 mol/L) at Freezing (25)  

Age (yr) 34.9  ±  4.2
Thawing cycles 201
Oocytes thawed 927
Oocytes survived (%) 687 (74.1%)
2PN (%) 448 (76.1%)
Pregnancy rate/patient 12.3%
Pregnancy rate/transfer 9.7%
Pregnancy rate/thawing 8.9%
Implantation rate 5.2%
Abortion (%) 3 (14.2%)
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 Other experiences, using this freezing protocol, were reported in the literature (27–29). 
Substantially, all the authors reported the same survival, fertilization and cleavage rates con-
fi rming the high survival and fertilization rates, but the low development potential of the 
embryos derived from frozen oocytes. The substantially comparable results obtained by differ-
ent groups suggest, at least, that the procedure is repeatable and easily accessible by different 
hands. 

 Confocal microscopy observations suggested that the different developmental ability of 
oocytes stored with the two protocols might not be explained by meiotic spindle damage. In 
fact, oocytes cryopreserved with 0.3 mol/L exhibit a frequency of normal spindle morphology 
comparable to fresh controls (30). 

 On the other hand, higher degree of alterations of the cytoplasm were found (31). In fact, 
Nottola et al., comparing 0.1 and 0.3 mol/L frozen oocytes to control fresh ones, described a 
higher rate of loss of cortical granules in oocytes frozen with both protocols and a higher pres-
ence of cytoplasmic vacuoles when the 0.3 mol/L protocol was used. Such alterations of the 
cytoplasm may explain the lower development potential of the embryos derived from oocyte 
cryopreserved using the 0.3 mol/L protocol.    

0.2   mol/L at Freezing and 0.3 mol/L at Thawing 
 Trying to improve results, our group introduced a novel protocol involving 1.5 mol/L PROH 
and 0.2 M sucrose concentration in the freezing solution that allows a minor dehydration of the 
oocyte and a 0.3 M sucrose concentration in the thawing solutions (32). 

 This idea was developed on the rationale of the fi rst original protocol that used a differ-
ence in the sucrose gradient between the freezing and the thawing procedures, so as to reduce 
the osmotic stress that the egg has to undergo during this delicate procedure. In this way, we 
succeeded in maintaining a higher survival rate and, at the same time achieving a more than 
satisfying pregnancy rate as well as a high number of cycles that resulted in embryo transfer. 

 Four hundred and three oocytes were thawed, with a survival rate of 75.9%. Among the 
306 surviving oocytes, 252 were microinjected and 192 (76.2%) showed two pronuclei. Cleavage 
rate was 93.8%. Pregnancy rates per transfer, per patient and per thawing cycle were 21.3%, 
21.8%, and 18.9%, respectively. The implantation rate was 13.5% and the implantation rate per 
thawed oocyte was 5.9% ( Table 4 ). 

  It appeared that the protocol applied in this study gave rise to survival, fertilization, and 
cleavage rates signifi cantly higher than ones obtained with the 0.1 mol/L protocol. On the other 
hand, no major differences were observed in comparison to the use of 0.3 mol/L protocol. It 
seems that 0.1 mol/L protocol is not suffi cient to ensure an adequate dehydration before cooling; 
on the other hand, the 0.2 mol/L protocol could represent an appropriate compromise, espe-
cially if associated with a higher concentration (0.3 mol/L) of the same CPA in the thawing solu-
tion with the aim of preventing excessive osmotic stress. 

 A different approach has been used on mouse oocytes by Stachecki, who replaced sodium 
with choline, a less toxic organic ion, in the freezing solutions (90% survival rate and 40% 
pregnancy rate) (33–35). 

 Table 4    Oocyte Cryopreservation Outcome Derived 
from a Method Based on Differential Sucrose Concentra-
tions at Freezing (0.2 mol/L) and Thawing (0.3 mol/L) (32)  

No. of patients 141
Thawing cycles 90
Oocytes thawed 403
Oocytes survived (%) 306 (75.9%)
2PN (%) 192 (76.2%)
Pregnancy rate/patient 21.8%
Pregnancy rate/transfer 21.3%
Pregnancy rate/thawing 18.9%
Implantation rate 13.5%
Abortion rate 11.8%
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 This protocol was proposed also by Quintans (36) and Boldt (37) with good clinical 
results: Quintans obtained survival, fertilization and implantation rates of 63%, 59%, and 25%, 
respectively; Boldt on the other hand presented pregnancy per transfer, per thawed oocyte and 
implantation rates of 33%, 30%, and 13.3%, respectively. The two studies, however, involved 
only small groups of patients (12 and 46, respectively) ( Table 5 ). 

     CUMULATIVE PREGNANCY RATES 

 Assessment of the safety and clinical effi ciency of oocyte cryopreservation represents a diffi cult 
task. The overall clinical outcome is largely determined by well-recognized factors, such as 
oocyte quality, post-thaw survival and subcellular effects of cryopreservation conditions. How-
ever, other elements, for example oocyte and embryo selection criteria, reproducibility and 
adherence to cryopreservation protocols, and strategy of use of the stored material, can make 
particularly diffi cult the interpretation of the clinical signifi cance of oocyte cryopreservation. 

 In the fi nal analysis, evaluation of the effi ciency of the different protocols will require the 
comparison of implantation rate derived from the treatment of homogeneous groups of patients 
and estimated on the basis of the number of frozen-thawed oocytes. 

 While there is little doubt that the ultimate therapeutic goal of IVF consists in the delivery 
of a healthy baby, the criteria that should be adopted to measure this standard of success remain 
a matter of debate (38,39). 

 The current practice in many clinics that employ oocyte cryopreservation is determined 
by legal restriction and results in loss of selection when transferring fresh embryos and those 
derived from cryopreserved oocytes. 

 Besides, the relative effi ciency of IVF treatment cycles involving oocyte cryopreservation 
can only be fully determined when all oocytes have been thawed. 

 In 2006 our group published a paper reporting cumulative results after fresh and, in case 
of no pregnancy, after thawing cycles during the period between December 1996 and December 
2003. Eighty patients started a fresh cycle and expressed their wish to use only a few oocytes for 
the fresh cycle and to store the remaining ones, so as to prevent or at least limit the formation of 
supernumerary embryos. The oocytes were cryopreserved using the 0.1 mol/L sucrose proto-
col. Twenty-four pregnancies were obtained in the fresh cycle, eight of which miscarried. After 
thawing all the stored oocytes, other 14 clinical pregnancies were obtained, 4 of which miscarried. 
The cumulative pregnancy rate was 47.5% (40). 

 After February 2004, as an effect of the Italian IVF law, our program contemplated oocyte 
cryopreservation as an alternative to embryo freezing, to maximize the potential of all oocytes 
retrieved from individual stimulation cycles. We have adopted oocyte cryopreservation as a 
measure which could surrogate embryo cryopreservation in the endeavor to offer our patients 
the best chances of pregnancy per started cycle. Only three fresh oocytes were inseminated and 
the others were frozen for later use. Frozen cycles were conducted in order to obtain three viable 
oocytes after thawing, although this was not possible in all cases because some of the oocytes 
had been frozen in groups rather than individually. 

 In 2007, we reported results obtained in our programme between March 2004 and Decem-
ber 2006 (41). Seven hundred and forty-nine patients underwent an ART cycle, 702 had embryos 

 Table 5    Oocyte Cryopreservation Outcome Derived 
from the Application of a Sodium-Depleted Method (37)  

Mean age (yr) 31.3
No. of patients 46
Thawing cycles 53
Oocytes thawed 361
Oocytes survived (%) 218 (60.4%)
2PN (%) 134 (62%)
Pregnancy rate/transfer 33%
Pregnancy rate/thawing 30%
Implantation rate 13.3%
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transferred after the use of three fresh oocytes and 267 pregnancies were achieved. Clinical 
pregnancy and implantation rates were 38% and 21.8%, respectively. After that, 510 patients 
underwent 660 thawing cycles obtaining 88 pregnancies. The clinical pregnancy and implantation 
rates after thawing was 14.9% and 8.1%, respectively. A total of 355 pregnancies were cumula-
tively achieved resulting in a cumulative pregnancy rate of 47.4%. Considering different age 
groups, we calculated the cumulative pregnancy rate of all patients treated from March 2004 
until March 2008. After 1477 pick up, a maximum of three oocytes were inseminated in fresh 
cycles, whereas the remaining mature oocytes were frozen with two alternative freezing protocols 
(0.3 or 0.2 M sucrose) and subsequently, all or some were used in successive thawing cycles 
(unpublished data). Overall, we obtained a pregnancy rate per embryo transfer of 40.4% in fresh 
cycles. After 1206 thawing cycles the clinical pregnancy rate per cycle and per embryo transfer 
was 14.4% and 16.3%, respectively and the implantation rate per transferred embryo and 
per injected oocyte was 9.7% and 6.8%, respectively. The overall cumulative pregnancy rate 
after fresh and thawed cycles was 48.8%. 

  Table 6  shows results obtained in fresh cycles in the different age groups.  Table 7  details 
the number of thawing cycles performed and the mean of oocytes thawed per each cycle in the 
attempt to obtain 3 good oocytes to inseminate. In a total of 1206 cycles the overall survival rate 
was 69.7%.  Table 8  reports per each group the number of pregnancies achieved, the clinical 
pregnancy per cycle and per embryo transfer, and the implantation rate per transferred embryos 
and injected oocytes. The cumulative pregnancies were 346, 253, 88, 28, and 7 in women aged 
 ! 34, 35–38, 39– 40, 41– 42, and  " 43 years, respectively, with cumulative pregnancy rates of 53.2%, 
52.4%, 47%, 25.4%, and 14.9% ( Table 9 ). 

  These data confi rmed the outcome of our previous studies (40,41) and moreover suggest 
that oocyte cryopreservation increases signifi cantly the chances of clinical success per started 
cycle.   

 Table 6    Pregnancy Rates from Fresh Cycles Analyzed by Female Age  

Female age (yr)

Total ! 34 35–38 39–40 41–42  " 43

Ovum pick-up 650 483 187 110 47 1477
Clinical pregnancies 261 199 61 24 4 549
% Per pick-up 40.2 41.2 32.6 21.8 8.5 37.2
% Per embryo transfer 44.0 44.5 34.7 24.5 8.7 40.4
% Singleton 62.1 65.3 78.7 87.5 100 66.5
% Twins 28.4 28.6 18.0 12.5 0.0 26.4
% High order  9.6  6.0  3.3  0.0 0.0  7.1

 Source : Tecnobios procreazione data.

Table 7 Mean Number of Frozen-Thawed Oocytes and Survival Rates Analyzed by 
Female Age

Female age (yr)

Total!34 35–38 39–40 41–42 "43

Cycles 474 376 163 126 67 1206
Mean  5.2  4.9 5.2  4.7  4.8  5.0
% Survival 69.3 69.5 68.8 71.2 73.4 69.7

Source: Tecnobios procreazione data.
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 COMPARISON WITH 2PN AND EARLY CLEAVAGE STAGE EMBRYO FREEZING 

 Pronuclear-stage oocytes may be frozen and thawed with high survival rates. Damario et al. 
reported a recovery rate as high as 90% (42), but more commonly this rate ranges from 75% to 
80% (43–45). 

 The survival rate of cleavage-stage day 2 embryos is not considered a limiting factor. An 
embryo is considered survived when at least 50% of the original cell mass is recovered intact 
after thawing. This event occurs in 20–25% of frozen-thaw four-cell embryos (46). Edgar et al. 
reported an implantation rate of 26% when a frozen-thawed fully intact embryo is transferred 
(47). They also reported that a post-thaw loss of one out of four blastomeres does not affect the 
implantation ability (27.5%). Instead, loss of a further blastomere (two out of four) causes a 
major decline in the implantation rate (9.4%). 

 It is almost impossible to compare results of a thawing cycle with oocytes, versus 2PN 
oocytes versus day 2 embryos. In fact, the latter two are results of a biological selection. I will 
try to make this comparison considering the cumulative pregnancy rate starting from a single 
stimulation cycle. 

 Germond et al. reported results of about 17% delivery rate on the fresh and 32% of 
cumulative delivery rate after the thawing of pronucleate stage oocytes (48). 

 In other countries where it is allowed to generate as many embryos as possible, usually 
embryo freezing is used to preserve spare embryos not selected for the “fresh transfer.” In this 
case, the best quality one or two embryos are transferred and the others, with good morphology, 
are frozen. Using this strategy, Tiitinen et al. (49) were able to obtain pregnancy and delivery rates 
of 38.6% and 26.8%, respectively, after the transfer of the “best fresh embryo.” Following the trans-
fer of one or two frozen-thawed embryos the cumulative pregnancy and delivery rates were 62.4% 
and 52.8%, respectively. However, these very high results depend on the high selected study pop-
ulation included. In fact, the possibility to perform a transfer with a “high quality embryo” is 
limited to a good prognosis group of patients in which those embryos are generated. 

Table 8 Pregnancy and Implantation Rates from Frozen Oocytes Cycles Analyzed by Female Age

Female age (yr)

Total!34 35–38 39–40 41–42 "43

Clinical pregnancies 80 55 29 6 4 174
% Per cycles 17 14.6 17.8 4.8 6 14.4
% Per embryo transfer 19 17 20 5.3 7 16.3
% Implantation per 
 transferred embryos

11.1 10.3 11.8 2.6 4.3  9.7

% Implantation per 
 injected oocytes

 7.8 6.9 9.0 1.8 2.7  6.8

Source: Tecnobios procreazione data.

Table 9 Cumulative Pregnancy Rates Analyzed by Female Age from Cycles in Which Embryos or Oocytes Were 
Cryopreserved

Female age (yr)

!34 35–38 39–40 41–42 "43 Total

Cumulative pregnancy rates from
 frozen embryos 1992–2004 (54)

54 50 34 26 50

Cumulative pregnancy rates from 
 frozen oocytes 2004–2008

53 52 47 25 15 49

Results are similar between periods before and after the introduction of the Italian IVF law.
Source: Tecnobios procreazione data.
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 Before the introduction of the IVF law, we used to freeze embryos in the attempt to pre-
serve spare good quality embryos (grade I or II in a scale I to IV) and in the mean time, reducing 
the number of transferred embryos, to limit the incidence of multiple pregnancies. Considering 
all the 3570 fresh cycles (with spare embryos frozen) performed between 1992 and February 
2004 we could obtain 1014 pregnancies (28.4%). Other 758 pregnancies were achieved after 
thawing. The total pregnancies were 1772 resulting in a cumulative pregnancy rate of 50%. 

  Table 7  details results obtained in the different age groups. Briefl y, in the group of patients 
below the age of 35 the fresh and cumulative pregnancy rates were 29.7 and 54%, respectively. 

 If we compare cumulative pregnancy rates, in young women, after embryo (54%) or 
oocyte (53.2%) freezing, we can speculate that there are not differences between the two methods, 
at least in our hands ( Table 9 ).   

 IMPLANTATION RATES FROM CRYOPRESERVED OOCYTES AND EMBRYOS 

 It remains diffi cult to appraise the relative effi ciency of oocyte cryopreservation. However, this 
does not rule out critical assessment of oocyte cryopreservation results that are coming to light 
from several studies reported in the last few years. The modalities of use of cryopreserved 
material can vary considerably, with effects on clinical outcome and the possibility of compar-
ing the effi ciency of different approaches. Sometimes, religious, ethical or legal restrictions 
exclude the possibility of generating more embryos (generally one to three) than those strictly 
used for each embryo transfer. In frozen oocyte cycles, this requirement may be met by thaw-
ing only a few oocytes at each attempt in order to have two to three oocytes viable and suitable 
for insemination (20). Following the introduction of an IVF law in 2004, in Italy the approach 
of thawing a small number of oocytes has become a prescribed standard (25–27,32). In other 
countries, frozen oocyte cycles have been performed without limitations to the number of 
embryos available for selection and transfer and therefore the number of oocytes that may be 
thawed at each cycle (37,50,51). The two options have rather different implications. The thaw-
ing of only a few oocytes per cycle rules out the option of embryo selection. Besides, in some 
cases the number of transferred embryos may be inadequately low as an effect of attrition at 
the fertilization or cleavage stage. These conditions can signifi cantly affect the clinical outcome 
in terms of pregnancy rate per thawing cycle and per transfer, as well as the implantation rate 
classically defi ned as the ratio between implantations and embryos transferred. A rather differ-
ent scenario derives from situations in which an excess of oocytes may be thawed in single 
attempts and the transferred embryos represent a more abundant and selected material. In 
diverse oocyte cryopreservation studies, this can lead to mean numbers of embryos trans-
ferred that can be as different as 1.1 (20) and 4.6 (52), with predictable consequences in terms 
of pregnancy rates. Gook and Edgar (53) suggested a more objective approach for the assess-
ment of the relative effi ciency of embryo and oocyte cryopreservation cycles (see also chap. 18 
by the same authors in this book), based on the number of frozen-thawed oocytes destined to 
a treatment and on the events of attrition at pre- and post-storage stages, rather than the mere 
implantation potential of the transferred embryos. Considering, therefore, the loss of material 
occurring at fertilization, cleavage, selection for cryopreservation, and thawing, they calcu-
lated that about 5 implantations from frozen-thawed embryos may be obtained per 100 oocytes 
collected. Quite correctly, they also argued that the appraisal of the effi ciency of a given oocyte 
cryopreservation method should be founded on a similar exercise. Under such conditions, 
certain differences between alternative methods are only apparent. For example it is known 
that a major improvement (from 35–40% to 70–75%) in the survival rate of oocyte frozen via 
slow cooling may be obtained by raising the sucrose concentration in the freezing solution 
from 0.1 to 0.3 mol/L. This change also improves the rate of fertilization (20,25–27). However, 
the relatively low attrition at the survival and fertilization steps in the 0.3 mol/L sucrose pro-
tocol is counterbalanced by a higher implantation rate of embryo generated by the protocol 
involving the lower sucrose concentration (20,25–27). The overall outcome, pondered as the 
proportion of implantations per thawed oocytes ultimately makes the two protocols very sim-
ilar (2.4–2.6%) and in any case insuffi cient for competing with embryo freezing. A more recent 
version of the slow cooling approach generated a much higher implantation rate per thawed 
oocyte (6–8%, depending on age) (32) ( Table 10 ). Recently, it has been reported that vitrifi cation 
also can produce similar or higher rates (51). Implantation rates per thawed oocyte of 5% or 



SUCCESS RATES FROM OOCYTE CRYOPRESERVATION 243

higher would be competitive in effi ciency with embryo freezing. However, these initial fi ndings 
require scrupulous verifi cation through large, prospective controlled studies. 

    CONCLUSIONS 

 The storage of unfertilized oocytes offers an alternative to other forms of cryopreservation and 
can contribute considerably to the overall clinical success, avoiding the ethical and legal com-
plications that may occur when frozen embryos remain unused after the achievement of a fresh 
pregnancy or in the countries where embryo cryopreservation is forbidden. 

 Multicentre studies should also be conducted to facilitate the collection of clinical data 
and test the reproducibility of alternative methods. Despite some uncertainties, it appears 
oocyte cryopreservation will become a valid option for IVF patients.     
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 INTRODUCTION 

 The development of an effective oocyte-freezing program will have a major impact on clinical 
practice in reproductive medicine and will serve as a powerful tool to preserve fertility for teenage 
girls and young women without male partners, or for those individuals who are affected by 
malignancies. It will also be benefi cial to infertile couples who are considering moral or religious 
objections about embryo cryopreservation. In addition, a successful oocyte cryopreservation 
program will eliminate the need for donor–recipient menstrual cycle synchronization and will 
enable the establishment of oocyte banks, which would facilitate the logistics of coordinating egg 
donors with recipients. 

 The clinical options for preserving female fertility can be divided into two broad categories: 
cryopreservation of cells/tissues and surgical interventions. Cryopreservation of embryos, 
oocytes, and ovarian tissues are the three main options. For women who wish to retain their 
choice of a male partner and are not good candidate for embryos and ovarian tissue cryopreservation, 
cryopreservation of oocytes is the only clinically effective option. 

 Recent advances in vitrifi cation techniques have markedly improved the effi cacy of oocyte 
cryopreservation (1–4), demonstrating that vitrifi cation may be more effective than the conven-
tional slow-cooling method. Several groups have reported high survival rates (5–9). The pur-
pose of this chapter is to review the recent advances in clinical evidence of oocyte vitrifi cation. 
An emphasis will be made on the recent development of oocyte cryopreservation by vitrifi ca-
tion method. It is important to provide clinical evidence of oocytes vitrifi cation for its effi ciency 
and safety issue.   

 VITRIFICATION METHODS 

 Vitrifi cation involves the transformation of oocytes into a vitreous- or glass-like state by rapid 
freezing and thawing in order to prevent ice-crystal formation. Although this approach may 
improve viability of the oocytes, a very high concentration (up to 8.0 M) of cryoprotectant is 
used to prevent ice-crystal formation (10). The defi nition of vitrifi cation is glass-like solidifi ca-
tion of a solution at low temperature as the result of an extreme increase in viscosity during the 
cooling process. In simpler terms, vitrifi cation means ice-free solidifi cation of an aqueous solu-
tion. Luyet et al. (1937) proposed the advantages of achieving an ice-free, glass-like state for 
cryopreservation of cells and tissues (11). The concept is that living systems can be successfully 
cryopreserved if they are cooled so rapidly that ice crystallization does not occur. 

 The proposed mechanism of vitrifi cation is the use of high concentration of cryoprotectant 
and extremely rapid cooling and warming rates in order to avoid intra- and extracellular ice 
formation. Strictly speaking, vitrifi cation also occurs in cells cryopreserved by slow-freezing 
procedures, since the cell cytoplasm is transformed into a glass-like state or vitrifi ed at the glass 
transition temperature (–130°C). Nonetheless, in the fi eld of cryopreservation of cells and tis-
sues, the distinction between vitrifi cation and slow-freezing procedures is that vitrifi cation 
involves ultra-rapid cooling rates.  

 Vitrifi cation represents an attractive cryopreservation strategy for oocytes compared with 
conventional slow-cooling methods. In contrast to slow-freezing techniques, vitrifi cation procedure 
is precise and every step of the procedure can be visualized. More importantly, vitrifi cation 
procedure minimizes the duration of exposure to sub-physiological environment. Typically, 
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vitrifi cation procedures require few minutes to perform compared with more than two hours 
for the slow-freezing methods. 

 Numerous groups attempted to identify a less toxic vitrifi cation solution involving vari-
ous combinations of permeable cryoprotectants and macromolecules (12–16). One possibility of 
minimizing cryoprotectant toxicity is replacing permeable cryoprotectant with polymers such 
as sugar molecules and polyvinylpyrrolidone (17). Another approach to reduce cryoprotectant 
toxicity is the use a mixture of cryoprotectants and pre-equilibrating the oocytes or embryos in 
a mixture of cryoprotectants at low concentration before being transferred to a high-concentration 
mixture (18,19). 

 Different carriers have been designed to minimize the volume of cryoprotectant solution 
and to allow the sample to submerge quickly in liquid nitrogen (LN 2 ). These devices include the 
Cryotop (19), McGill Cryoleaf (20) ( Fig. 1 ), Cryotip (21), nylon loop or Cryoloop (22,23), thin 
capillary or open-pulled straws (OPS) (24), hemi-straws (25), and electron microscope copper/
gold grids (26). Using the McGill Cryoleaf, it has been estimated that the freezing speed can be 
increased up to 20,000°C/min when plunging the device into LN 2  (19). 

  A common protocol for vitrifi cation is to fi rst equilibrate the oocytes in a solution containing 
a lower concentration of permeable cryoprotectant before transferring them to a solution 

(A)

(B)

(A) and (B)

 Figure 1    Actual view of the McGill Cryoleaf: ( A ) Core part of the McGill Cryoleaf; the arrow indicates the loading 
portion that is made of a thin polyethylene stick; ( B ) protection straw for storage; ( A + B ) the completed parts of the 
McGill Cryoleaf.    
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containing the full strength permeable cryoprotectant and a non-permeable cryoprotectant such 
as a disaccharide or macromolecules. 

 Using McGill Cryoleaf, the vitrifi cation procedure is as follows ( Fig. 2 ): Two or three 
oocytes are fi rst suspended in equilibration medium containing 7.5% ethylene glycol (EG) and 
7.5% 1,2-propanediol (PrOH) for fi ve minutes and transferred to vitrifi cation medium contain-
ing 15% EG, 15% PrOH, and 0.5 M sucrose for one minute at room temperature. The oocytes are 
quickly loaded onto the vitrifi cation device, the McGill Cryoleaf, and immediately plunged into 
LN 2  for storage. 

  For thawing ( Fig. 3 ), the McGill Cryoleaf is directly inserted into a 37°C thawing medium 
(TM; 1.0 M sucrose) for one minute. Subsequently, thawed oocytes are transferred to 0.5 M 
and 0.25 M sucrose solutions for three minutes, respectively, and then washed twice with 
culture medium before being transferred to an incubator containing 5% CO 2  at 37°C for 
in vitro fertilization (IVF). 

EM (5 min) VM (1 min) Loading onto
cryoleaf

Plunge into
LN2(–196ºC)

7.5% EG + PROH 15% EG + PROH
+ 0.5 M sucrose

 Figure 2    Vitrifi cation procedure: the egg shrinks initially and then returns to its shape within 5 min in equilibration 
medium (EM) at room temperature. The egg shrinks again in vitrifi cation medium (VM) and is then loaded onto the 
McGill Cryoleaf for cryopreservation by directly plunging into liquid nitrogen (LN 2 ).    

TM (37ºC) DM-I (3 min) DM-II (3 min) WM (3 min)

1.0 M sucrose 0.5 M sucrose 0.25 M sucrose

 Figure 3    Thawing procedure: The McGill Cryoleaf is directly inserted into the thawing medium (TM) at 37°C, 
allowing the egg slide down into the TM automatically. The shape of the egg does not change; it swells gradually 
in diluent medium-I (DM-I) and diluent medium-II (DM-II) and fi nally recovers its former shape in washing medium 
(WM; normal egg washing medium) at room temperature.    
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    VITRIFICATION OF MATURE OOCYTES 

 It has been believed that vitrifi cation is a promising novel technique and may be more effective 
than slow-freezing procedure for oocyte cryopreservation (1). Vitrifi cation of human oocytes 
has resulted in relatively high survival rates (13–16,25,27–33). In fact, promising results of preg-
nancies and live births have been reported after cryopreservation of mature human oocytes 
using vitrifi cation procedures (4–9,34–36). 

 In 1999, Kuleshova et al. (1999) reported the fi rst human live birth following vitrifi cation 
of 17 mature eggs using OPS and high concentration of EG and sucrose (14). Eleven eggs sur-
vived (65%) after vitrifi cation and fi ve pronuclear zygotes (46%) were obtained after intracyto-
plasmic sperm injection (ICSI). Recently, tremendous progress is achieved for mature oocyte 
cryopreservation using vitrifi cation procedure. As part of a clinical trial at McGill University, a 
total of 463 mature oocytes were vitrifi ed from 38 women. Of those, 383 oocytes survived post-
thawing (4) ( Table 1 ). Following insemination by ICSI, 287 oocytes were fertilized normally 
(74.9%). Seventeen patients became pregnant (44.7%) after transferring the resulted embryos. 
The implantation rate was 18.8% (25/133). This trial has resulted in 22 healthy live births. Results 
from our trial suggest that vitrifi cation of mature oocytes allow pregnancy rates comparable to 
fresh oocytes with IVF/ICSI in many IVF programs. 

    VITRIFICATION OF IMMATURE OOCYTES 

 Oocyte cryopreservation has been performed by using the conventional slow-freezing method 
that has been associated with relatively low survival rate, and only a limited number of live 

 Table 1    Clinical Outcomes Following Vitrifi cation of Oocytes Obtained from Ovarian Stimulation and In Vitro 
Maturation Cycles  

IVF group IVM group P-value

Patients who underwent thawing and 
 embryo transfer

38 20

Mature (MII) oocytes retrieved 399 6
Immature (GV) oocytes retrieved 91 290
Oocyte maturation rate following IVM 
 ( ± SD)

70.3  ±  20.0 67.3  ±  19.3 NS

Oocytes matured in vitro 64 209
MII oocytes vitrifi ed and thawed 
(mean per patient  ±  SD)

463 (12.2  ±  5.7) 215 (10.8  ±  5.9) NS

Oocytes survived (mean %  ±  SD) 383 (81.4  ±  22.6) 148 (67.5  ±  26.1) Mann–Whitney, P < 0.001
Oocytes fertilized (mean %  ±  SD) 287 (75.6  ±  22.5) 96 (64.2  ±  19.9) Mann–Whitney, P < 0.05
Embryos transferred (mean  ±  SD) 133 (3.5  ±  1.1) 64 (3.2  ±  1.5) NS
Cumulative embryo scores 
 (mean  ±  SD)

38.4  ±  23.3 20.0  ±  13.8 Mann–Whitney, P < 0.05

Implantation per embryo 
 (mean %  ±  SD)

25/133 (19.1  ±  25.8) 4/64 (9.6  ±  24.1) Mann–Whitney, P = 0.07

Pregnancy rate per cycle started (%) 19 (50) 4 (20.0)  !  2  test, NS
Biochemical pregnancy 2 0
Clinical pregnancy rate per cycle 
 started (%)

17 (44.7) 4 (20.0)  !  2  test, NS

Miscarriages 2 0
Singleton pregnancies 9 4
Twin pregnancies 5 0
Triplet pregnancies 1 0
Live birth/pregnancy rate per cycle 
 started (%)

15 (39.5) 4 (20.0)  !  2  test, NS

Newborns 22 4

 Abbreviations : GV, germinal vesicle; IVF, in vitro fertilization; IVM, in vitro maturation; MII, metaphase II; NS, not signifi cant.
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births were achieved (37–39). Recently, the modifi ed slow-freezing method has been introduced 
(40–52). Although the survival and fertilization rates seem to have improved slightly, the clini-
cal outcome still needs to be confi rmed. 

 With the conventional slow-freezing method, an alternative strategy to avoid spindle 
depolymerization is to cryopreserve immature germinal vesicle (GV) stage oocytes. These 
immature oocytes are arrested in diplotene state of prophase I. Theoretically, the use of imma-
ture GV stage oocytes circumvents the risk of polyploidy and aneuploidies because the chromo-
somes are diffuse and surrounded by a nuclear membrane (53,54). Although the oocyte survival 
rate seems improved, the poor maturation, fertilization, and embryonic development were the 
main problems associated with immature oocyte freezing (55–57) by the slow-freezing method. 
So far, only one live birth has been reported following the slow-freezing of immature oocytes at 
GV stage (58). Therefore, cryopreservation of the mature oocytes [metaphase-II (M-II) stage] 
using the slow-freezing method seems more effi cient than immature oocytes. 

 There has been limited information on the oocyte survival, fertilization, and early embry-
onic development from the oocytes vitrifi ed at immature GV stage. Recently, with experiments, 
we found that the survival rates were not signifi cantly different between the oocytes vitrifi ed at 
GV stage and mature M-II stage ( Fig. 4 ). However, oocyte maturation rates were signifi cantly 
reduced when the oocytes were vitrifi ed at immature GV stage followed by in vitro maturation 
(IVM) in comparison with the control group ( Fig. 5 ). Following insemination by ICSI, there 
were no differences in fertilization, cleavage, and blastocyst development rates between these 
two groups. These results suggest that better results can be obtained by vitrifying the mature 
oocytes instead of the immature oocytes. 

    VITRIFICATION OF IN VITRO MATURED OOCYTES 

 Immature oocyte retrieval without preceding gonadotropin stimulation to the ovaries, IVM cul-
ture, and fertilization of the oocytes is a safe and effective treatment option for a large popula-
tion of infertile patients and has yielded clinical pregnancy rates of 35% (59–62), which are 
comparable to those achieved from standard IVF treatment cycles reported by several national 
registries (63–65). It has also been recently demonstrated that babies born after IVM do not have 
any increased fetal abnormality rates compared with regular IVF or spontaneous conceptions in 
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 Figure 4    Survival rates of human oocytes vitrifi ed at the immature germinal vesicle (GV) stage and at the mature 
metaphase-II (M-II) stage. A total of 298 oocytes (219 immature oocytes and 79 mature oocytes) were vitrifi ed and 
thawed. There were no differences in the survival rates between the two groups.    
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fertile women (66). The advantages of immature oocyte retrieval without ovarian stimulation 
include the avoidance of the expensive medications and ovarian hyperstimulation syndrome 
(OHSS). The incidence of severe OHSS is 0.6% to 1.9% but may be as high as 6% in high-risk 
groups such as young women with polycystic ovaries (67). Although a number of strategies 
have been proposed to predict and prevent this potentially life-threatening complication, the 
only preventive strategy that is certain to eliminate OHSS is avoidance of ovarian stimulation 
altogether. 

 At present, there are limited options for fertility preservation that are applicable to young 
cancer patients, many of whom do not have a male partner and present with time constraints 
and concerns regarding the long-term effects of gonadotropin stimulation. A standard ovarian 
stimulation treatment protocol entails a four- to six-week delay in order to downregulate the 
pituitary, followed by gonadotropin stimulation and oocyte retrieval (68). Even if a short proto-
col was used, there would be a delay of at least two to three weeks. On the other hand, the IVM 
oocyte cryopreservation protocol takes only 2 to 10 days. Other reasons for wishing to avoid 
repeated gonadotropin stimulation include concerns about the substantial cost of the drugs and 
the long-term effects of repeated doses of gonadotropins on the risk of developing ovarian, 
endometrial, and breast cancers (69,70). 

 Although it has been demonstrated for the fi rst time that a series of healthy live births can 
be achieved from the combination of IVM and oocyte vitrifi cation ( Table  1), the reverse was 
noted; that is, vitrifi cation of in vitro matured oocytes is less effective than vitrifi cation of in vivo 
matured oocytes. However, the combination of IVM and oocyte vitrifi cation has several advan-
tages, eliminating the cost of drugs and the need for close monitoring. Most importantly, this 
novel treatment protocol has the greatest potential to help cancer patients. In estrogen-receptor-
positive breast cancer patients, the IVM protocol eliminates the risk of stimulating hormone-
sensitive tumors. Moreover, IVM involves minimal delay in treatment and may be completed in 
as few as two days (71). 

 Chemotherapy has an adverse effect on ovarian reserve, which may lead to premature 
ovarian failure and infertility (72). Nevertheless, cancer treatment is often commenced without 
pursuing fertility preservation options as neither cancer patients nor their oncologists wish to 
delay chemotherapy. However, there is evidence to suggest that cancer patients cope better 
emotionally with their treatment if they feel that the option of having a biological child is avail-
able to them in the future (73). Therefore, based on the results of a series of healthy live births 
achieved from the combination of IVM and oocyte vitrifi cation, the fertility preservation with 
oocyte IVM followed by vitrifi cation should be considered for some cancer patients before 
chemotherapic treatment.   
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Figure 5 In vitro maturation rates of immature human oocytes with or without vitrifi cation for IVM. A total of 440 
immature oocytes (253 immature oocytes without vitrifi cation and 187 immature oocytes with vitrifi cation) were 
cultured in vitro for maturation. There were signifi cant differences (P < 0.05) between the two groups.
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 OBSTETRIC AND PERINATAL OUTCOMES FROM VITRIFIED OOCYTES 

 The application of vitrifi cation techniques to human oocytes has been questioned because of the 
absence of basic biological studies addressing safety issues (74). Indeed, reviewing current 
vitrifi cation protocols found that relatively higher concentrations of cryoprotectant have been 
used to vitrify the oocytes, and the cytotoxicity of cryoprotectant and osmotic changes of vitri-
fi cation solutions are the main concerns (75). Therefore, it has been indicated that the clinical 
effi ciency and safety issue of vitrifi ed oocytes cannot be precisely assessed because of the lack 
of well-controlled clinical trials (74). Although it is important to assess viability and abnormality 
of the vitrifi ed oocytes via embryology parameters (76), the most important is to evaluate the 
health of live births produced from vitrifi ed oocytes. 

 Recently, we have analyzed the obstetric and perinatal outcomes in 165 pregnancies and 
200 infants conceived following oocyte vitrifi cation cycles in three IVF centers ( Table 2 ) (77). The 
results indicate that the mean birth weight and the incidence of congenital anomalies are 
comparable to that of spontaneous conceptions in fertile women or infertile women undergoing 
IVF treatment. These preliminary fi ndings may provide reassuring evidence that pregnancies 
and infants conceived following oocyte vitrifi cation are not associated with increased risk of 
adverse obstetric and perinatal outcomes. 

    CONCLUSIONS  

  Vitrifi cation of in vivo matured oocytes results in a satisfactory clinical pregnancy rate.  1. 
  Healthy live births can be achieved from the combination of IVM and oocyte vitrifi cation.  2. 
  There are no differences in the survival rates between the oocytes vitrifi ed at immature GV 3. 
stage and at the mature M-II stage. However, the potential of the oocyte maturation is 
reduced by vitrifi cation of immature GV stage oocytes.  

 Table 2    Obstetric and Perinatal Outcomes and Incidence of Congenital Malformations in Children Born from 
Vitrifi ed Oocytes  

Characteristics
All pregnancies  

(n = 165)
Singleton pregnancies  

(n = 137)

Multiple 
gestation 

pregnancies  
(n = 28)

 Obstetric Outcomes 
Mean gestational age (wk + days) 37 + 1 37 + 3 35 + 5
No. of deliveries 34–37 wk (%) 46 (30) 30 (22) 16 (57)
No. of deliveries <34 wk (%) 10 (6) 6 (4) 4 (14)

All newborns  
(n = 200)

Singleton newborns  
(n = 141)

Multiple 
gestation 
newborns  
(n = 59)

 Perinatal Outcomes 
Mean birth weight (g  ±  SEM) 2784  ±  37 2920  ±  37 2231  ±  55
No. of LBW (1500–2500 g) (%) 68 (34) 24 (17) 44 (74)
No. of VLBW (<1500 g) (%) 4 (2) 1 (0.7) 3 (5)
Median Apgar score at 1 min 8 9 8
Median Apgar score at 5 min 10 10 10
 Incidence of Congenital Anomalies 
Biliary atresia 1 0 1
Club foot 1 1 0
Skin hemangioma 1 1 0
Ventricular septal defect 2 0 2
Total (%) 5 (2.5) 2 (1.4) 3 (5.1)

 Abbreviations : LBW, low birth weight; VLBW, very low birth weight.
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  Vitrifi cation of in vitro matured oocytes represents a novel option for fertility preservation.  4. 
  The preliminary fi ndings provide reassuring clinical evidence that pregnancies and infants 5. 
conceived following oocyte vitrifi cation are not associated with increased risk of adverse 
obstetric and perinatal outcomes.     
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 INTRODUCTION 

 Every year about 100 out of 1 million women under the age of 40 years develop cancer in Western 
countries. In Europe, this number amounts to 50,000 women. Girls up to the age of 14 years 
most frequently develop leukemia (34%), CNS diseases (20%), and lymphoma (13%), whereas 
in higher age groups (up to 45 years) the incidence of breast cancer (26%) and cervical cancer 
(15%) increases (1). 

 The survival rate after malignant disease has greatly improved in recent years. In Germany, 
for example, the fi ve-year survival rate for the total number of 1800 children below 15 years 
who develop cancer each year has now reached 74% (1). As a result, the number of women who 
have survived cancer during childhood or in their reproductive years is on the rise. Conse-
quently, the importance of quality of life and fertility after oncological treatment is also increasing. 
According to a study by Schover et al. (2), 76% of women and men who have survived cancer 
want to have children at a later stage. However, many of these women are unable to conceive 
because the chemo- and/or radiotherapy treatments they have undergone have damaged their 
gonads. Cytotoxic therapy frequently leads to the immediate loss of ovarian function or to 
subsequent premature ovarian failure. 

 In this situation, the rapid advances in reproductive medicine in recent years and the current 
development of new techniques to preserve fertility are opening up new opportunities for fertility 
protection in patients who are to undergo cytotoxic therapy. 

 In this article, we shall introduce some general aspects and then describe the risk of ovarian 
damage caused by different cancer therapies and diseases. Finally, we outline the therapeutic 
options for fertility protection focusing on the retrieval and cryopreservation of fertilized and 
unfertilized oocytes.   

 PREGNANCY—A NEGATIVE PROGNOSTIC FACTOR FOR TUMOR DISEASE? 

 When discussing the possibilities for fertility protection after cytotoxic therapy, the risks of a 
tumor relapse caused by pregnancy should also be critically evaluated. However, such an eval-
uation has severe limitations as experience in this fi eld is based on a few studies with a small 
number of cases. 

 In a major Japanese study of 50 patients who became pregnant in the fi rst remission phase 
after acute leukemia (3), no increased risk of pregnancy complications or leukemia relapse was 
found. 

 In another study, out of 44 patients with a borderline ovarian tumor, 14 became pregnant 
on an average of 37 months after the fi rst diagnosis (4). In 76% of the patients, the tumor was 
limited to the ovaries. None of the patients had a relapse after the pregnancy. 

 The data on the frequency of relapse after breast cancer therapy and subsequent pregnancy 
is slightly better. According to several studies, around 5% of the women with previous breast 
cancer carry a pregnancy to term. Theoretically, because of the hormone dependency of breast 
cancer, the prognosis was that the patient should get worse after a pregnancy. However, in several 
studies covering more than 700 post-delivery patients with previous breast cancer, no worsening 
of the prognosis was found (5). Nevertheless, when interpreting these encouraging fi gures we 
should bear in mind that no detailed analysis of women with hormone-receptor-positive tumor 
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tissue is available and that a relapse has a different ethical dimension for young mothers even if 
it does not seem to affect pregnant women more frequently.   

 RISK OF OVARIAN FAILURE  

 Radiation 
 The radiation damage sustained by the ovaries seems to be strictly dose-dependent; however, 
there is no threshold dose. Even a radiation dose of only 2 Gy is reported to destroy 50% of the 
oocytes (6). A dose of 10 Gy is highly likely to result in amenorrhea. 

 The uterus and the endometrium are much less radiosensitive than the germ cells. Although 
radiation of the pelvis reduces the uterine volume and the thickness of the endometrium, the 
consequences for a subsequent pregnancy are limited. 

 A radiation dose of below 10 Gy did not produce a miscarriage in fi ve patients after 
chemotherapy and whole body irradiation (7). Irradiation with 10 to 14 Gy led to an abortion in 
6 out of 16 pregnancies (38%), whereas 20 to 35 Gy applied to treat Wilms’ tumor resulted in 
abortion in 9 out of 40 pregnancies (22%) (8). The risk of premature birth is also increased after 
radiotherapy. Five out of eight pregnancies ended prematurely after chemotherapy and whole 
body irradiation (7). After radiotherapy for Wilms’ tumor, the weight of the babies was 300 g 
lower on average than that of non-irradiated controls (8). The cause of these miscarriages and 
premature births are presumed to be reduced uterine elasticity due to irradiation-induced fi brosis 
and damage to the uterine vessels.   

 Chemotherapy 
 There is a proven link between the ovariotoxic effect of chemotherapeutic agents and age. From 
an age of 35 years onwards, the pool of primordial follicles and the quality of the oocytes is 
reduced to such an extent that even small ovariotoxic effects can result in a premature end of the 
reproductive period. 

 Even if the patient does not suffer from amenorrhea immediately after the cytotoxic ther-
apy, the pool of primordial follicles may still be so reduced that premature ovarian failure will 
result a few years after the end of therapy. This risk is very acute particularly in young women 
as many years will normally go by before they want to get pregnant. However, it is very hard to 
estimate the individual risk. There are estimates that the risk of premature ovarian failure, 
which amounts to around 2% of all women below the age of 40 years, increases by a factor of 9 
if young women are treated with alkylating agents and by a factor of 27 if the alkylating agents 
are combined with radiation (9). However, these fi gures are rough estimates and cannot be used 
as a basis for an individual risk estimate.   

 Hodgkin’s Lymphoma 
 According to the register of the FertiPROTEKT network, 33% of patients seeking advice to 
perform fertility preservation in 2007 were diagnosed with Hodgkin’s lymphoma (HL) (10) 
( Fig. 1 ). 

  However, due to limited data it is diffi cult to estimate therapy-induced ovarian damage. 
Some published articles are based on small case numbers or date back to the 1980s and cannot 
therefore be interpreted because of the change in chemotherapeutic regimens.  

  In a study published in 1981, 11 out of 24 patients (46%) developed secondary amenorrhea • 
after therapy for HL based on the MOPP regimen [mechlorethamine, vincristine (Oncovin), 
procarbacine, and prednisone] (11).  
  According to a study published in 1983, 17 out of 44 patients (39%) with HL developed a • 
secondary amenorrhea after being treated with the MVPP regimen (mechlorethamine, 
vincristine, procarbacine, and prednisone) (12).  
  In 2003, a study was published in which 34 out of 84 patients (40%) developed amenorrhea • 
after receiving treatment for HL or non-Hodgkin’s lymphoma (13).  
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  In 2005, a major study was carried out with 405 patients in an attempt to determine the • 
amenorrhea rate as a function of age and the type of chemotherapy applied (14). In women 
<30 years, the rate of amenorrhea was between 5% and 40% and in women  ! 30 years, it was 
between 5% and 70%. Low amenorrhea rates were found after chemotherapies using the 
ABVD regimen [doxorubicin hydrochloride (Adriamycin), bleomycin, vinblastine, and 
dacarbazine]. The rate was much higher after treatment with the COPP and BEACOOP 
regimens [bleomycin, etoposide, doxorubicin hydrochloride (Adriamycin), cyclophosph-
amide, vincristine sulfate (Oncovin), procarbazine, and prednisone] and especially after the 
intensifi ed-dose BEACOOP regimen. This study supports other data (15,16) showing that, 
after treatment with the ABVD regimen applied in the early stages of the lymphoma, the 
rate of amenorrhea is low. Therefore, it may be possible to avoid fertility protection 
measures when the ABVD regimen is followed.     

 Breast Cancer 
 In 2007, the FertiPROTEKT network documented that 34% of patients seeking advice to 
perform fertility preservation were diagnosed with breast cancer (10). 

 Data concerning ovarian damage following chemotherapy are limited. In the studies 
published, the women have been allocated into a group <40 years and another  ! 40 years. There 
is no further subdivision into an age group <35 years, where less ovarian damage can be 
expected. 

 A good summary of the risks of therapy-induced amenorrhea in women <40 years as a 
function of the type of chemotherapy applied can be found in a review by Stearns et al. (17).  

  In the case of chemotherapy based on the CMF regimen ( • " 6), the rate of amenorrhea was 
estimated at 30% to 80% after analyzing seven studies.  
  If the AC regimen was followed ( • " 4), the rate of amenorrhea was estimated at 13% to 30% 
(six studies).  
  If the FEC/FAC regimen was followed ( • " 6–8), the rate of amenorrhea was estimated at 13% 
to 35% (three studies).  
  If the AC regimen was used ( • " 4) and followed by P  "  4, the rate of amenorrhea was estimated 
at 35% (one study).  
  If the AC regimen was used ( • " 4) and followed by T  "  4, the rate of amenorrhea was estimated 
at 29% to 42% (one study).   

Breast
cancer

34 %

Lymphoma 

Benign
diseases

Other
malignancies

26 %

7 %

33 %

 Figure 1    Spectrum of patients most frequently counseled for fertility preserving techniques [according to the 
FertiPROTEKT network (10)]. See Color Plates on Page xxii.    
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 (A, doxorubicin; C, cyclophosphamide; E, epirubicin; F, 5-fl uorouracil; M, methotrexate; P, 
paclitaxel; T, docetaxel).   

 Autoimmune Diseases 
 Various autoimmune diseases such as systemic lupus erythematosus (SLE), Behcet’s disease, 
chronic infl ammatory demyelinizing polyradiculoneuropathy, Goodpasture’s syndrome, Wegener’s 
granulomatosis, and various forms of systemic vasculitis are treated by chemotherapy with the 
alkylating agent cyclophosphamide, which may cause irreversible damage to the gonads. How-
ever, only few of these patients are currently counseled for fertility preservation. The FertiPROTEKT 
network documented only 7% of patients seeking advice with benign diseases.  

  In a study published in 2002, 84 female patients (29  • ±  10 years) with autoimmune diseases (56 
with SLE) received a mean intravenous cyclophosphamide dose of 0.9  ±  0.14 g every 4 weeks 
over 13  ±  6.5 cycles. In a follow-up of 5.1  ±  3.7 years, 27% developed an amenorrhea. On aver-
age, premature ovarian failure occurred at the age of 40  ±  7.6 years. The risk correlated highly 
signifi cantly with age at the onset of therapy (18).  
  In a study published in 2004, 67 female patients with SLE (28.9  • ±  8.3 years) were treated 
intravenously with 0.5 to 0.75 mg/m 2  cyclophosphamide every 4 weeks over 6 cycles fol-
lowed by the same dose every 3 months over a further 18 months. In a follow-up of 74.4  ±  
20.6 months, 37.3% developed an amenorrhea over a variable period. However, in 14.9% of 
the patients, this amenorrhea also persisted afterwards (19).  
  In a 2004 review, the infl uence of cyclophosphamide on the ovarian function in SLE patients • 
was analyzed. The studies were designed extremely heterogeneously (n between 8 and 92, 
different dosages and cycle numbers) and showed an incidence of premature ovarian insuf-
fi ciency of between 11% and 55%. The route of administration (oral vs. intravenous) seems 
to have been of no infl uence. However, the higher cumulative doses applied orally seem to 
increase ovarian toxicity. The likelihood of persisting amenorrhea rose with patient age, and 
the authors specifi ed a cut-off of >32 years (20).   

 The age-dependent ovarian toxicity was confi rmed by Manger et al. (21), describing premature 
ovarian failure after therapy with cyclophosphamide for 50% of SLE patients aged <30 years 
and 60% of patients aged between 30 and 40 years.    

 FERTILITY PRESERVATION TECHNIQUES 

 As cryopreservation of oocytes can be combined with other fertility preserving techniques such 
as cryopreservation of ovarian tissue and gonadotropin-releasing hormone analogues (GnRH-a), 
these techniques are briefl y described and discussed fi rst ( Fig. 2 ;  Table 1 ). 

   Cryopreservation of Ovarian Tissue 
 The extraction and cryopreservation of ovarian tissue can be performed shortly before begin-
ning cytotoxic therapy. It can also be combined with the cryopreservation of oocytes and with 
GnRH-a. It is usually an outpatient procedure, so it does not cause a lot of stress to the patient. 
If complete functional loss of the ovaries is expected (e.g., when the pelvis has been irradiated 
or the bone marrow has been transplanted), it may make sense to retrieve the whole ovary. 
Otherwise about half of the ovarian cortex is usually retrieved from one ovary. Immediately 
after the intervention, the tissue is transferred to a tissue bank, which carries out the preparation 
and cryopreservation using cryoprotective agents. 

 If, after a suffi ciently long relapse-free interval, the patient wishes to get pregnant but suffers 
from ovarian insuffi ciency, the tissue is usually transplanted orthotopically to the remaining ovary 
(22,23) or into a peritoneal pocket (24). 

 The birth of fi ve children and several more pregnancies after the orthotopic transplantation 
of only about 25 patients indicate the very high potential of this technique (25). 

 The cryopreservation of ovarian tissue is especially suitable for younger patients as their 
ovaries still contain a large number of oocytes; so the chances of successful transplantation are 
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 Figure 2    Flow chart of fertility preservation techniques to be offered to women before chemo- and radiotherapy. 
 Abbreviation : GnRH-a, gonadotropin-releasing hormone analogues.    

Table 1 Indications and Criteria for Different Fertility Preservation Techniques

Cryopreservation of fertilized or unfertilized oocytes
• Minimal patient’s age: around 14–18 yr
• Maximum patient’s age: 40 yr
• Required time frame: 2 wk
• Not suitable for hormone-dependent breast cancer with residual tumor or metastasis
• Technique well established (cryopreservation of fertilized oocytes)
Cryopreservation of ovarian tissue
• Minimal patient’s age: no limit
• Maximum patient’s age: 35–37 yr
• Required time frame: 1/2 wk
• Full anesthesia required
• Not suitable for patients with high risk of full anesthesia such as patients with large mediastinal tumors, etc.
• Retransplantation of tissue still experimental
GnRH analogues (GnRH-a)
• Minimal patient’s age: around 12–14 yr (menarche)
• Maximum patient’s age: no limit
• Required time frame: 1 wk
• Effi cacy not yet defi nitely proven

Abbreviation: GnRH-a, gonadotropin-releasing hormone analogues.

higher. The upper age limit is around 35 years. If the ovarian reserve is still very high, the age 
limit may be raised on a case-by-case basis. This method is also suitable if there is only about 
half a week left until the beginning of cytotoxic therapy; it is not possible to stimulate the ovaries 
in such a short span of time and extract oocytes, which would take around two weeks. 
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 Theoretically, there is a risk that malignant cells are transplanted along with the tissue, but 
this transplantation risk has not been confi rmed in practice. However, the possibility of cryopre-
serving the ovarian tissue of patients with leukemia or a borderline tumor of the ovary should 
be treated with great caution. 

 Before the tissue is retransplanted, various tests to exclude micrometastases are carried 
out. Attempts have also been made to perform xenologous transplantation (i.e., the transplantation 
of tissue into immunodefi cient mice). In this method, it seems to be easier to evaluate the risk of 
re-metastasis in cases of high-risk transplantations (e.g., after leukemia) (25).   

 GnRH Analogues 
 Despite encouraging progress in the cryopreservation of oocytes and ovarian tissue, it would 
certainly be ideal to preserve fertility by effective medicinal ovarian protection under chemo-
therapy. The fi rst tests with high-dose progestins have been replaced by GnRH-a, showing 
encouraging effects fi rst in animal models and then also in humans. The basis for such a therapy 
is the fact that in pre-adolescent girls the ovaries sustain much less damage by chemotherapy. 
As quiescent ovaries [i.e., ovaries without follicle-stimulating hormone (FSH) stimulation] are 
less receptive to toxic chemotherapies, the secretion of FSH in post-adolescent women is inhibited 
using GnRH-a. 

 However, the effectiveness of this therapy has not been conclusively proven. Until now, 
there are nine published controlled studies all showing a protective effect of GnRH agonists on 
ovarian function (26), but there is still no scientifi c proof. 

 Nevertheless, in view of the above data on the effectiveness of GnRH-a as ovarian protection 
agents, this medication can be prescribed to women undergoing chemotherapy, especially if 
there is no alternative fertility protection method available. GnRH-a can also be combined with 
other techniques such as the cryopreservation of unfertilized and fertilized oocytes and the 
cryopreservation of ovarian tissue.   

 Cryopreservation of Fertilized Oocytes 
 In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are fully established 
methods of assisted reproduction, which can be used in patients awaiting cytotoxic therapy. 
After stimulating the ovaries, oocytes are transvaginally retrieved and fertilized. The oocytes 
are cryopreserved at the pronuclear stage, or as blastocysts. 

 Based on data from IVF registers such as the German IVF register, it is predicted that an 
average of 10 oocytes can be retrieved per stimulation cycle with a fertilization rate of around 
55% (27). As the average pregnancy rate per transfer of around two cryopreserved pronuclear 
cells is about 20% (27), an average cumulative pregnancy rate of up to 40% can be expected. 
However, as cancer patients cannot be compared with average infertility patients, these num-
bers can only be used as a rough estimation for the success of this technique for the following 
reasons. 

 First, ovarian stimulation usually requires a time window of two to fi ve weeks during 
which no cytotoxic therapy must be applied. As fi ve weeks is far too long for cancer patients to 
wait, new stimulation protocols have been developed to allow ovarian stimulation during the 
luteal phase of the menstrual cycle (28). Even though these protocols have been proven to work, 
the number of oocytes retrieved is slightly lower than in conventional stimulation regimes, 
used for average infertility patients. Luteal phase stimulation resulted in the collection of 10.0 
with a fertilization rate of 75.6% (28). 

 Second, the data in the IVF registers are based on many women whose chance of preg-
nancy is limited due to their average age of around 35 years and due to other factors limiting 
their fertility. Many cancer patients are younger and the fertility of the couple is not impaired, 
thus theoretically allowing the generation of more fertilized oocytes. By using conventional 
fl are-up or long protocols in cancer patients, 13.1 oocytes were retrieved (28). 

 Third, patients diagnosed with hormone-dependent breast cancer are stimulated using a 
combination of gonadotropins and aromatase inhibitors (29). As these stimulation protocols 
have been developed recently, data about their effi cacy are still limited. Oktay et al. reported the 
collection 12.4 oocytes using this treatment regimen. 
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 Fourth, cryopreservation of oocytes can be combined with other techniques such as 
cryopreservation of ovarian tissue. The combination of both techniques might, however, 
reduce the number and quality of aspirated oocytes. In 10 patients ovarian stimulation was 
started a few days after cryopreservation of around 50% of ovarian cortex in one ovary. 
An average of 10.5 oocytes was retreived (37).   

 Cryopreservation Unfertilized Oocytes 
 If a woman does not live in a stable partnership, the only way to fertilize the oocytes at the 
time of retrieval would be to use donated sperm. However, such a procedure, which is called 
heterologous IVF, is unacceptable to most patients and illegal for unmarried patients in some 
countries. Progress in the preservation of unfertilized oocytes has opened up new opportunities 
in this fi eld. 

 The different techniques to cryopreserve oocytes are described in detail in various 
chapters in this book. 

 The success rate for the cryopreservation of unfertilized oocytes seems to depend on the 
freezing protocols used. According to recent fi ndings based on a meta-analysis, the survival and 
implantation rates seem to be lower than that of fertilized oocytes when slow freezing protocols 
are used (29). 

 According to this meta-analysis, the so-called vitrifi cation process promises higher suc-
cess rates, a fi nding confi rmed by recent studies by other groups. In vitrifi cation, the cells are 
immersed directly in liquid nitrogen, so they are frozen ultrafast and without crystallization. 
The resulting crystal-free solutions are crystal-clear (vitreous). By vitrifying unfertilized oocytes, 
the survival and pregnancy rates achieved seem to be similar to that of fertilized oocytes. 

 Irrespective of the freezing technique used, the success rate depends heavily on the expertise 
of the center. Therefore, unfertilized oocytes should be cryopreserved only if the center can prove 
it is experienced in performing this technique and can show own data to support this experience.    

 OVARIAN STIMULATION IN PATIENTS WITH BREAST CANCER 

 In hormone-dependent carcinoma such as breast cancer, which is receptor-positive (estrogen 
receptor, progesterone receptor) in around 50% of young women, the hormonal stimulation 
must be discussed at length. It is theoretically possible that tumor cell growth is accelerated 
under ovarian stimulation, which could increase the likelihood of a relapse. 

 What mitigates against this assumption is that the young patient will maintain her men-
strual cycle right up to chemotherapy even without fertility protection measures, so she will 
have a high endogenous estrogen level. It is unlikely that the short-term increase of these estro-
gen levels caused by ovarian stimulation will signifi cantly accelerate tumor growth. However, 
there are no scientifi c data to support this assumption. As data supporting the assumption that 
patients with hormone-dependent breast cancer can safely be stimulated are still unavailable, 
stimulation protocols that limit estrogen production should be favored. 

 Oktay et al. (29) have introduced a technique that combines gonadotropins with aromatase 
inhibitors or tamoxifen. Both techniques strongly reduce the estrogen levels under stimulation 
treatment. Ovarian stimulation with on average 1317 units of FSH in combination with 5 mg letro-
zole resulted in estrogen levels of 483.4 pg/ml in comparison to 1464 pg/ml in conventional long 
protocols. The number of oocytes collected was 12.4, which was comparable to conventional 
protocols (n = 11.1). Following initial criticism concerning the potential risks of using aromatase 
inhibitors, Azim et al. have published a study (30) that demonstrates the safety of this medication. 

 Alternatively, it is possible to retrieve immature oocytes with no or very mild gonadotro-
pin stimulation and to mature them before the cryopreservation [in vitro maturation (IVM)]. 
However, this technique, which is described in detail below, is only performed in a small num-
ber of centers and the number of oocytes retrieved is low. Therefore, this technique should not 
be used as a sole measure but combined with another method such as the cryopreservation of 
ovarian tissue. 

 A third, rather theoretical option is to perform the so-called natural cycle IVF. Follicles are 
aspirated just before ovulation without any prior ovarian stimulation (31). As the pregnancy 
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rate per treatment cycle is only 10% in fresh cycles (after cryopreservation, the success rate will 
be even lower), this technique is too ineffi cient to be offered to cancer patients.   

 OVULATION INDUCTION AFTER STIMULATION 

 If oocytes are to be retrieved for cryopreservation, high-dosage ovarian stimulation is necessary 
in order to collect the maximum number of oocytes. On one hand, the patient must not develop 
an ovarian hyperstimulation syndrome (OHSS), which could mean that the cytotoxic therapy 
would have to be postponed. It is true that the complication register of the FertiPROTEKT net-
work (10) only documented one severe hyperstimulation syndrome in 54 patients after conven-
tional ovarian stimulation. However, many patients were only stimulated with relatively low 
gonadotropin doses for fear of causing hyperstimulation, so only  ! 6 oocytes were retrieved in 
25% of the patients. 

 One way to resolve this apparent confl ict between high-dose stimulation to retrieve as 
many oocytes as possible and a minimal risk of OHSS seems to be to develop special stimula-
tion regimens. Bodri et al. (32) carried out high-dose gonadotropin stimulation in 2077 stimula-
tion cycles as part of an oocyte donation program in order to collect as many oocytes as possible. 
The patients received recombinant FSH, and the pituitary glands were suppressed with GnRH-a 
(antagonist protocol). About 36 hours before oocyte retrieval, the patients received a short-acting 
GnRH agonist (triptorelin 0.2 mg) instead of chorionic gonadotropin. The immediate fl are-up 
effect led to the secretion of luteinizing hormone (LH) and subsequent ovulation induction. As 
the fl are-up effect is very short-lived with this medication and is followed by suppression of the 
LH release with luteolysis, the risk of OHSS is much lower. The effectiveness of this technique 
and the avoidance of OHSS have been confi rmed by Griesinger et al. (33).   

 LUTEAL PHASE STIMULATION 

 Oocyte collection usually requires a time frame of up to six weeks to collect oocytes as conven-
tional regimes using GnRH-a are time-consuming, requiring pituitary downregulation before 
gonadotropin administration. In many cancer diseases such as breast cancer and HL, chemo-
therapy needs to be started within two weeks. Therefore, new stimulation protocols were devel-
oped, which allow ovarian stimulation and oocyte collection in all patients within two weeks 
irrespective of the menstrual phase at which ovarian stimulation was started (28). In the follicular 
phase ovarian stimulation was performed according to the classical short fl are-up protocols, 
applying both GnRH-a and gonadotropins at the beginning of menstrual bleeding or antagonist 
protocols applying gonadotropins just after menstrual bleeding, followed by GnRH antagonists 
a few days later to suppress endogenous LH increase. 

 In the luteal phase, ovarian stimulation combined the application of GnRH antagonists to 
induce immediate luteolysis and at the same time initiation of ovarian stimulation with recom-
binant FSH. Pure recombinant FSH needs to be applied as LH or human chorionic gonadotropin 
(HCG) delays luteolysis (34). 

 von Wolff et al. (28) demonstrated that in patients stimulated during the follicular phase 
compared with stimulation during the luteal phase, the duration of gonadotropin administration 
(10.6 days vs. 11.4 days), the FSH dosage (2255 IE vs. 2720 IE, the number of collected oocytes 
(13.1 vs. 10.0), the percentage of mature oocytes (84% vs. 80%), and the fertilization rate by ICSI 
(61% vs. 76%) were not signifi cantly different.   

 IN VITRO MATURATION 

 Some authors have suggested (35) IVM in order to retrieve oocytes. In IVM, the follicles are col-
lected as soon as the lead follicle has grown to a maximum size of 12 to 14 mm. If necessary, the 
patients are given a three-day FSH stimulation and/or ovulation induction with HCG prior to 
retrieval. The number of oocytes retrieved depends strongly on the number of secondary and 
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tertiary follicles visible on ultrasound. Accordingly, in patients with polycystic ovaries, about 
13.6 oocytes can be collected (36). As the maturation process results in the loss of around 50% of 
the oocytes, the number of fertilized oocytes was only 5.1 in women with polycystic ovaries. If 
you consider the low implantation rates of 6.9% (36), the oocyte losses on cryopreservation and 
thawing, and the higher abortion rate of around 25% after IVM, it becomes apparent that the 
initial euphoria about the effectiveness of this technique must be put into perspective. Further-
more, these data are derived from patients with polycystic ovaries. In cancer patients without 
polycystic ovaries, the number of oocytes is far lower. For this reason, this procedure—especially 
prior to cytotoxic therapy—should only be offered by highly specialized centers and in combination 
with other techniques (e.g., the cryopreservation of ovarian tissue).   

 COMBINATION WITH OTHER TECHNIQUES 

 The chances of achieving pregnancy with cryopreserved fertilized or unfertilized oocytes are 
limited. On one hand, only one IVF cycle can usually be carried out before cytotoxic therapy; on 
the other hand, only a small number of oocytes can be retrieved in many patients. For this rea-
son, this technique should be combined with other fertility protection methods to increase the 
effectiveness of fertility protection ( Fig. 3 ). 

   Combination with GnRH-a 
 When stimulation is combined with GnRH-a, the question is at what time treatment with GnRH-
a-depot preparations should be started. The GnRH-a-initiated fl are-up effect with increased LH 
and FSH concentrations for fi ve to seven days may increase the risk of OHSS due to LH. 
Furthermore, the fertility-protecting effect of GnRH-a could be reduced during the increased 
FSH secretion, while the fi rst cycle of chemotherapy is administered. 

 If the patient receives gonadotropin stimulation as part of a conventional long or fl are-up 
protocol, GnRH-a are applied during the gonadotropin stimulation as part of the regular stimu-
lation protocol. In this way, GnRH-a can be continuously applied throughout the stimulation, 
and no additional fl are-up effect occurs. 
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 Figure 3    Protocol for the combination of the three most important techniques for fertility preservation such as 
ovarian stimulation and oocyte collection, laparoscopic removal of ovarian tissue, and depot injections of GnRH 
analogues. The stimulation protocol can be applied to all patients before cytotoxic therapy irrespective of the 
phase of the menstrual cycle.  Abbreviations : FSH, follicle-stimulating hormone; GnRH-a, gonadotropin-releasing 
hormone analogues; HCG, human chorionic gonadotropin.    
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 When antagonist protocols are used (e.g., as part of the above-mentioned luteal phase 
stimulation), the patient receives either HCG or short-acting GnRH-a as shown above. There-
fore, in this case, the administration of the fi rst GnRH-a-depot preparation must be scheduled 
with the associated risks and mechanisms of action in mind. 

   Combination with the Cryopreservation of Ovarian Tissue 
 There are two ways to combine oocyte retrieval with the cryopreservation of ovarian tissue. 
However, their effectiveness still has to be confi rmed in larger studies. 

 One way is to retrieve ovarian tissue three to four weeks after the collection of follicles 
(i.e., 2–3 weeks after the fi rst cycle of chemotherapy and just before the second cycle). By this 
time, the follicles have receded and the patient’s coagulation parameters have normalized so 
that tissue retrieval is possible at a low risk. 

 The other possibility is to fi rst retrieve ovarian tissue laparoscopically and to start gonado-
tropin stimulation a few days later. This technique has been evaluated recently. In six patients so 
far, an average of nine oocytes were retrieved. No complications such as ovarian bleeding occurred. 
However, no data on the pregnancy rate after the transfer of these embryos are available as yet. 

 Some centers have suggested a third option, that is, tissue retrieval at the time of follicle 
retrieval. However, at this time, the ovarian tissue is very thin and therefore diffi cult to use. 
Furthermore, there is a substantial risk of bleeding from the stimulated ovaries.    

 OUTLOOK 

 As cancer survival rates are increasing, fertility preservation is becoming increasingly impor-
tant. However, intense, interdisciplinary scientifi c and clinical initiatives are necessary in order 
to use fertility protection techniques effectively. 

 On the one hand, the available techniques must be optimized and their effectiveness 
proven by documenting the cases in registers. On the other hand, highly specialized centers are 
required to provide universal, decentralized care. 

 Successful national and international initiatives already show that these goals can be 
achieved. The effi ciency of the various fertility protection techniques is increasing, so a preg-
nancy rate of 50% seems realistic after ovarian function loss if the techniques are used individu-
ally or in combination in a customized way. Moreover, national structures such as the 
FertiPROTEKT network show that universal and effi cient care provided by highly specialized 
centers is possible.     
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 INTRODUCTION 

 Oocyte donation represents an exceptional situation in assisted reproduction technologies 
(ART), since the oocytes are derived from young fertile women, and the resulting embryos are 
transferred to the uterus of a different woman who has been previously prepared with a con-
trolled regimen of exogenous estrogen and progesterone optimizing the endometrial receptivity. 
This model in turn makes possible the optimization of oocyte quality and therefore embryo 
quality, since oocytes are recruited from young healthy women. This fact has contributed to 
increase the number of indications for this therapeutic option in infertile patients, initially 
intended for young women with premature ovarian failure (POF) (1). As a result, this strategy 
is nowadays a well-established practice, currently applied in cases of heritable maternal genetic 
disorders (2), early perimenopausal and/or menopausal women (3), poor responder patients 
(4), or in cases of multiple unsuccessful in vitro fertilization (IVF) attempts (5). 

 Ovum donation has consistently produced the highest pregnancy rates reported for any 
assisted reproduction methods, basically due to the reduction in poor oocyte quality because of 
the selection of healthy young donors (6). Accordingly, as reported by the Assisted Reproduc-
tion Technology Registry in 2004 (7), the delivery rate per transfer was 29.9% versus 43.7% in 
fresh nondonor (N = 73,406) and donor (N = 7581) cycles respectively, performed in 2000 by 383 
IVF centers in United States. 

 We published our fi rst fi ve-year experience with ovum donation conducted in 767 cycles 
between 1991 and 1995 (8). This report indicated that the technique was successful regardless of 
the cause of infertility and patient’s age. Accordingly, ovum donation provides similar success 
rates when applied to women suffering from different reproductive disorders, including previ-
ously failed IVF cycles (four attempts) with a cumulative birth rate of 88%. Life tables for low 
responders and endometriosis have shown an effect on the oocyte and the resulting embryo 
rather than on the uterine environment at implantation. 

 These observations have been confi rmed in the same ovum donation program, which is 
one of the largest in Europe (9). Moreover, a considerable improvement in the overall outcome 
has been achieved (9). This study shows the outcome of our ovum donation program over a 
10-year period. Major indications were advanced maternal age, defi ned as older than 40 years 
(27%), low responder patients (24%), POF (15%), recurrent IVF failure (6%), endometriosis (6%), 
poor oocyte quality (4%), menopause (3%), genetic disorders (3%), and recurrent miscarriage 
(2%). Cycle outcome parameters including pregnancy rate (PR), implantation rate (IR), clinical 
and ongoing PR, miscarriage rate (MR), and ectopic PR, as well as twin and high-order PRs, 
were calculated for every two- to three-year consecutive period between September 1995 and 
September 2005 to detect any trend in decrease or increase in these parameters. 

 From the 10,537 cycles initiated, a total of 8430 donations and 7186 embryo transfer 
procedures were performed and included in the study. After donation, embryo transfer 
could not be performed in 1244 (14.7%) cycles because of fertilization failure, poor embryo 
quality, or unavailability of euploid embryos for transfer. Overall PR, IR, clinical PR, and MR 
per embryo transfer performed were 54.9%, 27%, 50.3%, and 19%, respectively. Ongoing PR 
per transfer was 40.2%, and twin and high-order multiple PRs were 39% and 6%, respec-
tively. Mean number of embryos transferred was reduced from 3.6  ±  0.8 to 1.9  ±  0.3, IR 
improved from 16.7% to 38.3% and ongoing PR improved from 31% to 44.3%. Cumulative 
PRs did not differ signifi cantly among different indications for oocyte donation, age groups, 
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or origin of sperm used for oocyte insemination. Overall cumulative PRs after three and fi ve 
cycles were calculated as 87% and 96.8%, respectively. Similar results have been published 
by others (6,10,11). 

 Ovum donation represents a perfect model to assess the impact of advancing age on uterine 
receptiveness, since embryos develop from oocytes of a young fertile woman. In our fi rst large 
report on oocyte donation overall outcome (8), we were not able to observe statistically signifi -
cant differences regarding patient’s age. However, a trend of higher rate of success in women 
younger than 30 years, and an increase in the rate of spontaneous miscarriage in older patients 
were observed. These observations have been confi rmed later (12,13). This study reveals that PR 
and IR are signifi cantly reduced and MR is signifi cantly increased from 45 years of age onward. 
Comparisons of women aged 44 or less (N = 2686 cycles) with those aged 45 or more (N = 406 
cycles) demonstrated that PR (49.8% vs. 44.4%), IR (20.7% vs. 16.8%), and MR (16.8% vs. 23.3%) 
were signifi cantly lower among the older women. Notwithstanding, these patients showed a 
highly acceptable PR (44.4%). On the other hand, in the same study, the univariate and linear 
regression analyses of the association between age and PR, IR, and MR showed that age was not 
signifi cantly relevant to any of these outcomes. These evidences indicate that age is not really a 
predicting factor of the outcome of the oocyte donation cycles. 

 These results absolutely confi rm that ovum donation programs are currently a well-established 
and successful strategy, very useful in the management of infertility. It is interesting to note that 
the concept of ovum donation is very similar to the donation of organs. Such programs are 
defi ned as the removal of healthy organs and tissues from one person for transplantation into 
another. Both organ and ovum donation are carried out in a very similar way, taking in to 
account that both consist of patients waiting for a proper donor. The patients are allocated 
within waiting lists and receive the donation once a compatible donor is available. Unfortu-
nately, sometimes the donation is not possible for a variety of reasons, mainly because of the 
unavailability of adequate donors or large waiting lists. This situation could end with fatal con-
sequences for patients waiting for a vital organ. Of course, this extreme circumstance does not 
occur in cases of infertile patients waiting for an oocyte donation. However, undesirable diffi -
culties can arise as a consequence of the long waiting lists due to the diffi culty in fi nding quali-
fi ed donors and the synchronization with the recipient, which are common inconveniences 
responsible for the reduction of the effi ciency of ovum donation programs. This situation could 
cause greatly stress and discomfort to the patients. 

 Our protocol of endometrial preparation for recipients has been described previously 
as “prolonged follicular phase protocol” (8,9,12,14). Patients with ovarian function are desen-
sitized with a single IM administration of triptorelin 3.75 mg depot (Decapeptyl 3.75 mg; 
Ipsen-Pharma, Barcelona, Spain) administered between days 18 and 21 of the previous cycle. 
Estrogen replacement is started on day 3–5 of the next menstruation after confi rming ovarian 
quiescence and a thin endometrium with transvaginal ultrasound examination. Oral estra-
diol (E2) valerate administration of 2 mg/day (Progynova; Schering, Madrid, Spain) is ini-
tially given for eight days, increased to 4 mg/day for the following three days, and then 
maintained at 6 mg/day until the pregnancy test. After two weeks of E2 valerate administra-
tion, recipients are ready to receive embryos, and then they wait until a suitable donation 
became available. 

 This scheme allows successful implantation after 100 days of unopposed E2 valerate 
administration (14). However, a later study has demonstrated that estrogen therapy lasting 
more than seven weeks is associated with reduced PR and IR (12). Currently, our average time 
of waiting is around 35 to 40 days. Nonetheless, vaginal spotting or bleeding in the recipient 
during E2 valerate administration is the main cause of cancellation (25%) in our oocyte dona-
tion program. In these cases, recipients usually loose the opportunity to receive the oocytes 
from a suitable donor and they have to start a new cycle for endometrial preparation. 

 Additionally, according to current regulations, donors must be tested to avoid possible 
transmission of infectious diseases. So far, ovum donation cycles have been conducted with 
fresh oocytes. With this modality, it has not been possible to keep a proper quarantine period as 
in the case of semen banks. Obviously, a more accurate screening for transmission of infectious 
diseases would be quite welcome. All these limitations could be solved with an effi cient 
egg-banking program, which in turn obviously requires an effi cient and reproducible oocyte 
cryopreservation methodology.   
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 MAIN CRYOPRESERVATION STRATEGIES 

 The essential role of cryopreservation in ART has become obvious since the commencement of 
the infertility treatment, becoming a more fl exible and effi cient practice. Semen and embryo 
cryopreservation has been a successful strategy, routinely applied in IVF procedures for a long 
time. However, in spite of numerous studies conducted over the last 20 years, the reliability of 
oocyte cryopreservation is just being confi rmed currently. All efforts that have been made are 
clearly justifi ed, mostly because an effi cient oocyte cryopreservation program would be quite 
welcome and widely applied in ART, as there are many other indications for oocyte cryopreser-
vation that are different from the above-mentioned egg banking for ovum donation. Potential 
benefi ciaries of this technology would be cancer patients who need an option for fertility 
preservation before undergoing the potential sterilizing treatment (15), or women who wish to 
delay their motherhood due to a variety of reasons (16): government restrictions on IVF (17,18), 
ethical reasons against embryo cryopreservation, and practical reasons such as unavailability of 
the male gamete on the day of pickup (19,20). 

 Despite this wide diversity of potential applications, egg-banking has not been a routine 
procedure until very recently; in fact, there are still very few centers worldwide that have incor-
porated this practice in their clinical routine. This can be explained by the fact that the methodology 
to cryopreserve human oocytes has been disappointing, with results that have not always been 
reproducible. The purpose of this chapter in not to deeply assess the fundamental principles of 
cryobiology; however, a brief description of this topic could be useful. 

 There are some reasons that could explain the low rate of successes that has been tradi-
tionally observed. Some of them include the size, shape, and number of oocytes. These gametes 
are the largest cells of the human body, and this could explain, at least in part, the great differences 
in cryotolerance between oocytes and, for example, spermatozoa. In addition, the spherical 
shape of the oocyte could disturb the uniform distribution of cryoprotectants (CPAs). Finally, 
oocytes can be considered unique cells because they have only one chance of success and there 
are few possibilities to restore them after serious damage; this situation is completely different 
from that observed in tissues composed of million of cells, in which the damage could be 
compensated in different proportions. 

 Other major factors responsible for the high oocyte sensitivity to cryopreservation include 
chilling injury and intracellular ice-crystal formation. These factors are related to the cryopreser-
vation method. There are two main strategies in cryobiology: slow cooling and vitrifi cation. 
During the former, the cells are gradually dehydrated in the presence of CPAs, and the tem-
perature is lowered at a very slow cooling rate (–0.3°C) (21). In this way, the cells are exposed to 
low temperatures during an extended period of time, which can lead to what is known as chilling 
injury (22). At the fi nal stage, water solidifi es into ice crystals. Chilling injury can be defi ned as 
the irreversible damage following exposure of cells to low temperatures, from +15°C to –5°C 
before the nucleation of ice (23). This detrimental event affects mainly the cytoskeleton (24) and 
cell membranes (25). The ice-crystal formation within the cytoplasm must be avoided at all cost 
in order to guarantee the survival and integrity of the cells when they are later thawed. Chilling 
injury can be minimized during vitrifi cation by use of high cooling rates. Moreover, as the 
sample vitrifi es, ice-crystal formation is avoided (26). 

 Vitrifi cation, in particular by means of methodologies that use a minimum volume, is 
altering this situation by producing results that have not been achieved with slow cooling pro-
tocols (20). The physical phenomenon of vitrifi cation takes place when the solidifi cation of the 
solution occurs not by ice crystallization but by extreme elevation in viscosity, which is achieved 
by using high cooling rates from –15,000°C to –30,000°C per minute, therefore avoiding the risk 
of chilling injury (26). This ice-free cryopreservation method has undergone modifi cations in 
order to optimize results. One such modifi cation has been to reduce the volume of the vitrifi ca-
tion solution containing oocytes, which allows the CPA concentration and, consequently, the 
cytotoxicity to be decreased (27,28). As mentioned above, this procedure circumvents the two 
major limiting factors for achieving optimal cryopreservation: chilling injury (27) and ice forma-
tion (29). Chilling injury can be minimized during vitrifi cation by use of high cooling rates (26). 
The velocity of the process is dependent on the volume of the vitrifi cation solution. Thus, the 
smaller the volume of the sample, the higher the cooling rate. On the other hand, direct contact 
with liquid nitrogen also contributes to increase the cooling rate. To avoid ice formation, the 
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vitrifi cation technique makes use of high CPA concentrations (26), despite the fact that such 
high concentrations are considered toxic to cells (30). Nonetheless, an appropriate, phased com-
position of CPA could mitigate the toxic and osmotic consequences of highly concentrated CPAs 
(20). In this way, a combination of two or three of these agents can decrease the individual spe-
cifi c toxicity. The most common mixture employed for this purpose consists of ethylene glycol, 
dimethylsulfoxide, and sucrose (20). To optimize the results, in addition to an appropriate selec-
tion of CPAs, it is also helpful to use these agents at lower concentration, while maintaining the 
necessary concentration to achieve vitrifi cation. By dramatically increasing the cooling rate, the 
CPA concentration could be reduced. As a result, a high cooling rate avoids chilling injury and 
allows the reduction of the concentration of CPA, thereby preserving the cells at nontoxic con-
centrations of CPA. Several approaches fi t these conditions. The “minimum drop vitrifi cation” 
method proposed by Arav (31) has been tested successfully for bovine and porcine oocytes; it 
uses a very small volume of vitrifi cation solution, and samples are placed on a special device 
that is cooled very quickly (31). A wide variety of approaches have been reported in the litera-
ture (32–37). The Cryotop device is one of them, consisting of a fi ne transparent polypropylene 
fi lm attached to a plastic handle and equipped with a cover straw, onto which very small 
volumes of medium containing oocytes can be loaded (up to  ! 0.1 µl), ten times lower than the 
capacity of other minimum volume devices (38). This method has proven its effi cacy by leading 
to the birth of more healthy babies than other methodologies (39).   

 CLINICAL OUTCOME 

 Since the very fi rst frozen-oocyte pregnancy was achieved in humans, the slow cooling method 
has been the most widely applied technique with varying success (40–50). A recent meta-analysis 
showed that IVF success rates with slow-frozen oocytes in terms of clinical PR and IR per trans-
fer are 20.6% and 10.1%, respectively, whereas, these values are 68.5% and 39.8%, respectively 
for IVF cycles using unfrozen oocytes (51). 

 To improve the results achieved by slow cooling methods, several modifi cations of the 
original method have been introduced (52–55). With the combined use slow freezing and intra-
cytoplasmic sperm injection (ICSI), some investigators have obtained pregnancy rates around 
22% to 25% per cycle (52,56). One of the most signifi cant improvements has been achieved by 
the increase in the sucrose concentration within the freezing media (52). With this strategy, sur-
vival rates have been improved to values near 75% (50,57–59). However, PR (10–12%) and IR 
( ! 5%) were lower than the expected. Another study showed a signifi cant improvement using a 
differential sucrose concentration during dehydration (0.2 M) and rehydration (0.3 M), in terms 
of PR and IR (21.3% and 13.5%, respectively) (55). High sucrose concentrations have also been 
used within sodium-depleted choline-based media with different grades of success (60–62). 

 Another interesting study shows the cumulative clinical outcome derived from 80 treat-
ments in which few fresh oocytes were inseminated to prevent the generation of “surplus” 
embryos, while all the remaining oocytes were cryopreserved. PR and IR for fresh cycles were 
30.0% and 22.6%, respectively. Survival after the slow-cooling method using 1.5 M 1,2-propanediol 
and 0.1 M sucrose was 43.4%. PR and IR for thawed cycles were 19.2% and 12.3%, respectively. 
The cumulative PR was 47.5% per patient. Authors concluded that despite a low survival rate 
achieved, oocyte storage signifi cantly improves the number of pregnancies per treatment cycle 
in cases in which only a minority of oocytes are destined for the fresh treatment (63). 

 More recent study reports and our own experience have indicated that effi ciency of oocyte 
cryopreservation is improving especially when employing vitrifi cation. Other methodologies 
using low volumes for loading the samples have been developed. Yoon et al. (2000) reported the 
birth of two infants from vitrifi ed oocytes using electron microscopy grids (64). Three years 
later, the same group reported that 325 out of 474 oocytes survived (68.6%) after warming, and 
142 of those (43%) were fertilized normally (65). PR and IR were 21.4% and 6.4%, respectively. 
The open-pulled straw (OPS) method has been designed and tested in bovine by Vajta (37). 
Kuleshova et al. reported a live birth after the transfer of one chromosomally normal embryo as 
assessed by FISH analysis, generated from a vitrifi ed human oocyte using the OPS system (66). 
A very recent study also reports two ongoing pregnancies after vitrifi cation of human oocytes 
applying this method (67), although this study was performed with a low number of oocytes. 
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The oocyte survival rate was 75% (18 out of 24 oocytes), the fertilization rate was 77.7%, PR per 
transfer was 33.3%, and the IR was 21.4% (3 out of 14 replaced embryos). 

 The most recently developed vitrifi cation system, the Cryotop, designed by Kuwayama 
(68), allows the samples to be loaded in a very small volume of vitrifi cation solution. Once 
oocytes are loaded onto the Cryotop, almost the entire loading solution is removed by aspira-
tion before direct immersion into liquid nitrogen; thus, the fi nal volume is approximately 0.1 µl. 
Therefore, the best advantage of this device is that an extremely fast cooling rate is achieved 
(23,000°C/min) so that chilling injury is avoided (38). This extremely low volume is also useful 
to achieve higher warming rates (42,000°C/min), thereby avoiding ice-crystal formation during 
warming. Another advantage of this method is that the permeable CPA concentration is reduced 
to 30%, thus reducing potentially toxic effects (38). 

 Applying the Cryotop method to human oocytes, Kuwayama et al. have reported a 91% 
survival rate, 81% cleavage rate, and a 50% blastocyst rate with a 41% PR per embryo transfer, 
resulting in 11 live births (38). Other groups have also published their experiences with the 
Cryotop method in humans. Katayama et al. (69) have reported excellent survival, fertilization, 
and cleavage rates of 94%, 91%, and 90%, respectively, and the fi rst baby from vitrifi ed oocytes 
in the United States. Another publication reports a 90.1% post-thaw survival and 34.1% preg-
nancy rates using the Cryotop method (70). These authors have obtained 34 healthy babies until 
now (unpublished data). Other authors have published survival, fertilization, and pregnancy 
rates of 89%, 87%, and 57%, respectively (71), with up to 117 babies born (unpublished data). 
More recently, another publication has supported these results (72). In this study, 99.4% of 
oocytes survived and the fertilization, pregnancy, and implantation rates were 92.9%, 32.5%, 
and 13.2%, respectively. To date, more than 400 healthy babies have been born as a result of the 
Cryotop vitrifi cation method (28). 

 We confi rmed the potential of vitrifi cation of oocytes using this methodology, through the 
simultaneous comparison of the outcome of both vitrifi ed and fresh oocytes from the same 
ovarian stimulation cycle (73). This model is extremely valuable to assess the possible effects of 
vitrifi cation procedure on the oocytes’ potential, since we were able to simultaneously generate 
embryos from vitrifi ed and fresh oocytes from the same cohort and using the same semen 
sample. 

 All oocytes retrieved from a single donor were donated to a single compatible recipient. 
After ovum pickup, oocytes were maintained in human tubal fl uid media for two hours. They 
were then enzymatically denuded. Metaphase II (MII) oocytes assigned to a single recipient 
were randomly allocated to either one of two groups: “vitrifi ed oocytes” and “fresh oocytes.” 
After being vitrifi ed and stored for at least one hour, cryopreserved oocytes were warmed and 
rehydrated, while the fresh oocytes remained in culture for two hours. This meant that ICSI 
could be carried out simultaneously on both vitrifi ed and fresh oocytes. 

 In these series, embryo transfer was performed on day 3. Good quality embryos derived 
from vitrifi ed oocytes were transferred in preference to those derived from fresh oocytes. All 
embryos not transferred on day 3 were cultured till day 5–6. We obtained a 96.7% survival rate 
and detected no signifi cant difference in fertilization rates (76.3% and 82.2%), day 2 embryo 
cleavage rates (94.2% and 97.8%), day 3 embryo cleavage rates (77.6% and 84.6%), or blastocyst 
formation rates (48.7% and 47.5%) for vitrifi ed and fresh oocytes, respectively. The ratios of 
good quality embryos on day 3 and at blastocyst stage were similar in vitrifi cation and fresh 
groups. Pregnancy, implantation, miscarriage, and ongoing pregnancy rates/transfer (65.2%, 
40.8%, 20%, and 47.8%, respectively) are comparable with results obtained in our oocyte donation 
program conducted with fresh oocytes (12). 

 After this encouraging experience and taking into consideration that the most essential 
prerequisite for a successful egg cryobanking program is to have an effi cient oocyte freezing/
warming technology, we decided to establish our donor’s oocyte bank, intended to provide a 
more effi cient approach in an egg donor–recipient program. With this in mind, we have evalu-
ated the outcome of oocyte donation cycles (N = 150 donors and recipients) conducted with 
fresh and vitrifi ed oocytes (N = 170 donors and recipients). 

 Donor ovarian stimulation was carried out as described above. Endometrial preparation 
for recipients receiving fresh ( Fig. 1 ) and vitrifi ed ( Fig. 2 ) oocytes has been performed according 
to our current protocol. From the fi rst day of spontaneous menses patients were given an anti-
contraceptive pill, for 16/18 days. Three days before interrupting the pill, an intramuscular injec-
tion of a single dose of gonadotropin releasing hormone (GnRH) agonist depot was administered. 
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Endometrial preparation was started fi ve days after the last contraceptive pill, with a starting 
dose of 4 mg of estradiol valerate daily for eight days and after that 6 mg daily. A transvaginal 
ultrasound was performed between day 8 and 10; if endometrial thickness is >6 mm, the program 
schedule was maintained. At this point, patients receiving fresh donor oocytes were included 
within a waiting list until a proper donor is available. Patients were cancelled if presented with 
endometrial bleeding or if estrogen replacement was longer than 50 days. 

  The same schedule for endometrial preparation was followed for those patients receiving 
vitrifi ed oocytes. However, in these cases patients do not have to wait for an appropriate donor, 
since matching with donor’s vitrifi ed oocytes is performed when they start oral contraceptive 
administration ( Fig. 2 ). With this scheme, the warming procedure was performed between day 
12 and 14 of estrogen therapy replacement. Matching was carried out by taking into consider-
ation physical characteristics and blood groups of donors and recipients for patients receiving 
either fresh or egg-bank oocytes. Cryostored oocytes were considered for donation after at least 
six months of quarantine period, once donor’s serology was confi rmed. 

  A total of 1729 and 1814 vitrifi ed and fresh MII oocytes, respectively, were donated to 
each group, respectively. A total of 1665 (96.3%) oocytes survived after vitrifi cation. The mean 
number of donated oocytes was 11.3  ±  0.7 and 10.3  ±  0.9 to egg-banking recipients and fresh 
oocytes recipients, respectively. No statistical differences were observed regarding fertiliza-
tion (73.1% vs. 79.8%, P < 0.05), cleavage rate on day 3 (91.5% vs. 89.7%, P < 0.05), and blasto-
cyst formation (42% vs. 42.2%, p < 0.05). Clinical outcome was also similar for both types of 
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recipients: PR per embryo transfer (59.9% vs. 60.3%, P < 0.05), IR (39.3% vs. 39.7%, P < 0.05), 
and MR (16.1% vs. 15.3%). 

 These results indicate that Cryotop vitrifi cation method is currently a reliable option to 
successfully cryopreserve oocytes as a routine practice in an IVF program, such as ovum dona-
tion. In our previous study we were able to confi rm the potential of oocytes vitrifi ed by Cryotop 
method (73). However, in this study oocytes remained vitrifi ed for just one hour, thus, we were 
not able to confi rm the outcome after long-term storage, which obviously is an essential requi-
site for egg banking. The current results confi rm the potential of vitrifi ed oocytes after at least 
six months of cryostorage, providing evidences of the usefulness of this technology for egg-
banking establishment. On the other hand, these results also confi rm the reproducibility of this 
strategy, providing the confi dence to apply it for other indications different from egg banking 
with high chances of success. 

 This study aimed to evaluate how oocyte cryopreservation would change the dynamics of 
our ovum donation program. Mean days of endometrial preparation were 12.3  ±  2.7 (7–13) and 
32.7  ±  12.4 (11–54) (P > 0.05) for recipients receiving vitrifi ed and fresh oocytes, respectively. 
Moreover, the rate of cancellation due to endometrial bleeding or long estrogen replacement 
therapy for fresh oocytes was 19%, whereas it was 0% for recipients of the egg-banking pro-
gram.  Figure 3  shows the rates of cancellation from 2000 to 2008 due to the same reasons. With 
the establishment of our egg-banking program there has been a signifi cant drop in the rate of 
recipients’ cancellation in our oocyte donation program ( Fig. 3 ). These data clearly show the 
impact of egg banking on the management of an oocyte donation program, which becomes 
easier and much more effi cient, achieving high clinical results similar to those obtained with 
fresh donor oocytes. Furthermore, egg banking for oocyte donation will be a safer procedure as 
it would allow a more accurate screening for possible donor infectious diseases, as is already the 
case for cryopreserved semen. 

  In our experience the egg-banking practice has a positive impact on our job schedule, 
allowing a more effi cient management of both donors and recipients with a high clinical out-
come. Currently, the donation is performed as soon as recipients are prepared to receive the 
embryos and, moreover, we are able to schedule the date of embryo transfer on the day the 
recipients start with the GnRH-a. 

 These evidences demonstrate that oocyte cryopreservation can be considered a useful tool 
to provide highly successful outcomes in an egg donor program. Our results validate the use of 
oocyte cryobanking for egg donation purposes.     
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 INTRODUCTION 

 Assisted reproductive technologies (ART) can be regarded as a means to an end, where the goal 
is to produce healthy offspring. In order to fully measure the success of this process, it is not 
only important to ensure that the pregnancy progresses and results in live birth, but also that 
the health and well-being of the child are not adversely affected by the techniques themselves. 
Specifi c measurements of this latter aspect have been discussed extensively in the literature in 
two main ways. First, the proportion of children who have congenital abnormalities as a pos-
sible consequence of a particular type of ART technique. Second, the postnatal development of 
the child and whether it is comparable with their peers. This includes measurements of growth, 
neurodevelopment, and psychosocial well-being. Put in this way, it may seem as if the safety 
and effi cacy of each type of ART technique can be easily determined. However, there are several 
issues that confound this seemingly straightforward process. 

 This chapter is divided into two main sections. The fi rst will deal generally with what is 
known about the health of children born through ART. This will include a brief history of ART, 
a discussion on the diffi culties faced by studies of ART children as well as possible confounding 
factors that need to be taken into consideration. In the second part of this chapter, we will be 
focusing on a particular type of ART technique, specifi cally cryopreservation, where embryos 
or oocytes are frozen and subsequently thawed for later use. Studies designed to examine the 
health of children conceived from cryopreserved oocytes and embryos will be reviewed. The 
chapter ends with some conclusions and suggestions for future work in this fi eld.   

 ASSISTED REPRODUCTIVE TECHNOLOGIES: AN OVERVIEW 

 In this section, a brief history of ART will be outlined. The report of the fi rst human child born 
after ART, specifi cally in vitro fertilization (IVF), was published in 1978 (1). Thirty years on, it is 
estimated that there are now eight million IVF babies that have been born worldwide (2). The 
success of that fi rst pregnancy was built on the foundation of knowledge laid down by previous 
work, including the discovery of the possibility of oocyte and embryo culture in animals at the 
end of the 19th century as well as an understanding of the developmental stages of mammalian 
oocytes (3,4). 

 In 1934, Pincus and Enzmann (5) reported the fi rst live birth in mammals following IVF. 
These scientists mixed oocytes and sperms in vitro and transferred them into the fallopian tubes 
of rabbits. It is, however, possible (and in fact probable) that the oocytes were fertilized in the 
fallopian tubes as opposed to being fertilized in vitro (6). Therefore, the fi rst successful mam-
malian live birth following IVF can actually be attributed to Chang (7). Nonetheless, Gregory 
Pincus and his work partly infl uenced John Rock to decide that the time had come to attempt 
IVF of human oocytes (6). Menken and Rock (8) retrieved more than 800 human oocytes and 
exposed 138 of them to spermatozoa. It was thought that cleavages were observed in three 
oocytes but none was transferred back to the uterus. 

 Professor Robert Edwards, one of the IVF pioneers, fi rst started working on human IVF in 
1966 (9). He was involved in the fi rst preimplantation genetic diagnosis (PGD) conducted in 
rabbits in 1968 (10). The year 1971 saw the fi rst published report of human blastocysts seen 
in vitro (11). Edwards later teamed up with Steptoe, whose expertise and work in laparoscopy 
would prove invaluable. En route to the milestone achievement in 1978, ovarian stimulation 
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was initially tried but was abandoned for natural cycle (2). Urinary tests were used to detect the 
luteinizing hormone surge. After several failed pregnancies, Louise Brown (the fi rst IVF baby) 
was eventually born close to midnight on July 25, 1978 (1). 

 There are several other key developments in ART that are worthy of mention. In 1972, 
two independent groups were able to achieve live births following the cryopreservation of 
mice embryos (12,13). Whittingham was also the fi rst to demonstrate the ability for cryopre-
served oocytes to undergo IVF and progress to a live birth (14). These achievements would 
pave the way for human cryopreservation in assisted reproduction in the later years. (For more 
information on human cryopreservation, please refer to the section “Introduction to Human 
Cryopresevation.”) 

 Although PGD was fi rst conducted in 1968 (10), it was not until after human IVF was 
established and the development of polymerase chain reaction that PGD was conducted in 
humans (15). The fi rst live birth of a child who had PGD done was reported in 1992 (16). In the 
same year, the fi rst successful human pregnancies following intracytoplasmic sperm injection 
(ICSI) were reported (17).  

 Health of Children Born After ART 
 Before discussing the health of children conceived from cryopreservation, one needs to consider 
more generally the health of children born after ART compared to spontaneously conceived 
children. This is particularly relevant as scientifi c advances are allowing more and more possible 
combinations of ART techniques. Take for example, the report of the fi rst birth of a healthy child 
after the transfer of cryopreserved embryos generated by ICSI with cryopreserved testicular 
spermatozoa into cryopreserved human oocytes (18). This example alone involves six (including 
IVF) additional procedures experienced early on in life compared to a spontaneously conceived 
child. Although it is important to evaluate any potential long-term effect of each individual 
procedure on the child, one needs to take a further step back to examine if merely having any 
form of assisted reproduction to begin with has associated differences when compared with 
spontaneously conceived controls. What kind of study design should be used to evaluate pos-
sible health differences between ART children and non-ART children? Once that has been 
addressed, the next question that then begs to be answered is how does one evaluate the safety 
of each of the procedures on the subsequent development of the child? 

 The main diffi culties faced by most studies examining the health of ART children are the 
lack of power and the inability to fi nd suitable controls. Ideally, a control group would be virtu-
ally identical to the ART group, with the exception of the mode of conception. It would then be 
possible to safely conclude that any differences found in ART children can be attributed to the 
assisted reproductive techniques themselves. Although it is extremely diffi cult to fi nd a perfect 
control group, many good studies have attempted to match the exposed and control groups as 
closely as possible, while adjusting for confounding factors. Examples of poor study design 
include having a large percentage of the study group that was lost to follow-up and analyzing 
singletons with those coming from higher order birth. 

 A summary of fi ndings in ART (especially IVF and ICSI) children will now follow. The 
greatest risk posed to those seeking ART treatment is the increased risk of multiple pregnancies 
(19). A popular practice in the past has been to transfer a number of embryos in order to increase 
the chances of a successful implantation. This culminated in a large proportion of high order 
(and hence, high risk) pregnancies. Multiple pregnancies are associated with increased risk of 
preterm labor, low birthweight, and intrauterine growth retardation (19). Fortunately, there has 
been growing recognition that single–embryo transfer (SET) could reduce the number of multiple 
gestations without signifi cantly affecting pregnancy rates (20). This is particularly true when 
SET is combined with cryopreservation, demonstrating just one of the many advantages of this 
particular technique. 

 However, multiple pregnancies are only part of the problem as, after having adjusted for 
this possible confounder, meta-analyses (21–23) have shown that singletons born after IVF, ICSI, 
or gamete intrafallopian transfer have an increased risk of having a low birthweight and are 
frequently born small for gestational age (19). In addition, it has been found that there is an 
increased risk of preterm delivery and low birthweight associated with the time-to-pregnancy 
interval (24,25). This is an indication that these outcome measure differences could possibly be 
related more to the underlying subfertility than to the specifi c ART that is being examined. 
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 Another risk that is frequently discussed in literature is the risk of major malformation in 
children after ART. “Is there an increased risk of malformations after assisted reproductive tech-
nologies?” is both the title of a paper (26) and an important question when it comes to evaluat-
ing the health of ART children. Studies of this type face important diffi culties including differing 
defi nitions of a major malformation. In addition, in some studies, the criteria and methods of 
assessment differ between the study group and the control group, particularly when it comes to 
retrospective studies comparing with data from a registry. At present, meta-analyses (27–29) 
show an approximately 30% increase in risk of major malformations after IVF or ICSI compared 
with spontaneously conceived controls. A large, prospective study found similar values when 
comparing ICSI children with spontaneously conceived children (30). No signifi cant differences 
have been found when comparing between IVF and ICSI groups (29,31). This suggests that the 
invasiveness of the particular procedure chosen for infertility treatment does not signifi cantly 
impact the risk of major malformation (26). Nonetheless, the question that still needs to be 
answered is why there is an increased risk of major malformation between the IVF or ICSI 
group compared with the control group. Theoretical reasons that have been suggested include 
other steps involved in assisted reproduction and genetic factors that are related to subfertility 
(26). Nonetheless, a relative increased risk of 1.3 times is unsurprising in the context that couples 
needing ART are skewed in a genetic sense being less healthy/fertile than naturally conceiving 
couples. 

 There is a special form of malformation known as imprinting disorders. Imprinting 
disorders are a result of changes in gene function that are inherited in a non-random, parent-
of-origin specifi c manner (19). Examples of imprinting disorders that have been implicated 
among children conceived via IVF or ICSI include Angelman’s syndrome (AS) and Beckwith-
Wiedemann syndrome (BWS). In order to study the validity of these associations more 
closely, Sutcliffe and colleagues (32) conducted a case series study in the United Kingdom. 
The authors contacted families with four types of imprinting disorders: AS, BWS, Prader-
Willi syndrome, and transient neonatal diabetes mellitus. These families were contacted to 
obtain what was called a “conception history.” An association was found only between ART 
and BWS (32). This association was also found in other studies (33,34). However, the absolute 
risk of an ART child having an imprinting disorder is still relatively small (32). On the whole, 
this specifi c type of disorder requires further studies, in particular to confi rm the reasons for 
the association. 

 When it comes to neurodevelopment, numerous studies have been undertaken to 
explore the development of children born after different types of ART. Examples of these 
include studies examining the outcome after IVF (35), ICSI (36,37), and cryopreservation (please 
refer to the sections below). On the whole, if a singleton ART child is born at full term and is 
not of low birthweight, the child faces similar risks of having developmental diffi culties as 
their spontaneously conceived peers (19). In terms of neurological disorders, a large multi-
center European study examined children born after IVF, ICSI, and spontaneous conception 
and found no difference between these groups (38). Children who were born very prematurely 
(below 32 weeks gestation), and hence at high risk of cerebral palsy, were not included in the 
study (38). In several other large registry-based studies, children born after IVF were found to 
face an increased risk of having cerebral palsy compared with naturally conceived children 
(39–41). This might be due to prematurity, low birthweight, or twin pregnancies (41). In single-
ton IVF children, the increased risk of cerebral palsy might be due to early intrauterine death of 
a twin counterpart (42). 

 Although most studies of the health of ART children have focused on physical attributes, 
it is also important to consider the psychosocial well-being of the child. In the European Study 
of Assisted Reproduction Families (43), children conceived through IVF and donor insemina-
tion, children who were adopted, and those who were spontaneously conceived were com-
pared. Information was collected via interviews and questionnaires completed by parents, 
teachers, and the children themselves. The results were similar between groups and there is no 
evidence to suggest that ART has a negative effect on either the parent-child relationship or on 
the self-esteem of the children, even when comparing between countries. A later follow-up 
study was completed as the children transited into early adolescence, and again no differences 
were found between the groups on any measures of psychosocial adjustment (44). Similar 
results were found in another large European study looking at IVF, ICSI, and naturally conceived 
children (45). 
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 In this section, an attempt has been made to discuss and summarize the fi ndings of studies 
examining the health of children born after ART. After discounting multiple births as the largest 
risk factor, it remains that there are still health risks for singleton children conceived through 
ART. This information is invaluable when it comes to counselling couples seeking infertility 
treatment who have concerns about the health of their prospective children (see  Panel ). It is 
also important to recognize that several risks posed to children born after ART might not be 
due to the techniques themselves, but instead are more related to the underlying causes of 
subfertility.     

 INTRODUCTION TO HUMAN CRYOPRESERVATION 

 Cryopreservation is a technique that allows the cooling of biological entities to subzero tem-
peratures. Cryopreservation has contributed greatly to ART by allowing embryos or gametes to 
be stored and thawed for later use (46). Advantages of this include the ability to reduce the rate 
of multiple pregnancies (by reducing the number of fresh embryos transferred per cycle), post-
ponement of embryo transfer for various reasons (particularly to reduce the risk of ovarian 
hyperstimulation syndrome (47) and to preserve the potential for future childbearing among 
women who are about to undergo chemotherapy for cancer), and to allow repeat virus (like 
HIV) testing before donation (48). As mentioned previously, two independent groups were able 
to achieve live births of mice from cryopreserved embryos in 1972 (12,13). However, it was not 

    Points for Consideration When Counselling Couples Seeking Treatment for Subfertility  

The biggest risk for ART is that of multiple births.1. 
The abortion rate is about 20–34% higher compared with couples spontaneously conceiving. 2. 
This increase seems to be linked to known anamnestic differences such as older maternal 
age, endocrine disorders (e.g., thyroid disease, polycystic ovary syndrome), or organic 
abnormalities (e.g., tubal disease, uterine malformations). Additional independent risk 
factors include subfertility, the invasiveness of the treatment procedure (i.e., ICSI is 
more invasive than IVF), and the degree of ovarian stimulation.
The rate of numerical sex-chromosome abnormalities is enhanced in pregnancies after 3. 
ICSI, analyzed by invasive parental diagnosis (0.63% vs. 0.2%). This growth might be 
caused, at least in part, by a high proportion of chromosomally abnormal sperm in these 
couples.
Risk of preeclampsia is increased by 55%, risk of preterm delivery by about twofold, and 4. 
risk of placenta previa by about threefold. There is a greater risk of stillbirth (2.55-fold). 
Babies are more usually born with a low or very low birthweight (1.70–1.77-fold and 
2.70–3.00-fold, respectively) and have a higher risk of being small for gestational age 
(1.40–1.60-fold).
Risk of major malformations is increased by about 30% (1.3 times normal value), which 5. 
seems to be technique independent. The specifi c risk of two rare imprinting disorders—
Angelman’s syndrome and Beckwith–Wiedemann syndrome—might also be raised.
Overall, there is a higher risk of cerebral palsy in children born after ART, partly because 6. 
of the risk associated with increased premature birth and partly because some twin 
pregnancies undergo early in-utero loss, and this event is associated with an enhanced 
risk of cerebral palsy. This risk is reduced if SET takes place.
Neurodevelopmentally mature-term babies born after ART progress healthily in relation 7. 
to naturally conceived children.
No concerns exist about the family relationships and psychosocial issues after ART 8. 
conception.

So far, little evidence exists about other health problems in children born after ART.
 Abbreviations : ART, assisted reproductive technologies; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; 
SET, single–embryo transfer.
 Source : From Ref. 19.
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until 1983 when the fi rst human pregnancy following the transfer of a cryopreserved embryo 
was reported (46). 

 Cryopreservation of human oocytes, on the other hand, has faced more technical chal-
lenges in the past compared with cryopreservation of spermatozoa or embryos. There is great 
interest in developing this technique of cryopreserving oocytes, because it is void of some of the 
legal and ethical issues faced by the cryopreservation of embryos. The fi rst report of human 
pregnancy from cryopreserved oocytes was in 1986 (49), but until the relatively recent develop-
ment of ICSI, cryopreservation of oocytes was considered a low effi cacy technique. Since then, 
it has been found that a similar pregnancy rate can be achieved by either cryopreserved oocytes 
or embryos (49). 

 As more and more children are conceived from cryopreserved embryos and/or oocytes, it 
is important to conduct long-term, follow-up studies among this cohort of children. The obstetric 
and perinatal outcomes as well as the postnatal development of children need to be compared 
with an appropriate control group to ensure that the cryopreservation process has no adverse 
long-term effects. Studies that have been conducted in this fi eld will be discussed below.  

 Health of Children Born from Cryopreserved Oocytes (Including Vitrifi ed Oocytes) 
 Although the fi rst pregnancy from cryopreserved oocytes was reported in 1986 (49), there were 
only a handful of successful pregnancies conceived through this method for almost a decade. 
However, with the development of ICSI, the clinical effi cacy of conceiving from cryopreserved 
oocytes increased substantially. This resulted in many more successful pregnancies and births, 
starting with the fi rst birth of a healthy female in 1997 (50). This same group in Italy reported 
many subsequent pregnancies and births of healthy babies conceived from cryopreserved 
oocytes (51–56). Other groups have also been able to achieve successful pregnancies and births 
(49,57–65). 

 There is also a specifi c type of rapid freezing technique known as vitrifi cation that is gaining 
popularity. The highly concentrated solution of cryoprotectants freezes without the formation 
of ice crystals and is in direct contact with the liquid nitrogen (66). A recent international study 
has reported on the obstetric and perinatal outcomes of a cohort of children born from oocytes 
that have been cryopreserved by vitrifi cation (67).Of the 200 infants studied, 17.7% of singletons 
and 81% of those from multiple pregnancies were found to be of low or very low birthweight. 
The incidence of congenital anomalies in this cohort was 2.5%. No control group was used, and 
the fi ndings were compared with previously reported rates in spontaneously conceived con-
trols and IVF controls. The authors conclude from these preliminary fi ndings that children born 
from vitrifi ed oocytes are not associated with increased risk of adverse obstetric or perinatal 
outcomes (67). 

 On the whole, observations indicate that children conceived from cryopreserved oocytes, 
albeit small in numbers, are usually born healthy. However, more long-term, large follow-up 
studies with carefully matched controls will need to be conducted. As it stands, there is noth-
ing to suggest that the technique itself has any adverse effects on the children conceived from 
cryopreserved oocytes.   

 Health of Children Born from Cryopreserved Embryos 
 Only few studies specifi cally designed to examine the health of babies born from cryopreserved 
embryos have been carried out, and even fewer still are the number of studies following the 
health of these children as they progress through life. In this section, we will be examining these 
studies ( Table 1 ) in chronological order from when they were fi rst published. The strengths and 
weaknesses of each study will be discussed.  

 In 1994, Wada and colleagues (68) conducted a retrospective study looking at the perinatal 
outcome of 283 babies conceived through IVF of cryopreserved embryos. The outcome mea-
sures used for comparison were multiplicity of birth, presence of major congenital malforma-
tions, gestational age, and birthweight at delivery. The control group consisted of babies 
conceived through IVF of fresh embryos. The use of this control group (as opposed to using 
spontaneously conceived children) is a strength of this study as it minimizes the risk of the IVF 
treatment itself being a confounding factor. Also, the authors analyzed the results after adjust-
ing for multiplicity of births. It was found that the cryopreserved group had a similar average 



HEALTH OF CHILDREN BORN FROM CRYOPRESERVED OOCYTES AND EMBRYOS 283

 Table 1    Studies Designed to Examine the Health of Children Born from Cryopreserved Embryos  

Authors Year of 
publication

Study design Main fi ndings

Wada et al. (68) 1994 Retrospective study.  
SG: 283 babies born after IVF of 

cryopreserved embryos (from 232 
consecutive births).  

CG: 961 babies born after IVF of 
fresh embryos.  

OM: Multiplicity of birth, presence of 
major congenital malformations, 
gestational age, and birthweight at 
delivery.

Incidence of twins and triplets were 
similar between the groups. Birth 
characteristics of babies con-
ceived from cryopreserved 
embryos were similar to those 
conceived from fresh embryos. 
There were fewer major malforma-
tions in the cryopreserved group.

Sutcliffe et al. (69) 1995 First prospective study following the 
postnatal growth and health of 
children from cryopreserved 
embryos.  

SG: 91 children conceived from 
cryopreserved embryos.  

CG: 93 spontaneously conceived 
children (matched for social class 
and age).  

OM: Birth characteristics, detailed 
clinical assessment including a 
medical examination and a 
developmental assessment using 
the Griffi th’s scales of mental 
development.

Children born from cryopreserved 
embryos had a lower mean 
birthweight and mean gestational 
age compared to controls. On the 
whole, the development of the SG 
was similar to CG.

Sutcliffe et al. (70) 1995 Using a previously described cohort 
(79), the major and minor malfor-
mations found among the children 
were further analyzed.  

SG: 91 children conceived from 
cryopreserved embryos.  

CG: 93 spontaneously conceived 
children (matched for social class 
and age).  

OM: Incidence of minor and major 
malformation and development 
assessed using Griffi th’s scales of 
mental development.

The rates of minor and major 
malformations were similar in both 
groups (matched for age, sex, and 
social class). The development of 
the children was not adversely 
affected by cryopreservation.

Olivennes 
et al. (48)

1996 Prospective study following a total 
cohort of children conceived 
between 1986 and 1994 from 
cryopreserved embryos at one 
hospital.  

SG: 82 children conceived from 
cryopreserved embryos aged 
1–9 yr(4.3% lost to follow-up).  

CG: None.  
OM: Children’s development.

The prematurity rates for singletons 
and twins were 14.7% and 85.7% 
respectively, with half of these 
deliveries occurring in the 36th 
week of gestation. 8% of 
singletons and 28.6% of twins 
were small for gestational age. 
The total malformation rate was 
3.4%. The medical and surgical 
illness, principal acquisitions for 
children aged below 5 yr as well 
as scholastic performance for 
school-aged children did not show 
pathological features.

(Continued )
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 Table 1    Studies Designed to Examine the Health of Children Born from Cryopreserved Embryos (Continued)  

Authors Year of 
publication

Study design Main fi ndings

Wennerholm 
et al.(71)

1997 Retrospective study evaluating the 
obstetric and neonatal outcome 
of children conceived from 
cryopreserved embryos.  

SG: 267 infants conceived from 
cryopreserved embryos.  

CG: one group of children born after 
IVF with fresh embryos and one 
group of children born after 
spontaneous conception (both 
groups matched to SG for maternal 
age, parity, plurality of birth, and 
date of delivery).

Gestation age at delivery, birth-
weight, incidence of malforma-
tions and perinatal mortality in SG 
were similar to that of the two 
control groups. There were a 
signifi cantly greater number of 
singletons from the SG who were 
delivered via cesarean section 
compared with the spontaneously 
conceived group.

Wennerholm 
et al. (72)

1998 Prospective study investigating the 
postnatal health and growth of 
children (up to 18 months) 
conceived from cryopreserved 
embryos.  

SG: 255 children from cryopreserved 
embryos.  

CG: 255 children born after IVF with 
fresh embryos and 252 children 
from spontaneous pregnancies 
(both groups matched for maternal 
age, parity, plurality of birth, and 
date of delivery).  

OM: Growth, prevalence of chronic 
illness, major malformations, 
cumulative incidence of common 
diseases, and development during 
the fi rst 18 months.

Growth features, incidence of major 
malformations, and prevalence of 
chronic diseases were similar 
when comparing between groups.

 Abbreviations : CG, control group; IVF, in vitro fertilization; OM, outcome measures; SG, study group.

gestational age and birthweight when compared to the control group. In addition, there was a 
signifi cantly lower percentage of major congenital malformations in the cryopreserved group. 
However, it was not mentioned as to how this was assessed. The authors concluded that 
there was nothing to suggest that the cryopreservation process itself adversely affects the 
development of the embryo postimplantation. 

 In 1995, a separate group in the United Kingdom, led by Dr. Sutcliffe, conducted the fi rst 
prospective study following the postnatal growth and health of children conceived from cryo-
preserved embryos (69). The fi ndings from this study were reported in two publications (69,70). 
Ninety-one children conceived from cryopreserved embryos were enrolled in the study. The 
control group used consisted of 83 spontaneously conceived children. Although the control 
group was matched for age, sex, and social class, it was not possible to match the children by 
parental age, parity, multiplicity of pregnancy, history of infertility, mode of delivery, and pre-
term birth. This was admittedly a drawback when trying to come to fi rm conclusions (69). How-
ever, a great strength of this study was that the principal investigator saw all the children 
involved, minimizing the risk of inter-investigator bias. Also, in addition to a general medical 
examination, a standardized developmental assessment test (Griffi th’s scales of mental devel-
opment) was used. Although it was found that the children from the cryopreserved group had 
a lower mean birthweight and mean gestational age (69), the incidence of minor and major 
congenital malformations was similar with that of the control group (70). For the Griffi th’s 
assessment, it was found that the children from the cryopreserved group performed on a 
similar functional level as the control group (69,70). Although one needs to exercise cautious 
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optimism when viewing these results because of the above mentioned control group issue, the 
study does paint quite a reassuring picture with regard to the health of children conceived from 
cryopreserved embryos. 

 The fi ndings from Sutcliffe and colleagues were largely confi rmed by a French study 
designed to follow-up on a whole cohort of children conceived from cryopreserved embryos 
from one hospital (48). Olivennes et al. studied children aged one to nine years born from cryo-
preserved embryos. It was found that the children were of normal intelligence, with some even 
outperforming their peers at school, despite the increased risk of prematurity and multiple 
births (48). However, this study was limited by the fact that there was no control group and by 
using parents as the primary source of assessing development. 

 In 1997, Wennerholm and colleagues reported the obstetric and perinatal outcomes of 
a total cohort of children conceived from cryopreserved embryos compared to two control 
groups—a group of children born after IVF with fresh embryos and a group of spontane-
ously conceived children (71). It was found that the gestational age at delivery, birthweight, 
incidence of malformations, and the perinatal mortality were similar with that of the two 
control groups. 

 Soon after, Wennerholm et al. reported on the postnatal growth and health of children 
conceived from cryopreserved embryos (72). Similar control groups were used, with 255 chil-
dren conceived from IVF of fresh embryos and 252 spontaneously conceived children. The main 
outcome measure used was growth, measured in terms of weight, length, and head circum-
ference. This study was excellent in comparing the growth of children between groups, particu-
larly in length, as standard growth curves were used for comparison. It was found that the 
growth of children from the cryopreserved group was within normal range. The secondary 
endpoints of chronic diseases and major malformations were found to be of similar rates to that 
of the control groups. However, due to the method of data collection, it is likely that only major 
malformations would have been picked up, and “minor handicaps, behavioral disturbances, 
learning diffi culties, and dysfunction of attention and perception” could not be ruled out based 
on this study alone (72). Nonetheless, it was reasonably safe to conclude that children born after 
cryopreservation were not adversely affected in terms of growth and health up to the age of 
18 months. 

 It must be mentioned that there is one caveat in drawing conclusions about congenital 
anomaly rates exclusively from studies like the ones mentioned above, which is that these 
studies are very underpowered. For example, it has been calculated that for a condition that 
affects 1 in 1000 births, the corresponding number of children required in each group would be 
20,000 (73). What is required is a birth registry with suffi cient power that applies the same 
specifi c parameters to each child. One country that has taken on this mammoth task is Sweden. 
In the latest Swedish registry study of children born after various types of IVF methods, it was 
found that children from cryopreserved embryos (n = 1055) had better outcome variables, with 
a lower risk of preterm birth and low Apgar score (74). In addition, with regard to congenital 
malformation risk, the same group reported no difference when comparing between different 
IVF techniques (75).    

 CONCLUSIONS 

 In conclusion, the limited number of studies that exist (described above) suggest that there is no 
evidence at the moment to substantiate the claim that the cryopreservation technique itself has 
an adverse effect on the health of the child conceived subsequently. The greatest risk from ART 
is still the risk of multiple pregnancies. As SET continues to gain popularity together with the 
increasing effi cacy of cryopreservation, the rate of multiple pregnancies and their accompany-
ing complications should continue to decline. As described previously, there are still some 
health risks faced by singleton children conceived through ART. The reasons for the risks are 
still not entirely clear but may be related to the underlying causes of subfertility. Neurodevelop-
mentally, children born at full term through ART (including those from cryopreserved embryos) 
seem to progress on a similar level as their spontaneously conceived peers. There are also no 
recorded adverse effects on the psychosocial well-being of ART children to date. Now, at the 
30-year point after the original IVF birth (76–78), there is substantial knowledge about the health 



286 SOO AND SUTCLIFFE

of these children but less is known about adults as this fi rst generation of ART children (79,80) 
grow up. 

 Much more future work is required in this fi eld, as there are still a great number of 
unknowns about the health of babies conceived after cryopreservation as well as the health of 
these children as they progress into adulthood. An interesting topic to explore is the rate of 
subfertility among children born from cryopreservation (and indeed among ART children in 
general). At present, only a limited number of studies have been conducted looking at the 
obstetric and perinatal outcome of children born from cryopreserved embryos and even fewer 
still are the number of studies following up on the health of these children beyond the neonatal 
period. A considerable number of studies suffer from the common diffi culties in studies of this 
nature, such as insuffi cient power and the lack of an appropriate control group. To date, no case-
controlled study investigating the health of children conceived from cryopreserved oocytes as 
they grow up has been conducted. Large, high-quality, prospective studies with carefully 
matched controls need to be conducted to follow-up on the children born from cryopreserva-
tion. Another possible solution is to establish large registries, such as those available in Sweden. 
These types of studies would allow one to conclude once and for all on any long-term effects on 
the health of children conceived from cryopreserved oocytes or embryos.     
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             The Ethics of Fertility Preservation   
   Carlo   Flamigni   
  National Council of Bioethics, Rome, Italy    

 On fi rst examination, oocyte freezing should raise no objections of an ethical nature, particu-
larly if its aim is to improve the chances of success of assisted reproduction techniques (ARTs).  
 In practice, however, this is not the case, and the technique is challenged on at least two grounds. 
The fi rst is that, as it is always part of a medical plan for assisted conception, at least some 
people consider it as offending the dignity of procreation. The second argument addresses the 
experimental nature of the technique and the fact that, at least in its early stages, it was applied 
in spite of unfavorable preliminary data suggesting that the product of conception would be 
subject to a signifi cant risk of malformation. There is a third point, which might open up a bio-
ethical debate, namely that the technique offers the opportunity of preserving the fertility of 
individuals for a more or less distant future. Currently, however, this topic attracts little atten-
tion, particularly due to the limited effi ciency of oocyte cryopreservation techniques.   To gain a 
better understanding of the criticisms addressed against ARTs, mostly formulated by the Roman 
Catholic Magisterium, we need to refer back to the fi rst debate held on this topic in 1984 by the 
Pontifi cal Academy of Science in Rome. On that occasion, half a dozen scientists specializing in 
this fi eld gathered in the Vatican gardens to discuss the biological and moral problems raised by 
in vitro fertilization (IVF) before a wide audience of theologians. Howard Jones, who published 
a lengthy report on the meeting, wrote: “Towards the end of the conference it became clear that 
there was general agreement on declaring in vitro fertilization ethically acceptable. There was, 
however, one dissenter, namely Monsignor Carlo Caffarra, the President of the John Paul II 
Institute for Studies on Marriage and Family, appointed to that offi ce by the Pope. He held 
staunchly to his position that in vitro fertilization is illegal since the resulting conception falls 
outside the bonds of conjugal love and does not result from the natural process of sexual inter-
course.” This was in fact the key issue underpinning all Catholic criticism of the new technique, 
based on the view that separating sexual and reproductive life is unlawful as it offends the dig-
nity of procreation. 

 Monsignor Caffarra’s position stirred up a hornet’s nest. Not all Catholics agreed with it, 
and many religious hospitals, foremost among them the Obstetrics Clinic of the Catholic 
University of Rome, continued to use a number of ARTs such as the IVF method, restricted to 
clearly defi ned “simple cases” and intrafallopian insemination. 

 March 22, 1987, saw the publication of what was then called the Ratzinger Instruction, 
now known as the Donum Vitae (Gift of Life) (1). This lengthy document, drafted by the Con-
gregation for the Doctrine of the Faith, set out the offi cial position of the Catholic Church on the 
issue. The document reaffi rmed all the traditional prohibitions and was a great disappointment 
to all those who were expecting some sign of openness towards the new techniques (among 
other things). As far as the embryo is concerned, the Donum Vitae reiterates that it should be 
respected “as a human person” but does not deal with the problem of when this person actually 
comes into being. The Instruction, moreover, prohibits any form of assisted fertilization, includ-
ing insemination with the husband’s semen, consistent with the doctrine concerning the bond 
between the meaning of the conjugal act and the goods of marriage. The doctrine states that “it 
is never permitted to separate these different aspects to such a degree as positively to exclude 
either the procreative intention or the conjugal relation.” It argues that contraception deliber-
ately deprives the conjugal act of its openness to procreation and “in this way brings about a 
voluntary dissociation of the ends of marriage. Artifi cial fertilization within the couple, in seek-
ing a procreation which is not the fruit of a specifi c act of conjugal union, objectively effects an 
analogous separation between the goods and the meanings of marriage.” 

 It is therefore clear that, like contraception, ART is seen to violate the principle of the insep-
arableness of the unitive and procreative meaning of the conjugal act. This principle is regarded 
as underpinning the originality of transmission of human life in matrimony, deriving from the 
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idea that human life is sacred because it involves the creative action of God from the time of its 
inception, and remains forever in a special relationship with the Creator—this being its sole end. 

 This interpretation of the so-called natural laws opens up a confl ict between the relationship 
that ought to exist between the ethical order and the legal system. Once again, the objections on 
this subject have been raised by Monsignor Carlo Caffarra who, in his address entitled “La procre-
azione artifi ciale: rifl essione etico-politica” (Artifi cial Procreation: an Ethical-Political Refl ection) 
delivered at a conference held in Ferrara on September 16, 1999, rejected the lawfulness of a 
“democratic” system of negotiation, which would consider as being right only that which the 
majority of people deem to be right (2). Such a legal system, argued Caffarra, would increasingly 
come to represent a mechanism of prior empirical regulation of different and opposing interests. 
If we claim that everything is negotiable, the argument goes on, either we accept that negotiation 
too is negotiable (and we reject the principle—democracy) or we exclude that which makes nego-
tiation itself possible, namely the existence of any human truth and the possibility that human 
reason is able to grasp such a truth. To believe that no human truth exists, and that communal life 
should be regulated on precepts bearing no reference to absolute values, concluded Caffarra, is 
the premise for corrupting democracy and turning it into a dictatorship. 

 Leaving the naivety of this fi nal consideration aside (it would have been more logical for 
Monsignor Caffarra to see anarchy as the fi nal result of the degeneration of democracy), this 
argument simply reintroduces the confl ict between religious ethics and secular ethics. The key 
difference lies in the fact that, in the former, norms are given independently of the human will, 
while in the latter, they are established according to that will. In the fi rst case, they are a natural—or 
divine—fact, in the second case, they are a human creation of a social nature. They are actually 
two different paradigms, that is, two different ways of conceiving reality. 

 The accusation most commonly levelled at secular morality is that it inevitably leads to 
ethical relativism, in which everything is subjective. In actual fact, however, the secular notion 
of ethics to which I am referring denies subjectivism, as it relies on rational justifi cation. Bearing 
in mind that rationality implies universality, it becomes clear that ethical judgment is based on 
a perspective that eschews subjectivism and instead presents itself as something that all rational 
beings can agree to. As David Hume argued, the notion of morality implies some sentiment 
common to all humanity, which commends the same object to general approval. Ethics, which 
includes rationality among its characteristics, cannot be relativistic. To say “This is right for me” 
is a contradiction in terms because “right” implies a universal point of view, while “for me” 
implies something peculiar to myself, and these two aspects are irreconcilable. To suppose that 
what is morally right depends on one’s own individual taste is to deny the very notion of morality. 

 In concluding his conference address, Monsignor Caffarra returned to the lawfulness of 
ARTs. “The state—he argued—might tolerate a situation in which two spouses resort to homol-
ogous IVF where only one ovum is fertilized. This kind of legitimising action—he went on-
while accepting a serious violation to the dignity of the embryo, since it is produced rather than 
generated, seems not to undermine the foundations of matrimony and the family, nor to violate 
the fundamental rights of the embryo.” The additional points of criticism levelled against ARTs 
by Catholicism thus become clear: one is concerned with the waste of embryos and the other 
challenges the use of gametes originating from outside the couple. There transpires, however, 
an acceptance “under duress” of the “simple case.” While this is certainly a signifi cant opening, 
it runs counter to the contents of other recent documents released by the Roman Catholic Mag-
isterium. The Pontifi cal Academy for Life (on the occasion of its Tenth General Assembly in 
February 2004) wrote as follows: “an even more worrying phenomenon is looming on the hori-
zon (3). We refer here to the progressive emergence of a new mentality, according to which 
recourse to artifi cial reproductive techniques constitutes a  preferential  route—compared to the 
‘natural’ route—to bring a child into this world, because it is possible through these techniques 
to exercise a more effective ‘control’ over the quality of the conceived child in line with the 
wishes of those who ask for such a child.” This is an accusation of “eugenetics,” and—as a 
moral criticism—it is highly appropriate in the context of the proposal by those who believe that 
freezing oocytes might be a useful option for individuals who choose—or are forced to 
choose—to procreate at a late age and wish to use oocytes extracted at a more suitable age. 

 There is no doubt, however, that the issue of the “dignity of procreation” has lost some of 
its edge, even among Catholic bioethicists, possibly worried by the fact that the majority of 
practising Catholics do not follow the Vatican’s directives on the subject of procreation. Our 
own individual experience is indirect proof of this. The birth of the fi rst baby conceived in vitro 
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through a previously frozen oocyte was received in Bologna by the city’s Archbishop Cardinal 
Monsignor Biffi  with a statement that expressed both contempt and resentment: “This, he said, 
is a bestial event.” About a decade later, however, the doctor who performed the technique was 
acclaimed by the Movement for Life, an organization normally pervaded by a radical dogmatism, 
and wrote his technical and moral ideas on Catholic and para-Catholic newspapers. 

 The Protestant world, too, is grappling with these complex and multifaceted issues, and 
encompasses both fundamentalist and what we might call secular positions. Among the various 
Protestant churches, the Waldensian Church seems to be the most inclined to adopt a modern 
identity, set on reappraising classical ethical canons and tearing down the barriers of unchal-
lengeable dogmas. According to Sergio Rostagno, the coordinator of the Bioethics Table of the 
Waldensian Faculty of Theology in Rome, what is needed is an ethics of “painful decisions,” 
which never shelter one’s conscience from subsequent questioning, but nevertheless allow 
choices to be made relatively painlessly. According to Rostagno, laypersons are those acting 
against Protestant fundamentalism and Catholic clericalism, in defense of areas of public utility 
and of the inner and outer freedom necessary to create free convictions. There are therefore no 
prejudices here against ARTs, but many outstanding doubts on the defi nition of the embryo, 
which we may or may not regard as a person, but is nevertheless to be considered as being 
different from a “thing.” 

 Many rabbis regard sexual intercourse as necessary for obeying the biblical precept “to 
grow and multiply.” The majority of Jewish religious authorities, however, believe that the 
really important issue is the fi nal result, and allow both artifi cial insemination (with the 
husband’s semen) and ARTs. In this connection, it is interesting to note the special importance 
attributed by Jews to the issue of the doctors’ credibility. The following list of conditions for IVF 
to be performed, put forward by Rabbi Goren when he was Chief Rabbi of Israel, illustrate the 
point:  

  the department where ARTs are being performed should not carry out any other treatments • 
during the period between oocyte extraction and embryo transfer, in order to avoid any 
possible confusion between the products of conception and gametes;  
  for the same reason, no sperm banks should exist within that department;  • 
  ARTs should only be performed on lawfully wedded couples;  • 
  the director of the service must sign a document declaring that there is no possibility of error • 
in gamete or embryo attribution.   

 The majority of moral issues raised by ARTs have been presented by rabbis with reason-
able consistency and, consequently, the position of Jewish people regarding the beginning of 
human life has become more clearly defi ned. Israel is currently one of the leading countries in 
the world where extracorporeal fertilization is performed successfully. This is due to a very 
effective organization and the total involvement of public institutions, as well as a highly 
advanced scientifi c research effort, virtually free from political and religious constraints. 

 At the beginning of 1989, the director of the Department of Pathophysiology of Human 
Reproduction at the Maimonides Hospital in New York, Richard Chaim Grazi, put the following 
questions to two eminent rabbis:  

  What is the status of fertilized oocytes still in culture?  • 
  Do fertilized oocytes that have not been selected for transplant enjoy the same status as • 
embryos (for the sake of which Saturdays can be violated) or can they be destroyed?  
  How should the destruction of part of the implanted embryos be considered in cases of • 
high-order multiple pregnancies?   

 The two rabbis gave very similar answers: supernumerary fertilized ova can be 
destroyed if they are not selected for transfer, particularly considering the fact that we can 
talk about abortion only after they have been implanted in the uterus; an event that, in the 
case in point, is excluded a priori. The destruction of surplus implanted embryos is legiti-
mate because the birth of healthy viable babies and the elimination of risk to the mother are 
dependent on this. Beyond the prohibition of killing, there is actually a duty to save lives, 
and for the sake of saving fetuses that may become persons, it is legitimate to eliminate other 
fetuses. The two rabbis added, however, that this procedure should be carried out, if possible, 
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within the fi rst 40 days of pregnancy, that is, during the period when the person’s life has 
defi nitely not started. 

 According to the  Koran , the task of science is to demonstrate the unity and coherence of 
everything in existence to ensure that man is guided in his veneration of God. This concept is 
clearly antithetical to any kind of dualism (such as the one existing in the West between science 
and religion) precisely because the intention is to unify all aspects of life. Resorting to science, 
from the perspective of the  Koran , is a way of getting closer to God and religion, as knowledge 
and the study of natural phenomena lead human beings to appreciate the wonders of creation 
and its creator in a simple and almost automatic way. Accordingly, Islamic culture and science 
do not consider natural phenomena as unconnected with the higher orders, but as expressions 
of the link between the multiplicity of creation and the entity of the divine. This premise can be 
helpful to understand the deep interest shown by many Islamic universities for research on 
embryo stem cells and the generally highly progressive positions they adopt vis-à-vis technolo-
gies such as the creation of artifi cial gametes and ectogenesis, which can currently only be 
considered as feasible for the future. 

 As far as the position of Islam regarding ARTs are concerned, I will briefl y outline the 
principles contained in a recently published book by Sayyid Muhammad Rizvi (4):  

  There are no objections to artifi cial insemination provided it is performed with the husband’s • 
gametes.  
  Although gamete donation is prohibited, a child born through a possible transgression in • 
this respect would be considered legitimate.  
  All ARTs are considered legitimate provided that the couples using them are lawfully • 
wedded.  
  Surrogate motherhood is not allowed because it involves “the introduction of sperm from • 
another person into the woman’s uterus.” It is possible, however, to envisage a number of 
exceptions: the husband of an infertile woman may, for example, marry another woman 
(on a temporary or permanent basis); a fertilized ovum of the fi rst wife can then be injected 
into the womb of the second wife but, according to the predominant view, the child will 
legitimately belong to the fi rst wife.  
  Supernumerary embryos can be destroyed.  • 
  Cryopreservation is lawful.  • 
  Widows and, by analogy, divorced women may ask to use frozen embryos that may have • 
been produced before the husband’s death, or before they were divorced, only if they have 
not remarried.   

 I will now deal with the second point of the ethical debate, regarding the lawfulness of 
subjecting human beings to manipulations that are still at the animal experimentation stage and 
whose harmlessness is still in doubt. 

 Studies on oocyte freezing started in the late 1970s, when numerous experiments were 
carried out on the gametes of various mammals (mice, rabbits, and cows) with a high rate of 
success. The fi rst protocol used in the human fi eld was entirely similar to the one applied to 
mice; dimethylsulfoxide was used as cryoprotectant and the freezing process was performed 
in two stages: the fi rst was a slow stage down to –36°C and the second was a rapid stage by 
liquid nitrogen immersion. The oocytes were thawed and returned to room temperature by 
a rapid process and the cryoprotectant dilution was obtained by adding a buffered saline 
solution. 

 It is not entirely clear when the fi rst cryopreservation techniques started to be used in the 
treatment of human sterility. From a review of the literature, however, we do know that the fi rst 
pregnancy and birth of a child resulting from the IVF of a previously cryopreserved oocyte was 
published by Chen in 1986 (5). (The same author subsequently reported having produced a 
pregnancy of twins using the same technique in 1988). In 1987, Van Uem (6) announced a 
further success, but thereafter the level of interest shown by researchers in this subject seems to 
have waned. This reaction may have been partly attributable to a publication by Al-Hasani (7) 
reporting a substantial number of failures, the reasons for which he attributed to the occurrence 
of a large number of polyploidies as well as numerous cases of second polar body retention and 
the frequent occurrence of cortical granule damage. The study was based on the freezing of 283 
oocytes, but, as was the case in many subsequent studies, it showed a possible cause of error, 
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namely that being conducted under standard IVF sterility treatment, cryopreservation was 
applied to oocytes matured in vitro. 

 Diffi culties in freezing oocytes had actually been foreseen in advance and were subse-
quently demonstrated by biologists, who also identifi ed several possible causes for such diffi -
culties, including egg size (120  µ m) (a particularly sizeable cell with a low surface-to-volume ratio), 
consequent problems in the fl ow of water and cryoprotectant through the plasma membrane, 
and the particularly fragile nature of certain cytoskeletal structures, which are highly sensitive 
to stress. 

 These explanations, however, are insuffi cient to explain failures in oocyte freezing as the 
same criteria ought to be applied to zygotes as well. The latter, by contrast, can be frozen quite 
successfully and certainly suffer less damage from cryopreservation-related stress (8). 

 Consequently, there must necessarily be other characteristics peculiar to the mature ovum 
that might be more plausibly responsible for this cell’s particular sensitivity to freezing. Thus 
far, such characteristics have been identifi ed as:  

  the specifi c biological condition of the cell, blocked in a very delicate phase of cell division • 
(metaphase II);  
  the known sensitivity of the cytoskeleton to temperature changes;  • 
  the existence of a functional molecular “inheritance” at the post-fertilization stages (mature/• 
immature mRNAs ratio; proteins encoded by maternal-effect genes);  
  sensitivity of intracellular Ca • 2+  regulation to environmental changes, crucial for fertilization 
and for epigenetic events that may infl uence normal development at the pre- and post-
implantation stages;  
  polarized intracellular organization, due to the eccentric position of the meiotic spindle;  • 
  short time frame for cell fertilization ability.   • 

 In conclusion, the ovum is a particularly complex cell, highly sensitive to intrinsic and 
extrinsic disturbances that can result in lethal damage and, what is worse, sublethal damage 
that might produce highly signifi cant effects in the course of embryo development. 

 The factors liable to cause cell damage during temperature changes have been identifi ed 
mainly in the light of results obtained from experimental research. The identifi cation procedure 
also took into account the fact that temperatures below –135°C block biochemical processes. 
Consequently, damage caused by freezing should not arise from cell storage, even for prolonged 
periods of time, at –196°C (the temperature of liquid nitrogen) but from inappropriate condi-
tions associated with freezing and thawing processes. Experimental research would appear to 
confi rm this hypothesis and proves how even a slight lowering of temperature might be suffi cient 
to cause the following:  

  membrane damage (a phenomenon known as phase transition);  • 
  damage to the cytoskeleton (due to depolymerization of microtubular and cortical structures);  • 
  overall damage to cell biology whose volume oscillations are too large or too rapid;  • 
  damage due to intracellular ice formation;  • 
  damage due to excessive increase in extracellular solutes during ice formation ( • solution effect ), 
which may be of a generalized biochemical nature or related to membrane organization;  
  damage due to changes in pH.   • 

 The numerous reasons for concern and criticism on the subject of oocyte cryopreserva-
tion outlined above make this one of the most controversial issues in the entire ART debate. 
In an article published in 2003, T.K. Yoon, a researcher from Seoul, has defi ned oocyte freezing 
as “the most elusive task in the fi eld of assisted reproductive techniques” (9). For these rea-
sons, efforts have been made to fi nd alternatives to standard oocyte preservation techniques, 
and the technique that seems to have gained the greatest consensus so far is vitrifi cation. This 
process induces the solidifi cation of intra- and extracellular fl uids, which thereby acquire a 
vitreous appearance, without the occurrence of ice crystal formation during cooling and 
thawing. With exposure to low temperatures, the cells shift from a liquid state to a state of 
extreme viscosity. The physical cooling conditions are such that they prevent the molecules 
from acquiring a crystalline structure. Even water can easily vitrify if mixed with cryopro-
tectant; this result can be obtained in a variety of ways, the most commonly used method 
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undoubtedly being to increase cryoprotectant concentration and to lower the temperature 
very rapidly. 

 Despite taking every precaution, various types of damage have been observed in oocytes 
undergoing vitrifi cation, regardless of their stage of maturation. The most frequently recorded 
alterations have involved the cell membrane, which can rupture, and the progression of meiotic 
division, which can be slowed down, as can embryo development. Damage to the cytoskeleton 
is also very frequent and in an effort to avoid this, new cryoprotectants are now being used. 

 It is worth pointing out, however, that some biologists have voiced their perplexity about 
this pessimism and concern, including Giovanni Coticchio who has written that “many of the 
concerns raised by oocyte freezing are in fact the result of unproven hypotheses or observations 
conducted under conditions not always appropriate. For instance, to some extent spindle orga-
nization can in effect undergo damage under certain freezing conditions, but in fact with some 
protocols such a problem appears to be circumvented. The suggestion that cryopreservation 
induces cortical granules discharge and zona pellucida hardening remains controversial, some-
how questioning the routine use of sperm microinjection to achieve fertilization. Damage of 
mouse oocytes caused by the solution effect is well documented, but in the human there is no 
solid evidence that modifi cations of freezing mixtures aiming at preventing this problem 
provide an actual advantage. The hope of developing oocyte cryopreservation as a major IVF 
treatment option is becoming increasingly realistic, but major efforts are still required to clarify 
the authentic implications of oocyte cryopreservation at the cellular level and identify freezing 
conditions compatible with the preservation of viability and developmental ability” (10) .  

 It is thus not entirely clear whether or not the researchers who decided to introduce oocyte 
cryopreservation in the technical protocols of assisted fertilization acted imprudently, ignoring 
the risks, which the experimental data suggested as being highly probable, or, conversely, 
whether they took an inevitable step forward, seeing, as in all such cases, that there always 
comes a point when experimentation has to be performed on human beings—and this is true of 
all advances in medicine and surgery. 

 Besides, the clinical results that are building up appear to prove that the scientists who are 
experimenting with such techniques are right, although this does not entirely absolve them 
from the charge of being daring. 

 As I argued at the beginning of this chapter, we certainly cannot claim that discussion on 
these subjects has been exhaustive and has dealt with all the ethical and medical–legal aspects 
of the problem. I should imagine, however, that as the fi rst successes in fertility preservation are 
gradually achieved and the fi rst legal controversies begin to emerge, bioethics too will have to 
take a position on the issues it has so far ignored.   
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About the book 
Oocyte cryopreservation entails important potential advantages for human 
IVF, o!ering a less ethically disputable alternative to embryo cryopreservation, 
simplifying and making safer oocyte donation, and giving an opportunity for 
fertility preservation to women at risk of premature ovarian failure as an e!ect 
of genetic factors or chemo- or radiotherapies. Oocyte cryopreservation could 
also meet the expectations of women wishing to preserve their fertility for  
social reasons. In the last few years, advances in cryopreservation 
methodologies have dramatically improved the e"ciency of oocyte 
cryopreservation, leading to the birth of over a thousand babies and 
challenging the supremacy of embryo cryopreservation as the preferred  
form of fertility preservation.

This text has been conceived with the aim of o!ering a comprehensive  
view of the state of the art of oocyte cryopreservation. It covers fundamental 
concepts of low temperature storage (controlled rate slow cooling and 
vitri#cation), aspects of oocyte physiology relevant to the process of 
cryopreservation, essential biological and clinical evidence, and ethical 
implications of oocyte cryopreservation, thereby providing a complete 
overview of progress in this strategy in assisted reproduction.
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