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The beginnings of human in vitro 
fertilization
ROBERT G. EDWARDS

In vitro fertilization (IVF) and its derivatives in preim-
plantation diagnosis, stem cells, and the ethics of assisted 
reproduction continue to attract immense attention scien-
tifically and socially. All these topics were introduced by 
1970. Hardly a day passes without some public recogni-
tion of events related to this study, and clinics spread ever 
further worldwide. Now that we must be approaching 1.5 
million IVF births, it is time to celebrate what has been 
achieved by so many investigators, clinical, scientific, and 
ethical.

While much of this “Introduction” chapter covers the 
massive accumulation of events between 1960 and 2000, 
it also briefly discusses new perspectives emerging in the 
twenty-first century. Fresh advances also increase curios-
ity about how these fields of study began and how their 
ethical implications were addressed in earlier days. As 
for me, I am still stirred by recollections of those early 
days. Foundations were laid in Edinburgh, London, and 
Glasgow in the 1950s and early 1960s. Discoveries made 
then led to later days in Cambridge, working there with 
many PhD students. It also resulted in my working with 
Patrick Steptoe in Oldham. Our joint opening of Bourn 
Hall in 1980, which became the largest IVF clinic of its 
kind at the time, signified the end of the beginning of 
assisted human conception and the onset of dedicated 
applied studies.

INTRODUCTION
First of all, I must express in limited space my tributes to 
my teachers, even if inadequately. These include investiga-
tors from far-off days when the fundamental facts of repro-
ductive cycles, surgical techniques, endocrinology, and 
genetics were elicited by many investigators. These fields 
began to move in the twentieth century, and if one pio-
neer of these times should be saluted, it must be Gregory 
Pincus. Famous for the contraceptive pill, he was a dis-
tinguished embryologist, and part of his work dealt with 
the maturation of mammalian oocytes in vitro. He was 
the first to show how oocytes aspirated from their follicles 
would begin their maturation in vitro, and how a number 
matured and expelled a first polar body. I believe his major 
work was done in rabbits, where he found that the 10–11-
hour timings of maturation in vitro accorded exactly with 
those occurring in vivo after an ovulatory stimulus to the 
female rabbit.

Pincus et al. also studied human oocytes (1). Extracting 
oocytes from excised ovaries, they identified chromo-
somes in a large number of oocytes and interpreted this 
as evidence of the completion of maturation in vitro. 

Many oocytes possessed chromosomes after 12 hours, 
with the proportion remaining constant over the next 30 
hours and longer. Twelve hours was taken as the period of 
maturation. Unfortunately, chromosomes were not clas-
sified for their meiotic stage. Maturing oocytes would be 
expected to display diakinesis or metaphase  I chromo-
some pairs. Fully mature oocytes would display meta-
phase  II chromosomes, signifying they were fully ripe 
and ready for fertilization. Nevertheless, it is well known 
that oocytes can undergo atresia in the ovary, involving 
the formation of metaphase  II chromosomes in many 
of them. These oocytes complicated Pincus’ estimates, 
even in controls, and were the source of his error, which 
led later workers to inseminate human oocytes 12 hours 
after collection and culture in vitro (2,3). Work on human 
fertilization in vitro, and indeed comparable studies in 
animals, remained in abeyance from then and for many 
years. Progress in animal IVF had also been slow. After 
many relatively unsuccessful attempts in several species 
in the 1950s and 1960s, a virtual dogma arose that sper-
matozoa had to spend several hours in the female repro-
ductive tract before acquiring the potential to bind to the 
zona pellucida and achieve fertilization. In the late 1960s, 
Austin and Chang  independently determined the need for 
sperm capacitation, identified by a delay in fertilization 
after spermatozoa had entered the female reproductive 
tract (4,5). This discovery was taken by many investiga-
tors as the reason for the failure to achieve fertilization in 
vitro, and why spermatozoa had to be exposed to secre-
tions of the female reproductive tract. At the same time, 
Chang reported that rabbit eggs that had fully matured in 
vitro failed to produce normal blastocysts, with none of 
them implanting normally (6).

MODERN BEGINNINGS OF HUMAN IVF, 
PREIMPLANTATION GENETIC DIAGNOSIS, 
AND EMBRYO STEM CELLS
My PhD began at the Institute of Animal Genetics, 
Edinburgh University, in 1952, encouraged by Professor 
Conrad Waddington, the inventor of epigenesis, and 
supervised by Dr. Alan Beatty. At the time, capacitation 
was gaining in significance. My chosen topic was the 
genetic control of early mammalian embryology, specifi-
cally the growth of preimplantation mouse embryos with 
altered chromosome complements.

Achieving these aims included a need to expose mouse 
spermatozoa to x-rays, ultraviolet light, and various 
chemicals in vitro. This would destroy their chromatin 
and prevent them from making any genetic contribution 
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to the embryo, hopefully without impairing their capac-
ity to fertilize eggs in vivo. Resulting embryos would 
become gynogenetic haploids. Later, my work changed 
to exposing ovulated mouse oocytes to colchicine in 
vivo in order to destroy their second meiotic spindle in 
vivo. This treatment freed all chromosomes from their 
attachment to the meiotic spindle, and they then became 
extruded from the egg into tiny artificial polar bodies. 
The fertilizing spermatozoon thus entered an empty egg, 
which resulted in the formation of androgenetic haploid 
embryos with no genetic contribution from the mater-
nal side. For three years, my work was concentrated in 
the mouse house, working at midnight to identify mouse 
females in estrus by vaginal smears, collecting epididy-
mal spermatozoa from males, and practicing artificial 
insemination with samples of treated spermatozoa. This 
research was successful, as mouse embryos were iden-
tified with haploid, triploid, tetraploid, and aneuploid 
chromosomes. Moreover, the wide range of scientific tal-
ent in the Institute made it a perfect place for fresh col-
laborative studies. For example, Julio Sirlin and I applied 
the use of radioactive DNA and RNA precursors to the 
study of spermatogenesis, spermiogenesis, fertilization, 
and embryogenesis, and gained knowledge unavailable 
elsewhere.

An even greater fortune beckoned. Allen Gates, who was 
newly arrived from the United States, brought commer-
cial samples of Organon’s pregnant mares’ serum (PMS) 
rich in follicle-stimulating hormone (FSH), and human 
chorionic gonadotropin (hCG) with its strong luteinizing 
hormone (LH) activity to induce estrus and ovulation in 
immature female mice. Working with Mervyn Runner (7), 
he had used low doses of each hormone at an interval of 48 
hours to induce oocyte maturation, mating, and ovulation 
in immature mouse females. He now wished to measure 
the viability of three-day embryos from immature mice by 
transferring them to an adult host to grow to term (8). I 
was more interested in stimulating adult mice with these 
gonadotropins to induce estrus and ovulation at predict-
able times of the day. This would help my research, and I 
was by now weary of taking mouse vaginal smears at mid-
night. My future wife, Ruth Fowler, and I teamed up to 
test this new approach to superovulating adult mice. We 
chose PMS to induce multifolliculation and hCG to trigger 
ovulation, varying the doses and times from those utilized 
by Allen Gates. PMS became obsolete for human studies 
some time later, but its impact has stayed with me from 
that moment, even until today.

Opinion in those days was that exogenous hormones 
such as PMS and hCG would stimulate follicle growth 
and ovulation in immature female mammals, but not in 
adults because they would interact badly with an adult’s 
reproductive cycles. In fact, they worked wonderfully well. 
Doses of 1–3 IU of PMS induced the growth of numerous 
follicles, and similar doses of hCG 42 hours later invoked 
estrus and ovulation a further 6 hours later in almost all 
of them. Often, 70 or more ovulated oocytes crowded the 
ampulla, most of them being fertilized and developing to 

blastocysts (9). Oocyte maturation, ovulation, mating, and 
fertilization were each closely timed in all adults, another 
highly unusual aspect of stimulation (10). Diakinesis was 
identified as the germinal vesicle regressed, with meta-
phase I a little later and metaphase II—expulsion of the 
first polar body—and ovulation at 11.5–12 hours after 
hCG. Multiple fertilization led to multiple implantation 
and fetal growth to full term, just as similar treatments 
in anovulatory women resulted in quintuplets and other 
high-order multiple pregnancies a few years later. Years 
afterward, germinal vesicle breakdown and diakinesis 
were to prove equally decisive in identifying meiosis and 
ovulation in human oocytes in vivo and in vitro. Even as 
these results were gained, Ruth and I departed in 1957 
from Edinburgh to the California Institute of Technology, 
where I switched over to immunology and reproduction, a 
topic that was to dominate my life for five or six years on 
my return to the United Kingdom.

The Institute at Edinburgh had given me an excellent 
basis not only in genetics, but equally in reproduction. I 
had gained considerable knowledge about the endocrine 
control of estrus cycles, ovulation, and spermatozoa; the 
male reproductive tract; artificial insemination; the stages 
of embryo growth in the oviduct and uterus; superovu-
lation and its consequences; and the use of radiolabeled 
compounds. Waddington had also been deeply interested 
in ethics and the relationships between science and reli-
gion, and instilled these topics in his students. I had been 
essentially trained in reproduction, genetics, and scien-
tific ethics, and all of this knowledge was to prove to be of 
immense value in my later career. A visit to the California 
Institute of Technology widened my horizons into the 
molecular biology of DNA and the gene, a field then in its 
infancy.

After a year in California, London beckoned me to 
the National Institute for Medical Research to work with 
Drs. Alan Parkes and Colin (Bunny) Austin. I was fortu-
nate indeed to have two such excellent colleagues. After 
two intense years in immunology, my curiosity returned 
to maturing oocytes and fertilization in vitro. Since they 
matured so regularly and easily in vivo, it should be easy 
to stimulate maturation in mouse oocytes in vitro by using 
gonadotropins. In fact, to my immense surprise, when lib-
erated from their follicles into culture medium, oocytes 
matured immediately in vast numbers in all groups, with 
exactly the same timing as those maturing in vivo fol-
lowing an injection of hCG. Adding hormones made no 
difference. Rabbit, hamster, and rat oocytes also matured 
within 12 hours, each at their own species’ specific rates. 
But to my surprise, oocytes from cows, sheep, and rhesus 
monkeys, and the occasional baboon, did not mature in 
vitro within 12 hours. Their germinal vesicles persisted 
unmoved, arrested in the stage known as diffuse diplotene. 
Why had they not responded like those of rats, mice, and 
rabbits? How would human oocytes respond? A unique 
opportunity emerged to collect pieces of human ovary and 
to aspirate human oocytes from their occasional follicles. I 
grasped it with alacrity.
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MOVING TO HUMAN STUDIES
Molly Rose was a local gynecologist in the Edgware and 
District Hospital who delivered two of our daughters. 
She agreed to send me slivers or wedges of ovaries such 
as those removed from patients with polycystic disease, as 
recommended by Stein and Leventhal, or with myomata 
or other disorders demanding surgery. Stein–Leventhal 
wedges were the best sources of oocytes, with their numer-
ous small Graafian follicles lined up in a continuous rim 
just below the ovarian surface. Though samples were rare, 
they provided enough oocytes to start with. These oocytes 
responded just like the oocytes from cows, sheep, and pigs, 
their germinal vesicles persisting and diakinesis being 
absent after 12 hours in vitro.

This was disappointing, and especially so for me, since 
Tjio, Levan, and Ford had identified 46 diploid chromo-
somes in humans, while studies by teams in Edinburgh 
and France had made it clear that many human beings 
were heteroploid. This was my subject, because chromo-
somal variations mostly arose during meiosis, and this 
would be easily assessed in maturing oocytes at dia-
kinesis. Various groups also discovered monosomy or 
disomy in many men and women. Some women were 
XO or XXX; some men were XYY and XYYY. Trisomy 
21 proved to be the most common cause of Down’s syn-
drome, and other trisomies were detected. All this new 
information reminded me of my chromosome studies in 
the Edinburgh mice.

For human studies, I would have to obtain diakinesis 
and metaphase I in human oocytes, and then continue this 
analysis to metaphase II when the oocytes would be fully 
mature, ready for fertilization. Despite being disappointed 
at the current failure with human oocytes, it was time to 
write my findings for Nature in 1962 (11). There was so 
much to write regarding the animal work and in describ-
ing the new ideas then taking shape in my mind. I had 
heard Institute lectures on infertility, and realized that 
fertilizing human oocytes in vitro and replacing embryos 
into the mother could help to alleviate this condition. It 
could also be possible to type embryos for genetic diseases 
when a familial disposition was identified. Pieces of tissue, 
or one or two blastomeres, would have to be excised from 
blastocysts or cleaving embryos, but this did not seem to 
be too difficult. There were few genetic markers available 
for this purpose in the early 1960s, but it might be possible 
to sex embryos by their XX or XY chromosome comple-
ment by assessing mitoses in cells excised from morulae or 
blastocysts. Choosing female embryos for transfer would 
avert the birth of boys with various sex-linked disorders 
such as hemophilia. Clearly, I was becoming totally com-
mitted to human IVF and embryo transfer.

While looking in the library for any newly published 
papers relevant to my proposed Nature manuscript, I dis-
covered those earlier papers of Pincus and his colleagues. 
They had apparently succeeded 30 years earlier in matur-
ing human oocytes cultured for 12 hours where I had 
failed. My Nature paper (11) became very different from 

that originally intended, even though it retained enough 
for publication. Those results of Pincus et  al. had to be 
repeated. After trying hard, I failed completely to repeat 
them, despite infusing intact ovaries in vitro with gonado-
tropin solutions, using different culture media to induce 
maturation, and using joint cultures of maturing mouse 
oocytes and newly released human oocytes. Adding hor-
mones to culture media also failed. It began to seem that 
menstrual cycles had affected oocyte physiology in a dif-
ferent manner than in non-menstruating mammalian 
species. Finally, another line of inquiry emerged after 
two years of fruitless research on the precious few human 
oocytes available. Perhaps the timing of maturation in 
mice and rabbits differed from that of those oocytes 
obtained from cows, baboons, and humans. Even as my 
days in London were ending, Molly Rose sent a sliver of 
human ovary. The few oocytes were placed in culture just 
as before. Their germinal vesicles remained static for 12 
hours as I already knew, and then, after 20 hours in vitro, 
three oocytes remained, and I waited to examine them 
until they had been in vitro for 24 hours. The first con-
tained a germinal vesicle, and so did the second. There was 
one left and one only. Its image under the microscope was 
electrifying. I gazed down at chromosomes in diakinesis 
and at a regressing germinal vesicle. The chromosomes 
were superb examples of human diakinesis with their clas-
sical chiasmata. At last, I was on the way to human IVF, to 
completion of the maturation program and the onset of 
studies on fertilization in vitro.

This was the step I had waited for, a marker that Pincus 
had missed. He never checked for diakinesis, and appar-
ently confused atretic oocytes, which contained chromo-
somes, with maturing oocytes. Endless human studies 
were opening. It was easy now, even on the basis of one 
oocyte in diakinesis, to calculate the timing of the final 
stages of maturation because the post-diakinesis stages 
of maturation were not too different from normal mitotic 
cycles in somatic cells. This calculation provided me with 
an estimate of about 36 hours for full maturation, which 
would be the moment for insemination. All these gaps in 
knowledge had to be filled. But now, my research program 
was stretching far into the future.

At this wonderful moment, John Paul, an outstanding 
cell biologist, invited me to join him and Robin Cole at 
Glasgow University to study differentiation in early mam-
malian embryos. This was exciting, to work in biochem-
istry with a leading cell biologist. He had heard that I was 
experimenting with very early embryos, trying to grow 
cell lines from them. He also wanted to grow stem cells 
from mammalian embryos and study them in vitro. This 
began one of my most memorable 12 months of research. 
John’s laboratory had facilities unknown anywhere else, 
with CO2 incubators, numerous cell lines in constant cul-
tivation, cryopreservation facilities, and the use of media 
droplets held under liquid paraffin. We decided to start 
with rabbits. Cell lines did not grow easily from cleav-
ing rabbit embryos. In contrast, stem cells migrated out 
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in massive numbers from cultures of rabbit blastocysts, 
forming muscle, nerves, phagocytes, blood islands, and 
other tissues in vitro (12). Stem cells were differentiating in 
vitro into virtually all the tissues of the body. In contrast, 
dissecting the inner cell mass from blastocysts and cultur-
ing it intact or as disaggregated cells produced lines of cells 
that divided and divided, without ever differentiating. 
One line of these embryonic stem cells expressed specific 
enzymes, diploid chromosomes, and a fibroblastic struc-
ture as it grew over 200 and more generations. Another 
was epithelioid and had different enzymes but was simi-
lar in other respects. The ability to make whole-embryo 
cultures producing differentiating cells was now com-
bined with everlasting lines of undifferentiated stem cells 
that replicated over many years without changing. Ideas 
of using stem cells for grafting to overcome organ dam-
age in recipients began to emerge. My thoughts returned 
constantly to growing stem cells from human embryos to 
repair defects in tissues of children and adults.

Almost at my last moment in Glasgow, with this new set 
of ideas in my mind, a piece of excised ovary yielded sev-
eral oocytes. Being placed in vitro, two of them had reached 
metaphase II and expelled a polar body at 37 hours. This 
showed that another target on the road to human IVF had 
been achieved as the whole pattern of oocyte maturation 
continued to emerge but with increasing clarity.

Cambridge University, my next and final habitation, is 
an astonishing place. Looking back on those days, it seems 
that the Physiological Laboratory was not the ideal place 
to settle in that august university. Nevertheless, a mixture 
of immunology and reproduction remained my dominant 
theme as I rejoined Alan Parkes and Bunny Austin there. 
I had to do immunology to obtain a grant to support my 
family, but thoughts of human oocytes and embryos were 
never far away. One possible model of the human situa-
tion was the cow and other agricultural species, and large 
numbers of cow, pig, and sheep oocytes were available 
from ovaries given to me by the local slaughterhouse. 
Each species had its own timing, all of them longer than 
12 hours (13). Pig oocytes were closest to humans, requir-
ing 37 hours. In each species, maturation timings in vitro 
were exactly the same as those arising in vivo in response 
to an hCG injection. This made me suspect that a woman 
ovulated 36–37 hours after an injection of hCG. Human 
oocytes also trickled in, improving my provisional tim-
ings of maturation, and one or two of them were insemi-
nated, but without signs of fertilization.

More oocytes were urgently needed to conclude the 
timings of oocyte meiosis. Surgeons in Johns Hopkins 
Hospital, Baltimore, performed the Stein–Leventhal oper-
ation, which would allow me to collect ovarian tissue, aspi-
rate oocytes from their follicles, and retain the remaining 
ovarian tissues for pathology if necessary.

I had already met Victor McKusick, who worked in 
Johns Hopkins, at many conferences. I asked for his sup-
port for my request to work with the hospital gynecologists 
for six weeks. He found a source of funds, made laboratory 
space available, and gave me a wonderful invitation that 

introduced me to Howard and Georgeanna Jones. This 
significant moment was equal to my meeting with Molly 
Rose. The Joneses proved to be superb and unstinting in 
their support. Sufficient wedges and other ovarian frag-
ments were available to complete my maturation program 
in human oocytes. Within three weeks, every stage of 
meiosis was classified and timed (14). We also undertook 
preliminary studies on inseminating human oocytes that 
had matured in vitro, trying to achieve sperm capacitation 
by using different media or adding fragments of ampulla 
to the cultures, and even attempting fertilization in rhesus 
monkey oviducts. Two nuclei were found in some insemi-
nated eggs, resembling pronuclei, but sperm tails were not 
identified, so no claims could be made (15). During those 
six weeks, however, oocyte maturation was fully timed at 
37 hours, permitting me now to predict with certainty that 
women would ovulate at 37 hours after an hCG injection.

A simple means of access to the human ovary was now 
essential in order to identify human ovarian follicles in 
vivo and to aspirate them 36 hours after hCG, just before 
the follicular rupture. Who could provide this? And how 
about sperm capacitation? Only in hamsters had fertiliza-
tion in vitro been achieved, using in vivo-matured oocytes 
and epididymal spermatozoa (16). I met Victor Lewis, my 
third clinical colleague, and we noticed what seemed to be 
anaphase II in some inseminated eggs. Again, no sperm 
tails were seen within the eggs.

An attempt to achieve human capacitation in Chapel 
Hill, North Carolina, working with Robert McGaughey 
and his colleagues, also failed (17). A small intrauterine 
chamber lined with porous membrane was filled with 
washed human spermatozoa, sealed, and inserted over-
night into the uterus of human volunteers at mid-cycle. 
Molecules entering it could react with the spermatozoa. 
No matured human eggs were fertilized. Later evidence 
indicated that the chamber contained inflammatory pro-
teins, perhaps explaining the failure.

DECISIVE STEPS TO CLINICAL HUMAN IVF
Back in the United Kingdom, my intention to conceive 
human children in vitro had grown even stronger. So 
many medical advantages could flow from it. A small 
number of human embryos had been flushed from human 
oviducts or uteri after sexual intercourse, providing slen-
der information on these earliest stages of human embry-
ology. It was time to attain human fertilization in vitro, 
in order to move close to working with infertile patients. 
Ethical issues and moral decisions would emerge, one 
after the other, in full public view. Matters such as clon-
ing and sexing embryos, the risk of abnormalities in the 
children, the clinical use of embryo stem cells, the ethics 
of oocyte donation and surrogate pregnancy, and the right 
to initiate human embryonic life in vitro would never be 
very far away. These issues were all acceptable, since I was 
confident that studies of human conception were essential 
for future medicine, and correct ethically, medically, and 
scientifically. The increasing knowledge of genetics and 
embryology could assist many patients if I could achieve 
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human fertilization and grow embryos for replacement 
into their mothers.

Few human oocytes were available in the United 
Kingdom. Despite this scarcity, one or two of those 
matured and fertilized in vitro possessed two nuclei after 
insemination. But there were no obvious sperm tails. 
I devised a cow model for human fertilization, using in 
vitro-matured oocytes and insemination in vitro with 
selected samples of highly active, washed bull spermatozoa 
extracted from neat semen. It was a pleasure to see some 
fertilized bovine eggs, with sperm tails and characteristic 
pronuclei, especially using spermatozoa from one particu-
lar bull. Here was a model for human IVF and a prelude to 
a series of events that implied that matters in my research 
were suddenly changing. A colleague had stressed that for-
malin fixatives were needed to detect sperm tails in eggs. 
Barry Bavister joined our team to study for his PhD and 
designed a medium of high pH, which gave excellent fer-
tilization rates in hamsters. We decided to collaborate by 
using it for trials on human fertilization in vitro.

Finally, while browsing in the library of the Physiological 
Laboratory, I read a paper in The Lancet that instantly 
caught my attention. Written by Dr. P.C. Steptoe of the 
Oldham and District General Hospital (18), it described 
laparoscopy, with its narrow telescope and instruments 
and its minute abdominal incisions. He could visualize 
the ampulla and place small amounts of medium there, 
in an operation lasting 30 minutes or less and maybe even 
without using anesthesia. This is exactly what I wanted, 
because access to the ampulla was equivalent to gaining 
access to ovarian follicles. Despite advice to the contrary 
from several medical colleagues, I telephoned him about 
collaboration and stressed the uncertainty in achieving 
fertilization in vitro. He responded most positively, just as 
Molly, Howard and Georgeanna, and Victor had done. We 
decided to get together.

Last but by no means least, Molly Rose sent a small 
piece of ovary to Cambridge. Its dozen or more oocytes 
were matured in vitro for 37 hours, then Barry and I added 
washed spermatozoa suspended in his medium. We exam-
ined them a few hours later. To our delight, spermatozoa 
were pushing through the zona pellucida, into several of 
the eggs. Maternal and paternal pronuclei were forming 
beautifully. We saw polar bodies and sperm tails within the 
eggs. That evening in 1969, we watched in delight  virtually 
all the stages of human fertilization in vitro (Figure I.1). 
One fertilized egg had fragments, as Chang had forecast 
from his work on oocyte maturation and fertilization in 
vitro of rabbit eggs. This evidence strengthened the need 
to abandon oocyte maturation in vitro and replace it with 
stimulating maturation by means of exogenous hormones. 
Our 1969 paper in Nature surprised a world unaccustomed 
to the idea of human fertilization in vitro (19).

Incredibly fruitful days followed in our Cambridge 
laboratory. Richard Gardner, another PhD candidate, 
and I excised small pieces of trophectoderm from rab-
bit blastocysts and sexed them by staining the sex chro-
matin body. Those classified as female were transferred 

into adult females and were all correctly sexed at term. 
This work transferred my theoretical ideas of a few years 
earlier into the practice of preimplantation diagnosis of 
inherited disease, in this case for sex-linked diseases (20). 
Alan Henderson, a cytogeneticist, and I analyzed chias-
mata during diakinesis in mouse and human eggs, and 
explained the high frequencies of Down’s syndrome in off-
spring of older mothers as a consequence of meiotic errors 
arising in oocytes formed last in the fetal ovary, which 
were then ovulated last at later maternal ages (21). Dave 
Sharpe, a lawyer from Washington, joined forces with 
me to write an article in Nature (22) on the ethics of IVF, 
the first ever paper in the field. I followed this up with a 
detailed analysis of ethics and law in IVF covering scien-
tific possibilities, oocyte donation, surrogacy by embryo 
transfer, and other matters (22). So the first ethical papers 
were written by scientists and lawyers and not by philoso-
phers, ethicists, or politicians.

THE OLDHAM YEARS
Patrick and I began our collaboration six months later 
in the Oldham and District General Hospital, almost 
200 miles north of Cambridge. He had worked closely 
with two pioneers, Palmer in Paris (23) and Fragenheim 
in Germany (24). He improved the pneumoperitoneum 
to gain working space in the abdominal cavity and used 
carbon fibers to pass cold light into the abdomen from an 
external source (25). By now, Patrick was waiting in the 
wings, ready to begin clinical IVF in distant Oldham. We 
had a long talk about ethics and found our stances to be 
very similar.

Work started in the Oldham and District General 
Hospital and moved later to Kershaw’s Hospital, set up by 
my assistants, especially Jean Purdy. We knew the routine. 
It was based on my Edinburgh experiences with mice. 
Piero Donini from Serono Laboratories in Rome had puri-
fied urinary human menopausal gonadotropin (hMG) as 
a source of FSH and the product was used clinically to 
stimulate follicle growth in anovulatory women by Bruno 
Lunenfeld (26). It removed the need for PMS, thus avoid-
ing the use of nonhuman hormones. We used low dos-
age levels in patients; that is, two to three vials (a total of 
150–225 IU) given on days 3 and 5, and 5000–7000 IU of 
hCG on day 10. Initially, the timing of oocyte maturation 
in vitro was confirmed by performing laparoscopic col-
lections of oocytes from ovarian follicles at 28 hours after 
hCG to check that they were in metaphase I (27). We then 
moved to 36 hours to aspirate mature metaphase II oocytes 
for fertilization. Those beautiful oocytes were surrounded 
by masses of viscous cumulus cells and were maturing 
exactly as predicted. We witnessed follicular rupture at 37 
hours through the laparoscope. Follicles could be classi-
fied from their appearance as ovulatory or nonovulatory, 
this diagnosis being confirmed later by assaying several 
steroids in the aspirated follicular fluids (Figure I.2).

It was a pleasure and a new duty to meet the patients 
searching for help to alleviate their infertility. We did our 
best, driving from Cambridge to Oldham and arriving at 
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noon to prepare the small laboratory there. Patrick had 
stimulated the patients with hMG and hCG, and he and his 
team led by Muriel Harris arrived to prepare for surgery.

Patrick’s laparoscopy was superb. Ovarian stimulation, 
even though mild, produced five or six mature follicles per 
patient, and ripe oocytes came in a steady stream into my 
culture medium for insemination and overnight incuba-
tion. The next morning, the formation of two pronuclei 
and sperm tails indicated fertilization had occurred, even 
in simple media, now with a near-neutral pH. Complex 
culture media, Ham’s F10 and others, each with added 
serum or serum albumin, sustained early and later cleav-
ages (28), and even more fascinating was the gradual 
appearance of morulae and then light, translucent blas-
tocysts (Figure I.3) (29). Here was my reward—growing 
embryos was now a routine, and examinations of many 
of them convinced me that the time had come to replace 
them into the mother’s uterus. I had become highly famil-
iar with the teratologic principles of embryonic develop-
ment, and knew many teratologists. The only worry I had 
was the chance of chromosomal monosomy or trisomy, 

on the basis of our mouse studies, but these conditions 
could be detected later in gestation by amniocentesis. Our 
human studies had surpassed work on all animals, a point 
that was highlighted even more when we grew blastocysts 
to day 9 after they had hatched from their zona pellucida 
(Figure I.4) (30). This beautifully expanded blastocyst 
had a large embryonic disc that was shouting that it was a 
potential source of embryonic stem cells.

When human blastocysts became available, we tried 
to sex them using the sex chromatin body as in rabbits. 
Unfortunately, they failed to express either sex chroma-
tin or the male Y body so we were unable to sex them as 
female or male embryos. Human preimplantation genetic 
diagnosis would have to wait a little longer.

During these years there were very few plaudits for us, 
as many people spoke against IVF. Criticism was mostly 
aimed at me, as usual when scientists bring new chal-
lenges to society. Criticism came not only from the Pope 
and archbishops, but also from scientists who should have 
known better, including James Watson (who testified to a 
U.S. Senate Committee that many abnormal babies would 

Figure I.1 A composite picture of the stages of fertilization of the human egg. (Upper left) An egg with a first polar body and sper-
matozoa attached to the outer zona pellucida. (Upper central) Spermatozoa are migrating through the zona pellucida. (Upper right) A 
spermatozoon with a tail beating outside the zona pellucida is attaching to the oocyte vitelline membrane. (Lower left) A spermato-
zoon in the ooplasm, with enlarging head and distinct mid-piece and tail. (Lower central) Further development of the sperm head in 
the ooplasm. (Lower right) A pronucleate egg with two pronuclei and polar bodies. Notice that the pronuclei are apparently aligned 
with the polar bodies, although more dimensions must be scored to ensure that polarity has been established in all axes.
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be born), and Max Perutz, who supported him. These 
scientist critics knew virtually nothing about my field, 
so who advised them to make such ridiculous charges? 
Cloning football teams or intelligentsia was always raised 
by  ethicists, which clearly dominated their thoughts rather 
than the intense hopes of our infertile patients. Yet one 
theologian, Gordon Dunstan, who became a close friend, 
knew all about IVF from us, and wrote an excellent book 
on its ethics. He was far ahead of almost every scientist in 
my field of study. Our patients also gave us their staunch 
support, and so did the Oldham Ethical Committee, 
Bunny Austin back home in Cambridge, and Elliott Philip, 
a colleague of Patrick’s.

Growing embryos became a routine, so we decided to 
transfer one each to several patients. Here again we were 
in untested waters. Transferring embryos via the cervical 
canal, the obvious route to the uterus, was virtually a new 
and untested method. We would have to do our best. From 
now on, we worked with patients who had seriously dis-
torted tubes or none whatsoever. This step was essential, 
since no one would have believed we had established a test-
tube baby in a woman with near-normal tubes. This had to 
be a condition of our initial work. Curiously, it led many 
people to make the big mistake of believing that we started 
IVF to bypass occluded oviducts. Yet we already knew that 
embryos could be obtained for men with oligozoospermia 
or antibodies to their gametes, and for women in various 
stages of endometriosis.

One endocrinological problem did worry me. 
Stimulation with hMG and hCG shortened the succeeding 
luteal phase, leaving only a very short time for embryos 
to implant before the onset of menstruation. Levels of 
urinary pregnanediol also declined soon after oocyte col-
lection. This condition was not a result of the aspiration 
of granulosa and cumulus cells, and luteal support would 
be needed, preferably progesterone. Csapo et al. stressed 
how this hormone was produced by the ovaries for the 
first 8–10 weeks before the placenta took over this func-
tion (31). Injections of progesterone in oil given over that 
long period of time seemed unacceptable since it would be 
extremely uncomfortable for patients. While mulling over 
this problem, my attention turned to those earlier endo-
crinologists who believed that exogenous hormones would 
distort the reproductive cycle, although I doubt they even 
knew anything about a deficient luteal phase.

This is how we unknowingly made our biggest mistake 
in the early IVF days. Our choice of Primolut® (Sigma 
Chemical Co., St. Louis, Missouri) depot, a progestogen, 
meant it should be given every five days to sustain pregnan-
cies, since it was supposed to save threatened abortions. 
So, we began embryo transfers to patients in stimulated 
cycles, giving this luteal phase support. Even though our 
work was slowed down by having to wait to see whether 
pregnancies arose in one group of patients before stimu-
lating the next, enough patients had accumulated after 
two to three years. None of our patients was pregnant, and 
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Figure I.2 Eight steroids were assayed in fluids extracted from human follicles aspirated 36–37 hours after the human chorionic 
gonadotropin (hCG) shot. The follicles had been classified as ovulating or non-ovulating by laparoscopic examination in vivo. Data 
were analyzed by cluster analysis, which groups follicles with similar features. The upper illustration shows data collected during 
the natural menstrual cycle. Note that two sharply separated groups of follicles were identified, each with very low levels of within-
group variance. Attempting to combine the two groups resulted in a massive increase of within-group variation, indicating that two 
sharply different groups had been identified. These different groups accorded exactly with the two groups identified by means of 
steroid assays. The lower figure shows the same analysis during stimulated cycles on fluids collected 36–37 hours after injecting 
hCG. With this form of stimulation, follicle growth displays considerable variation within groups. Attempts to combine all the groups 
result in a moderately large increase in variation. This evidence suggests that follicles vary considerably in their state of development 
in simulated cycles using human menopausal gonadotropin (hMG) and hCG.
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disaster loomed. Our critics were even more vociferous as 
the years passed, and the mutual support between Patrick 
and I had to pull us through.

Twenty or more different factors could have caused our 
failure; for example, cervical embryo transfers, abnormal 
embryos, toxic culture dishes or catheters, inadequate 
luteal support, incompatibility between patients’ cycles 
and that imposed by hMG and hCG, inherent weakness in 
human implantation, and many others. We had to glean 
every scrap of information from our failures. I knew Ken 
Bagshawe in London, who was working with improved 
assay methods for gonadotropic hormones. He offered to 
measure blood samples taken from our patients over the 
implantation period using his new hCG assay. He tele-
phoned: three or more of our patients previously undi-
agnosed had actually produced short-lived rises of hCG 
over this period. Everything changed with this informa-
tion. We had established pregnancies after all, but they had 
aborted very early. We called them biochemical pregnan-
cies, a term that still remains today. It had taken us almost 
three years to identify the cause of our failure, and the fin-
ger of suspicion pointed straight at Primulot. I knew it was 
luteolytic, but it was apparently also an abortifacient, and 

our ethical decision to use it had caused much heartache, 
immense loss of work and time, and despair for some of 
our patients. The social pressures had been immense, with 
critics claiming our embryos were dud and our whole pro-
gram was a waste of time; but we had come through it and 
now knew exactly what to do next.

We accordingly reduced the levels of Primulot depot, and 
utilized hCG and progesterone as luteal aids. Suspicions 
were also emerging that human embryos were very poor at 
implanting. We had replaced single embryos into most of 
our patients, rarely two. Increasingly we began to wonder 
whether more should be replaced, as when we replaced two 
in a program involving transfer of oocytes and spermatozoa 
into the ampulla so that fertilization could occur in vivo.

This procedure was later called gamete intrafallopian 
transfer (GIFT) by Ricardo Asch. We now suspected that 
single embryo transfers could produce a 15%–20% chance 
of establishing pregnancy, just as our first clinical preg-
nancy arose after the transfer of a single blastocyst in a 
patient stimulated with hMG and hCG (32). Then came 
the fantastic news—a human embryo fertilized and grown 
in vitro had produced a pregnancy. Everything seemed 
fine, even with ultrasound images. My culture protocols 

Figure I.3 Successive stages of human preimplantation development in vitro in a composite illustration made in Oldham in 1971. 
(Upper left) Four-cell stage showing the crossed blastomeres typical of most mammals. (Upper middle) Eight-cell stage showing the 
even outline of blastomeres and a small piece of cumulus adherent to the zona pellucida. (Upper right) A 16–32-cell stage showing 
the onset of compaction of the outer blastomeres. Often, blastocelic fluid can be seen accumulating between individual cells to give 
a “stripy” appearance to the embryo. (Lower left and middle) Two living blastocysts showing a distinct inner cell mass, single-celled 
trophectoderm, blastocelic cavity, and thinning zona pellucida. (Lower right) A fixed preparation of a human blastocyst at five days, 
showing more than 100 even-sized nuclei and many mitoses.
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were satisfactory after all. Patrick rang: he feared the 
pregnancy was ectopic and he had to remove it sometime 
after 10 gestational weeks. Every new approach we tested 
seemed to be ending in disaster, yet we would not stop, 
since the work itself seemed highly ethical, and conceiv-
ing a child for our patients was perhaps the most wonder-
ful thing anyone could do for them. In any case, ectopic 
pregnancies are now known to be a regular feature with 
assisted conception.

I sensed that we were entering the final phase of our 
Oldham work, seven years after it began. We had to speed 
up, partly because Patrick was close to retiring from the 
National Health Service. Four stimulation protocols were 
tested in an attempt to avoid problems with the luteal phase: 
hMG and hCG; clomiphene, hMG, and hCG to gain a bet-
ter luteal phase; bromocriptine, hMG, and hCG because 
some patients had high prolactin concentrations; and hCG 
alone at mid-cycle. We also tested what came to be known 
as GIFT, calling it oocyte recovery with tubal insemination 
[ORTI] by transferring one or two eggs and spermatozoa 
to the ampulla) (Figure I.5). Natural-cycle IVF was intro-
duced, based on collections of urine samples at regular 
intervals eight times daily, to measure exactly the onset of 
the LH surge, using a modified HiGonavis assay (Figure I.6). 
Cryopreservation was also introduced by freezing oocytes 
and embryos that looked to be in good condition when 
thawed. A recipient was given a donor egg fertilized by her 
husband’s spermatozoa, but pregnancy did not occur.

Lesley and John Brown came as the second entrants for 
natural-cycle IVF. Lesley had no oviducts. Her egg was 

aspirated in a few moments and inseminated simply and 
efficiently. The embryo grew beautifully and was trans-
ferred an hour or so after it became eight cells. Their posi-
tive pregnancy test a few days after transfer was another 
milestone—surely nothing could now prevent their 
embryo developing to full term in a normal reproductive 
cycle, but those nine months lasted a very long time. Three 
more pregnancies were established using natural-cycle IVF 
as we abandoned the other approaches. A triploid embryo 
died in utero—more bad luck. A third pregnancy was lost 
through premature labor on a mountain walking holiday, 
two weeks after the mother’s amniocentesis (32,33). It was a 
lovely, well-developed boy. Louise Brown’s birth, and then 
Alistair’s, proved to a waiting world that science and medi-
cine had entered human conception. Our critics declared 
that the births were a fake, and advised against attending 
our presentation on the whole of the Oldham work at the 
Royal College of Obstetricians and Gynaecologists.

IVF WORLDWIDE
The Oldham period was over. Good facilities were now 
needed, with space for a large IVF clinic. Bourn Hall was 
an old Jacobean house in lovely grounds near Cambridge 
(Figure I.7). The facilities on offer for IVF in Cambridge 
were far too small, so we purchased it mostly with venture 
capital. It was essential to conceive 100 or 1000 IVF babies 

Figure I.4 A hatched human blastocyst after nine days 
in culture. Notice the distinct embryonic disc and the pos-
sible bilaminar structure of the membrane. The blastocyst has 
expanded considerably, as shown by comparing its diameter 
with that of the shed zona pellucida. The zona contains dying 
and necrotic cells and its diameter provides an estimate of the 
original oocyte end embryo diameters.
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Figure I.5 The first attempts at gamete intrafallopian trans-
fer (GIFT) were called oocyte recovery with tubal insemina-
tion (ORTI). In this treatment cycle, using human menopausal 
gonadotropin (hMG) and human chorionic gonadotropin 
(hCG), including additional injections of hCG for luteal support, 
a single preovulatory oocyte and 1.6 million sperm were trans-
ferred into the ampulla. Return to menstruation (RTM) indicates 
stages of the menstrual cycle. Abbreviations: LMP, last menstrual 
period; ODGH, Oldham and District General Hospital.
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to ensure that the method was safe and effective clinically. 
The immense delays in establishing Bourn Hall delayed our 
work by two years after Louise’s birth. Finally, on minimal 
finance, Bourn Hall was opened in September 1980 on a 
shoestring, supported by our own cash and loans. The delay 
gave the rest of the world a chance to join in IVF. Alex Lopata 
delivered an IVF baby in Australia, and one or two others 

were born elsewhere. Natural-cycle IVF was chosen initially 
at Bourn Hall since it had proved successful in Oldham, 
and we became experts in it. Pregnancies flowed, at 15% per 
cycle. An Australian team of Alan Trounson and Carl Wood 
announced the establishment of several IVF pregnancies 
after stimulation by clomiphene and hCG and replacing 
two or three embryos (34), so they had moved ahead of us 
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Figure I.6 Recording the progress of the human natural menstrual cycle for in vitro fertilization (IVF). Three patients are illus-
trated. All three displayed rising 24-hour urinary estrogen concentrations during the follicular phase and rising urinary pregnanediol 
concentrations in the luteal phase. Luteinizing hormone (LH) levels were measured several times daily and the data clearly reveal 
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Figure I.7 Bourn Hall (courtesy of Dr. P Brinsden).
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during the delayed opening of Bourn Hall. Our own effort 
now expanded prodigiously. Thousands of patients queued 
for IVF. Simon Fishel, Jacques Cohen, and Carol Fehilly 
joined the embryology team among younger trainees, and 
new clinicians joined Patrick and John Webster. Patients 
and pregnancies increased rapidly, and the world was left 
standing far behind. Howard and Georgeanna Jones began 
in Norfolk using gonadotropins for ovarian stimulation. 
Jean Cohen began in Paris, Wilfred Feichtinger and Peter 
Kemeter in Vienna, Klaus Diedrich and Hans van der Venn 
in Bonn, Lars Hamberger and Matts Wikland in Sweden, 
and Andre van Steirteghem and Paul Devroey in Brussels. 
IVF was now truly international.

The opening of Bourn Hall had not deterred our critics. 
They put up a fierce rearguard action against IVF, along-
side LIFE, Society for the Unborn Child, individual gyne-
cologists, and others.

Objections raised against IVF included low rates of 
pregnancy (no one mentioned the similar low rates of 
pregnancy with natural conception), the possibilities of 
oocyte and embryo donation, surrogate mothers, unmar-
ried parents, one-sex parents, embryo cryopreservation, 
cloning, and endless other objections.

LIFE issued a legal action against me for the abortion 
of an embryo grown for 14 days and longer in vitro. Their 
action was rejected by the U.K. Attorney General since 
the laws of pregnancy began after implantation. We fully 
respected the intense ethical nature of our proceedings. 
We also recognized the need for research, and the neces-
sity to protect or cryopreserve the best embryos for later 
replacement into their mothers. Those not replaced had to 
be used for research under strict controls, combined with 
open publication and discussion of our work.

Each year, 1000—rising to almost 2000—patients 
passed through Bourn Hall. Different stimulation regi-
mens or new procedures could be tested in very little time.

Clomiphene/hMG was reintroduced. Bourn babies 
increased: 20, 50, 100–1000 after five to six years. This 
was far more than half of the world’s entire IVF babies, 
including the first born in the U.S.A., Germany, Italy, and 
many other countries. Detailed studies were performed 
on embryo culture, implantation, and abortion. We even 
tried aspirating epididymal spermatozoa for IVF, without 
achieving successful fertilization.

Among the immense numbers of patients, people with 
astonishingly varied conditions of infertility emerged. 
Some were poor responders in whom immense amounts 
of endocrine priming were essential, some were women 
with a natural menstrual cycle that was not as it should 
have been, some had previous misdiagnoses that had laid 
the cause of infertility on the wife when the husband had 
never even been investigated, and some were men bringing 
semen samples that we discovered had been obtained from 
a friend. The collaboration between nurses, clinicians, and 
scientists was remarkable. Yet trouble—ethical trouble—
was never far away. I purchased a freezing machine to 
resume our Oldham work, but, unknown to me, Patrick 
talked to officers of the British Medical Association (BMA) 

and for some reason agreed to delay embryo cryopreserva-
tion. Apparently, the BMA felt it would be an unwelcome 
social development. I did not approve of these reservations: 
David Whittingham had shown how low-temperature 
cryostorage was successful with mouse embryos, without 
causing genetic damage. “Freezing and cloning” became 
a term of intense approbation at this time. I unwillingly 
curtailed our cryopreservation program.

One weekend, major trouble erupted as a result of this 
difference between Patrick and me. My duties in Bourn 
Hall prevented me from attending a conference in London. 
Trying to be helpful, I telephoned my lecture to London. 
Reception at the other end was apparently so poor as to 
lead to misinterpretations of what I had said. Next morn-
ing, the press furor about my supposed practice of cryo-
preserving embryos after IVF was awful; so bad, indeed, 
that legal action had to be taken. Luckily, my lecture had 
been recorded, and listening to the tapes with a barrister 
revealed nothing contentious. I had said nothing improper 
in my lecture or during the question-and-answer session. 
That day, I issued seven libel actions against the cream of 
British society: the BMA and its secretary, the BBC, The 
Times, and other leading newspapers. There were seven in 
one day and another one later! If only one was lost, I could 
be ruined and disgraced. However, they were all won, even 
though it took several years with the BMA and its secre-
tary. These legal actions had inhibited our research, with 
the cryopreservation program being shut down for more 
than a year. Every single embryological note of mine from 
those days in Oldham and from Bourn Hall was examined 
in detail for my opponents by someone who was clearly an 
embryologist. Nothing was found to incriminate me.

That wretched period passed. The number of babies 
kept on growing, embryo cryopreservation was resumed, 
and Gerhard Zeilmaker in The Netherlands beat us and 
the world to the first “ice” baby (35). Colin Howles and 
Mike McNamee joined us in endocrinology and Mike 
Ashwood-Smith and Peter Holland’s joined us in embry-
ology as the old team faded away. Fascinating days had 
returned. Working with barristers, we designed consent 
forms that were far in advance of those used elsewhere. 
Oocyte donation and surrogacy by embryo transfer were 
introduced. The world’s first paper on embryo stem cells 
appeared in Science in 1984, sent from Bourn Hall, and 
the world’s first paper on human preimplantation diagno-
sis in 1987 appeared in Human Reproduction. However, 
embryo research faltered as all normal embryos were cryo-
preserved for their parents, so almost none were available 
for study. Alan Handyside, one of our Cambridge PhDs, 
joined Hammersmith Hospital in London to make major 
steps in introducing preimplantation genetic diagnosis 
(36). As we reached 1000 pregnancies, our data showed the 
babies to be as normal as those conceived in vivo.

Test-tube babies (an awful term) were no longer unique 
and were accepted worldwide, exactly as Patrick and I 
had hoped. Our work was being recognized (Figure I.8). 
Clinics sprang up everywhere. Ultrasound was introduced 
to detect follicles for aspiration by the Scandinavians (37), 
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making laparoscopy for oocyte recovery largely redun-
dant. Artificial cycles were introduced in Australia and 
intracytoplasmic sperm injection (ICSI) was introduced 
in Belgium (38), and gonadotropin-releasing hormone 
agonists were used to inhibit the LH surge. Ian Craft in 
London showed how postmenopausal women aged 52 
or more could establish pregnancies using oocyte dona-
tion and endocrine support. Women over 60 years of age 
conceived and delivered children. This breakthrough was 
especially welcome to me, since older women surely have 
the right to have children at ages almost the same as those 
possible for men.

Ethics continued side by side with advancing science 
and medicine. The U.K. governmental Warnock report 
recommended permitting embryo research and proposed 
a Licensing Authority for IVF. A year or so later, the U.K. 
House of Lords, in all its finery, responded with a 3:1 
vote in favor, decisive support for all we had done in Mill 
Hill, Cambridge, and Oldham. What a wonderful day! 
The British House of Commons passed a liberal IVF law 
after intense debate, and so did the Spanish government, 
although elsewhere things were not so liberal. Ten years 
after the birth of Louise Brown, the British Parliament 
had therefore accepted IVF, research on human embryos 
until day 14, and establishing research embryos. Cloning 
and embryo stem cells still bothered the politicians of 
1988, only to re-emerge in 1998, gray shadows of my ear-
lier times in Glasgow. IVF had also become fundamental 
to establishing embryonic stem cells for organ repair, or 
cloning. During all this activity, tragedy struck all of us in 
Bourn Hall. Jean Purdy died in 1986 and Patrick Steptoe 
in 1988. They at least saw IVF come of age.

By the 1990s, burgeoning medical science was digging 
deeper into endless aspects of human conception in vitro. 
The intracytoplasmic injection of a single spermatozoon 
into an oocyte to achieve fertilization, ICSI, was one of 
the greatest advances since IVF was introduced. It trans-
formed the treatment of male infertility, enabling severely 
oligozoospermic men to father their own children. It did 

not stop there, since epididymal spermatozoa and even 
those aspirated from the testis could be used for ICSI. 
Spermatids have also been used. ICSI became so simple 
that many clinics reduced IVF to fewer and fewer cases. 
New gonadotropin-releasing hormone antagonists intro-
duced novel ways to control the cycle, enabling many 
oocytes to be stimulated by hMG and, subsequently, by 
using recombinant human FSH. Treatment in the natural 
cycle could be improved, since these antagonists control 
LH levels and prevent premature LH surges. My own inter-
ests were returning to embryology, as the molecular biol-
ogy revolution influenced our thinking. I am convinced 
that the oocyte and egg must be highly programmed, 
timewise, in embryonic polarities and integrating genetic 
systems such that the tight systems place every new gene 
product in its right place in the one-cell egg and cleaving 
embryo. This must be right; there can surely be no other 
explanations for the fabulous modification in embryonic 
growth in the first week or two of embryonic life. I have 
been delighted to work with Chris Hansis on identifying a 
gene (for hCG-®) in one blastomere of four- and eight-cell 
human embryos, providing evidence of blastomere differ-
entiation at this early stage of embryogenesis (39).

This topic returns me to my scientific origins study-
ing mouse embryos in the Institute of Animal Genetics 
in Edinburgh, where Waddington reported the amazing 
story of the gene Aristapedia in Drosophila, which he had 
induced to grow legs in place of eyes. These unusual flies 
then bred true, showing he had uncovered a gene that had 
been silenced for millions of years and how this could be an 
essential component of normal differentiation. He called it 
epigenesis, and we fear today that some aspects of IVF may 
lead to deleterious epigenetic changes in children such as 
Angelman or Beckwith–Wiedemann syndrome. Risks of 
epigenetic changes in cattle embryos and those of other 
species may be heightened by adding serum to media used 
to culture embryos to cause, for example, large-calf syn-
drome. It would be wise to be well aware of these findings 
when practicing human IVF; for example, by assessing the 
role of sera in human culture media.

IVF OUTLOOK
In one sense, opening up human conception in vitro was 
perhaps among the first examples of applied science in 
modern “hi tech.” Human IVF has since spread through-
out the world, with apparently more than 3.5 million such 
babies born worldwide by 2008—yet Louise Brown is only 
just 30 years of age. The need for IVF and its derivatives 
is greater than ever, since up to 10% of couples may suffer 
from some form of infertility. Major advances in genetic 
technologies now identify hundreds of genes in a single 
cell, and diagnosing genetic disease in embryos promises 
to help avoid desperate genetic diseases in newborn chil-
dren. Indeed, the ethics of this field have now become even 
more serious, since the typing of embryo genotypes pro-
vides detailed predictions of future life and health.

IVF has now combined closely with genetics to elimi-
nate disease or disability genes, or lengthen the life span. 

Figure I.8 A happy picture of Patrick and I, standing in our 
robes after being granted our Hon. DSc by Hull University.
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But most of all, practicing IVF teaches a wider under-
standing of the desire and love for a child and a partner, 
the wonderful and ancient joys of parenthood, the pain of 
failure, and the deep motivation needed in donating and 
receiving an urgently needed oocyte or a surrogate uterus. 
Parenthood is more responsible than ever before. Its com-
plex choices are gathered before couples everywhere by 
the information revolution, placing family responsibilities 
on patients themselves, where it really matters. And IVF 
now reveals more and more about miracles preserved in 
embryogenesis from flies and frogs to humankind, over 
600 million years of evolution.

The Human Genome Project is now complete and will 
inevitably assist IVF since we will soon understand the 
genetic aspects of early embryo growth and how to detect 
abnormal genes in embryos. This textbook contains chap-
ters that describe in detail the several advances and devel-
opments that have expanded the possibilities of treating 
diverse causes of human infertility as well as numerous 
genetic disorders.

Already it is clear that a staggering array of genes oper-
ate in preimplantation stages in mammalian including 
human embryos, and new methods are being introduced 
to deal with such highly multigenic embryonic systems. 
We are indeed enmeshed in a field embracing some of the 
most fundamental evolutionary stages of our existence as 
we pass from oocyte to blastocyst and to implantation.
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Robert G. Edwards and the thorny path 
to the birth of Louise Brown: A history of 
in vitro fertilization and embryo transfer
MARTIN H. JOHNSON MA, PHD, FRCOG, FRSB, FMEDSCI, FRS

INTRODUCTION
Robert G. Edwards was awarded the 2010 Nobel Prize for 
Physiology or Medicine “for the development of in vitro 
fertilization” (1). There is a variety of accounts of the events 
leading up to this discovery and its acceptance, most of 
them by participants (2), but historical scholarship is rarer 
(3). This article is based on research undertaken partly 
in preparation for the introductory lecture to the Nobel 
Symposium celebrating the award of the 2010 Nobel Prize 
in Physiology or Medicine to Robert G. Edwards, and 
partly conducted since then. It is based on a paper pub-
lished originally in 2011 (1), but adds considerably to that 
paper by use of verifiable sources to produce a historical 
narrative of the path to in vitro fertilization (IVF) and the 
birth of Louise Brown that differs in a number of places 
from the conventionally accepted version and adds further 
detail. It tries to make clear what a difficult birth IVF had, 
something often overlooked by current practitioners.

Primary sources used were the publications by Edwards 
and Steptoe between the 1950s and 1980s; the National 
Archives, the archives of the Royal Society of Medicine, 
Cambridge University, the British Medical Association, 
Churchill College, Cambridge, the Physiology Library at 
Cambridge, the National Institute for Medical Research 
(NIMR) at Mill Hill and the personal papers of Robert G. 
Edwards (courtesy of the Edwards family); transcripts of 
interviews with Robert G. Edwards (unpublished), with K. 
Elder and R.L. Gardner (available from the British Library 
Oral History Section), and with Grace MacDonald (4), 
Noni Fallows, Sandra Corbertt, and John Webster (5); 
personal recollections from the late 1970s by Edwards 
and Steptoe as recalled in interviews with Danny Abse for 
the autobiographical account A Matter of Life and on film 
with Peter Williams; and members of Robert G. Edwards’ 
family and his colleagues and former students and staff 
members for clarificatory evidence about personal recol-
lections by Edwards, for additional verifiable information 
and with whom to test some new interpretations.

CHILDHOOD BACKGROUND
Robert G. Edwards was born on September 27, 1925 into 
a working-class family in the small Yorkshire mill town 
of Batley. Edwards, who was known by his middle name 
of Geoff until he was 18, was the second of three broth-
ers, between an older brother, Sammy, and the younger, 
Harry (2). Sammy was named after his father, Samuel, 

who was frequently away from home working on the 
railways, maintaining the track in the Blea Moor tun-
nel on the Carlisle–Settle line. It was an unhealthy place 
to work, filled with coal-fired smoke that exacerbated 
Samuel’s bronchitis, a consequence of being gassed in 
World War I. Edwards’ mother, Margaret, was a machin-
ist in a local mill. She came originally from Manchester, 
to where the family relocated when Edwards was about 
five, having been offered the relative security of a coun-
cil house in the suburb of Gorton. It was in Manchester 
that Edwards received his education: bright working-
class children could take a scholarship exam at age 10 or 
11 to compete for the few coveted places at a grammar 
school, the potential pathway out of poverty and even 
to university. All three brothers passed the exam, but 
Sammy decided against grammar school, preferring to 
leave education as soon as he could to earn. His mother 
was reportedly furious at this wasted opportunity, and 
so when her two younger sons passed the exam, there 
was no doubting that they would continue in education, 
and so it was that that Geoff/Bob progressed in 1937 
to Manchester Central Boy’s High School, which also 
claims James Chadwick FRS (1891–1974) as an alumnus. 
Chadwick, like Edwards, became a Cambridge professor 
and was awarded the 1935 Nobel Prize in Physics for dis-
covering the neutron (6). The Edwards family’s summers 
were spent in the Yorkshire Dales, to where their mother 
took her sons to be closer to their father’s place of work. 
There, Edwards labored on the farms and developed an 
enduring affection for the Dales. These early experiences 
were formative for Edwards in three ways. Thus, Edwards 
became a life-long egalitarian, for five years a Labour 
Party councilor and almost selected as the Labour parlia-
mentary candidate for Cambridge (7), willing to listen to 
and talk with all and sundry, regardless of class, educa-
tion, status, and background. Second he also developed 
an enduring curiosity about agricultural and natural his-
tory and especially the reproductive patterns among the 
Dales’ sheep, pigs, and cattle. Finally, he claimed great 
pride in being a “Yorkshire man,” traditionally having 
attributes of affability and generosity of spirit combined 
with no-nonsense blunt speaking. Indeed, following his 
only meeting with Gregory Pincus (1903–1967 [8]) at a 
conference in Venice in May 1966, at which Edwards, 
the young pretender, clashed with the “father of the pill” 
over the timing of egg maturation in humans, he paid 
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Pincus the biggest compliment he could then imagine, 
saying, “He would have made a fine Yorkshireman!” (2).

The intervention of World War II provided an unwel-
come interruption to Edwards’ education, for, after leav-
ing school in 1943, he was conscripted for war service 
into the British Army for almost four years (Figure II.1). 
To his surprise, as someone from a working-class family, 
he was identified as potential officer material and sent on 
an officer-training course, before being commissioned in 
1946. However, his army experiences were broadly nega-
tive, the alien lifestyle of the officers’ mess reinforcing his 
socialist ideals. The one positive feature of his war service 
was the chance to travel overseas; he particularly appreci-
ated his time in the Middle East. The years in the army 
were broken by nine months’ compassionate leave back in 
the Yorkshire Dales, for which he was released to help run 
a farm when his farmer friend there fell ill. So engaged did 
he become in farming life that, after discharge from the 
army in 1948, he returned home to Gorton, from where 
he applied to read agricultural sciences at the University 
College of North Wales at Bangor and gained both a place 
and a government grant to fund it. However, he was disap-
pointed in the course offered at Bangor, describing it as not 
“scientific,” and he was bored through two tedious years 
of agricultural descriptions. For his third year, he trans-
ferred to zoology, a course much more to his style and led 
by the more intellectually challenging Rogers Brambell 
FRS (1901–1970 [9]). However, that year was insufficient to 
salvage his honors degree, and in 1951, aged 26, he gained 
a simple pass. Unbeknown to him at the time, he was not 
alone in this undistinguished academic embarrassment, 
as neither “Tibby” Marshall FRS (1878–1949 [10]), the 
founder of the reproductive sciences, nor Sir Alan Parkes 

FRS (1900–1990 [11]), the first Professor of Reproductive 
Sciences at Cambridge, who was later to recruit Edwards 
there, distinguished themselves as undergraduates. In 
1951, however, Edwards “was disconsolate. It was a disas-
ter. My grants were spent and I was in debt. Unlike some 
of the students I had no rich parents … I could not write 
home, ‘Dear Dad, please send me £100 as I did badly in the 
exams’” (2).

However, his low spirits did not last long. He learnt that 
John Slee (12), a life-long friend he had made at Bangor, 
had been accepted on a postgraduate diploma course in 
animal genetics at Edinburgh University under Conrad 
Waddington FRS (1905–1975 [13]), who had moved 
there in 1947 from Christ’s College in Cambridge, home 
also to both Marshall and Parkes. Edwards applied and, 
despite his pass degree and to his amazement, he was 
accepted. That summer, he worked harvesting hay, porter-
ing bananas, heaving sacks of flour, and in a menial job 
with a newspaper, all to earn enough to pay his way in 
Edinburgh (2).

FAMILY LIFE
In Edinburgh, Edwards not only started to map out his 
scientific career, but importantly also met Ruth Fowler 
(Figure II.2), who was to become his life-long scientific 
collaborator and whom he was to marry in 1954, with their 
five daughters arriving between 1959 and 1964. When 
they met, Edwards claims that he was initially somewhat 
overwhelmed, even “intimidated” by Ruth’s august fam-
ily background. Her father, Sir Ralph Fowler FRS (1889–
1944 [14]), and her maternal grandfather, Lord Ernest 
Rutherford FRS (1871–1937 [15]), were not only both 
“titled,” but both also had the most impressive academic 
credentials imaginable: a world away from a working-
class Northern family. Ralph Fowler was an exceptionally 
talented Plummer Professor of Mathematical Physics in 
Cambridge from 1932 to 1944 (14). Back in Cambridge in 
1919 after World War I, he was stimulated to work with 
Rutherford, who had recently arrived there to take the 
chair of Experimental Physics. Rutherford was the first 
Nobel laureate in Ruth’s family, having been awarded the 
1908 Nobel Prize for Chemistry “for his investigations 

Figure II.1 Edwards on National War Service in the 1940s 
(courtesy of the Edwards family).

Figure II.2 Ruth Fowler in the laboratory, Edinburgh, in the 
1950s (courtesy of the Edwards family).
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into the disintegration of the elements, and the chemis-
try of radioactive substances” (15). Ralph Fowler not only 
worked under Rutherford, but, in the course of doing so, 
met his only daughter, Eileen, whom he married in 1921. 
They had four children, of whom Ruth was the last, born 
in December 1930. Tragically her mother died shortly 
afterwards and her father, although himself unwell, 
undertook such grueling high-security war work, much 
of it away in North America, that his health deteriorated 
and he died at the relatively young age of 55 when Ruth 
was 13. Thus, Ruth was to know only Mrs. Phyllida Cook 
as her parent (14).

EDWARDS, THE RESEARCH SCIENTIST
The intellectual spirit of scientific enquiry that Edwards 
experienced in Edinburgh fitted his aptitudes well, for 
Waddington rewarded his Diploma year with a three-year 
PhD place (1952–1955), followed by two years of postdoc-
toral research, and funded it with a salary of the princely 
sum of £240 per year (2). His chosen field of research was 
the developmental biology of the mouse. Edwards real-
ized that to understand development involved engaging 
in an interdisciplinary mix, not just of embryology and 
reproduction—the conventional view at the time—but 
also of genetics. Given the increasing scientific and social 
emphasis on genetics over the last 50 years, it is important 
to understand how advanced this view was in the 1950s, 
when genetic knowledge was still rudimentary and largely 
alien to the established developmental and reproduc-
tive biologists of the day, as Edwards himself was later to 
recall (16). For example, it was in the 1950s that DNA was 
established as the molecular carrier of genetic informa-
tion (17–20), that it was first demonstrated that each cell 
of the body carried a full set of DNA/genes (21–23), and 
that genes were selectively expressed as mRNA to gener-
ate different cell phenotypes (24). Moreover, it was only by 
the late 1950s that cytogenetic studies led to the accepted 
human karyotype as 46 chromosomes (25,26), that agree-
ment was reached on the Denver system of classification 
of human chromosomes (27), and that the chromosomal 
aneuploidies underlying developmental anomalies such as 
Down, Turner, and Klinefelter syndromes were described 
(28–31). The dates of these discoveries make Edwards’ 
research between 1952 and 1957 all the more remarkable. 
Working under his supervisor Alan Beatty, he generated 
haploid, triploid, and aneuploid mouse embryos and stud-
ied their potential for development. In order to undertake 
what were, in effect, early attempts at “genetic engineer-
ing” in mammals, he needed to be able to manipulate the 
chromosomal composition of eggs, spermatozoa, and 
embryos.

In mice, spermatozoa were abundant, and were stud-
ied in experiments mostly undertaken with a visit-
ing Argentinean postdoc, Julio Sirlin (Figure II.3) (2). 
Together they labeled spermatozoa radioactively in vivo in 
order to study the kinetics of spermatogenesis and then to 
follow the radioactive products post-fertilization, thereby 
to demonstrate the fate of the male contributions during 

early development. They also exposed males and/or their 
spermatozoa to various chemical mutagens and UV or 
x-ray irradiation, and examined the effects on sperm-fer-
tilizing capacity and, where it was shown to be present, 
how the treatments impacted on development. In some 
cases, sperm activation of the egg was evident, but in the 
absence of any functional sperm chromatin, and so gyno-
genetic embryos were formed. These experiments resulted 
in 14 papers, including four in Nature, between 1954 and 
1959 (see Gardner and Johnson [32] for a full bibliographic 
record of Edwards).

Eggs and embryos were not as abundant as sperma-
tozoa, and overcoming this problem led Edwards to two 
discoveries that proved to be of particular significance for 
his later IVF work. First, working with his wife Ruth, he 
devised ways of increasing the numbers of synchronized 
eggs recoverable from adult female mice through a series 
of papers, the first published in 1957 (33), on the control 
of ovulation induced by use of exogenous hormones. In 
doing so, they overturned the conventional wisdom that 
superovulation of adults was not possible. Second, work-
ing with an American postdoc, Alan Gates (34), Edwards 
described the remarkable timed sequence of egg chromo-
somal maturation events that led up to ovulation after 
injection of the ovulatory hormone, human chorionic 
gonadotropin.

His six years in Edinburgh, between 1951 and 1957, 
give an early taste of his prodigious energy, resulting in 38 
papers (32). Indeed, so productive was this period that the 
last of the Edinburgh-based papers did not appear in print 
until 1963. These papers firmly placed the young Edwards 
at the forefront of studies on the genetic manipulation of 
development and started to attract attention. It was also 
in Edinburgh that Edwards’ interest in ethics was first 
sparked by the interdisciplinary debates among scientists 
and theologians that Waddington organized, and, as a 
result, he went on what he describes as a “church crawl,” 
trying the 10 or so variants of Christianity on offer in 
1950s Edinburgh. He did not emerge from his consumer 
testing “God-intoxicated” (2), but convinced that man 
held his own future in his own hands. Edwards’ humanist 
ethical sympathies and antipathy to the “revealed truths” 

Figure II.3 Julio Sirlin with Edwards in the 1950s (courtesy 
of Julio Sirlin).
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of religion were to be developed further in all his later 
encounters (32).

AN AMERICAN DIVERSION
These 1950s studies in science and ethics were to form 
the platform on which Edwards’ later IVF work was to be 
based, but before that his interests and life took a diver-
sion to the California Institute of Technology for the year 
1957–1958. He describes his year at Caltech as being “a 
bit of a holiday,” but it was a holiday that with hindsight 
had both distracting and significant consequences. He 
went there to work with Albert Tyler (1906–1968 [35]), an 
influential elder statesman of American reproductive sci-
ence, working on spermatozoon–egg interactions. Caltech 
was then a hotbed of developmental biology, and Tyler had 
clustered around him an exciting group of young scien-
tists, which included that year a visit by the then English 
doyen of fertilization, Lord Victor Rothschild FRS (1910–
1990 [36]). Rothschild was later to clash scientifically with 
Edwards over his IVF work (37), a clash in which the 
younger man triumphed again (38), just as he had with 
Pincus. Tyler was exploring the molecular specificity of 
egg–spermatozoon interactions and had turned for a 
model to immunology. Immunology was then at an excit-
ing phase in its development, with the engaging Sir Peter 
Medawar FRS (1915–1987, Nobel laureate in Physiology or 
Medicine, 1960 [39]), influentially for Bob, extending his 
ideas on immunological tolerance to the paradox of the 
“fetus as an allograft”: a semi-paternal graft nonetheless 
somehow protected from maternal immune attack inside 
the mother’s uterus (40). This confluence of reproduction 
and immunology excited Edwards’ restless curiosity and 
hence the choice of Tyler. Significantly, the subject also 
offered funding possibilities via the Ford and Rockefeller 
Foundations and the Population Council, which were 
increasingly concerned about world population growth 
and the need for better methods to control fertility (41–
43). Immuno-contraception then seemed to offer tantaliz-
ingly specific possibilities, alas not much closer to being 
realized today (44).

So when Edwards returned to the United Kingdom 
from Caltech in 1958 at Alan Parkes’ invitation to join him 
at the Medical Research Council (MRC) National Institute 
for Medical Research (NIMR) in north London, it was to 
work on the science of immuno-contraception (7). This 
period in the U.S.A. initiated a series of 23 papers on the 
immunology of reproduction between 1960 and 1976 (32). 
It also prompted Edwards’ first involvement in found-
ing an international society in 1967 in Varna, Bulgaria, 
when the International Coordinating Committee for the 
Immunology of Reproduction was created (45). Immuno-
reproduction was, in retrospect, to prove a distracting 
diversion from what was to become Edwards’ main work, 
albeit one that continued to enthuse and stimulate his 
imagination for many years. Indeed, it was his research 
into immuno-reproduction that led serendipitously to his 
first meeting with Patrick Steptoe (see later). The period 
at Mill Hill, between 1958 and 1962, seems to have been 

a period of increasing intellectual conflict for him. While 
being enthusiastic about the science underlying immuno-
contraception, his old interests in eggs, fertilization, and, 
in particular, the genetics of development were gradually 
reasserting themselves. His day job was therefore increas-
ingly supplemented by evening and weekend flirtations 
with egg maturation.

THE CRUCIAL EGG MATURATION STUDIES
The stimulus that reawakened Edwards’ interest in eggs 
was provided by the then recent consensus about the 
number of human chromosomes and, more particularly, 
the descriptions in 1959 of the pathologies in man that 
resulted from chromosomal anomalies (28–31). Thus, his 
1962 Nature paper begins: “Many of the chromosomal 
anomalies in man and animals arise through non-dis-
junction or lagging chromosomes during meiosis in the 
oocyte. Investigation of the origin and primary incidence 
of such anomalies would be greatly facilitated if mei-
otic stages etc., were easily available” (46). The idea that 
these aneuploidies in humans might result from errors in 
the complex chromosomal dance that he and Gates had 
observed in maturing mouse eggs drove his thinking. The 
possible clinical relevance of his work on egg maturation 
and aneuploidy in the mouse was becoming significant. 
So Edwards resumed his experimenting with mice, try-
ing to mimic in vitro the in vivo maturation of eggs, one 
rationale being that this route would open the possibility 
of similar studies in humans, in which not even induced 
ovulation had then been described (47). He tried releas-
ing the immature mouse eggs from their ovarian follicles 
into culture medium containing the ovulatory hormone 
human chorionic gonadotropin, to explore whether he 
could simulate their in vivo development. Amazingly, he 
found it worked first time; the eggs seemed to mature at 
the same rate as they had in vivo. However, they did so 
whether or not the hormone had been added. The eggs evi-
dently were maturing spontaneously when released from 
their follicles. The same happened in rats and hamsters. If 
this were to happen in humans too, then the study of the 
chromosomal dance during human egg maturation was a 
realistic practical possibility, as was IVF and thereby stud-
ies on the genetics of early human development. Edwards’ 
excitement at seeing eggs mature spontaneously was tem-
porarily blunted by his library discovery that Pincus in the 
1930s (48,49) and M.C. Chang (1908–1991 [50,51]) earlier 
in the 1950s had been there before him, using both rabbit 
and, Pincus claimed, human eggs.

In order to pursue his cytogenetic studies on the matu-
ration of human eggs, he needed a reliable supply of human 
ovarian tissue from which to retrieve and mature eggs. 
This requirement posed difficulties for a scientist with no 
medical qualification, given the elitist attitudes and lack 
of scientific awareness then prevalent amongst most of the 
U.K. gynecological profession (3,52,53). His first break-
through came with Molly Rose, who was a gynecologist 
at the Edgware General Hospital, northwest London, near 
Mill Hill. Edwards was introduced to her through John 
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Humphrey FRS (1915–1997 [54]), who was the medically 
qualified Head of Immunology at Mill Hill. Humphrey, 
notwithstanding his more privileged social background, 
was a kindred spirit for Edwards, sharing his passion for 
science, its social application and utility, as well as his left-
wing politics; indeed, he had been a Marxist until 1940 
and was for many years denied entry to the U.S.A. in con-
sequence. Edwards asked Humphrey if he knew anyone 
who might be helpful, and he not only suggested Rose, but 
also offered to arrange an introduction. Rose was to pro-
vide biopsied ovarian samples intermittently for the next 
10 years.

Between 1960 and 1962, Edwards used human ovar-
ian biopsies provided by Rose to try to repeat and extend 
Pincus’ observations from the 1930s. Given the sporadic 
supply of human material, he also tried dog, monkey, and 
baboon ovarian eggs, but in all cases with limited success 
compared with smaller rodents. In the 1962 Nature paper 
(46), he cautiously interprets the few maturing human 
(3/67), monkey (10/56), and baboon (13/90) eggs that he 
had observed as most likely arising from in  vivo stimu-
lation, rendering them partially matured at the time of 
their recovery from the biopsy. He suggests that Pincus’ 
observations on human eggs are also likely to be simi-
larly artefactual, the source of his Venice spat with Pincus 
some four years later (vide supra). This 1962 paper ends 
with the report of an ingenious experimental approach 
to try and persuade the reluctant human eggs to mature. 
Thus, the ovarian arteries of patients undergoing ovarian 
removal were cannulated and perfused with hormones 
post-removal, perhaps unsurprisingly in retrospect, with-
out success.

However, by this time, his quest for human eggs, and 
his dreams of IVF and studying the genetics and develop-
ment of early human embryos, had reached the ears of the 
then Director of the Institute, Sir Charles Harington FRS 
(1897–1972 [55]), who, Edwards alleged (2), banned any 
work on human IVF at NIMR. Alan Parkes was no longer 
able to defend Edwards, having left in 1961 to take up his 
chair in Cambridge and, although he had asked Edwards 
to join him there, funding was not available until 1963. 
So by the time Edwards left Mill Hill in 1962 for a year in 
Glasgow, he had encountered a taste of the opposition to 
human IVF that was to come.

GLASGOW AND STEM CELLS
Edwards had accepted an invitation from John Paul to 
spend a year in the biochemistry department at Glasgow 
University. Paul was then the acknowledged master of tis-
sue culture in the U.K. and had got wind of some experi-
ments that Edwards had been doing at NIMR attempting 
to generate stem cells from rabbit embryo cultures (56,57). 
The objective of this strategy was to use these stem cells to 
study early developmental mechanisms, either in vitro or 
in vivo after their incorporation into embryos. Paul had 
proposed that they work together, with fellow Glasgow 
biochemist Robin Cole, to see what progress might be 
made. This must have been an attractive invitation, not 

simply because the challenge was scientifically interesting, 
but also because Edwards could learn more about culture 
media for his eggs and hopefully later embryos, then an 
uncertain prospect, with successful mouse embryo culture 
only recently having been described (58). However, by this 
time, the Edwards family was growing, so Ruth remained 
in north London with their young daughters, while her 
husband commuted to Glasgow for the working week.

The collaboration was to result in two papers (56,57), 
remarkable for their prescience. They described the pro-
duction of embryonic stem cells from both rabbit blasto-
cysts and the inner cell masses dissected from them. The 
cells were capable of proliferating through over 100 gener-
ations and of differentiating into various cell types. These 
experiments were initiated some 20 years before Evans 
and Kaufman (59) described the derivation of embry-
onic stem cells from mice. That this work has largely been 
ignored by those in the stem cell field is probably mainly 
attributable to its being too far ahead of its time (60). Thus, 
reliable molecular markers for different types of cells were 
not available then, nor were appropriate techniques with 
which to critically test the developmental potential of the 
cultured cells.

THE MOVE TO CAMBRIDGE
Edwards arrived in Cambridge from Glasgow in 1963 as a 
Ford Foundation Research Fellow, and settled with Ruth 
and his five daughters in a house in Gough Way, off the 
Barton Road. He had previously visited Cambridge at least 
once, as “a recently graduated PhD” in the late 1950s for a 
conference on reproduction held in Trinity College (Figure 
II.4), where he recalls meeting some of the big names in 
the subject, including John Hammond, Alan Parkes, M.C. 
Chang, Thaddeus Mann, Rene Moricard, Bunny Austin, 
and Charles Thibault (16). Although Edwards was to 
remain in Cambridge for the rest of his career, in 1963 his 
initial reactions to the place were mixed. He describes how 
he immediately reacted against the then extant “misogy-
nist public-school traditions; the exclusivity,” “the privi-
leges given to the already privileged.” But he set against 
that the “sheer beauty of the place,” “the concern with the 
truth and high seriousness,” “the ambience of scientific 
excellence … I was surrounded by so many talented young 
men and women” (2).

Edwards worked in a cluster of seven smallish rooms 
at the top of the Physiological Laboratory backing onto 
Downing Place, which were collectively known as the 
“Marshall laboratory” and were to be shared eventually 
with two other groups. One group was led initially by Sir 
Alan Parkes, the first Mary Marshall, and Arthur Walton, 
Professor of Reproductive Physiology at the University 
(11), who had arrived in 1961. His group included scien-
tists with mainly zoological or comparative interests, such 
as his wife Ruth Deansley, Bunny Austin, and Dick Laws 
FRS, who was often away “in the field” with Parkes col-
lecting material, especially in Uganda at the Nuffield Unit 
of Tropical Animal Ecology (11). Parkes was also much 
involved at this time in writing and committee work, 
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especially with the World Health Organization, which 
was then becoming concerned about world population 
growth and ways to curb it (11). Parkes was also acting as 
an unpaid company secretary to the then fledgling Journal 
of Reproduction and Fertility (called Reproduction since 
2001 [61–63]). In 1967, Parkes retired. Edwards applied for 
his chair on January 6, 1966 (64), but was unsuccessful, the 
chair passing instead to Thaddeus Mann FRS (1908–1993 
[65]), who worked on the biochemistry of semen. Mann 
decided not to relocate to the Physiology Laboratory from 
his Cambridge base at the Agricultural Research Council 
Unit of Reproductive Physiology and Biochemistry at 
Huntingdon Road, where he was Director. Neither was the 
leadership of the Marshall laboratory to pass to Edwards, 
as the University appointed as its head his more senior col-
league and friend Colin “Bunny” Austin (1914–2004 [66]), 
who had been in Cambridge intermittently since 1962 
(Figure II.5). Austin was elected the first Charles Darwin 
Professor of Animal Embryology (1967–1981) and began 
attracting several upcoming reproductive biologists to 
the Marshall laboratory, including John Marston, David 
Whittingham, and Matthew Kaufmann. In addition, 
a new group was formed in 1967 with the arrival from 
the Strangeways laboratory of Denis New (1929–2010) as 
university lecturer in histology (67). New built a group 
comprising initially PhD students Chris Steele and David 
Cockroft, later joined by postdoc Frank Webb (1976–1977), 
and visiting scientists such as Joe Daniels Jr, on leave from 
the University of Colorado.

It was against this varied scientific background 
that Edwards, who was already 38 when he arrived in 
Cambridge, began for the first time to assemble his 
own group. He recruited as his technician Jean Purdy 
(Figure  II.6) in 1968, one of her attractions being her 

nursing qualification, a sign of the increasing importance 
that his forays into the use of clinical material was assum-
ing. Purdy was to stay with him until her early death at 
age 39 in 1985 (68). He also recruited his first two graduate 
students: Richard Gardner and this author in 1966 (69,70). 
Gardner studied early mouse embryology from 1966 to 
1971 and until 1973 as a postdoctoral worker, before mov-
ing to zoology in Oxford. This author worked on immuno-
reproduction from 1966 to 1969, returning as a postdoc 
between 1971 and 1974 after two years in the U.S.A., before 
moving to the Anatomy Department in Cambridge.

From 1969 onwards, Edwards’ group increased in size 
substantially as more accommodation was made available 

Figure II.5 Edwards with “Bunny” Austin (1960s) (courtesy 
of the Edwards family).

Figure II.4 Edwards as “a very recent PhD student” (center) and Alan Gates (extreme left) at a meeting in Trinity College 
Cambridge in the late 1950s (courtesy of the Edwards family).
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to the Marshall laboratory. David Griffin (now retired 
from the World Health Organization) was to join as Head 
Technician between 1970 and 1975, with junior techni-
cians including Sheila Barton (1936–2013) in addition to 
Jean Purdy. Early graduate students recruited included 
Roger Gosden (1970–1974), Carol Readhead (1972–1976), 
and Rob Gore-Langton (1973–1978), all working on 
follicle growth; Craig Howe (1971–1974) working on 
immuno-reproduction; and Azim Surani (1975–1979) 
working on implantation. A “third generation” of gradu-
ate students also arrived; for example, Janet Rossant (from 

1972) studied with Gardner, and Alan Handyside (from 
1974), Peter Braude (from 1975), and Ginny Bolton (from 
1976) studied with Johnson. Postdoctoral workers also 
arrived, including Ginny Papaioannou (1971–1974), and 
Ruth Fowler-Edwards resumed working in the laboratory, 
developing hormonal assays and studying the endocrine 
aspects of follicle development and early pregnancy. Thus, 
slowly until 1969, and more rapidly thereafter, Edwards 
built a lively group, its members working in diverse areas 
of reproductive science that reflected his own broad 
interests and knowledge. Moreover, Edwards encour-
aged a spirit of open communication and egalitarianism, 
which extended across all three groups, with sharing of 
resources, space, equipment, knowledge, and ideas, as well 
as social activities.

Through the 1960s and 1970s, Edwards’ work was 
funded by the Ford Foundation via grants first to Parkes 
and then to Austin (71) to continue work on basic repro-
ductive mechanisms, with an eye to developing new 
methods of fertility control, and he continued to pur-
sue the immunology of reproduction. However, he also 
worked on egg maturation, collecting pig, cow, sheep, 
the odd monkey, and some human eggs. He showed that 
eggs of all these species would indeed mature in vitro, 
but that the eggs of larger animals simply needed a lon-
ger time than those of smaller ones, with human eggs 
taking up to 36 hours rather than the 12 hours or less 
erroneously reported by Pincus. These cytogenetic stud-
ies were reported in two seminal papers in 1965 (72,73), 
both of which are primarily concerned with understand-
ing the kinetics of the meiotic chromosomal events dur-
ing egg maturation. In its discussion, the Lancet paper 
displays a breathtaking clarity of vision as Edwards sets 
out a program of research that predicted the events of 
the next 20 years and beyond (Table II.1). Significantly, 
if not surprisingly given his research interests, the early 
study and detection of genetic disease is afforded a heavy 
focus compared with the slight emphasis on infertility 

Figure II.6 Jean Purdy (1946–1985) (courtesy of Barbara 
Rankin).

Table II.1 Key points in the program of research laid out in the discussion to Edwards’ 1965 Lancet paper

 1. Studies on non-disjunction of meiotic chromosomes as a cause of aneuploidy in humansa

 2. Studies on the effect of maternal age on non-disjunction in relation to the origins of trisomy 21a

 3. Use of human eggs in in vitro fertilization (IVF) to study fertilization
 4. Study of culture methods for human eggs fertilized in vitro
 5. Use of priming hormones to increase the number of eggs per woman available for study/use
 6. Study of early IVF embryos for evidence of (ab)normality—especially aneuploidies arising prior to or at fertilizationa

 7. Control of some of the genetic diseases in mana

 8. Control of sex-linked disorders by sex detection at the blastocyst stage and transfer of only female embryosa

 9. Intracervical transfer of IVF embryos into the uterus
 10. Use of IVF embryos to circumvent blocked tubesb

 11.  Avoidance of a multiple pregnancy (as observed after hormonal priming and in vivo insemination) by transfer of a single IVF 
embryo

Source: Edwards RG. Lancet 1965; 286: 926–9.
a Five aims relating specifically to genetic disease.
b One aim relating specifically to infertility relief.
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alleviation. This genetic focus continues in his research 
papers over the next four years. Thus, within three years, 
working with his graduate student Richard Gardner, he 
provided proof of principle for preimplantation genetic 
diagnosis (PGD) in a paper on rabbit embryo sexing 
published in 1968 (74), a paper that was to anticipate the 
development of PGD clinically by some 22 years (75). 
Likewise, working with the Cambridge geneticist Alan 
Henderson, Edwards was to develop his “production 
line theory” of egg production to explain the origins of 
maternal aneuploidy in older women. Thus, the earliest 
eggs to enter meiosis in the fetal ovary were shown to 
have more chiasmata and to be ovulated earlier in adult 
life than those entering meiosis later in fetal life (76,77).

THE PROBLEM OF FERTILIZATION OF THE HUMAN EGG
Notwithstanding his broad range of scientific interests, 
Edwards’ ambitions to achieve IVF in humans remained 
undiminished. In 1966, this was no trivial task, having 
been accomplished convincingly only in rabbits and ham-
sters (78,79). In trying to achieve this aim, he was engag-
ing in two struggles: the first being simply but critically 
the continuing practical difficulty in obtaining a regular 
supply of human ovarian tissue. Local Cambridge sources 
proved unreliable and Molly Rose was now two to three 
hours’ drive away in London; so, during the summer of 
1965, Edwards turned to the U.S.A. for help and approached 
Victor McKusick, a leading American cytogeneticist at the 
Johns Hopkins University. There he initiated his longstand-
ing contact with Howard and Georgeanna Jones in obstet-
rics and gynecology (80). The supply of American eggs they 
generated during his six-week stay allowed him to confirm 
the maturation timings that were published the same year.

However, it was the second scientific struggle that was 
then occupying most of his attention, namely that in order 
to fertilize these in vitro-matured eggs, he had to “capaci-
tate” the spermatozoa, a final maturation process that sper-
matozoa undergo physiologically in the uterus and that is 
essential for the acquisition of fertilizing competence. The 
requirement for sperm capacitation had been discovered 
in the early 1950s by Austin, and independently by M.C. 
Chang (81,82). Failing to achieve this convincingly at Johns 
Hopkins, he made a second transatlantic summer journey 
in 1966 to visit Luther Talbot and his colleagues at Chapel 
Hill. He tried a variety of ways (83) to overcome the prob-
lem of “sperm capacitation,” one of the most ingenious of 
which was to construct a 2.5 cm-long chamber from a nylon 
tube, plugged at each end, and with holes drilled in the 
walls that were encased in panels made of Millipore mem-
brane (84). The chamber, which had a short thread attached 
to it, fitted snugly inside the inserter tube of an intrauterine 
device and so could be placed into the volunteer woman’s 
uterus intracervically at mid-cycle, where it sat for up to 
11 hours before being recovered by gently pulling on the 
thread, exactly as was being done routinely for the insertion 
and removal of intrauterine devices. By placing spermato-
zoa within the chamber, the membrane of which permitted 
equilibration of its contents with uterine fluid, he hoped to 

expose them to a capacitating environment. However, this 
ingenious approach, like the many others, failed—in this 
case most probably because the chamber itself induced an 
inflammatory response or a local bleed. For all the inge-
nuity of his various experimental approaches to achieving 
capacitation, and despite the occasional evidence of early 
stages of fertilization using such spermatozoa, no reliable 
evidence for the completion of the process was forthcom-
ing. Then, in 1968, both struggles began to resolve.

THE MEETING WITH PATRICK STEPTOE
Patrick Steptoe (1913–1988; Figure II.7) had been a consul-
tant obstetrician at Oldham General Hospital since 1951 
(85), where for several years he had been pioneering the 
development and use of the laparoscope in gynecological 
surgery (85,86). Much to his frustration, his progress had 
fallen on the largely deaf ears of the conservative gyneco-
logical hierarchy, and indeed incited considerable opposi-
tion and some outright hostility (87). Edwards’ claimed 
that he was scanning the medical and scientific journals 
in the library, and in a “eureka” moment occurring in “one 
autumn day in 1967” (2), came across a paper by Steptoe 
describing his experiences with laparoscopy (2,85,88). 
Edwards goes on to describe how he rang Steptoe to discuss 
a possible collaboration, but was “warned off” Steptoe by 
London gynecological colleagues (2,89). This warning and 
the daunting prospect of collaboration in far-away Oldham 
deterred him from following through. Finally, Edwards 
reported actually meeting Steptoe the following spring 
of 1968 at a meeting at the Royal Society of Medicine, at 
which, ironically, Edwards was talking about his work on 
immuno-reproduction, not his attempts at IVF.

Figure II.7 Patrick Steptoe (1913–1988) (courtesy of Andrew 
Steptoe).
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The Steptoe paper that Edwards found that day in 
the library was cited in his later tributes to the then 
deceased Steptoe (85,88) as being a Lancet paper entitled 
“Laparoscopy and ovulation” (90). However, these later 
recollections do not withstand scrutiny. Thus, the Lancet 
paper cited was published in October 1968, but their 
first meeting was in fact earlier that year, on Wednesday 
February 28, 1968, at a joint meeting of the Section of 
Endocrinology of the Royal Society of Medicine with 
the Society for the Study of Fertility held at 1 Wimpole 
Street (1,91). Moreover, according to Steptoe (92), they had 
already commenced collaborating prior to October 1968; 
indeed, their first paper together was submitted for pub-
lication later that year in December 1968 (see next sec-
tion). Clearly, the paper read by Edwards must have been 
another, earlier than October 1968, one that preceded 
February 1968 by several months. The “paper” by Steptoe 
that Edwards most likely saw was his book on gynecologi-
cal laparoscopy (1,86,93,94), and the feature that probably 
caught his attention, according to two earlier accounts 
(1,2,89), was his realization that laparoscopy could pro-
vide a way of recovering capacitated spermatozoa from 
the oviduct by flushing with a small volume of medium: “a 
practical way … of letting spermatozoa be in contact with 
the secretions of the female tract” (2). Indeed, Edwards 
says he actually rang Steptoe to ask whether this really was 
possible and was reassured by him that this was the case. 
Steptoe explicitly lays out this possibility in his book (86). 
Thus, on page 27 he reports: “By means of laparoscopy, 

Sjovall (1964) has carried out extended post-coital tests 
and has recovered spermatozoa from the fimbriated end 
of the tubes … ”; and on page 70 he writes: “An extended 
post-coital test can be done by aspirating fluid from the 
tubal ostium … ” Steptoe’s book arrived in the Cambridge 
University library in March 1967 (1) and it is possible that 
Edwards’ attention was drawn to the book by a review of 
it in the British Medical Journal on November 11, 1967 
(1,95). This conclusion conflicts with the later memories of 
Edwards (85,88) that he contacted Steptoe initially because 
of his ability to recover eggs laparoscopically. However, it 
is possible that by time they met, some six months later, 
this had become more of a concern to Edwards, given the 
emerging reports of the failure of in vitro-matured rabbit 
eggs to produce viable embryos. Indeed, a letter, written 
admittedly on July 30, 2003, by Eliot Philipp, recalls that 
at the actual meeting Edwards had said it was eggs that he 
wanted Steptoe to recover (Figure II.8), albeit for making 
human stem cells (96), an enduring interest of Edwards.

FERTILIZATION OF THE HUMAN EGG ACHIEVED 
AT LAST
Despite the initiation of the collaboration with Steptoe, 
the actual solution to the capacitation problem existed 
nearer to home than Oldham, in the laboratories shared 
with Austin. In the early 1950s, Austin had co-discovered 
the requirement for sperm capacitation (81,82), and after 
his appointment to the Cambridge chair, Austin’s first 
graduate student (1967–1972) was Barry Bavister, who set 

Figure II.8 Extract from a letter, written on July 30, 2003, by Eliot Philipp to Edwards, recalling his memories of the words used at 
the first meeting between Edwards and Steptoe (courtesy of the Edwards family).
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to work to try and define the factors influencing the capac-
itation of hamster spermatozoa in vitro. By 1968, Bavister 
had discovered a key role for pH, showing how higher 
rates of fertilization could be obtained by simply increas-
ing the alkalinity of the medium (97). Edwards seized on 
this observation and co-opted Bavister to his project. That 
proved to do the trick, and in December 1968 Edwards, 
together with Bavister and Steptoe, submitted the paper to 
Nature in which IVF in humans was described convinc-
ingly for the first time (38).

This 1969 Nature paper makes modest claims. Only 18 
of 56 eggs assigned to the experimental group showed evi-
dence of “fertilization in progress,” of which only two were 
described as having the two pronuclei to be expected if fer-
tilization were occurring normally (Table II.2). However, 
like Edwards’ other papers, this one is a model of clar-
ity, describing well-controlled experiments, cautiously 
interpreted. Despite the relatively small numbers, this 
paper convinced eventually, although some doubts were 
expressed at the time (37,98). That this paper convinced 
where previous claims had failed (99–104) was precisely 
because the skilled hands and creative intellect that were 
behind it are so evident from its text.

The provenance of the eggs described in the 1969 paper 
is not immediately clear from the paper itself. All were 
obtained by in vitro maturation after ovarian biopsy, but in 
addition to Steptoe’s co-authorship, four other gynecolo-
gists are thanked in the acknowledgements section of the 
paper: Molly Rose, Norman Morris (1920–2008; Professor 
of Obstetrics and Gynecology at Charing Cross Hospital, 
London from 1958 to 1985 [105]), Janet Bottomley 
(1915–1995; Consultant Obstetrician and Gynecologist at 
Addenbrooke’s Hospital, Cambridge from 1958 to 1976), 
and Sanford Markham (b. 1934; Chief of the Section of 
Obstetrics and Gynaecology at the U.S. Air Force Hospital, 
South Ruislip, to the northwest of London from 1967 
to 1972). An analysis described by Johnson (1) reason-
ably concludes that those eggs described in the paper as 
“undergoing fertilization” were provided in roughly equal 
numbers by Rose and Steptoe.

However, with Steptoe now on board, Rose no longer fea-
tured as a supplier of eggs (2). While the initial attraction 

of laparoscopy for Edwards had been the recovery of 
capacitated spermatozoa from the oviduct, once working 
with Steptoe, he rapidly exploited the wider possibilities 
for the recovery of in vivo-matured eggs from the ovary 
(90). Indeed, the 1969 paper includes the following state-
ment: “Problems of embryonic development are likely to 
accompany the use of human oocytes matured and fertil-
ized in vitro. When oocytes of the rabbit and other species 
were matured in vitro and fertilized in vivo, the pronuclear 
stages appeared normal but many of the resulting embryos 
had subnuclei in their blastomeres, and almost all of them 
died during the early cleavage stages … When maturation 
of rabbit oocytes was started in vivo by injecting gonado-
tropins into the mother, and completed in the oviduct or 
in vitro, full term rabbit fetuses were obtained” (98). The 
paper goes on to discuss how the use of hormonal prim-
ing to stimulate intrafollicular egg maturation might be 
achieved and reports: “Preliminary work using laparos-
copy has shown that oocytes can be recovered from ova-
ries by puncturing ripening follicles in vivo … ”

Through these preliminary collaborative studies, 
Edwards and Steptoe were already building a research 
partnership. Although both had very different personali-
ties and brought very different skills to the project, they 
shared energy, commitment, and vision. Both were also 
marginalized by their professional peers, a marginaliza-
tion that also perhaps helped to cement their partner-
ship (3). With the paper’s publication, announced to the 
media on St. Valentine’s Day (106), all hell was let loose. 
The impossible tangle of TV cables and pushy reporters 
trying to force their way up the stairs to the fourth floor 
laboratories proved a major disruption to the  physiological 
laboratory in general and to the members of the Marshall 
laboratory in particular. It was something that was to 
recur episodically over the next 10 years.

THE BATTLES BEGIN
However, 1969 seemed to be a good year for Edwards. 
Not only did IVF succeed at long last and his partnership 
with Steptoe seemed set to flourish, but also so impressed 
were the Ford Foundation with his work that in late 1968 
they had established, at Austin’s prompting (107), an 

Table II.2 Summary of data

Egg type Experimental Control

Initially assigned 56 17
Survived 54/56 17/17
Matured to metaphase II 34/54 7/17
Evidence of sperm penetration 18/34
Sperm within the zona pellucida 6/18
Sperm inside the zona pellucida (∼7 hours post-insemination) 5/18
Evidence of pronuclei (∼11 hours post-insemination) 7/18 0/7
With two pronuclei 2/18

Source: Edwards RG, Bavister BD, Steptoe PC. Nature 1969; 221: 632–5.
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endowment fund with the University of Cambridge to 
cover the salary cost of a Ford Foundation Readership (a 
halfway step to a professorship [108]). Elated by Edwards’ 
promotion and their achievement, Edwards and Steptoe 
pressed on, with the latter’s laparoscopic skills coming 
to the fore, first in 1970 with the collection of in  vivo-
matured eggs from follicles after mild hormonal stimu-
lation (4,109), and then achieving regular fertilization of 
these eggs and their early development through cleavage 
to the blastocyst stage (110–112). So well was the work 
going that in late 1970 and early 1971 they confidently 
applied to the U.K. Medical Research Council (MRC) for 
long-term funding (2).

However, any illusions that Edwards may have had that 
their achievements would prove a turning point in his 
fortunes were soon shattered. The hostility to his work of 
much of the media coverage in 1969 heralded the dominant 
pattern of scientific and medical responses for the next 10 
years and resulted just two months later in the MRC reject-
ing the grant application (3). The practical consequences 
of this rejection were profound—both psychologically and 
physically—not least that for the next seven years, Edwards 
and Purdy shuttled on the 12-hour round trip between 
Cambridge and Oldham, Greater Manchester, paradoxi-
cally just north of his schoolboy haunts of Gorton, where 
the two of them had set up a small laboratory and clinic in 
Dr. Kershaw’s cottage hospital (113), all the while leaving 
Ruth and his five daughters in Cambridge. The one bright 
feature in undertaking this heroic task was the unswerving 
financial support provided by an American heiress—Lillian 
Lincoln Howell (71)—that at least ameliorated the MRC 
decision.

The professional attacks on Edwards and his work took 
a number of forms (3), and one must try to make a men-
tal time trip back to the 1960s and 1970s to understand 
their basis. Despite the nature of the political and reli-
gious battles to come in the 1980s, his scientific and medi-
cal colleagues did not then focus on the special status of 
the human embryo as an ethical issue. Ethical issues were 
raised professionally, but took quite a different form. It is 
perhaps difficult now to comprehend the complete absence 
of infertility from the consciousness of most gynecologists 
in the U.K. at the time, of whom Steptoe was a remarkable 
exception (85). Indeed, even Edwards’ strong commitment 
to treating infertility came to the fore only after he had 
teamed up with Steptoe, with his previous priority being 
the study and prevention of genetic and chromosomal 
disorders.

In the several reports from the Royal College of 
Obstetricians and Gynaecologists (RCOG) and the MRC 
during the 1960s examining the areas of gynecologi-
cal ignorance that needed academic attention, infertility 
simply did not feature (52,53). Overpopulation and family 
planning were seen as dominant concerns and the  infertile 
were ignored as, at best, a tiny and irrelevant minority 
and, at worst, as a positive contribution to population 
control. This was a values system that Edwards did not 
accept (114), and the many encouraging letters he received 

from infertile couples spurred him on and provided a 
major stimulus to his continued work later, despite so 
much professional and press antagonism. For his profes-
sional colleagues, however, the fact that infertility was not 
seen as a significant clinical issue meant that any research 
designed to alleviate it was viewed not as experimental 
treatment, but as using humans in experiments. Given the 
sensitivity to the relatively recent Nazi “medical experi-
ments,” the formal acceptance of the Helsinki Declaration 
(115,116), and the public reaction and disquiet surround-
ing the recent publication of “human guinea-pigs” (117), 
this distinction was critical. The MRC, in rejecting the 
grant application, took the position that what was being 
proposed was human experimentation, and so were very 
cautious, emphasizing risks rather than benefits, of which 
they saw few if any (3,5).

Edwards and Steptoe were also attacked for their will-
ingness to talk with the media. It is difficult nowadays, 
when the public communication of science is embedded 
institutionally, to understand how damaging to them 
this was. The massive press interest of the late 1960s 
was unabated in the ensuing years, and so Edwards was 
faced with a choice: either he could keep his head down 
and allow press fantasies and speculations to go unan-
swered and unchallenged, or he could engage, educate, 
and debate. For him this was no choice, regardless of the 
consequences professionally (32). His egalitarian spirit 
demanded that he trust common people’s common sense. 
His radical political views demanded that he fought the 
corner of the infertile: the underdog with no voice. The 
Yorkshireman in him relished engagement in the debate 
and argument. In Edwards and Sharpe (114), he sets out 
his reasons for public engagement and acknowledges the 
risk to his own interests:

Scientists may have to make disclosures of their work and 
its consequences that run against their immediate inter-
ests; they may have to stir up public opinion, even lobby 
for laws before legislatures (114).

And risky it was. One of the scientific referees on their 
MRC grant application started his referee’s report by 
declaring the media exposure distasteful:

Dr. Edwards feels the need to publicise his work on radio 
and television, and in the press, so that he can change 
public attitudes. I do not feel that an ill-informed general 
public is capable of evaluating the work and seeing it in its 
proper perspective. This publicity has antagonised a large 
number of Dr. Edwards’ scientific colleagues, of whom 
I am one (3).

Edwards’ pioneering role in the public communication of 
science proved to be disadvantageous to his work.

The Edwards and Sharpe (114) paper is a tour de force in 
its survey of the scientific benefits and risks of the science 
of IVF, in the legal and ethical issues raised by IVF, and in 
the pros and cons of the various regulatory responses to 
them. It sets out the issues succinctly and anticipates social 
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responses that were some 13–19 years into the future. 
Edwards built on his strong commitment to social justice 
based on a social ethic in subsequent years, as he engaged 
at every opportunity with ethicists, lawyers, and theolo-
gians, arguing, playing “devil’s advocate” (literally, in the 
eyes of some), and engaging in what would now be called 
practical ethics as he hammered out his position and 
felt able to fully justify his instincts intellectually (118). 
However, the establishment was, with few exceptions, 
unwilling to engage seriously in ethical debates (118,119) 
in advance of the final validation of IVF that was to come 
in 1978 with the birth of Louise Brown (Figure II.9) (120).

THE BIRTH OF LOUISE BROWN
It is difficult now to comprehend the sheer magnitude 
of the task facing Edwards, Steptoe, and Purdy in 1969. 
Not only did they suffer almost complete isolation from 
their peers, they also faced a massive scientific and clini-
cal mountain to climb to get from a fertilized egg to 
a baby, given the paucity of knowledge at the time (see 
Table II.3). In fact, their progress on reaching the point 
where transfer of embryos was possible (stage 9 in Table 
II.3) was impressively rapid, with the first embryo transfer 
being attempted in December 1971, just two years from 
the start of their collaboration. This rapid progress was 
achieved probably because the end point of each task from 
stage 1 to stage 9 was easily measurable in relation to con-
trolled changes made to the protocols (112). However, for 
the 97 women who underwent laparoscopy between 1969 
and December 1971, when egg recovery, fertilization, 

and in  vitro culture were being perfected, there was no 
chance of a pregnancy, and so they were “experimental 
subjects,” as the MRC had claimed. Moreover, 76 of them 
(27% of the total number of women who volunteered as 
patients between 1969 and 1978) did not subsequently 
undergo embryo transfer attempts in Oldham up to 1978 
(5). However, all the evidence suggests that these patients 
were well informed about the risks and benefits (5), but 
nonetheless they, as much as Edwards, Purdy, and Steptoe, 
deserve recognition for their pioneering role in the devel-
opment of IVF.

After the first transfer in December 1971, most viable 
embryos were transferred, with a total of 112 transfers 
occurring between that first one and the last in June 
1978 (4,112). Once transfer was being attempted, the task 
became much more difficult, however, and this difficulty 
was behind the delay in achieving a successful pregnancy. 
There were essentially two types of problem to be grappled 
with. The first was that multiple features of the system could 
have been responsible for the failure to establish a preg-
nancy: the transfer technique and timing (both of which 
had proved difficult to get right in cattle) (120), the quality 
of the embryos, and the receptivity of the endometrium. 
Moreover, varying the latter two of these systematically 
was difficult, and, given the absence of a reliable and sen-
sitive test for human chorionic gonadotropin until late in 
1977, there was no immediate way of assessing the impact 
of any changes that were made. The second problem was 
the suspicion that the endocrine conditions established as 
being ideal for the production of eggs and embryos may 
have been deleterious for the receptivity of the endome-
trium. Indeed, it was this latter suspicion that drove most 
of their experimental variations to the treatment sched-
ules, and that ultimately resulted in the two successful 

Figure II.9 Louise Brown holding the thousandth Bourn 
Hall baby, 1987 (courtesy of Bourn Hall Clinic).

Table II.3 Some of challenges that had to be overcome 
before the first successful live births after in vitro fertilization 
and embryo transfer were achieved

 1. Technical aspects of follicle aspiration laparoscopically 
(“new suction gadget”)

 2. Ovulation induction
 3. Timing of laparoscopy in relation to induction of 

ovulation
 4. Ovarian stimulation
 5. Cycle monitoring
 6. Oocyte culture
 7. Sperm preparation
 8. Insemination procedure: medium and timing
 9. Culture for embryo cleavage: medium and assessment
 10. Technical aspects of embryo transfer, including route of 

transfer, medium, and timing
 11. Luteal support
 12. Monitoring of early pregnancy

Source: Elder K, Johnson MH. Reprod Biomed Soc Online 2015; 1: 
19–33.
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Oldham pregnancies, both of which came, heroically, from 
single egg collections in natural cycles (4,112).

Only with the live births did the U.K. social, scientific, 
and medical hierarchies, such as the MRC, the RCOG, 
the British Medical Association, the Royal Society, and 
Government moved, albeit gradually, from their almost 
visceral reactions against IVF and its possibilities to seri-
ous engagement with the issues (121). Thus, both the MRC 
and the RCOG started to move to consider funding of 
work on IVF, perhaps somewhat surprisingly, given that 
only two live births resulted from a total of 112 transfers 
(4), although again the MRC declined to fund a second 
grant proposal from Edwards. Moreover, the National 
Health Service declined to provide facilities in Cambridge 
for Edwards and Steptoe to relocate to on Steptoe’s retire-
ment from Oldham, hence the setting up of the Bourn 
Hall clinic in 1982. The Thatcher Government of the 
time started to seriously consider the issues and set up 
the Warnock committee of enquiry in 1982 that reported 
in 1984, to a storm of parliamentary criticism, which 
Edwards and others had to battle to turn around over the 
next five years with a fierce campaign of both public and 
parliamentary education to counter the increasingly shrill 
voice of the anti-embryo research lobby (121,122). In addi-
tion, Edwards’ personal battles continued, with legal suites 
issued during the 1980s against both the British Medical 
Association and various members of the national press 
for defamation. Thus, it was not until 1989, 24 years after 
Edwards’ 1965 visionary paper in The Lancet, 20 years after 
IVF had first been described, and 11 years after the birth 
of Louise Brown that the U.K. Parliament finally gave its 
stamp of approval to his vision.

However, Edwards’ role was realized and recognized 
professionally at last by the awards of fellowships of the 
RCOG in 1984 and of the Royal Society in 1983 (and 
an FRS for Steptoe followed in 1987). But despite being 
awarded the Albert Lasker prize in 2001, the Nobel Prize 
and a knighthood did not come his way until 2010—some 
40 years after the Nature paper that started the whole IVF 
story in earnest.

DISCUSSION
This chapter describes some of the early years of Edwards’ 
life and work in order to provide a context for the events 
leading up to the 1969 Nature paper describing IVF and the 
final validation of the claims made in that paper with the 
birth of Louise Brown in 1978. It is evident even from the 
earliest stages of his late entry into research that Edwards 
is a man of extraordinary energy and drive, qualities sus-
tained throughout his long career, as witnessed in his prodi-
gious output of papers between 1954 and 2008 (32). Indeed, 
several of the referees on the unsuccessful 1971 MRC grant 
application specifically criticized his “overenthusiasm,” 
doubting that he could achieve the program he sets out 
therein as “too ambitious” (3). Tenacity of purpose comes 
through clearly in Edwards’ work, a trait he was inclined 
to attribute to his Yorkshire origins, but that may also have 
been fueled by his working-class determination to show 

himself to be as good as the next (wo)man. The influences 
of Waddington’s Edinburgh Institute, of Waddington him-
self, and of his supervisor, Alan Beatty, on Edwards’ inter-
ests and values are also clear from the dominant role that 
developmental genetics played in his thinking, especially 
until the time he met Steptoe. Indeed, from examination 
of Edwards’ papers and interests, his passionate conver-
sion to the cause of the infertile seems directly attribut-
able to Steptoe’s influence. Admittedly, Edwards’ forays 
into immuno-reproduction did involve consideration of 
immunological causes of infertility, but these were more 
usually of interest to him as models for developing new 
contraceptive agents. Indeed, Edwards was as captured as 
most reproductive biologists of the time by the 1960s’ con-
sensus on the need for better methods of world population 
control. This position was understandable given the reality 
of those concerns, as is demonstrated now in the problem 
of global warming that is attributable at least in part to a 
failure to control population growth. It is a measure of his 
imagination and empathy that he could grasp so rapidly 
Steptoe’s understanding of the plight of the infertile and 
so flexibly incorporate this understanding into his plans. 
That empathy clearly reflects his underprivileged origins, 
with his espousal of the cause of the junior, the disadvan-
taged, the ill-informed, and the underdog being a thread 
running through his career. Edwards can be very critical, 
but I have found no one who can remember him ever being 
nasty or vindictive. Even when he disagrees with someone 
passionately, he never loses his respect for them as people. 
That Steptoe tapped into this sentiment is clear.

The way in which Edwards met Steptoe has been 
absorbed into folklore, but an examination of the evi-
dence seems to warrant some revision to commonly held 
later reminiscences. It remains uncertain exactly which 
publication(s) by Steptoe it was that Edwards read in 1967, 
but seems likely that he did read Steptoe’s book. Thus, it 
was spermatozoa, not eggs, that were exercising Edwards 
in 1967, and it was the problem of sperm capacitation, not 
egg retrieval, to which Steptoe and his laparoscope seemed 
to offer a solution in 1967. The book is the only place that 
this issue is specifically addressed. Their actual meeting at 
the Royal Society of Medicine in 1968 is also re-evaluated: 
Edwards was an invited speaker lecturing about his work 
on immuno-reproduction; so paradoxically, what has been 
seen as a sidetrack to his main work was, albeit serendipi-
tously, the reason for their actual meeting.

The early collaboration between them involved the 
recovery of ovarian biopsies, just like those Rose and 
others had been providing. However, the attractions of 
pre-ovulatory follicular egg recovery were already clear 
to them both by 1968, and became, with embryo replace-
ment, the central planks of their partnership. Steptoe and 
Edwards were in many ways an unlikely partnership. 
Their personal styles were very different, and there are 
clear hints in his writings that Edwards found their early 
days together difficult. But like most successful partner-
ships, their differences were sunk in a mutual respect for 
the other’s pioneering skills and willingness to take on 
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the established conventions. In Jean Purdy, they also had 
a partner who worked quietly away in the background, 
smoothing the bumps on the path of their work together 
(Figure II.10) (113).

However, it remains Edwards’ extraordinary foresight 
that marks him out so distinctively. His combination of 
vision and intellectual rigor is evident not just in his work on 
stem cells, PGD, and, with Steptoe, infertility, but also in his 
pioneering work in the public communication of science, in 
how ethical discourse about reproduction is conducted, in 
consideration of regulatory issues, and in the dissemination 
of IVF internationally, the latter largely a consequence of his 
key role in both the establishment of the European Society 
for Human Reproduction and Embryology in 1984 and 
in the founding of five journals: Human Reproduction (in 
1986), Human Reproduction Update and Molecular Human 
Reproduction (both in 1996), Reproductive BioMedicine 
Online (in 2000) and Reproductive BioMedicine and Society 
(in 2015). The epithet “the father of assisted reproduction” 
is surely deservedly appropriate.
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1New guidelines for setting up an assisted 
reproduction technology laboratory
JACQUES COHEN, MINA ALIKANI, ANTONIA GILLIGAN, and TIM SCHIMMEL

There are a number of ways to set up and operate a suc-
cessful assisted reproduction technology (ART) labora-
tory; one set-up may have little in common with another 
but prove to be equally successful. This is important to 
remember as one ventures into establishing a new clinic. 
Facilities for ART range from a makeshift in vitro fertil-
ization (IVF) laboratory with a minimum of equipment to 
a fully equipped laboratory specifically designed for ART 
and with additional space dedicated to clinical care and 
research. This chapter does not cover makeshift labora-
tories, which may incorporate retrieval and transport of 
gametes and embryos from other locations. While such 
models can be successful under some circumstances, 
compelling evidence showing that they produce optimal 
results is still lacking (1,2). Both IVF and intracytoplas-
mic sperm injection (ICSI) can be applied to transported 
oocytes, and in certain situations “transport IVF” is a 
welcome alternative for those patients whose reproductive 
options have been limited by restrictive governmental reg-
ulations (3,4). This chapter discusses the more typical pur-
pose-built, all-inclusive laboratories that are adjacent or in 
close proximity to oocyte retrieval and embryo transfer 
facilities, with an emphasis on the special problems of con-
struction. For choices of culture system, culture medium, 
supplementation, viability assays, and handling and pro-
cessing of gametes and embryos, including freezing and 
vitrification, the reader is referred to other relevant chap-
ters in this textbook.

PERSONNEL AND EXPERIENCE
While the environment, physical plant, and equipment 
require special consideration in the design of an integrated 
gamete and embryo culture facility, it is the staff that will 
carry out the procedures and is essential to the success of 
the entire operation. Successful clinical practice in general, 
and ART in particular, is almost entirely dependent on the 
skill and experience level of medical and laboratory per-
sonnel. For the laboratory staff, enthusiasm is another key 
factor to success, especially because there are still few for-
mal teaching and skills examination programs in place for 
a specialty in ART. Most clinical embryologists are trained 
using an apprenticeship program, but such institutions are 
rare and there are no internationally accepted guidelines. 
Good clinical outcome requires a cautious and rational 
assessment of individual abilities, so laboratory staff, direc-
tors, and embryologists must consider their experience in 
the context of what will be required of them (5).

This chapter aims to provide information necessary 
for experienced practitioners to set up a new laboratory. 

Setting up a new laboratory or thoroughly renovating an 
existing facility is very much an art, as is the practice of 
ART itself. We do not recommend that new laboratories 
and ART clinics are built by administrators, engineers, or 
architects without considerable input from experienced 
embryologists.

Programs should develop a strong (though friendly) 
system of tracking individual performances for crucial 
clinical and laboratory procedures such as embryo trans-
fer efficiency, ICSI, and biopsy proficiency, among others. 
Certain regulatory bodies such as the College of American 
Pathologists (CAP) in the U.S.A. and the Human 
Fertilisation and Embryology Authority (HFEA) in the 
U.K. provide guidelines and licensing for embryologists, 
sometimes even for subspecialties such as the performance 
of ICSI, the practice of embryo biopsy, and directing IVF 
and andrology laboratories. So far, such licensing has done 
little more than provoke debate, because licensing does 
not necessarily guarantee skill (or success) and the licenses 
are not valid across borders from one country to another.

Tradition also plays its role. For example, in some Asian 
countries embryology directors are usually medical pro-
fessionals. Thus academic titles are often seen as being 
more important than actual qualifications. What then 
qualifies someone to be a laboratory director or an embry-
ologist? The answer is not a simple one. In general, cur-
rent licensing authorities including the American Board of 
Bioanalysis (ABB) consider individuals trained in general 
pathology or reproductive medicine and holding an MD 
degree as well as individuals holding a PhD degree quali-
fied to be laboratory directors if they meet some other 
requirements. However, pathologists do not necessarily 
have experience in gamete and embryo cell culture, and 
some reproductive medicine specialists, such as urolo-
gists and immunologists, may have never worked with 
gametes and embryos. It is possible for a medical prac-
titioner to direct a laboratory in certain countries with-
out ever having practiced gamete and embryo handling! 
“Eppur si muove” (“And yet it moves”), as Galileo said 
when  condemned by the Roman inquisition for the heresy 
of accepting Copernican astronomy. Once there are rules, 
even silly ones, it may be hard to change them.

EMPIRICAL AND STATISTICAL REQUIREMENTS 
FOR STAFF
There is considerable disagreement about what should be 
required experience for embryologists. Hands-on expe-
rience in all facets of clinical embryology is an absolute 
requirement when starting a new program. Even highly 
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experienced experimental embryologists and animal sci-
entists should be directly supervised by experienced clini-
cal personnel. The period during which close supervision 
must continue depends on the types of skills required, the 
daily caseload, and time spent performing procedures. 
Clearly, performing 100 cases over a one-year period is 
a very different circumstance than performing the same 
number over six weeks; the period of supervision then 
should be adjusted accordingly.

The optimal ratio of laboratory staff to the expected num-
ber of procedures is debatable, and unfortunately, econom-
ics play an all too important role here. However, with the 
incorporation of new technologies and treatment modalities 
in routine care, the complexity of IVF laboratory operations 
has increased substantially over the past decade, in turn 
requiring more careful consideration of staffing levels (6). 
According to some calculations, while a “traditional” IVF 
cycle required roughly nine personnel hours, a contempo-
rary cycle can require up to 20 hours for completion. Thus 
the number of embryologists required for safe and efficient 
operation of the laboratory has also increased. Recently, 
based on a comprehensive analysis of laboratory tasks and 
their complexity, an Interactive Personnel Calculator was 
introduced to help laboratory directors and administrators 
determine staffing needs (6). Overall, it is safe to say that 
the ratio of laboratory staff to caseload should be high so 
that embryologists can not only safely perform procedures 
but dedicate time to quality control and continued educa-
tion and training in order to maintain the high standards 
required for success. The challenge of keeping these stan-
dards within national health systems or in the face of insur-
ance mandates that must provide a wide range of services on 
a minimal budget is real, but should not be insurmountable. 
Needless to say, patients usually do not benefit from such 
constraints, as a comparison of results in different health 
service systems in Western countries would suggest. There 
are limitations to such comparisons, but live births per 
embryo and cumulative data from fresh and cryopreserva-
tion cycles are considered objective assessments (7).

The job description for the embryologist ideally includes 
all embryology and andrology tasks, except for medical 
and surgical procedures. Embryologists are often involved 
in other important tasks as well, including patient man-
agement, follicular monitoring, genetic counseling, mar-
keting, and administration. However, it should be realized 
that these tasks seriously detract from their main respon-
sibilities. First and foremost, the embryologist’s duty is 
to perform gamete and embryo handling and culture 
procedures. Secondly, but equally important, the embry-
ologist should maintain quality control standards, both by 
performing routine checks and tests and by maintaining 
detailed logs of incidents, changes, unexpected events, and 
corrective measures. Across all these duties, the following 
seven positions can be clearly defined: director, supervi-
sor, senior embryologist, embryologist, trainee, assistant, 
and technician. There may also be positions for others to 
do preimplantation genetic diagnosis, research, quality 
control supervision, or administrative work. Obviously, 

not all of these separate positions are necessary for smaller 
centers and important tasks can be combined.

Although a seemingly unimportant detail, one of the 
most important jobs in the IVF laboratory at Bourn Hall 
Clinic in Cambridge, U.K., during the first few years of 
operation was that of a professional witness and embry-
ology assistant. This position was the brainchild of Jean 
Purdy, the third partner who was involved in the work that 
led to the birth of Louise Brown. The embryology assistant 
effectively enforced and oversaw the integrity of the chain 
of custody of gametes and embryos during handling, par-
ticularly when large numbers of patients were being treated 
simultaneously. The “witness” also ensured that embryolo-
gists performed only those procedures for which they were 
qualified. Interestingly, recent literature suggests that this 
crucial concept has not been universally and fully under-
stood or adopted by all IVF laboratories. In one group of 
laboratories (8), “limited and consequently virtually inef-
fective” witnessing processes were only abandoned in favor 
of a more robust witnessing program after implementation 
of a failure mode and effects analysis (FMEA) showed a 
high risk of error in gamete and embryo identification. The 
authors stated that, “Only after FMEA optimization has the 
witness embryologist been formally recognized as a com-
mitted role, specifically trained for witnessing shift work.” 
Hopefully, the publication of this and other similar studies 
(9) that show the effectiveness of a witnessing system will 
encourage more laboratories to re-examine their practices 
and allocate adequate resources to ensuring the safety and 
efficiency of all procedures performed by the laboratory.

FACILITY, DESIGN, AND BUDGET
In the early days of IVF some clinics were built in remote 
areas, based on the premise that environmental factors 
such as stress could affect the patient and thereby the out-
come of treatment. Today’s laboratories are commonly 
placed in city centers and large metropolitan areas in 
order to service large populations locally. It is important 
that patients understand that there have been millions of 
others like them before and that in general IVF is a rou-
tine, though complex, medical procedure. It is clear that 
the choice of a laboratory site is of great importance for a 
new program. The recent development of better assays for 
determining the baseline quality of the environment facili-
tates site selection. There is now awareness that some build-
ings or building sites could be intrinsically harmful to cell 
tissue culture (10–12). The direct effect of poor air quality 
and the presence of volatile organic compounds (VOCS) on 
IVF outcomes has been demonstrated by recent studies of 
novel filtration systems and other countermeasures (13,14). 
A laboratory design should be based on the anticipated 
caseload and any subspecialty. Local building and practice 
permits must be assessed prior to engaging and completing 
a design. There are five basic types of design:

 1. Laboratories using only transport IVF
 2. Laboratories adjacent to clinical outpatient facilities 

that are only used part of the time
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 3. Full-time clinics with intra-facility egg transport using 
portable warming chambers

 4. Fully integrated laboratories with clinical areas
 5. Moveable temporary laboratories

Before developing the basic design for a new labora-
tory, environmental factors must be considered. While 
air quality in modern laboratories can be controlled to a 
degree, it can never be fully protected from the exterior 
environment and adjoining building spaces. Designers 
should first determine if the building or the surrounding 
site is scheduled to undergo renovations, demolition, or 
major changes of any kind in the foreseeable future. City 
planning should also be reviewed. Historical environmen-
tal data and trends, future construction, and the ability of 
maintenance staff to maintain and service the IVF labora-
tory need to be determined. Activity related to any type of 
construction can have a significant negative impact on any 
proposed laboratory. Prevalent wind direction, industrial 
hazards, and general pollution reports such as ozone mea-
surements should also be determined. Even when these 
factors are all deemed acceptable, basic air sampling and 
determination of VOC concentrations is necessary inside 
and outside the proposed building area. The outcome of 
these tests will determine which design requirements are 
needed to remove VOCs from the laboratory area. In most 
cases, an over-pressured laboratory (at least 0.10–0.20 
inches of water) that uses a high number (7–15) of fresh 
air changes per hour is the best solution, because it also 
provides for proper medical hygiene. The laboratory walls 
and ceiling should have the absolute minimum number 
of penetrations. This generally requires a solid ceiling, 
sealed lighting, and airtight utility connections. Contrary 
to many vendors’ representations, commercial suspended 
ceilings using double-sided tape and clips are not ideal. 
Doors will require seals and sweeps, and should be lock-
able. Ducts and equipment must be laid out in such a way 
that routine and emergency maintenance and repair work 
can be performed outside the laboratory with minimal 
disruption to the laboratory. Air handling must not use 
an open plenum design. In the ideal case, 100% outside 
air with chemical and physical filtration will be used with 
sealed supply and return ducts.

While providing cleaner air, 100% outside air sourcing 
will maximize the life of a chemical filter and will provide 
a lower concentration of VOCs in the IVF laboratory’s air. 
In climates where temperatures routinely exceed 32°C 
with 85%-plus relative humidity, 100% outside air could 
result in an unacceptable level of humidity (>60%), which 
could allow mold growth. In these cases the use of limited 
return air from the lab is acceptable. A 50% outside air 
system with 15–30 total air changes per hour does work 
well and the relative humidity becomes very controllable. 
To place this in perspective, traditional medical operating 
room design calls for 10%–15% outside air.

The air supply equipment may supplement outside 
air with recirculated air, with processing to control the 
known levels of VOCs. On rare occasions, laboratories will 

require full-time air recirculation, while most may actu-
ally find the outside air to be perfectly clean at least most 
of the time. Outside air is often erroneously judged to be 
polluted without proper chemical analysis, while inside 
air is usually considered “cleaner” because it may “smell” 
better (10). In most laboratory locations, conditions are 
actually the reverse, and designers should not “follow 
their instincts” in these matters. Humidity must also be 
completely controlled according to climate and seasonal 
variation. The system must be capable of supplying the 
space with air with a temperature as high as 30°C–35°C 
at less than 40% relative humidity. Air inlets and outlets 
should be carefully spaced to avoid drafts that can change 
local “spot” temperatures, or expose certain equipment to 
relatively poor air or changes in air quality. Laminar flow 
hoods and micromanipulation workstations should not be 
located too close to air supply fixtures to avoid disruption 
of the sterile field and to minimize cooling on the micro-
scope stage. Semi-enclosed workstations based on Class 
2 cabinets or neonatal isolette incubators can be consid-
ered to optimize the work environment and bridge the gap 
between the incubator and the workstation. A detailed lay-
out and assessment of all laboratory furniture and equip-
ment is therefore essential prior to construction and has 
many other benefits.

Selection of an experienced and sub-specialized (and 
flexible) architect and a mechanical engineer for the proj-
ect is essential. Confirm what their past experience has 
been in building biologically clean rooms. The use of 
“environmentally friendly” or “green” products has been 
suggested by some designers. The reliance on “natural” 
products does not ensure a clean laboratory. In one case, 
wood casework with a green label was found to be a major 
source of formaldehyde. Floor coverings using recycled 
vinyl and rubber were selected for their low environmen-
tal impact, without considering the significant release of 
trapped gases by the material.

Supervision of the construction is also critical. Skilled 
tradesmen using past training and experience may not fol-
low all of the architect’s instructions. The general contrac-
tor and the builders must be briefed on why these novel 
construction techniques are being used. They must under-
stand that the use of untested methods and products can 
compromise the project (and the payment of their fees!). 
Contractual agreement is recommended.

Just as the organization and flow of traffic in a world-
class restaurant results in a special ambience where more 
than just the food is the attraction, appropriate modular 
placement of equipment ensures safety and comfort in 
the over-pressured IVF laboratory. Placement of stacks 
of incubators, gamete handling areas (laminar flow units 
or isolettes), and micromanipulation stations should 
minimize distances that dishes and tubes need be moved. 
Ideally, an embryologist should be able to finish one com-
plete procedure without moving more than three meters 
in any direction; not only is this efficient, but also it mini-
mizes accidents in a busy laboratory. Design and imple-
mentation of a work area incorporating product, gas and 
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liquid nitrogen supplies, and a workstation, refrigerator, 
and incubators is feasible even without the embryologists 
having to walk between storage cabinets and equipment. 
Such a modular design can be duplicated multiple times 
within a larger air handling area allowing the handling 
of large numbers of gametes and embryos. For logistical 
reasons, sperm preparation and cryopreservation may be 
placed in adjacent areas. The number of modules can easily 
be determined by the expected number of cases and proce-
dure types, the average number of eggs collected, and the 
number of embryologists expected to work simultaneously. 
Each person should be provided with sufficient workspace 
to perform all procedures without delay. Additional areas 
can contain simple gamete handling stations or areas for 
concentrating incubators. Cryopreservation and storage 
facilities are often located in a separate space, although 
this is not strictly necessary; if separated, these areas 
should always be adjacent to the main laboratory. Storage 
spaces could be separated further using closets or rooms 
with negative pressure. Another separate laboratory or 
module may contain an area for culture medium prepara-
tion, sterilization, and water treatment; however, the need 
for such an area is diminishing now that commercial man-
ufacturers provide all the basic needs of an IVF laboratory. 
Administration should be performed in separate offices on 
a different air handling system from the main laboratories.

Last but not least, it is preferable to prepare semen in 
a separate laboratory altogether, adjacent to one or more 
collection rooms. The semen laboratory should have ample 
space for microscopes, freezing, and sterile zoning. Proper 
separation of patient samples during processing is essen-
tial and some elemental design features may be considered 
before the first procedures are carried out. Some thought 
should go into planning the semen collection area. This 
small room should be at the end of a hallway preferably 
with its own exit; it should be soundproofed, not too large, 
and with a sink. Clear instructions on how to collect semen 
for ART should be provided in the room. The room should 
also be adjacent to the semen preparation laboratory, pref-
erably with a double-door pass-through for samples. This 
pass-through should have a signaling device so the patient 
can inform the embryologist that the sample is ready; it 
also permits male patients to leave the area without having 
to carry a specimen container.

EQUIPMENT AND STORAGE
A detailed list of equipment should be prepared and 
checked against the planned location of each item; it can 
later be used as the basis of maintenance logs. It is impor-
tant to consider the inclusion of crucial equipment and 
spare tools in the laboratory design, to allow for unex-
pected malfunction. Similarly, two or more spare incu-
bators should not be seen as excessive; at least one spare 
follicle aspiration pump and micromanipulation station 
(equipped with a laser) should also be included. There are 
many other instruments and equipment pieces the mal-
function of which would jeopardize patient care, although 
some spares need not be kept on hand as manufacturers 

may have them available; however, such details need to be 
repeatedly checked as suppliers’ stocks continue to change. 
It may also be useful to team up with other programs or 
an embryology research laboratory locally so that a cru-
cial piece of equipment can be exchanged in case of unex-
pected failure.

Some serious thought is needed when contemplating 
the number and type of incubators (for a comprehensive 
review, see [15]). The ratio of incubators to patient proce-
dures depends on incubator size and capacity and it var-
ies considerably from program to program. It is clear that 
the number and type of incubator, as well as the length 
and number of incubator door openings, affect results. 
In principle, the number of cases per incubator should 
be kept to a minimum; we prefer a limit of four cases per 
large standard box incubator. The smaller box incuba-
tors should not handle more than two to three cases. In 
benchtop incubators, the use of one dish slot per patient is 
not recommended. Several other incubators can be used 
for general purposes during micromanipulation and for 
other generic uses to limit further the number of incuba-
tor openings. Strict guidelines must be implemented and 
adhered to when maintaining distinct spaces for separat-
ing culture dishes or tubes of different patients. Tracking 
of incubators and even shelves within each incubator is 
recommended so their performance can be evaluated 
on an ongoing basis. Separate compartments within an 
incubator may be helpful and can be supplied by certain 
manufacturers. Servicing and cleaning of equipment such 
as incubators may have to be done when the laboratory is 
not performing procedures. Placement of incubators and 
other pieces of equipment on large castors may be helpful 
in programs where downtime is rare. Pieces of equipment 
can then be serviced outside the laboratory. New incuba-
tors and equipment pieces that come in contact with gam-
etes and embryos must be “burned-in” or “off-gassed.” 
Protocols vary per equipment type and manufacturer.

When there are several options available to the labo-
ratory designer, supply and evacuation routes should be 
planned in advance. One of the most susceptible aspects 
of ART is cryopreservation. In case of an emergency such 
as a fire or power failure, it may be necessary to relocate 
the liquid nitrogen-filled dewars without using an eleva-
tor, or to relocate the frozen samples using a temporary 
container. This may seem an extreme consideration, espe-
cially in the larger laboratories that stockpile thousands 
of samples, but plans should be made. It may be possible 
to keep a separate storage closet or space near the build-
ing exit, where long-term samples, which usually provide 
the bulk of the storage, can be kept; this would require 
repeated checking of a facility that is not part of the labora-
tory. Liquid nitrogen tank alarms with remote notification 
capability should be installed on all dewars holding gam-
etes and embryos. The route of delivery of liquid nitrogen 
and other gas cylinders must be relatively easy, without 
stairways between the laboratory and the delivery truck, 
and should be sensibly planned in advance. Note that the 
flooring of this route is usually destroyed within months 
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because of liquid nitrogen spills and wear caused by deliv-
ery containers, so the possibility of an alternative delivery 
corridor should be considered for these units.

Liquid nitrogen containers and medical gas cylinders 
are preferentially placed immediately adjacent to the labo-
ratory in a closet or small, ventilated room with outside 
access. Pipes and tubes enter the laboratory from this 
room, and cylinders can be delivered to this room without 
compromising the laboratory area in any way. Providing 
liquid nitrogen and even liquid oxygen vapor to triple gas 
incubators is nowadays a preferred option since vapor is 
cleaner than compressed gas. This allows liquid nitrogen 
vapor to be pumped into the cryopreservation laboratory 
using a manifold system and minimal piping. Lines should 
be properly installed and insulated to ensure that they do 
not leak or allow condensation and conserve energy at the 
same time. Medical gases can be directed into the labora-
tory using pre-washed vinyl/Teflon-lined tubing such as 
fluorinated ethylene propylene, which has high humid-
ity, temperature, and UV radiation stability. Lines should 
be properly marked every meter indicating the incuba-
tors supplied in order to facilitate later maintenance. 
Alternatively, solid manifolds made from stainless steel 
with suitable compression fittings can be used. Avoid the 
soldered or brazed copper lines used in domestic plumb-
ing applications wherever possible; copper lining can be 
used but should be cleaned and purged for a prolonged 
period prior to use in the laboratory. Copper line connec-
tions should not be soldered as this could cause continu-
ous contamination. This recommendation may conflict 
with existing building codes, but non-contaminating 
alternatives can be found. A number of spare lines hidden 
behind walls and ceilings should be installed as well, in 
case of later renovation or facility expansion.

Large programs should consider the use of exterior 
bulk tanks for carbon dioxide and liquid nitrogen. This 
removes the issues of tanks for incubators or cryopreser-
vation. These tanks are located where delivery trucks can 
hook onto and deliver directly to the tank. Pressurized gas 
lines or cryogenic lines then run the carbon dioxide or 
 liquid nitrogen to the IVF laboratory for use.

Placement of bulky and difficult pieces of equipment 
should be considered when designing doorways and elec-
trical panels. Architects should be fully informed of all 
equipment specifications to avoid the truly classic door-
width mistake. Emergency generators should always be 
installed, even where power supplies are usually reliable. 
The requirements can be determined by an electrical engi-
neer. Thankfully, these units can be removed from the 
laboratory, but must be placed in well-ventilated areas 
that are not prone to flooding. Additional battery “unin-
terruptible power systems” may be considered as well, 
but are of very limited capability. Buildings should also 
be checked for placement of the main power inlets and 
distribution centers, especially because sharing power 
lines with other departments or companies may not be 
advisable. Circuit breakers should be easily accessible to 
embryologists or building maintenance staff. General 

knowledge of the mechanical and electrical engineering 
of the building and the laboratory specifically will always 
be advantageous. Leaving all the building mechanics and 
facilities to other individuals is often counterproductive. 
Embryologists need to be involved with facilities manage-
ment and be updated with construction decisions inside 
and outside the building in a timely manner.

Ample storage spaces should always be planned for 
IVF laboratories. In the absence of dedicated storage 
space, laboratory space ends up being used instead, filling 
all cabinets and negating any advantages of the original 
design. The dedicated storage area should be used to stock 
all materials in sufficient quantity to maintain a steady 
supply. A further reason to include storage areas in labo-
ratory design—sufficient on its own to justify the space—
is that new supplies, including sterile disposable items, 
release multiple compounds for prolonged periods. This 
“out-gassing” has been determined to be a major cause of 
air pollution in a number of laboratories in which supplies 
were stored inside the lab. Separate storage space there-
fore provides the best chance of good air quality, espe-
cially when it is supplied by separate air handling system. 
It should be large enough to handle bulky items as well as 
mobile shelving for boxes. One should be careful to avoid 
the natural inclination to save extra trips by bringing too 
many items into the laboratory, or the gains made by care-
ful design may be lost. As a possible makeshift solution, 
storage cabinetry in the laboratory can be designed with 
separate negative pressure air handling in order to mini-
mize release of VOCs from off-gassing package materials.

MICROSCOPES AND VISUALIZATION OF CELLS
Though dissecting microscopes are crucial for the gen-
eral handling of gametes and embryos, many people still 
consider inverted microscopes to be a luxury even though 
they are in regular use with micromanipulation systems. 
Proper visualization of embryos is key to successful 
embryo selection for transfer or freezing; if the equipment 
is first class, visualization can be done quickly and accu-
rately (16). Even so, appropriately detailed assessment is 
still dependent on the use of an oil overlay system to pre-
vent damage by prolonged exposure. Each workstation 
and microscope should be equipped with a still camera 
and/or video camera and monitor. Still photos can be 
placed in the patient file and video footage permits speedy 
review of embryonic features with colleagues after the 
gametes are safely returned to the incubator; this is also 
helpful for training of new embryologists. Interference 
optics such as Hoffman and Nomarski are preferable 
because they permit the best measure of detail and depth. 
Novel visualization of internal elements such as spindles 
using polarized microscopy requires additional equip-
ment, but can be incorporated into routine operation (17). 
Ideally, the captured photos should be digitally stored for 
recall in the clinic’s medical database.

Development of new time-lapse microscopy technolo-
gies has made continuous and uninterrupted monitor-
ing of embryo development a reality. This is an invaluable 
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teaching and learning tool. However, equipment costs are 
high and, for many laboratories, prohibitive. Equipment for 
time-lapse technology can be sizable and may require sepa-
rate consideration in terms of lab design and bench space.

CONSTRUCTION, RENOVATION, AND BUILDING 
MATERIALS
Construction and renovation can introduce a variety of 
compounds into the environment of the ART laboratory, 
either temporarily or permanently. Either can have major 
adverse effects on the outcome of operations (10–12,18,19). 
The impact of the exterior environment on IVF success has 
been demonstrated. Pollutants can have a significant nega-
tive effect on success in an IVF laboratory (10,20). These 
effects can range from delayed or abnormal embryonic 
development, reduced or failed fertilization, and reduced 
implantation rates to pregnancy loss and failure of a treat-
ment cycle. Many of the damaging materials are organic 
chemicals that are released or out-gassed by paint, adhe-
sives from flooring, cabinets, and general building materi-
als, as well as from laboratory equipment and procedures. 
It is important to realize that the actual construction 
phase of the laboratory can cause permanent problems. 
Furthermore, any subsequent renovation activity in adja-
cent areas can also cause similar, or even greater problems. 
Neighboring tenants can be informed of the sensitivity of 
gametes and embryos in culture. At the very least, changes 
undertaken in adjacent areas should be supervised by 
IVF laboratory personnel to minimize potential dam-
age. However, new construction immediately outside the 
building is considerably more problematic. City works 
such as street construction are very hard to predict and 
nearly impossible to control. A good relationship with the 
neighbors should be maintained and a working relation-
ship with building owners and city planners should be 
established so that the IVF laboratory is kept informed of 
upcoming changes.

For the construction of a new laboratory or if changes 
are to be made to areas adjacent to the IVF facility, the 
following guidelines should be followed. First, the area to 
be demolished and reconstructed needs to be physically 
isolated from the IVF laboratory (if this is not the new IVF 
laboratory itself). The degree of isolation should be equiva-
lent to an asbestos or lead abatement project. The isolation 
should be done through: (1) physical barriers, consisting 
of poly-sheeting supported by studding where needed; (2) 
limited access to the construction area and the use of an 
access passageway with two doors in series; (3) removal of 
all construction waste via an exterior opening or proper 
containment of waste before using an interior exit; (4) neg-
ative air pressure in the construction area, exhausting to 
the exterior, far removed from the laboratory’s air intake, 
and properly located with regard to the prevailing winds 
and exterior airflow; (5) extra interior fans during any 
painting or the use of adhesives to maximize removal of 
noxious fumes; and (6) compiling and logging of Material 
Safety Data Sheets (MSDS) for all paints,  solvents, and 
adhesives in use.

Follow-up investigations with manufacturers and their 
representatives may be helpful because specifications of 
equipment may be changed without notice. The negative 
pressurization of the laboratory space requires continuous 
visual confirmation via a ball and tube pressure indicator 
or simply paper strips. Periodic sampling for particulates, 
aldehydes, and organics could be done outside the demoli-
tion and construction site, provided this is economically 
feasible. Alternatively, tracer gas studies can be done to 
verify containment. The general contractor of the demoli-
tion and construction should be briefed in detail on the 
need to protect the IVF facility and techniques to accom-
plish this. When possible, the actual members of the con-
struction crew themselves should be selected and briefed 
in detail. Large filter units using filter pellets of carbon 
and permanganate can be placed strategically. Uptake of 
organics can be assayed, but the frequency of routine filter 
changes should be increased during periods of construc-
tion activity.

SELECTION OF BUILDING MATERIALS
Many materials release significant amounts of VOCs and 
a typical list includes paints, adhesives, glues, sealants, 
and caulking, which release alkanes, aromatics, alcohols, 
aldehydes, ketones, and other classes of organic materials. 
This section outlines steps to be taken in order to reduce 
these out-gassing chemicals. Any and all interior paint-
ing throughout the facility should only be done on pre-
pared surfaces with water-based paint formulated for low 
VOC potential. During any painting, auxiliary ventila-
tion should be provided using large industrial construc-
tion fans, with exhaust vented to the exterior. Paints that 
can significantly influence air quality should be emis-
sion tested (some suppliers already have these test results 
available). Safety Data Sheets (SDS; previously MSDS) are 
generally available for construction materials. Suppliers 
should be encouraged to conduct product testing for emis-
sion potential. The variety of materials and applications 
complicates the testing process, but several procedures 
have been developed to identify and quantify the com-
pounds released by building materials and furnishings. 
Interior paints must be water-based, low-volatile paints 
with acrylic, vinyl acrylic, alkyd, or acrylic latex polymers. 
Paints meeting this specification can also contain certain 
inorganic materials. Low-volatile paints may still contain 
low concentrations of certain organics. No interior paint 
should contain formaldehyde, acetaldehyde, isocyanates, 
reactive amines, phenols, and other water-soluble volatile 
organics. Adhesive glues, sealants, and caulking materi-
als present some of the same problems as paints. None of 
these materials used in the interior should contain form-
aldehyde, benzaldehyde, phenol, and similar substances. 
Although water-based versions of these are generally not 
available, their composition varies widely. Silicone materi-
als are preferred whenever possible, particularly for seal-
ants and caulking work. A complete list of guidelines for 
material use during the construction of a tissue culture 
laboratory is available elsewhere (21).
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“BURNING IN” OF THE FINISHED FACILITY
New IVF laboratories and new facilities around existing 
laboratories have often been plagued by complaints of 
occupants who experience discomfort from the chemi-
cals released by new construction and furnishings. The 
ambient levels of many of these materials can be reduced 
by “burning in” the facility. A typical burn-in consists of 
increasing the temperature of the new area by 10°C–20°C 
and increasing the ventilation rate; even higher tempera-
tures are acceptable. The combination of elevated temper-
ature and higher air exchange aids in the removal of the 
volatile organics. Upon completion of the construction, 
the air handling system should be properly configured for 
the burn-in of the newly constructed area. As previously 
stated, the system must be capable of supplying the space 
with air with a temperature of 30°C–35°C, at less than 40% 
relative humidity. The burn-in period can range from 10 to 
28 days, and the IVF laboratory should be kept closed dur-
ing this time. If these temperatures cannot be reached by 
the base system, use auxiliary electrical heating to reach 
the minimum temperature. During burn-in, all lighting 
and some auxiliary equipment should be turned on and 
left running continuously. Naturally, ventilation is criti-
cal if redistribution of irritants is to be avoided; the whole 
purpose is to purge the air repeatedly. Auxiliary equip-
ment should of course be monitored during the burn-in.

The same burn-in principle applies to newly purchased 
incubators or other laboratory equipment. Removal of 
volatile organics is especially important in the critical 
microenvironment of the incubator. Whenever possi-
ble, it is advantageous to purchase incubators months in 
advance of their intended initial use and to operate them 
at an elevated temperature in a clean, protected location. 
An existing embryology laboratory is not a good space for 
the burn-in of a new incubator.

Most of the equipment available for use in an ART labo-
ratory has not been designed or manufactured to be VOC-
free. Special attention must be invested in new laboratory 
equipment to eliminate or reduce VOC levels by as much 
as possible before first use.

Most manufacturers do not address the issues of VOC 
out-gassing in product manuals, even if the equipment 
has been expressly designed for the IVF field. Unpacking, 
cleaning, and operating equipment prior to final installa-
tion in a lab for out-gassing the “new car smell” is always 
recommended.

Incubators should be unpacked, inspected, cleaned, out-
gassed, operated, re-cleaned, calibrated, and tested well in 
advance. The process can take several months to accom-
plish, but is generally a very essential task that is rewarded 
with the most suitable culture system that the selected 
incubator model can provide. When possible, operat-
ing incubators at elevated temperatures above the typical 
culture temperature will hasten the release or burn-off of 
VOCs. Extended operation at between 40°C–45°C works 
well to burn off VOCs if this is within the manufactur-
er’s recommended temperature range. Incubator model 
VOC loads can vary greatly. Accurate VOC testing may be 

expensive and time consuming, but it is recommended to 
test a specific incubator model to determine the new unit’s 
typical VOC characteristics and how much time  out- 
gassing may require.

Handheld VOC testing devices are available and can be 
used to help monitor the decline of total VOCs, but cannot 
match the level of accuracy of an environmental organic 
chemist’s testing. Handheld VOC meter technology gen-
erally is not sensitive enough to monitor low-molecular-
weight classes of VOCs. They are reasonably affordable, 
easily used, and can provide a means of monitoring VOC 
reduction to help determine if the out-gassing time may be 
sufficient to observe a reduction of VOCs.

New incubators are generally tested with a mouse 
embryo assay (MEA), replicating a culture system as part 
of a new incubator commissioning process. Most labora-
tories today use some variation of an oil culture system. 
The oil can serve as an excellent filter against potential 
VOCs, but may not protect a culture system from the 
full range of VOC exposure, particularly low-molecular-
weight compounds such as aldehydes. Incubator MEA 
commissioning should include both an oil and an open 
exposed media test to help evaluate the success of prepar-
ing the incubator. The dual MEA approach works well 
for humidified incubator systems, but may not be appli-
cable if a dry, non-humidified culture system is used. 
Most dry, non-humidified culture systems are designed to 
recirculate chamber air and incorporate a VOC filtration 
strategy. Open culture generally cannot be used with non-
humidified incubators. The manufacturer’s recommenda-
tions should be followed. Non-humidified incubators may 
require extended off-gassing and should be tested prior to 
use in order to confirm that they do not have a VOC issue. 
Chemical VOC filters should be replaced after burn-off 
prior to any MEA testing.

Laminar flow hoods and isolettes are also important 
potential VOC sources that should not be overlooked. 
They should be given ample time to operate and out-gas 
as they can contribute to a lab’s VOC contamination load. 
High-efficiency particulate air (HEPA) and chemical fil-
ters should be selected for low-VOC manufacturing traits 
and also may require off-gassing. Care must be taken 
when out-gassing laminar flow hoods and isolettes as they 
require a HEPA-filtered environment or replacement of 
their filters when transferred to an IVF lab.

After the burn-in is complete, commissioning of the 
IVF suite should be conducted to verify that the labora-
tory meets the design specifications. The ventilation and 
isolation of the laboratory should be verified by a series 
of tests using basic airflow measurements and tracer gas 
studies. The particulate levels should be determined to 
verify that the HEPA system is functional. Particulate 
sampling can be performed using U.S. Federal Standard 
209E. Microbial sampling for aerobic bacteria and fungi 
is often done in new facilities using an Andersen sampler 
followed by microbiological culturing and identification. 
The levels of VOC contamination should be determined. 
Possible methods are included in the U.S. Environmental 
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Protection Agency protocols using gas chromatography/
mass spectroscopy and high-performance liquid chroma-
tography that is sensitive at the microgram per cubic meter 
level (22–25).

MAINTENANCE PLANNING AND STERILIZATION
Even the best systems and designs will eventually fail 
unless they are carefully maintained. The heating, ven-
tilation, and air conditioning (HVAC) will require filter 
changes, coil cleaning, replacement of drive belts, and 
chemical purification media. The most prevalent failure 
concerns the initial particulate filter. These are inexpen-
sive filters designed to keep out large dust particles, plant 
debris, and insects, among others. If such filters are not 
replaced promptly and regularly, they will fail, allowing 
the HVAC unit to become contaminated. The HEPA filters 
and chemical media also require inspection and periodic 
replacement. Maintenance staff should report their find-
ings to the IVF laboratory.

The IVF laboratory must have a cleaning facility for 
surgical instruments. Ongoing use of an autoclave is not a 
problem as long as the released steam is rapidly exhausted 
to the outside. This keeps the relative humidity in the 
facility to controllable limits. Autoclaves should not be 
placed on the IVF laboratory’s HVAC system, but rather 
in a room that is built using tight construction and is 
exhausted directly outside of the building. The use of cold 
sterilizing agents is not advised. Aldehydes such as glutar-
aldehyde and ortho-pathaldehyde from the autoclave can 
be transported inside the IVF laboratory.

INSURANCE ISSUES
ARTs have become common practice worldwide and are 
regulated by a combination of legislation, regulations, or 
committee-generated practice standards. The rapid evolu-
tion and progress of ART reveal new legal issues that require 
consideration. Even the patients themselves are changing, 
as it becomes more acceptable for single women and homo-
sexual couples to seek and receive treatment. Donation of 
gametes, embryos, and gamete components, enforcement 
of age limits for treatment, selective fetal reduction, pre-
implantation genetic diagnosis, surrogacy, and many other 
practices in ART present practitioners and society at large 
with challenges, which are often defined by social norms, 
religion, and law and are specific to each country.

Furthermore, financial and emotional stresses often 
burden patients seeking treatment in countries where 
medicine is not socialized and infertility treatment is not 
covered by insurance. This translates into an increasing 
number of ART lawsuits related to failed treatments in 
spite of generally improved success rates. Laboratory per-
sonnel and the laboratory owner should therefore obtain 
an insurance policy of a sufficiently high level and quality 
commencing prior to the first day of operations. Litigation-
prone issues need special consideration, and include:

• Cancellation of a treatment cycle prior to egg retrieval
• Failure to become pregnant

• Patient identification errors
• Cryostorage mishaps

These issues occur even if experienced practitioners 
consider themselves at low risk of exposure. Prior to 
engaging in the practice of ART, protocols must be estab-
lished to identify potential problem areas and establish 
countermeasures.

CONCLUSIONS
It may be surprising how many professionals continue 
to pursue the establishment of new ART clinics at a time 
when competition is fierce, financial benefits are small, 
and existing ART services may appear to be approaching 
saturation in many areas and countries. Appearances can 
be misleading, however, and ART centers of excellence 
that deserve the trust and confidence of patients and serve 
as models for other practices are always needed.

This chapter provides some guidance for those who 
aspire to establish such outstanding, well thought out and 
planned ART practices. Although it cannot safeguard 
practitioners against adverse events, it introduces con-
cepts in the proper design, construction, and operation 
of ART facilities that are of fundamental importance to 
treatment success; these guidelines have been painstak-
ingly compiled through decades of practical experience 
and research. The approach is best adopted as a whole 
rather than dissected into its components and adopted in 
part or selectively. Keep in mind that resisting the urge to 
cut corners in the wrong places avoids future headaches 
and positions you and your patients on the path to success.
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2Quality control
Maintaining stability in the laboratory
RONNY JANSSENS and JOHAN GUNS

INTRODUCTION
It has now been almost 40 years since in vitro fertiliza-
tion (IVF) was developed by Edwards and Steptoe. Over 
these decades, practice in assisted reproductive technol-
ogy (ART) has evolved from a new experimental proce-
dure into a well-established routine treatment of infertility 
driven by the development of new procedures such as 
intracytoplasmic sperm injection (ICSI), extended cul-
ture, preimplantation genetic diagnosis (PGD) and preim-
plantation genetic screening (PGS), vitrification, ongoing 
research, the development of better and safer products and 
culture media, more stringent quality control programs 
by commercial companies, and a better understanding of 
possible factors that might have an impact on the outcome 
of the procedure. Although success rates have improved 
over time, it is hard to define which laboratory practices 
contribute to this success (1). In a survey of U.S. high-per-
forming centers, factors that were identified were experi-
ence of physicians, embryologists, and staff members, as 
well as consistency of approach, attention to detail, and 
good communication as being vital to excellent outcomes.

Together with the evolution from research towards 
worldwide routine application, we have seen increasing 
regulatory requirements and the development of pro-
fessional standards for embryology laboratories. In the 
beginning of this century, both U.S. and European author-
ities issued regulations to ensure the quality and safety of 
human tissues and cells, and now the European Union 
Tissues & Cells Directive 2004/23/EC (EUTCD) (2) has 
been implemented in all EU member states.

Although the legislation differs between the U.S.A. 
and Europe and the interpretation and translation into 
national legislation of the EUTCD in the EU member 
states is different from country to country, there is a com-
mon requirement to implement a quality management 
system (QMS) in an ART laboratory.

All is well, until disaster strikes you. Remember 
Captain Smith, a very experienced captain on the helm of 
the Titanic when it sunk in 1912. Sometimes things do not 
go as expected and disasters or errors occur. All embry-
ologists are or will be confronted with Murphy’s Law: if 
anything can go wrong, it will go wrong. It is our chal-
lenge and professional duty to beat Murphy’s Law and be 
better than Captain Smith and here, quality management 
can help.

Although sometimes seen as a burden, quality man-
agement supports a successful clinic. It is a tool to avoid 
unwanted and uncontrolled fluctuations in a process and 

ensures the consistency of approach and attention to detail 
so that stable results can be achieved over time. Essential 
elements of quality management (and relevant standards 
for quality management) leading to standardization are 
risk management, validation, standard operating proce-
dures, communication, and training.

Risk management

Treatment is influenced by internal and external factors 
that create uncertainty in achieving the desired outcome. 
The effect of this uncertainty is “risk.” Risk management 
(3) is an instrument dealing with the possibility that some 
future event might cause harm (4). It includes strategies 
and techniques for recognizing and confronting any such 
threat and provides a disciplined environment for pro-
active decision-making (or beating Murphy’s Law). Risk 
management is now an essential element of accreditation 
or certification standards and is even mandatory for some 
regulatory authorities such as the Human Fertilisation 
and Embryology Authority (HFEA) (5) in the U.K. In a 
risk assessment procedure, you identify what the risks 
are, what would be the cause, what would be the conse-
quence, and what controls could be in place to minimize 
risk. There are many risk assessment techniques (6), but 
the two most commonly used are failure mode and effects 
analysis (proactive) and fault tree analysis (retrospective). 
It is good practice to perform a proactive risk assessment 
before introducing or changing a procedure. Once risks 
are identified, they can be controlled or treated so that 
the likelihood or the consequence (impact) of an event is 
reduced. A good example of proper risk treatment in the 
IVF laboratory is the installation of a real-time equip-
ment monitoring system (EMS). The EMS increases the 
detection of equipment malfunctioning and reduces the 
consequence by warning in time so that loss of valuable 
biological material can be prevented. Although there is an 
important investment cost to installing a real-time EMS, 
it has been demonstrated that, even for a small labora-
tory, an automated system can represent not just increased 
functionality, but it also saves money within three years 
(7). Monitoring and alarming is an essential tool for qual-
ity control and maintaining stability in the laboratory 
and is also required by EU directive 2006/86/EC (8), ISO 
15189:2012 (9), and the HFEA code of practice (5).

Validation

In ISO 15189:2012 (9), the standard for accredita-
tion of medical laboratories, validation is defined as 
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“confirmation, through the provision of objective evi-
dence, that the requirements for a specific intended use or 
application have been fulfilled.” IVF is a process (a set of 
interrelated or interacting activities that transform inputs 
into outputs). A basic objective of validation is to ensure 
that each step and each variable of the process is identified 
and controlled and process variability is reduced so that 
the finished product meets customer requirements (con-
sistent high pregnancy rates).

The U.S. Food and Drug Administration (FDA) pub-
lished guidelines (10) that outline the general principles 
for process validation. Quality, risks, safety, and efficacy 
should be considered from the design phase of a process. 
Certainly in IVF, the quality of the “end product” cannot 
be measured, so each contributing factor (infrastructure, 
equipment, and utilities) and all the steps of the process 
need to be known and controlled.

Ideally, prospective validation is preferred, but certainly 
in existing IVF clinics this is not always possible, and 
then validation is done by analysis of historical data and 
 prospective and concurrent product testing.

Validation should be performed for new premises, labo-
ratory equipment, utilities, and processes and procedures 
and should result in written reports. During the valida-
tion, in-process controls should be defined in order to 
monitor the process.

Process validation is needed before the introduction 
(process design) of a new method into routine use, when-
ever the conditions change for which a specific method has 
been validated (other instruments, changes in environ-
ment, etc.) and whenever the method is changed (10,11).

During routine use, continuous process verification is 
necessary to ensure that the process remains in a state 
of control. Examples of laboratory processes that need 
to be validated are cleaning and decontamination proce-
dures, sperm processing, IVF/ICSI, egg collection, embryo 
 culture, cryopreservation, and embryo replacement.

In addition, equipment needs to be validated in order 
to provide a high degree of assurance that it will consis-
tently meet its predetermined specifications with minimal 
variation. Equipment validation is broken down into three 
phases: installation qualification (IQ), operational quali-
fication (OQ), and performance qualification (PQ). IQ is 
the first step and ensures that the equipment is correctly 
installed according to the manufacturer’s specifications. 
As an example, a new incubator needs to be installed on a 
solid, vibration-free surface, the room temperature should 
be within a defined range, and the instrument should be 
connected to CO2 and main power. During the next step, 
OQ, the equipment is calibrated and tests are performed in 
order to document a baseline of the critical parameters of 
the equipment. For an incubator, this is defining set points 
for CO2, temperature, and oxygen and a verification of 
these parameters with independent, calibrated measuring 
equipment. The PQ phase then tests the ability of the incu-
bator to perform over long periods within an acceptable 
tolerance range. The equipment, utility, and system should 
then be maintained, monitored, and calibrated according 

to a regular schedule by responsible personnel with appro-
priate qualifications and training. Parameters of calibra-
tion and equipment verification should be traceable to 
international standards. Calibrated equipment should be 
labeled, coded, or identified so that the calibration sta-
tus and recalibration due date are clear. If equipment is 
not used for a certain period of time, then the calibration 
 status needs to be verified before use.

Documentation

Good documentation is an essential part of any QMS. The 
process and equipment validation and laboratory standard 
operating procedures need to be correctly and completely 
documented. These documents should be approved by 
the laboratory director, regularly reviewed, and updated. 
Before any new or changed procedure may be introduced 
into routine, staff should be trained; the training should be 
specific and focused on the role of the employee.

Change control

The core principle of quality management is about change; 
change for continual improvement or the plan, do, 
check, act cycle. Whenever processes or procedures are 
changed, the impact of the change should be justified and 
documented in order to prove that the change does not 
adversely affect the process.

Change control is a systematic approach that is used 
to ensure that any intended modification to the process, 
equipment, instruments, facility, and so on, are introduced 
in a coordinated manner and to reduce the possibility that 
unwanted or unnecessary changes will be introduced into 
the culture system (12).

Unplanned deviation from these approved process or 
documents with potential impacts on quality, safety, or effi-
cacy should be registered as non-conformity in the QMS.

The key principle of change control is to understand and 
document what was done, why, when, where, by whom, 
how, and what were the results.

Changes requiring revalidation are changes of facili-
ties and installations, which may influence the process 
(cleanrooms or heating, ventilation, and air conditioning 
[HVAC]), changes in materials (puncture needles or trans-
fer catheters) or reagents (culture media), changes in the 
process itself (implementation of new technology or find-
ings based on current knowledge), changes in equipment, 
or support system changes (cleaning, supply, or informa-
tion technology). All changes that have the potential to 
impact quality, safety, and efficacy should be justified, doc-
umented, approved (or rejected), communicated, and made 
known to laboratory staff and implemented in practice.

A change request procedure should be incorporated 
into the QMS.

QUALITY CONTROL AND QUALITY ASSURANCE
Having established in detail what aspects of the pro-
cess are important to delivering the required quality (by 
proper validation), it is necessary that in-process con-
trols are properly monitored. Regular monitoring of key 
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performance indicators for fertilization, embryo devel-
opment, and implantation provides good evidence of a 
clinic’s performance, but unfortunately, a real decline in 
pregnancy rates may only be detected very late. It is there-
fore crucial to establish strict quality control procedures, 
routines, and controls to ensure that procedures and 
pieces of equipment operate appropriately and the process 
remains “in control.”

This section will focus on the instruments and tech-
niques used to document environmental and process 
parameters such as temperature and gas concentrations, 
and will discuss the quality control and quality assurance 
of laboratory personnel, infrastructure, equipment, cul-
ture media, and contact materials.

Infrastructure and environment

Cleanrooms and air quality

The relation between environmental toxicants and fer-
tilization and embryo development has been reported by 
several authors (13,14). More recently, positive pressure in 
the lab, high-efficiency particulate air (HEPA) filtration of 
laboratory air, filtration for volatile organic compounds 
(VOCs), and use of chemical active compounds are identi-
fied as factors that are common in high-performing IVF 
programs (1). Most modern IVF centers are now located 
in cleanrooms.

HVAC functioning of a cleanroom should be monitored 
by a building monitoring system (BMS). The air quality 
requirement can vary from country to country, but most 
modern IVF laboratories are housed in cleanrooms clas-
sified ISO 8 to ISO 7 or EU GMP D to C. Once the clinic 
has specified its air quality requirements, compliance 
with the designated classification has to be demonstrated 
in the formal process of qualification (or validation). 
Qualification is mostly done on a yearly basis by a test-
ing organization that performs normative tests compliant 
with the ISO 14644-1 and ISO 14644-2 standards (15,16). 
Qualification is followed by monitoring in order to control 
performance, both in rest state and in operation.

Air quality monitoring (17) consists of the enumeration 
of particles and microorganisms, both in rest and in activ-
ity. Before starting, a monitoring program needs to estab-
lish the sampling frequency and locations, the number 
of samples per location, the sample volume, and the test 
methods. This way of working, which is not yet familiar 
to ART and other tissue/cell establishments, derives from 
pharmaceutical guidelines. The EU directive refers to 
annex 1 of the EU GMP (18) that specifies the techniques for 
particle and microbial testing, similar to those described 
in the U.S. cGMP (17) and the U.S. Pharmacopeia for the 
production of medicines for human use (19). These phar-
maceutical guidelines can guide the ART establishments 
in the setting up of a monitoring program.

Furthermore, the EU GMP makes a distinction between 
environmental monitoring at rest state and monitoring of 
the aseptic process in operation. Environmental monitor-
ing verifies at rest state whether the environment is ready 

for the forthcoming activity, while aseptic process moni-
toring aims to ensure that the people, processes, and envi-
ronment remain under control during operation.

Particle counters can be part of a BMS or an EMS. It 
is possible to monitor VOCs in laboratory air. Photo ion 
VOC detectors, measuring in the ppm range and with a 
4–20-mV output, are commercially available and can eas-
ily be connected to any real-time EMS. Monitoring VOCs 
may lead to the detection of non-compliance of cleaning 
and disinfection procedures by cleaning staff out of work-
ing hours and can avoid the introduction of dangerous and 
toxic products released by non-approved cleaning agents.

The maintenance schedule for serving and filter replace-
ment should be defined (by particle count for HEPA fil-
ters and analysis of filter saturation for active carbon and 
chemical VOC filters) and records should be kept of fil-
ter replacement dates and batch numbers. The preventive 
maintenance schedule should be defined in a service-level 
agreement between the laboratory and the company per-
forming the maintenance.

Temperature—relative humidity

The absolute value of ambient temperature in the clean-
room is not really important (occupational health and 
safety rules should be respected) but should not exceed 
25°C. If the environment of a cleanroom is cold and dry, 
microbiological contaminants will not grow. If the ambi-
ent relative humidity and temperature of the cleanroom 
environment exceeds 50% and 25°C, the risk of bacteria 
growth increases. On the other hand, humidity that is 
below 35% promotes static electricity, personal discom-
fort, and irritation of mucous membranes and eyes. An 
ambient relative humidity between 40% and 50% mini-
mizes the impact of bacteria and respiratory infections 
and provides a comfortable working environment. Also, 
incubators do not function well if ambient temperature is 
above 30°C. However, for optimal lab performance, it is 
important to keep ambient temperature constant to avoid 
fluctuations in the surface temperature of equipment 
(heated stages and incubators), and therefore the ambient 
temperature should be monitored and alarmed.

During the design phase of a new cleanroom, attention 
should be given to the positioning of workstations and 
incubators so that they are not located directly in front of 
or below HEPA filtered air conditioning outlets.

Ambient temperature and relative humidity (RH) are 
usually monitored by a BMS.

Light

The effect of direct sunlight and hard white fluorescent light 
on mammalian zygotes and embryos is well documented 
(20,21) and most laboratories limit the amount of light 
exposure to gametes and embryos. In total, 95% of this light 
energy originates from microscope halogen lamps during 
manipulation and handling (22), and in particular, the blue 
region (400–500 nm) of light is harmful (23). Therefore, the 
use of green filters on microscopes is recommended.
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Gas supplies

There is now convincing evidence that low oxygen concen-
trations for embryo culture are associated with increase 
live birth rates (24). IVF incubators depend on a supply 
of gas in order to regulate their internal atmospheres. 
Depending on the incubator’s design, this is either 100% 
CO2 and 100 N2 for incubators with integrated gas mix-
ing units, or  custom-made mixtures of 5%–6% CO2, 5% 
O2 and 89%–90% N2 for incubators without integrated gas 
mixing capacity (MINCTM benchtop incubator, Cook 
Medical; BT37 benchtop incubator, Origio/Planer). All 
gases should be of the highest quality and VOC filters 
should be installed on gas lines. Incubators with gas mix-
ing units do have sensors and can give an alarm when the 
gas supply is failing, but this is not the case with incubators 
that run on premixed gasses. The latter can be monitored 
by placing a small Petri dish-sized infrared CO2 sensor 
(25) inside an incubator chamber.

Laboratory equipment and real-time monitoring

Real-time monitoring (RTM) has long been seen as sim-
ply impractical because of the lack of accurate CO2 sen-
sors, the difficulty in connecting too many points, and the 
cost of cabling and adding sensors and data transmitters. 
Today, with the universal availability of low-cost wireless 
technology, the internet, smartphones, and tablets, this is 
no longer the case, and there are now affordable solutions 
that provide vital information in real time to monitoring 
systems and the people who need it, such as the labora-
tory manager. RTM systems can reduce “loss” by equip-
ment failure and thus provide the manager with increased 
safety and reliability. Also, regulators see the benefits of 
monitoring; this requirement is now integrated into pro-
fessional guidelines (26), regulatory requirements (8), and 
accreditation standards (9).

It is possible to connect analog sensors for temperature 
and gas levels (CO2, O2, and VOCs). If feasible, sensors that 
are independent from the equipment to monitor should be 
used. This makes it possible to detect equipment sensor 
drift, allows verification of manufacturers’ performance 
claims, and may detect environmental factors such as elec-
trical failure.

Air pressure, RH, airflow sensors, and particle coun-
ters can be connected to a RMS, but these parameters are 
usually integrated into a BMS. Laboratory ambient air 
monitoring should be part of the EMS since deviations in 
ambient temperate have consequences on the temperature 
regulation of microscope heated stages.

Digital signals that can be monitored in real time 
include door status and equipment alarm signals. It is even 
possible to read digital Recommended Standard (RS) 232 
or RS 485 interphases.

Modern web-based systems provide accurate and effec-
tive control of equipment. The data are accessible remotely 
over a secure internet connection and intelligent alarms 
warn the laboratory manager in case of an unexpected 
event or equipment malfunctioning or failure. To increase 

reliability, technical alarms (sensor break, monitoring 
equipment failure, or network failure) should be pos-
sible, and this aspect should be taken into account when 
a monitoring system is chosen. Of course, with modern 
technology, it is possible to send alarms by telephone, 
email, or SMS, but the alarm messaging program should 
be bi-directional so that alarm acknowledgement is pos-
sible (and logged). In case of no reaction within a pre-
defined timeframe, an automatic cascading system should 
be activated.

Culture system

Temperature issues

Although the optimal temperature for oocyte handling 
and embryo culture is not really known, limited decreases 
in temperature can alter the cytoskeleton (27) and spindle 
(28) of oocytes, and there is limited recovery after cooling 
and rewarming (29), indicating that human meiotic spin-
dles are exquisitely sensitive to alterations in temperature 
and that the maintenance of temperature at 37°C during 
in vitro manipulations is important for normal fertilization 
and subsequent embryo development. These temperature 
effects are irreversible so it is important to avoid subopti-
mal temperatures. Temperature issues can occur during 
follicle puncture, during manipulations on heated stages 
on stereo microscopes and injection microscopes, in incu-
bators, and during embryo transfer. Temperature should 
be measured in culture dishes under oil and in tubes with 
calibrated probes. The choice of measuring probe is impor-
tant. Thin, fast-responding, non-shielded type T thermo-
couples can be used to detect small temperature gradients 
and are excellent at detecting hotspots on heating stages, 
while more precise, small probes fixed in culture dishes 
are more suitable for precise temperature measurements 
in incubators. While the most stable and accurate sensors 
are resistance temperature detectors (Pt100 and Pt1000), 
they are not easily available in small sizes for fixing inside 
a culture dish. For this purpose, thermistor probes are 
probably a better choice. Thermistors with 0.1°C accuracy 
are now widely available and at a very reasonable price. 
They have a fast response time and because of their high 
sensitivity are ideal for detecting temperature changes in 
culture dishes. Of course, accurate temperature measure-
ment is only possible through the use of suitably calibrated 
sensors and instruments, and the accuracy of these mea-
surements will be meaningless unless the equipment and 
sensors are correctly used. Good knowledge of measure-
ment science is a basic requirement, one that is lacking in 
many laboratories.

Culture media and pH

The choice of culture medium is beyond the scope of this 
chapter. There is no ideal pH for culture media, as this 
varies from medium to medium and manufacturer to 
manufacturer, but it usually fluctuates within a range of 
7.2 to 7.4. The pH of bicarbonate-buffered medium is regu-
lated by the concentration of CO2 dissolved in the culture 
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medium, and this is regulated by the partial pressure of 
CO2 in the incubator air. It is therefore important to care-
fully monitor incubator performance by RTM. In large-
volume standard incubators, it is easy to integrate infrared 
CO2 sensors. In small-volume desktop incubators, this is 
more challenging, but in some brands it is possible. While 
with modern and well-controlled incubators it is pos-
sible to maintain stable pH values, pH will increase while 
culture media are outside the incubator. To slow down 
this pH increase, oil is often layered over culture media. 
Besides this protective effect on pH, an oil overlay also 
reduces evaporation and heat loss and provides protection 
from particulate air contaminants.

The protective effect on pH is, however, quite limited 
in time, as shown in Figure 2.1. When culture medium is 
directly exposed to ambient air, the pH rise starts imme-
diately. When a culture dish is removed from the incuba-
tor and the lid is left on the dish, then the pH starts to 
rise after 10 minutes. It is therefore good practice to leave 
lids on culture dishes during zygote and embryo scoring. 
These pH problems can be avoided by working in isolators 
with CO2 (and temperature) regulation.

For quality control purposes, the pH of each batch of 
culture medium after proper equilibration should be mea-
sured and should be within the range specified on the cer-
tificate of analysis. A conventional pH meter with a glass 
electrode is technically challenging (samples for measure-
ment have to be removed from the incubator, measure-
ments should be done at 37°C, and measurements have to 
be done in ambient air) and time consuming. Better solu-
tions are the continuous pH recorders in incubators or the 
use of a point-of-care blood gas analyzer.

Osmolality

The osmolality of commercial media ranges from 255 to 
298 mOsm/kg (30). Most IVF labs culture embryos in 
droplets of media under oil overlay. Microdrop prepa-
ration can influence culture media osmolality, which 
can impair embryo development (31), so this technique 
should be standardized and staff should be trained in 
culture dish preparation. With recent developments such 
as non-humidified benchtop incubators and single-step 
media with prolonged culture without medium change, 

monitoring osmolality has become an important part of 
quality control (after opening and during storage) and 
process control (measurement of spend culture medium 
and after five to six days of culture). For this purpose, 
each laboratory should have a freezing point depression 
osmometer.

Contact materials

Disposables such as oocyte retrieval needles, culture 
dishes, ICSI needles, and transfer catheters are used exten-
sively throughout the whole IVF procedure and the choice 
of disposable should be defined and its performance docu-
mented in a validation procedure. Disposables for embryo 
culture are available from many different manufacturers. 
Unfortunately, some have been shown to have toxic effects 
on gametes and embryos by sperm motility assay (32) or 
mouse embryo assay (MEA) (33).

The American Society for Reproductive Medicine 
(ASRM) practice guidelines (34) require that material that 
comes into contact with sperm, eggs, or embryos should 
be non-toxic and should be tested by the vendor with an 
appropriate bioassay or animal model. This includes, but is 
not limited to, aspiration needles, transfer catheters, plas-
tic ware, glassware, culture media, and protein sources. 
The European Society of Human Reproduction and 
Embryology (ESHRE) guidelines (26) require that culture 
media should be mouse embryo tested, and the European 
Directives require that these disposables should be tested 
with an adequate bioassay by the supplier, but there is no 
consensus or standard on how this MEA test should be 
performed. Variables that have an effect on MEA sensitiv-
ity (35) are the starting point (oocytes, zygotes, or two-
cell embryos), number of embryos per volume of culture 
medium, culture medium and use of albumin, exposure 
protocol of the disposable (medium volume and duration 
of exposure), and the use of an oil overlay, so manufac-
turers can easily modify their assay conditions and either 
aim to maximize sensitivity (with a high rejection rate) 
or reduce sensitivity (with a low rejection rate). Product 
inserts or certificates of analysis are not informative and 
the end-user cannot judge the real value of the company’s 
statement “MEA tested.” Laboratories should therefore 
request this information and select suppliers based on 
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their transparency in providing information on test con-
ditions, exposure protocols, and acceptance criteria.

Laboratory personnel

The number and qualifications of laboratory personnel 
are critical factors for maintaining stability in the labo-
ratory. The recommended staffing levels are one full-time 
equivalent “bench” or “hand-on” embryologist per 120 
stimulation cycles per year (36). As in any discipline in 
which technical proficiency can directly influence a mea-
surable outcome, monitoring performance is essential to 
confirming that a procedure is carried out correctly and 
optimally and to discovering departures from protocol and 
opportunities for correction and improvement. Examples 
of performance parameters are number of two pronuclei 
and number of degenerated oocytes per total number of 
mature eggs injected (ICSI), number of embryos recov-
ered intact and viable per number cryopreserved and per 
number thawed (cryopreservation or vitrification), num-
ber of clinical pregnancies per number of embryo trans-
fers (embryo transfer), number of embryos continuing 
development per number of embryos biopsied, number of 
embryos with molecular signals per number of embryos 
biopsied (embryo biopsy), number of oocytes survived 
and intact per number of oocytes vitrified (oocyte vitrifi-
cation), and number of gestation sacs per total number of 
hatched embryos (37).

Witnessing

One of the definitions of quality is to satisfy stated or implied 
needs or, in other words, to meet patients’ expectations. 
Traceability of cells during IVF is a fundamental aspect of 
treatment, and involves witnessing protocols. Failure mode 
effect analysis of a human double-witness system has clearly 
demonstrated the loopholes and risks of manual witnessing 
(38). Automated electronic systems based on barcodes or 
radiofrequency identification tags can replace manual wit-
nessing (39) and reduce the risk of gamete exchange. It is our 
experience that such an electronic witnessing system reduces 
staff distraction and stress, increasing staff efficiency.
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3The assisted reproduction technology 
laboratory
Current standards
CECILIA SJÖBLOM

INTRODUCTION
Quality assurance (QA), quality control (QC), and accredi-
tation are concepts that seem to touch on a wide range of 
functions in our society. QC systems and standardization 
are especially needed in units for assisted reproduction 
technology (ART) to ensure the reproducibility of all meth-
ods and that all members of staff are competent to perform 
their duties. The necessity of a QC system becomes even 
clearer when considering the possible risks of ART.

Over the years that ARTs have been practiced, exten-
sive knowledge has been gained on how to run an ART 
laboratory and what methods to use in order to achieve 
ultimate success. Facing the future, we encounter other 
variables such as the safety and efficiency of the labora-
tory, and quality and standardization become key fea-
tures. Professional, national, and international guidelines 
on how ART should be performed have been established 
over the years, and many countries have legislation con-
cerning how ART should be practiced (1–3). Among oth-
ers, England, Australia, and the U.S.A. have instituted 
a system whereby the ART clinics have to be licensed to 
practice these techniques and the clinic as well as the labo-
ratory are audited by a third-party authority in order to 
ensure correct practice (4–7). However, with the increased 
knowledge of the importance of implementing quality sys-
tems, most clinics choose to conform to any of a range of 
available standards.

This chapter first provides an overview of the most com-
mon laboratory standards together with some regional/
national guidelines and regulation. Then it provides a 
simple “how-to” guide for laboratories seeking to conform 
to internationally recognized standardization. Then, most 
importantly, it goes beyond the standards to establish some 
key determinants of success, which are interdependent for 
maintaining high quality standards, safety, and improved 
results in the in vitro fertilization (IVF) laboratory.

STANDARDS
International standards and regulatory frameworks

International Organization for Standardization (ISO) 
9001 (8) is the most widely used standard in ART clinics 
and involves the quality system of the whole organiza-
tion. This standard covers the need for quality manage-
ment and the provision of resources (both personnel and 
equipment), and a substantial section involves customer 

satisfaction and how to improve services. A more detailed 
overview of ISO 9001:2015 is presented in Chapter 32 (9).

ISO 17025:2005, specifying general requirements for the 
competence of testing and calibration laboratories (10), is 
the main international standard for laboratory accredita-
tion. It is based on the European norm (EN) 45001 (11), 
and was originally modeled on the corresponding ISO/
International Electrotechnical Commission (IEC) guide 
(12). The scope of this standard is specialized and is aimed 
toward assurance of methods and includes both the qual-
ity system and the technical part of the activities such as 
validations of methods, QA, QC, and calibration of equip-
ment. In 1997, Fertility Centre Scandinavia became the 
first IVF laboratory to be accredited according to this 
international standard (13).

With an increase in laboratory accreditation it was evi-
dent that ISO 17025, aiming to standardize testing and 
calibration laboratories, could not fully accommodate and 
cover the complexities of a medical testing laboratory. ISO 
15189, on medical laboratories, particular requirements for 
quality, and competence, was issued to aid the accredita-
tion of methods used in medical testing. It was first issued 
in 2003, with the current second edition issued in 2012 
(14). It is used for the accreditation of medical laboratories 
and brings together the quality system requirements of 
ISO 9001 and the competency requirements of ISO 17025, 
and addresses the specific needs of medical laboratories.

Most medical laboratories in Europe and Australia are 
accredited according to ISO 15189:2012. There are differ-
ences between the two laboratory standards, with ISO 
15189 focusing on patient outcome without downgrad-
ing the need for accuracy, and it emphasizes not only 
the quality of the measurement, but also the total ser-
vice provided by a medical lab. The language and terms 
are familiar to the medical profession, and it highlights 
important features of pre- and post-investigational issues 
while addressing ethics and the information needs of the 
medical laboratory. ISO 15189:2012 addresses the need for 
equivalency of quality management systems and compe-
tency requirements between laboratories. The need for this 
becomes more obvious at a time when potential and actual 
patients are increasingly mobile—the systems to collect 
medical data on these patients must be standardized inde-
pendently from their location.

IVF laboratories located in the EU are required to adhere 
to the Directive on setting standards of quality and safety 
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for the donation, procurement, testing, processing, pres-
ervation, storage, and distribution of human tissues and 
cells, usually called the European Union Tissue and Cells 
Directive (EUTCD) and its guide/supporting documents 
(15–19). The European Society of Human Reproduction 
and Embryology (ESHRE) have issued a position paper 
on the EUTCD (20), and it is important to underline that 
regardless of ESHRE’s recommendations, each EU coun-
try interprets the Directive differently. However, one part 
of the EUTCD is very clear: the demand for a quality sys-
tem. The Directive states that “Tissue establishments shall 
take all necessary measures to ensure that the quality sys-
tem includes at least the following documentation; stan-
dard operating procedures (SOPs), guidelines training and 
reference manuals.” Certainly, by achieving accreditation 
to ISO 15189, this demand will be fulfilled, along with sev-
eral other demands of the Directive.

Joint Commission (JC; U.S.A.) and Joint Commission 
International (JCI) accredit and certify hospitals and 
healthcare organizations worldwide. It is a non-profit orga-
nization with the main focus on improving patient safety. 
JCI have a range of standards including Accreditation 
Standards for Clinical Laboratories (21). The World Health 
Organization (WHO) in collaboration with JC and JCI has 
developed a core program for patient safety solutions. It 
brings attention to patient safety and practices, which can 
help reduce the risks involved with medical procedures. 
The most recent advice builds on “nine patient safety solu-
tions” including patient identification, and recommends 
actions in four basic categories: (i) risk management and 
quality management systems; (ii) policies, protocols, 
and systems; (iii) staff training and competence; and (iv) 
patient involvement (22).

The Clinical and Laboratory Standards Institute (CLSI) is 
another global not-for-profit standards development organi-
zation, and while mostly applicable to the U.S.A., the CLSI 
standards are of great help for improving laboratory quality 
and safety (for further information, see Chapter 2 [23,24]).

Other standards that might be less suitable for the IVF 
laboratory are the Good Manufacturing Practice/Good 
Laboratory Practice (GMP/GLP) guides. These standards 
apply to research laboratories and the pharmaceutical 
production industry. They include demands on the labora-
tory facilities that will be difficult to meet with the limited 
resources that many IVF clinics have (25,26).

In addition to these quality system-driven standards, 
there are many IVF-specific standards and guidelines 
including WHO laboratory manuals for the examina-
tion and processing of human sperm (27) and the Alpha/
ESHRE consensus on embryo assessment (28). The Alpha 
consensus group has published a consensus for cryopreser-
vation establishing key performance indicators (KPIs) and 
benchmarks for both slow freezing and vitrification (29).

National/regional standards

While the ISO standards cover the fundamental needs for 
quality systems in the IVF laboratory, many regions and 
countries have specific guidelines, laws, and regulations. 

It is important to note that while some of these regulatory 
frameworks are standards and others are license require-
ments or law, when it comes to inspections and audits, the 
laboratory is expected to conform.

Europe

With the EUTCD in place, all IVF laboratories handling 
gametes and embryos are required to have a quality sys-
tem and to fulfill the demands of the Directive and the 
national interpretation of it. This has led to most of the 
IVF laboratories in the EU holding or working toward for-
mal accreditation to ISO 15189 or ISO 17025. ESHRE have 
recently published revised guidelines for good practice 
in IVF laboratories, providing an easy-to-navigate guide 
to support laboratory specialists and also to fulfill some 
of the demands of the Directive (30). In the U.K., where 
all IVF clinics are required to be licensed by the Human 
Fertilisation and Embryology Authority (HFEA) (31), 
there are further guidelines regulating the IVF laboratory 
as detailed in the HFEA code of practice (HFEA CoP) (32). 
Specifically, the CoP contains demands for risk manage-
ment, sample identification, and embryology staffing as 
described later in this chapter.

Australia and New Zealand

In Australia, the Reproductive Technology Accreditation 
Committee (RTAC) undertakes the licensing of IVF clin-
ics. While the RTAC CoP (7) is far less comprehensive 
than its U.K. counterpart, it contains critical criteria with a 
focus on risk management, staffing, and sample identifica-
tion, as well as further guidelines covering the requirement 
of a quality management system. In addition to the code, 
Fertility Society Australia issues technical bulletins, which 
act as educational communication to all units and certify-
ing bodies, offering advice and guidance. It is not enforce-
able (33). In New Zealand, RTAC licensing is optional, but 
most clinics hold an RTAC license. While the majority of 
IVF clinics hold an ISO 9001 certification, most are also 
accredited by National Association of Testing Authorities 
(NATA) to ISO 15189 for some of the crucial methods such 
as semen analysis. However, very few laboratories hold ISO 
15189 accreditation for the overall IVF laboratory processes.

Asia

At the time of publication, there were few, if any, IVF 
laboratories in Asia accredited according to ISO 15189 or 
similar standards and the laboratory accreditation was 
not widespread. However, there is an increased interest 
and need for standardization. Many private IVF centers 
throughout the region have ISO 9001 certification.

Memorial Hospital in Istanbul, Turkey, was the first IVF 
laboratory in the region to achieve ISO 15189 accreditation 
(acknowledging that Turkey is a transcontinental country 
at the junction of Europe and Asia).

With the introduction of strict regulations of ART in 
China, it has become increasingly challenging to obtain 
approval to operate an ART center. The Ministry of Health 
issued the first series of regulations on ART in 2001 and 
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these have been regularly revised, with the latest updates 
issued in 2015 (34). These regulations have detailed require-
ments with respect to facilities, staff, equipment, clinic 
management, QA/QC, indication and contraindication of 
IVF, intracytoplasmic sperm injection (ICSI), egg dona-
tion, and preimplantation genetic diagnosis, among others, 
as well as the ethical aspects of various issues. In addition, 
since 2006 the department requires control inspections of 
ART providers to be done every two years and that there 
is provision for accredited training of ART specialists. The 
Chinese Society of Reproductive Medicine of the Chinese 
Medical Association is actively engaged in detailed ART 
treatment guideline establishment and implementation.

The Indian health authorities are working on an ART 
Bill, with the 2014 draft still to be legislated. The Indian 
Council of Medical Research (ICMR) have issued National 
Guidelines for Accreditation, Supervision, and Regulation 
of ART Clinics (not legislated) (35). The guidelines cover 
issues such as staff qualifications and laboratory proce-
dures, but neither the draft Bill nor the ICMR Guidelines 
have a formal demand for quality systems. The PNDT Act 
(Prenatal Diagnostic Techniques) prohibits sex selection 
pre- and post-conception. ISO certification is not wide-
spread for individual IVF clinics, but larger hospitals that 
have IVF departments are commonly ISO certified.

In Japan, the Japan Society of Obstetrics and Gynecology 
have created guidelines for IVF treatments and clinics. 
They do not, however, comprehensively cover laboratory 
practices and the need for quality systems. As a result, 
some clinics have created their own umbrella organiza-
tions for implementing common quality practices within 
IVF called the Japanese Institution for Standardising 
Assisted Reproductive Technology (JIS-ART).

In Singapore, the Ministry of Health has introduced 
stringent licensing requirements for assisted reproduction 
services in private hospitals and clinics. It covers demands 
for QC, facilities, embryology training, and sample identi-
fication (36). All IVF providers in Singapore are accredited 
according to the international version of the RTAC CoP (37).

Middle East

ART in many Muslim countries is covered by a number of 
fatwas (religious opinion concerning an Islamic law issued 
by an Islamic scholar) (38). The first fatwa relating to ART 
was issued in 1980 by His Excellency Gad El Hak Ali Gad 
El Hak, the Grand Sheikh of Egypt’s Al-Azhar University. 
The core requirement is that the couple is married, and the 
use of donor sperm or oocytes is prohibited (39).

Apart from the fatwas, there are very few regulations 
and standards for IVF laboratories in the Middle East and 
few laboratories are formally accredited to international 
standards, but many larger hospitals hold JCI and ISO 
accreditations.

Saudi Arabia has a comprehensive fatwa containing 
demands for documented SOPs, safeguarding of sample ID, 
and prevention of mix-ups, among others. The Ministry of 
Health has started setting standards and some centers have 
had their first audit by the authorities (38).

The United Arab Emirates (UAE) has stringent laws 
regulating IVF and all laboratories have audits by the 
UAE health authority. There are also requirements that all 
laboratories should obtain an international accreditation 
within 3 years of starting up. The law includes demands on 
the embryology staff degrees and training, laboratory facil-
ities, documented protocols and procedures, and QC. The 
regulations have on and off prohibited cryopreservation of 
embryos (currently illegal); however, there are indications 
that this legislation will be changed in the near future (40).

Latin America

The Latin American Network of Assisted Reproduction 
(RED) covers most of the Latin American clinics. While 
membership in the organization is voluntary, over 90% of 
clinics participate in the data collection, accreditation, and 
continuous professional development training programs. 
The accreditation includes external audits and follows 
the Standard Rules for the Accreditation of the ART cen-
ter and its laboratories of embryology and andrology (41) 
involving, among others, QC, KPIs, staff requirements, 
equipment, and materials.

Russia

There are no IVF laboratories in Russia accredited to ISO 
15189. However, with the growing interest in IVF tourism 
and with the prospect of attracting patients from Europe, 
many clinics in Russia are working toward implement-
ing European standards. So far, four centers hold ISO 
9001:2015 certification and at least one of those is in the 
process of achieving ISO 15189. One large center holds 
full College of American Pathology (CAP) accreditation. 
Russia has limited standards and regulations for IVF and 
separates between state-owned and private clinics. The 
state clinics are required to report data to the Ministry of 
Health, but there are no formal audits and so implementa-
tion of the rules is not widespread.

North America

In 2004, the Canadian Federal Government passed the 
Assisted Human Reproduction (AHR) Act and cre-
ated the Federal agency Assisted Reproduction Canada 
(42,43). The Act is divided into prohibited activities, 
including cloning, non-medically indicated sex selection, 
and the payment of donors, and controlled activities, 
covering the performance of all procedures involved in 
IVF. The Act was challenged by the province of Quebec, 
leading to a lengthy, complicated legal battle ending with 
the Supreme Court of Canada ruling that much of the 
AHR Act was unconstitutional and that the regulation 
of clinics is the responsibility of provinces (44). Quebec 
has passed an Act of its own, with breaches resulting in 
hefty fines; however, Ontario, which has a high number 
of IVF clinics, does not have any regulation. A handful 
of clinics are accredited through Accreditation Canada 
and the audits include a laboratory expert assessing labo-
ratory space and environment, procedures, and safety 
aspects. The Canadian Fertility and Andrology Society 
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(CFAS) have published a number of clinical practice 
guidelines and are working toward comprehensive pro-
fessional standards concerning the laboratory activities 
involved in IVF prepared by its ART Lab Special Interest 
Group, as well as training and competency requirements 
that include the continuing professional development of 
all ART laboratory scientists (45).

In the U.S.A., the practice committee of the American 
Society for Reproductive Medicine and the practice com-
mittee of the Society for Assisted Reproductive Technology 
have issued guidelines for human embryology and androl-
ogy laboratories (46,47). A comprehensive overview of the 
U.S. standards and regulations for IVF laboratories can be 
found in Chapter 2 (24).

HOW TO ACHIEVE LABORATORY ACCREDITATION
It is important to underline that in no way are all the qual-
ity standards independent of each other. ISO 17025:2005 
is basically the same standard as ISO 15189:2012, with the 
major difference being the medical laboratory terminol-
ogy used in ISO 15189. The quality system requirements 
of both standards are based on ISO 9001:2000. As a result 
of this, laboratories within ISO 9001-certified clinics 
seeking accreditation will have major parts of the system 
requirements of the two laboratory standards already in 
place. It could be recommended that the first step toward 
accreditation is to get the clinic certified to ISO 9001; fur-
ther details on this subject are found in Chapter 30 (9). 
The requirements discussed throughout the continuation 
of this part of the chapter will be for laboratory accredita-
tion to ISO 15189 or ISO 17025 on top of (over and above) 
what is already required for certification to ISO 9001. For 
example, scope, organization and document control are 
found in all the standards and many of the demands are 
the same, but the requirements discussed in these sections 
below will be what ISO 15189 has (hereinafter referred 
to as the standard) in addition to what has already been 
implemented through ISO 9001 certification. Correlation 
tables for ISO 9001, 17025, and 15189 can be found in the 
standards themselves.

GETTING STARTED
The first step toward an accreditation is to make sure that 
everyone in the organization wants to achieve the same 
goal. The full understanding of how everyone benefits from 
an accreditation will make the process easier. A good way 
to ensure this is to have staff meetings throughout the pro-
cess and involve all staff from the very beginning. The most 
frequent mistake organizations make when trying to imple-
ment a QC system is not to involve everyone. Divide the 
project into smaller sections and give out personal respon-
sibilities enabling all staff to be included in the preparation 
work. This will also make the implementation easier.

A good way to make sure that all demands in the 
standard are covered is to make up a table of contents— 
using the ISO 15189:2012 standard table of contents as a 
template (Table 3.1). An assessment can then be made of 
what needs to be added to the quality manual and other 

documentation. It is important to note that while the stan-
dards have demands for management structure, internal 
audit, or document control, the laboratory standards have 
some more specified demands not found in ISO 9001, and 
these need to be added to the specific procedures.

METHODS AND SOPS
Examination process (ISO 15189:2012; 5.5)

The methods and processes we use in the embryology labo-
ratory and their efficacy has a direct impact on the preg-
nancy results of the clinic. It is therefore hugely important 
that we standardize these methods and make sure that they 
are reproducible. In simple words, an ICSI should be done 
in the same way using the same disposals and equipment 
by all embryologists in the lab, ensuring that an ICSI done 
by embryologist A on a Monday is performed in exactly the 
same way and with the same level of skill as an ICSI done 
by embryologist B on a Friday. Ensuring the performance 
of correct methods is achieved through several steps. First, 
we need to make sure that the processes and methods we 
use are correct and up to date with the latest developments 
in ART. Hence, a clear starting point should be a literature 

Table 3.1 Table of contents for ISO 15189:2012

1 Scope
2 Normative references
3 Terms and definitions
4 Management requirement
 4.1 Organization and management
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search, together with the knowledge gained from work-
shops, external training, and visits to other clinics. Once 
the details of the methods have been agreed between the 
embryology team members, they need to be documented. 
A document describing a method or process used in a labo-
ratory is commonly called an SOP. A good SOP should fol-
low a set format and ISO 15189:2012; 5.5.3 contains a very 
good guide for SOP layouts. The SOP title should be fol-
lowed by a short clinical description of the method. The 
analytic principles need to include a theoretical description 
of the method and review of the current literature. The SOP 
should outline the competence demands on embryologists 
performing the process. Collection and handling of gam-
etes and embryos should include the sampling procedures 
and the physical environmental issues such as tempera-
ture. Remember that all variables in the SOP, such as those 
referring to the measurement of temperature, have to give a 
precise range, followed by a description of how the temper-
ature is measured, the accuracy of the thermometer, and 
how often and how it is calibrated. There should be clear 
descriptions of how the sample is labeled and, consider-
ing the risks associated with the work in an IVF laboratory 
(48), the marking should be logical and clear in order to 
eliminate completely the risk of mixing of samples (for fur-
ther details, refer to the “Sample identification, witnessing, 
and prevention of misidentification” section). The descrip-
tion of the procedural steps should be written in an uncom-
plicated way so that they can be easily followed by any new 
member of staff under supervision.

All equipment used for the method should be listed 
with references to handling instructions and calibration 
protocols. Any safety routines and occupational hazards 
involved should be discussed and clearly known by the 
embryologists. References to any textbooks or publica-
tions concerning the method should be included last.

The standard demands that the procedures used should 
meet the requirements of the users of the laboratory ser-
vice, preferably using methods that have been published in 
established/authoritative textbooks, peer-reviewed texts, 
or journals. If in-house methods are used, these need to 
be appropriately validated for the intended use and fully 
documented by the laboratory.

When the SOP is written, it needs to be communicated to 
all members of the embryology team, and it is important to 
allow them to comment, give feedback, and suggest changes 
before the document is formally issued and implemented. 
The way to check that all embryologists follow the new SOP 
is to undertake audits and it is suggested to audit all pro-
cesses three months after the issue of the SOP. If the audit 
findings include discrepancies between the written SOP and 
the embryologists’ hands-on working procedure, then either 
the SOP needs to be changed to reflect the actual hands-on 
procedure or the member of staff needs to be retrained and 
reminded of the importance of following the agreed SOP. No 
embryologists can insist on doing things “their own way” in 
a standardized high-quality IVF laboratory.

Once the SOPs are fully implemented and the audits 
show that we have achieved the required reproducibility, 

then we need to ask: is it working? Is the method we agreed 
upon successful? The standard calls this “validation” and it 
is the process that confirms that the techniques and meth-
ods used in the IVF laboratory are suitable for the produc-
tion of good embryos, viable pregnancies, and live births. 
All methods have to be validated regularly, and the SOP 
should include information on how often and how vali-
dations are done. The EUCTD includes demands for vali-
dation, and in the U.K., the HFEA CoP (32) requires that 
all processes in the IVF laboratory should be validated. 
Some methods and techniques used in the laboratory can 
be difficult to validate, and it is acceptable to use retro-
spective analysis of fertilization, damage, and pregnancy 
rates to validate ICSI and IVF. Appropriate validation of 
new techniques can become very difficult when consider-
ing the sample size needed to prove a null hypothesis or 
small increase in pregnancy rates. An accurate validation 
of a new culture medium will need hundreds of patients in 
each study group. Adding to the complexity of validation 
practice is the fine line between validation and research, 
and questions are raised regarding the need for ethi-
cal approval to undertake validations (49). However, it is 
highly recommended to regularly validate other practices 
in the lab, such as changes of osmolarity during prepara-
tion of dishes, temperature fluctuation during denudation, 
and temperature distribution in incubators. Validation 
of temperature in a culture medium in different types of 
dishes on all heated stages in the laboratory should con-
firm the appropriate range of surface temperature of the 
heated stage.

HANDLING OF GAMETES AND EMBRYOS
Pre- and post-examination process (ISO 15189:2012; 
5.4, 5.7)

The standard has specific demands on how the sam-
ple—that is, gametes and embryos—should be collected 
and stored. The samples have to be correctly and safely 
identified and any laws regulating the identification of 
patient samples have to be taken into account (for fur-
ther details, refer to the “Identification, witnessing, and 
prevention of misidentification” section). The sample 
should be accompanied by a written, standardized 
request of what procedure the sample should be used for. 
It is a common occurrence that the requests for treat-
ment are unclear and that couples who could have had 
normal IVF end up having ICSI due to poor commu-
nication. Senior embryologists with considerable expe-
rience in assessing sperm samples are more suitable to 
making the final decision on IVF or ICSI in conjunction 
with the couple on the day of treatment when the sample 
has been washed than the referring doctor who takes the 
decision on IVF or ICSI based solely on a semen analysis 
report. Other procedures where clear requests are cru-
cial are frozen embryo transfer cycles to ensure that the 
embryo is thawed on the correct day. For collection of 
sperm, the date and time of collection should be noted 
by the patient and the date and time of receipt should be 
recorded by the laboratory.
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Usually, the procedures for collecting samples at pre- 
and post-examination are documented in the applicable 
laboratory SOPs for sperm processing and oocyte col-
lection. However, it is important to include the specific 
demands of the standards for these procedures and the 
documentation of them.

LABORATORY SHEETS AND REPORTS
Reporting and releasing results (ISO 15189:2012; 
5.8, 5.9)

The details from assessments of gametes and embryos we 
document in the laboratory on lab sheets are referred to 
in the standard as reports. The reporting of results should 
always be accurate, clear, unambiguous, and objective. 
This requires that the lab sheets be standardized and fol-
low a set format. They should be filled out in a neat man-
ner—no scribbling allowed. All entries and comments on a 
lab sheet should be accompanied by a date and signature. 
For sperm assessment, sources of errors and uncertainty 
of measurements should be stated and properly calcu-
lated for each method. Formal reports, such as seminal 
fluid analysis reports, should also be checked and signed 
off by the senior andrologist/embryologist before being 
issued.

Many laboratories have computerized databases and 
enter the information from the lab sheets into the data-
base. It is important to understand that the handwritten 
lab sheet is considered source data and therefore needs to 
be archived correctly, not destroyed after computer entry. 
If the laboratory wants to go paper free it has to indeed be 
paper free and allow for direct data entry onto the com-
puter without an in-between paper sheet. When consid-
ering the need for signatures and witnessing, a complete 
paperless IVF laboratory could be difficult to create.

THE EMBRYOLOGY LABORATORY
Facilities (ISO 15189:2012; 5.2)

A laboratory needs to ensure that the environmental 
conditions of the laboratory are suitable for the safe han-
dling of gametes and embryos and do not invalidate the 
results or adversely affect the quality of any procedure. 
In simple words, this means that the IVF laboratory has 
to be designed in such a way that the outcome of any 
procedure is optimal and not affected by environmental 
parameters.

Live birth results following IVF treatment vary from 
country to country and from clinic to clinic, and often 
within a clinic from month to month. It is a general con-
sensus that patient demographics, such as age and cause 
of infertility, are the main factors affecting the outcome. 
Considering a varying population of patients, it is of great 
importance that parameters in the laboratory are stable. 
Defining the environment and setting limits for acceptable 
working conditions will help with reducing variables and 
result in the patient being the only factor that varies. Exactly 
what this encompasses will always be down to interpreta-
tion and international, national, or regional regulations; 

however, the standard has some clear demands, and some 
environmental factors cannot be ignored.

General laboratory layout

The theater for oocyte retrieval and embryo transfer 
should be in close vicinity to the laboratory. The labora-
tory layout should further ensure safe handling of gam-
etes and embryos; small, crowded laboratories impose a 
significant risk for accidents, resulting in loss of gametes 
and embryos.

The laboratory should never double as an embryologist 
office. There needs to be a minimal allowance of paper in 
the laboratory as this can increase the amount of particles 
in the air. Therefore, only patient records necessary for 
ongoing treatment should be kept in the laboratory. Also, 
the laboratory is not the place for cardboard boxes as these 
involve a high risk of fungus infections. Furthermore, the 
laboratory is not a storage room for disposables; only a 
weekly stock of disposables should be kept inside the lab, 
and further storage can be managed elsewhere. The equip-
ment held in the laboratory should be limited to only that 
which is absolutely necessary; again, the laboratory is not 
a storage room for old lab equipment.

Access rules

The laboratory should have limited access ensured by use 
of locks, swipe cards, or other access controls. It should 
also hold documentation verifying who has access to 
the laboratory. There should be documented and imple-
mented rules for what is required for access to the labo-
ratory including demands for change of clothes and 
shoes, the use of hair cover and masks, and the washing 
of hands. While some embryologists insist that chang-
ing clothes and covering hair are of no importance, it is 
important to understand that embryology and handling 
of gametes and embryos are sterile processes with a need 
to protect the samples from microbes and contaminants. 
The correct degree of cleanliness is impossible to reach 
if the embryologists are using their own clothes or only 
minimal cover such as laboratory coats. Best practice is to 
change clothes and preferably use scrubs, which are made 
of low-lint, no shedding material; cotton is high lint and 
not advisable. Many embryologists complain that these 
types of scrubs are uncomfortable and that they will not 
use them as cotton is comfortable, but it is important to 
understand that we did not become embryologists to be 
comfortable—we need to do what is best for gametes and 
embryos. Further, all hair should be covered, and again 
some might see the cap as a fashion item that looks much 
better if hair is allowed outside it, but they need to be 
reminded to tuck in all hair before entering the labora-
tory. Changing into cleanroom shoes goes without saying. 
Best practice is to have all-white shoes with white soles in 
the laboratory. This makes it easy to spot any spillage on 
them. Also, the rack for these shoes should be designed 
so that the shoes are hung up with soles facing out, allow-
ing for daily inspection of the cleanliness of the shoes. If 
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colored shoes are used outside the laboratory it will be easy 
to spot anyone who has forgotten to change shoes. Hands 
should be washed using a proper disinfectant soap before 
entering the laboratory. Furthermore, jewelry, nail polish, 
long fingernails, and perfumes should not be worn in the 
laboratory.

Health and safety

The laboratory is required to ensure the safety of its entire 
staff. This includes providing an environment that mini-
mizes the risk of transfer of any contagious contaminants 
through the use of class II biosafety cabinets when han-
dling unscreened patient materials.

Temperature

The optimal IVF laboratory temperature is a matter of great 
debate; however, it has to be defined to a limited range. Some 
embryologists argue that an elevated laboratory temperature 
benefits the embryos through reduced risk of cooling during 
transport from the incubator to the heated stage. However, 
high laboratory temperatures will provide a perfect environ-
ment for microbes and contaminants. All laboratory equip-
ment is designed to operate at room temperature, usually 
defined as 22 ± 2°C, and unless the laboratory can show 
process verification at a different temperature, this range will 
be the one demanded by the standard. A laboratory without 
temperature control cannot be accredited.

Light

The embryo is extremely sensitive to light exposure; how-
ever, there is a wide range of opinions on whether light 
in the laboratory or from microscopes will harm embryos 
or not. It has been very elegantly demonstrated in a large 
study on hamster and mouse embryos that cool fluores-
cent light increases the reactive oxygen species production 
and apoptosis in blastocysts and reduces the development 
of live-term fetuses (50). The embryos were handled under 
minimal light conditions and the test groups were exposed 
to 5–30 minutes of cool white, warm white, or midday 
sunlight. A total of 44% of blastocysts exposed to cool 
white light and transferred to recipients developed to term 
of pregnancy (day 19), compared with 73% in the control; 
58% of blastocysts exposed to warm white light developed 
to term (day 19). When embryos were exposed to only one 
minute of sunlight, only 25% of embryos developed to 
term, with 35% being resorbed. In light of these findings, 
best practice should be to have a dim light in the labora-
tory and to close out any daylight.

Air quality

Another area of great debate is the demands of clean air in the 
laboratory, and this has also been affected by regional inter-
pretation of the EUCTD. The standard requires that atten-
tion is paid to sterility and presence of dust and it is highly 
recommended that laboratories periodically monitor the 
particle count and presence of volatile organic compounds 

(VOCs) in the air, together with microbial monitoring using 
contact plates for surfaces, such as replicate organism detec-
tion and counting containing Sabouraud dextrose agar 
(SDA; for detection of fungus) and trypticase soy agar (TSA; 
for detection of bacteria) and similar (TSA and SDA) settle-
ment plates for air sampling. The plates should be exposed 
in key positions in the laboratory, theater, and treatment 
rooms for four hours. Acceptable limits are zero colonies 
inside the flow hoods or handling chambers and <10 colo-
nies outside the hoods in the laboratory.

General cleanliness

An IVF laboratory should always be clean and the labora-
tory standards demand that documented frequent cleaning 
procedures are implemented and that cleaning is confirmed 
by active signatures. The use of harsh detergents is not rec-
ommended and cleaning should be undertaken using 70% 
alcohol and sterile water or other products tested for embry-
ology use such as Oosafe® (SparMED, Stenløse, Denmark) 
(51). Steam cleaners are suitable for the cleaning of floors.

CULTURE MEDIUM, DEVICES, AND DISPOSABLES
(ISO 15189:2012 4.6, 5.3)

All devices used in ART, such as culture media and con-
sumables, will affect the outcome of the treatment. First, 
the laboratory needs to decide on their own require-
ments for culture medium, oocyte collection needles, 
culture dishes, and so on. This includes limits in toxicity 
and results from mouse embryo assays for culture media, 
oocyte pickup needles, or plastic ware. There is solid evi-
dence that many of the devices and disposables we use 
in the embryology laboratory are indeed reprotoxic and 
it is our duty to make sure that we do not use items that 
will expose the embryos to stress (52). It is important to 
take into account any national, regional, or local regula-
tion that applies. EUTCD stipulates that all devices that 
come into contact with cells, gametes, or embryos need 
to be tested according to the EU devices directives (53,54) 
and be Conformité Européenne (CE) marked. The labora-
tory also has to define requirements for the safe transport 
of devices from supplier to the laboratory, and how they 
will be inspected when they arrive to ensure they meet the 
limits specified. For example, there has to be a system to 
ensure that the box containing the culture medium is still 
cold when it arrives. This can easily be done by inserting a 
temperature probe into the box upon arrival, or requesting 
that the medium provider pack a temperature data logger 
with the medium, which you can attach to your computer 
when the medium arrives and ascertain that the tempera-
ture inside has been constant and correct throughout the 
transport. Moreover, consumables then have to be verified 
before taken into use. Some laboratories choose to cul-
ture excess embryos or undertake sperm survival assays 
in new batches of culture medium; however, this type of 
verification is not demanded by the standard, and it could 
be argued if it is really necessary (for testing methods, 
see Chapter 2) (24). If all the devices conform to the EU 
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devices regulation, they should already have been strin-
gently tested. ISO 15189 only demands that the laboratory 
actively checks the test reports issued by the manufacturer 
and confirms that the reports comply with their own lim-
its for use.

When the devices have been accepted for use, it is cru-
cial that they are stored correctly to ensure their continued 
suitability for use. The laboratory has to safeguard correct 
storage by defining the exact storage environment. Limits 
for temperature in refrigerators and freezers are crucial 
and culture medium should be stored in a pharmaceuti-
cal refrigerator that guarantees a constant temperature 
throughout, whereas a normal kitchen refrigerator is not 
acceptable (Chapter 2). The environment in general stor-
age rooms is also important as plastic ware stored at high 
temperatures will not be suitable for use.

All purchased supplies, reagents, and consum-
ables should be included in the laboratory inventory. 
Information in the inventory shall include lot number 
(batch number), date of reception, and date taken into 
use. The inventory for equipment should include unique 
identification, date of arrival, date placed in service, last 
calibration or service, and periodicity of service and 
calibration. The laboratory is required to keep a list of 
approved suppliers and to critically evaluate all suppliers 
on an annual basis.

The batch or LOT number of any device that comes into 
contact with a given patient’s gametes or embryos needs to 
be recorded on that individual patient’s records.

It is not appropriate to have a list of batches currently 
used in the lab and to draw conclusions from this using 
the date and guesswork of what device was used for what 
patient.

It is of great advantage to have a computerized case 
file system whereby each cycle has a batch record page 
attached. This page includes a full list of culture media and 
laboratory ware and the batches in use, and with a simple 
mouse click, it marks what materials were used in every 
step of the cycle, from culture media down to pipette tips.

EQUIPMENT
(ISO 15189:2012; 5.3)

A laboratory should have all the equipment needed to 
ensure provision of the best service. The standards require 
a documented program for preventive maintenance and 
it is the responsibility of the laboratory manager to regu-
larly monitor and ensure appropriate service, calibration, 
and function of all equipment. All equipment used in 
an accredited laboratory has to be clearly labeled with a 
unique identifier, date of last calibration or service, and 
date or expiration criteria as to when recalibration/service 
is due. Together with this, all equipment used should be 
included in an equipment record containing information 
listed in ISO 15189:2012; 5.3.1.7. There should be clearly 
documented processes for validation of equipment func-
tion before it is taken into use. The standard of equipment 
used in IVF laboratories is generally very high, but even 

the best equipment can fail and not function optimally if it 
is not appropriately maintained. All embryologists should 
have solid knowledge of how to operate all equipment and 
there should be written implemented procedures in place 
for action taken if there happens to be an equipment fail-
ure. Crucial equipment such as incubators should always 
be connected to auto-dialers enabling staff to promptly 
respond to any faults out of hours.

Equipment should be verified by test runs; for example, 
before a new centrifuge is taken into use in the laboratory, 
a series of mock sperm preparations have to be undertaken 
and documented.

MONITORING AND TRACEABILITY
(ISO 15189:2012; 5.2, 5.3, 5.5)

Chapter 2 presents a detailed report of the monitoring of 
equipment and laboratory parameters and the traceability 
of reference equipment (24).

Monitoring of KPIs

Most clinics that have a quality system in place monitor 
KPIs. Similar to the monitoring of laboratory environmen-
tal parameters, each clinic has to agree on documented 
limits of performance. Usually, when monitoring parame-
ters such as live birth, clinical pregnancy, and fertilization, 
there is no upper limit; however, a lower limit is necessary, 
as well as documented plans for immediate action when-
ever a KPI falls under the agreed limit.

The KPIs that are essential for monitoring in connection 
with the laboratory include, but are not limited to, fertil-
ization rates for IVF and ICSI, damage rates for ICSI, sur-
vival of embryos after thawing, and pregnancy results from 
embryo transfer. Benchmarking and KPI monitoring are 
hotly debated topics and it must be underlined that trying 
to benchmark against a different laboratory’s KPIs is a futile 
exercise, as laboratory performance is affected by factors 
such as patient selection, among others. The best bench-
marking for KPIs is done against an in-house-determined 
“gold standard.” This is a subsection of good-prognosis 
patients and the indicators for this group should be very 
much constant. For example, a drop in the overall KPI for 
fertilization with no drop in the corresponding “gold stan-
dard” indicate that the issue is related to the material com-
ing into the laboratory. However, a drop in the KPI for the 
“gold standard” definitely suggests that there might be a 
problem with performance.

KPIs should be monitored for the whole laboratory and 
for each embryologist and doctor. It is important to under-
line the importance of confidentiality when monitoring 
individual performance, taking into account the need for 
the training of any embryologist falling under the given 
limit, but not ignoring the stress and decrease in self-confi-
dence this can lead to. All members of staff need to under-
stand that the monitoring is not a way of punishing people, 
but rather to ensure that all embryologists perform to the 
same high standard, minimizing variables. Another impor-
tant outcome of individual performance monitoring is to 
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identify persons with exceptionally high results so that oth-
ers can learn more and thereby increase the overall success.

QUALITY ASSURANCE
Ensuring quality (ISO 15189:2012; 5.6)

QA makes sure that you are doing the right thing in the 
right way and QC makes sure that what you have done is 
what you expected. In short, QA is process oriented and 
QC is product oriented. When discussing QA/QC it is easy 
to get confused; however, the terminology is not impor-
tant—what is important is that the laboratory has control 
mechanisms in place to ensure that they perform according 
to the SOPs and to the highest standard. ISO 15189:2012 
demands that the laboratory has QC and QA systems in 
place for monitoring of the validity of the methods used. 
This includes the demand of internal and external controls 
and inter/intra-laboratory comparisons and validations. 
The laboratory is required to determine the uncertainty 
of results. This can be difficult with a subjective parameter 
such as embryo scoring; however, it can easily be done for 
the assessment of sperm. Through assessment of a series of 
sperm samples by all laboratory staff involved in the prepa-
ration of sperm, a coefficient of variance can be calculated, 
usually resulting in a 10%–15% variance.

The standard also demands that all embryologists/
andrologists assess sperm samples and photos or movies 
of embryos on a regular basis, usually at least every three 
months. It is the responsibility of the laboratory manager 
to document the results from these comparisons, calculate 
variations, and address any deviance. To collect samples 
and photos and arrange these types of intra-laboratory 
comparisons takes time and, over and above this, the 
standards also demand that the laboratory participates 
in inter-laboratory comparisons. A laboratory can share 
photos of embryos and samples of sperm with other cen-
ters and set up an inter-laboratory comparison scheme, 
although the standard clearly states that self-developed 
programs like this should not be used when organized 
external schemes are available. In the U.K., most labora-
tories participate in the U.K. National External Quality 
Assessment Service (UKNEQAS) andrology and embry-
ology morphology scheme, which uses online resources, 
DVDs, and/or formalin-fixed samples for assessment (55).

A web-based inter-laboratory comparison scheme is run 
by Dr. James Stanger and includes schemes for the assess-
ment of all stages of human preimplantation embryos, 
sperm morphology and concentration, and ultrasound 
measurement of follicles (www.fertaid.com). The scheme 
provides monthly assessments of embryos and sperm and 
allows the laboratory manager to use the information for 
intra-laboratory comparison. As each of the different 
schemes has some 200–300 participants around the world, 
the intra-laboratory comparison scheme provides a solid 
reference for the laboratory management to implement cor-
rective actions when deviations are found (56). This com-
parison program is in substantial agreement with the ISO/
IEC guide 43-1, which is a requirement by the standard (57).

PATIENT CONTACT
Advisory services (15189:2012 4.7)

In most IVF clinics, the embryologists have no or very 
little contact with the patient and also very little input into 
the exact treatment options. In an accredited laboratory, 
the standard demands that the laboratory actively pro-
vides advice on choice of treatment and clarification of any 
laboratory outcomes. As discussed previously, some deci-
sions such as fertilizing oocytes using IVF or ICSI should 
be taken by a senior embryologist rather than a doctor. 
The ultimate approach is to have the couple/patient sit 
down with the embryologist after oocyte and sperm col-
lection for a “post-oocyte pick up (OPU) chat.” This gives 
the opportunity for the embryologist to discuss with the 
couple/patient issues such as the quality and numbers of 
sperm and oocytes, and advise them on the best procedure 
ahead. This short chat should also include reminding the 
couple/patient of risk and success; that is, there is always a 
risk for failed fertilization, failed cleavage, or failed blasto-
cyst development. If the couple/patient has been reminded 
of these risks, it makes it somewhat less stressful to make 
a call to them in the unlikely event of a failed fertilization. 
ISO 15189 even demands that the embryologist should 
take part in the clinical rounds (i.e., meeting with the 
patients), enabling the provision of advice and guidance 
on embryology in general and in individual cases.

AUDITS
(ISO 15189:2012 4.14)

Audits can be internal or external, vertical or horizon-
tal, or process oriented or system oriented. Therefore, it 
is easy to get confused and caught up in terminology, and 
to miss out on the great opportunity that audits provide 
for improving the system and our service to patients. To 
find nonconformities at an audit is not bad—it is proof 
that the system is working and we are capable of recog-
nizing our weaknesses and faults and ready to learn and 
improve on them. For general internal audit principles, 
see Chapter 32 (9).

Internal audits

The laboratory standards are more precise in what 
exactly should come out of an audit and what is needed 
for a correct audit process. When preparing, writing, 
and implementing internal audit procedures, ISO 15189 
is very precise and elaborate on what exactly is needed. 
In relation to ISO 9001 internal audit demands, the 
laboratory standards are more stringent with how often 
internal audits need to be undertaken, and it requires all 
accredited methods and procedures to be audited on an 
annual basis.

External audits

If the laboratory aims to seek formal accreditation to ISO 
15189, the National Authority for Conformity Assessment 
performs the external audits. A formal accreditation is 

www.fertaid.com
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always advantageous, but in many countries this option 
is not available, and as it is a rather pricey process, some 
laboratories choose to state that they adhere to the stan-
dard without formal accreditation.

When a laboratory is ready to be formally accredited they 
need to apply for accreditation and the national authority 
will assess whether they have the appropriate expertise to 
perform the audit. If not, they can seek help from other 
members of the International Laboratory Accreditation 
Cooperation (ILAC) or European Cooperation for 
Accreditation who have the appropriate experienced audi-
tors. Together with the application, the laboratory has to 
supply evidence of a fully compliant quality system and 
it is essential that all methods for which accreditation is 
sought have gone through a series of internal audits. Result 
documentation from these audits is supplemental to the 
application. The accreditation body then arranges a pre-
audit to assess the readiness of the laboratory and, pend-
ing the outcome of this pre-audit, an accreditation audit 
will be arranged. When the accreditation audit has been 
done, the lead auditor or any technical experts can only 
recommend that the laboratory be awarded accreditation. 
This recommendation is then passed on to the board of the 
accreditation body, which will decide if the laboratory is to 
be awarded accreditation.

BEYOND THE STANDARDS
While the embryology laboratory could be seen as any 
other clinical medical laboratory, there are some major 
differences to do with the delicacy of the samples it han-
dles. While a mistake in the day-to-day pathology labora-
tory can mostly be rectified by resampling, a mistake in 
the embryology laboratory can lead to major irreparable 
trauma for the patients (48). Therefore, it is of great impor-
tance that we acknowledge these differences and imple-
ment processes that help safeguard us from incidents. 
While some national and regional guidelines acknowl-
edge these differences, IVF laboratories worldwide need 
to understand and address this. There are three major 
areas concerning the safeguarding of patients’ gametes 
and embryos, but also aiming to protect the embryologists 
working in the laboratory: (i) training of embryologists to 
make sure that the staff handling these delicate samples 
and undertaking the complex IVF processes are properly 
trained; (ii) appropriate sample identification processes; 
and (iii) implementation of risk management processes.

Training and accreditation of embryologists

Personnel (ISO 15189:2012; 5.1)

Clinical embryology is a highly skilled profession and the 
main contributors to IVF success are the skills and knowl-
edge of the embryologists. When considering the impact 
that the training of embryologists has on results, it is evi-
dent that there is a need for formalized training programs 
in every clinical IVF laboratory.

When looking at the international ISO standards, the 
requirement for personnel is not clearly defined. They 

state that the laboratories need to define all person-
nel groups within the laboratory in respect of education 
and experience and the areas of responsibility should be 
clearly outlined together with duties in the documented 
job descriptions. The quality manual should include docu-
mentation on how proof of competence is issued and how 
introduction of new personnel is performed, and the man-
agement of the laboratory should formulate goals for each 
member of staff with respect to further education and 
training. These goals should be assessed and discussed at 
annual appraisals, which should be documented but kept 
confidential. There should be clearly documented proce-
dures in place for the introduction and training of new 
staff and the reintroduction of staff after long periods of 
absence or leave.

In recent years, there has been an increased focus on 
the training and accreditation/certification of clini-
cal embryologists. In the U.K., there has been a formal 
training program in place for embryologists since 1995 
through Association of Clinical Embryologists (ACE) (58). 
The original program (ACE Certificate) included a mini-
mum of two years and had both practical and theoretical 
components (58). The current training program is man-
aged under the National Health Service (NHS) Scientist 
Training Program (59). This is a three-year graduate entry 
program that is covered by a fixed-term employment and, 
upon finalization, awards the holder a Master’s degree in 
reproductive science from an accredited university. Post-
training, clinical embryologists follow a career pathway 
including gaining certification from the Association of 
Clinical Sciences (ACS; state registration and membership 
of the Royal Collage of Pathologists). ACE also provide an 
online continual professional development scheme.

In 2008, ESHRE introduced a certification for embryol-
ogists with the aim of certifying the competence of clinical 
embryologists working in IVF and of developing a formal 
recognition for embryologists (60). It provides two differ-
ent pathways to certification: a senior track and a clinical 
track. All ESHRE members who meet the requirements 
can apply. The assessment includes a logbook outlining 
the procedures included in the training and the minimum 
cases done, and passing a multiple-choice examination. 
ESHRE also offer a continuous embryology education 
credit system, with the credits being needed for three-
yearly renewal of the certificate.

The Canadian Fertility and Andrology Society have 
issued guidelines for an applied training program and 
evaluation and development of competencies for ART 
laboratory professionals and will in the near future imple-
ment formal certification/accreditation (45).

For a comprehensive overview of embryologist require-
ments in the U.S.A., see Chapter 2 (24).

In Australia, Scientists in Reproductive Technologies 
(SIRT) are in the process of formalizing embryology train-
ing, aiming for a future certification and continuous pro-
fessional development system.

With the U.K. career development pathway being avail-
able for U.K. embryologists only and with the ESHRE 
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certification, while available for all ESHRE members, 
requiring the embryologist to travel to the annual ESHRE 
conference to sit the exam, there is still a need for clinics to 
find ways of formalizing training for their embryologists. 
Every clinic should have documented training procedures 
clearly stating the minimum of supervised procedures a 
trainee has to undertake before being signed off for inde-
pendent work. For the ESHRE certification this includes 
50 procedures of each of OPU, semen analysis and prepa-
ration, insemination, ICSI, zygote and embryo evalua-
tion, embryo transfer (ET), cryopreservation of oocytes/
embryos, and thawing of oocytes/embryos. Obviously the 
outcome of those procedures needs to be evaluated too, and 
the trainees have to meet the set KPIs of the clinic to be 
approved. To ensure the theoretical component—that the 
trainee knows why, and not only how—it is suggested that 
essays set on subjects such as preimplantation genetic diag-
nosis and embryo development are included along with a 
small examination. It is also crucial to fulfill the need for 
continued professional development, allowing embryolo-
gists to attend conferences and workshops and to partici-
pate in research.

Sample identification, witnessing, and prevention 
of misidentification

One of the most crucial tasks in the IVF lab is to ensure the 
correct identity of gametes and embryos. Over the years, 
there have been numerous reports of misidentification 
resulting at best in a cancelled cycle if the mistake is identi-
fied before embryo transfer, and at worst in tragedy if real-
ized after the embryo transfer or indeed birth. These errors 
are generally the result of trained personnel not following 
the known procedure for reasons such as distraction, tired-
ness, or being rushed (61,62). Alternatively, it is caused by 
poorly written or nonexistent policies and protocols (active 
failure vs. latent condition). The solution to misidentifica-
tion is the development of robust identification procedures 
that are risk assessed (for further details, see the “Risk 
identification, management, and prevention” section).

The EU tissue directive includes demands for appropriate 
sample identification with the core being a unique identi-
fier for each sample. However, the most stringent guide-
lines involving safe sample identification procedures are 
provided by the HFEA CoP (32). In the U.K., it is a licens-
ing requirement to have robust ID systems (Mandatory 
Requirement T71, HFEA CoP) and all IVF laboratories 
have to put in place processes to ensure that no mismatches 
of gametes or embryos or identification errors occur. With 
this comes a demand for double witnessing of the identi-
fication at all critical prints of the IVF laboratory process. 
The witnessing has to be signed at the time of the checked 
step and records must be kept in each patient’s case file. 
Together with this license requirement, the guidelines stip-
ulate that all samples of gametes and embryos be labeled 
with at least the patient’s name and a unique identifier 
such as a clinic or cycle-specific couple identifying num-
ber. Most clinics interpret this as using the surname and a 
clinic or cycle-specific couple identifying a number such as 

couple number. It is important to note that a patient’s name 
or date of birth is not a unique identifier. The witnessing is 
mandatory and required every time gametes or embryos 
change vessel (dish or tube) and the person checking should 
have full understanding of the process they are witnessing, 
allowing only clinic staff named on the HFEA license to 
undertake the check. At semen sample handover, oocyte 
retrieval, and embryo transfer, the patient is required as an 
active participant in the identification.

In Australia, RTAC have issued a technical bulletin on 
Patient and Sample Identification (Technical Bulletin 4), 
and while this document is very detailed and provides 
robust guidelines for identification, it is not enforceable 
(33). Similarly, the recently updated ESHRE laboratory 
guidelines include a section on identification of patients 
and traceability of their reproductive cells (30).

While most laboratories use manual double witness-
ing, identification checks can also be electronic, with 
several witnessing systems being available for embryol-
ogy purposes. The most commonly used are based on 
barcodes (Matcher, fertqms.com; Trusty, optimalivf.com.
au; OCTAXFerti Proof™, www.mtg-de.com) or using 
radiofrequency technology (RI Witness™, www.research-
instruments.com). The advantages of automated systems 
are that their accuracy is not affected by lack of concentra-
tion or poor protocols (62), and they have a significantly 
lower error rate than human error (0.001% compared 
with 1%–3%) (63). So by introducing electronic witness-
ing we can possibly reduce errors in misidentification and 
potentially add an extra level of patient safety (63,64). But 
at the same time it is important to underline that all the 
current electronic witnessing systems are based on some 
type of sticker being attached to the tubes and dishes 
and mistakes can certainly occur in printing and label-
ing. Moreover, while the systems are not foolproof, they 
are expensive and some are bulky, taking up a substantial 
space. The development of electronic witnessing systems 
for IVF is only at its infancy and the technology will more 
than likely be refined in the future.

In addition to the HFEA CoP, RTAC bulletin, and 
ESHRE guidelines, which are IVF specific, there are sev-
eral standards and recommendations on the subject of 
patient and sample identification. The CLSI guideline 
on Accuracy in Patient and Sample Identification (64) 
describes the essential components of processes and sys-
tems that need to be implemented for accurate patient and 
sample identification. It covers the whole process from the 
pre-examination phase to the reporting of results, under-
lining the importance of staff training, risk assessment, 
and the use of unique identifiers, and it relates to both 
manual and electronic systems. The previously mentioned 
“nine-patient safety solutions” from WHO/JCI have 
patient identification at its core (22). The ISO standards 
also have demands of correct sample labeling; however, 
they offer little information on safe solutions.

There are certainly huge advantages to the use of man-
ual double witnessing, but there is always a slight risk that 
a procedure like this can cause mistakes, as we cannot 

www.mtg-de.com
www.research-instruments.com
www.research-instruments.com
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double the embryologist workforce. One major source 
of incidents in the IVF laboratory is insufficient staffing, 
and to be interrupted while working with embryos can 
have disastrous consequences. In a busy IVF lab setting, 
scientists need to switch repeatedly between the patients’ 
material they are working on to the patients’ material they 
are being asked to check (65,66). In practice, the principle 
operator interrupts their workflow to locate a “witness” 
and the “witness” is interrupted from their own task to 
carry out the double check. Daniel Brison (67) estimated 
that, in a well-staffed IVF lab, each embryologist was wit-
nessing 15–20 other procedures in a morning on top of 
their own workload. Many laboratories today have very 
few embryologists, and with a witnessing routine in place 
this will not only increase the workload, but will also add 
a heightened risk of distraction when an embryologist 
has to interrupt others’ work to get them to witness a cer-
tain step in the procedure. Moreover, human beings and 
systems under stress will underperform in rushed situa-
tions and stress is known to affect human performance in 
many sectors, including the IVF laboratory. Most clinics 
have periods when patient throughput is increased with-
out compensation in relation to staffing levels. Systematic 
overtime, overloaded work schedules, high cognitive 
loads, and chronic staff shortages contribute to error-
inducing environments (68–70). In addition, other forms 
of stress such as inadequate training and lack of guidance 
have been identified as sources of identification errors (71).

When introducing a robust, safe ID system in the labo-
ratory, the best way of starting is to avoid reinventing the 
wheel. Even if your laboratory is located outside the U.K., 
the HFEA CoP Section 18 provides a great guide on how 
to ensure that the correct gametes are mixed and the right 
embryos transferred (32). To make it simple, the IVF labo-
ratory has to have written protocols for witnessing and 
each step involved has to be risk assessed (documented). As 
a part of the standardization introduced into a laboratory, 
there will be written SOPs and flowcharts, and it is easy to 
identify each step where a gamete or embryo changes tube 
or dish. Simply add a witnessing signature to the labora-
tory sheet to each of those steps (the procedure itself should 
already have a signature on the sheet). An exception to the 
witnessing requirements is the so-called “forced func-
tions,” such as when a clinic receives only one sperm sam-
ple on a given day, and so there will be a forced function 
when the sample is transferred from one tube to another. If 
the clinic makes use of this it has to be risk assessed.

With the first step in the process being reception of 
gametes, semen samples, or oocytes and the last step being 
embryo transfer, the HFEA CoP underlines the need for the 
patient to be involved in this crucial identification step. Here 
it is important to implement a process that involves posi-
tive patient identification, which is the foundation for error 
prevention (72). In simple words, the embryologist will ask 
the patient to audibly read out his/her name and any other 
identifier you have chosen such as date of birth, and at the 
same time have a witness—the doctor or nurse—to confirm 
this positive identification step being done.

The witnessing action itself also needs to be done cor-
rectly. It should include three major components: (i) the 
ID-labeled vessel that holds the gametes or embryos; (ii) 
the new vessel that the sample is being moved in to, labeled 
with the same ID; and (iii) the patient documentation (i.e., 
the laboratory sheet containing the full identification of 
the patient). In addition to these three components, the 
embryologist performing the “move” (principle opera-
tor) reads the name and unique identifier aloud from the 
sample vessel, the new vessel, and the laboratory sheet, fol-
lowed by the witness reading aloud the same.

Other hugely important factors are the strength and 
quality of the identifier itself. The need for a strong unique 
identifier together with the name is paramount. With the 
date of birth being too weak and not considered unique, 
the clinic or laboratory needs to create a couple-specific 
identifying number such as a unit number or couple num-
ber. A patient-specific number such as a medical records 
number is not advisable as the embryo mostly belongs to 
the couple, not one patient only. This identification, name, 
and couple number then need to be affixed to the vessel in a 
clear, safe manner. The most widely used labeling is hand-
writing with a nontoxic pen. Usually, the ID is written on 
the side of tubes and bottom of dishes (mirrored from the 
outside) to allow easy noticing. Printed stickers are also 
being used; however, it should be made clear that stickers 
contain glue and, when placed in a humidified incubator, 
this results in an increase of VOCs, which in turn can be 
toxic to the embryo. Another way of labeling is etching the 
ID into the plastic using a small syringe, but scratching 
of plastic will also increase VOCs and can be toxic to the 
embryo. Moreover, the etched details appear very faint and 
cannot be considered safe from a clear witnessing point of 
view. Finally, the ID should always be affixed to the part of 
the vessel actually carrying the sample. Labeling the lid of 
a dish or a tube is not acceptable.

If a process involves gametes or embryos changing 
vessel several times during a short time period, such as 
sperm preparation or embryo freezing/thawing, then it 
can be acceptable to witness the whole area. For exam-
ple, a laboratory preparing sperm can have multiple bio-
safety cabinets with one designated centrifuge and other 
equipment assigned to a specific defined work area. Note 
that each work area has to have a designated centrifuge 
and two samples cannot be centrifuged together if this 
approach is adapted. When a sample is being brought 
into this area, all tubes involved can be witnessed at the 
same time with the prospect that only one sample will 
be handled through the whole process from start to fin-
ish (Figure 3.1). Obviously this process needs to be risk 
assessed if adapted.

Correct labeling together with witnessing procedures 
will help minimize the risk of misidentification, but it is 
also absolutely imperative that only one couple’s samples 
are handled at any one time. Preparation of a number of 
sperm samples, or cryopreservation or thawing of multiple 
patients’ embryos at the same time, poses a huge risk for 
mix-ups and should never be done.
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Risk identification, management, and prevention

According to the WHO, one in six couples experience 
difficulties in conceiving and would need some form of 
assisted reproduction method (73). Worldwide, over 3.75 
million children have been born as a result of an ART 
treatment and it is estimated that over 800,000 treatment 
cycles are undertaken annually (74–76). With the increase 
in IVF cycle number worldwide, it has become evident 
that just like in other areas of medicine and healthcare, 
errors are inherent. But it is important to remember that 
these errors most often result from a complex interplay 
of multiple factors; only rarely are they due to the care-
lessness or misconduct of single individuals. Historically, 
rather than addressing the source of errors, prevention 
strategies have relied almost exclusively on enhancing 
the carefulness of the caregiver (77). A culture of blame 
and finding a scapegoat has commonly been the response 
to adverse events, and this is an approach that can never 
improve the system and prevent the incident form reoc-
curring. The portioning of blame to an individual usually 
comes with a promise that “it will never happen again” 
(78). The crucial changes in the approach to risk manage-
ment in IVF clinics are presented in Table 3.2.

In order to prevent errors and identify risks, IVF labo-
ratories must introduce robust risk management includ-
ing an analysis of systems and structures in advance 
of those risks actually materializing, thus embedding 
risk management into the daily routine for embryolo-
gists. The international standard ISO 31000:2009 Risk 
Management—Principles and Guidelines (79) is the most 
widely acknowledged tool for addressing, managing, and 
preventing risk. Implementing this standard will vastly 
decrease the risk of adverse events and near misses, but 
also provides tools for how to learn from incidents when 
they happen and prevent them from happening again. ISO 
31000 will provide a clear guide on how to set up a risk 
management policy and clearly outlines what needs to be 
included.

Errors and incidents result from failures and these 
can be categorized as active failures or latent conditions 
(80,81). Active failures result from violation of the agreed 
protocols, lapses, or mistakes. Latent conditions or errors 
include error-provoking conditions such as workload, 
fatigue, knowledge, supervision, and equipment and 
weaknesses in defense including unworkable procedures 
or switching off a malfunctioning alarm. Latent condi-
tions are embedded in all systems as it is not possible to 
foresee all error-producing situations. However, as they 
pre-exist, active failures may be able to be identified prior 
to adverse events occurring. Therefore, these conditions 
tend to be the targets of risk management systems.

The first step toward risk management in the labora-
tory is to have a clear overview of the protocols and pro-
cedures undertaken by the embryologists. This should be 
provided already as part of the quality system and demand 
for SOPs. With the use of process maps and flow charts for 
the procedures, it will be easy to identify areas and proce-
dures that could be high risk, but total risk management 
has to include all processes and procedures. Mortimer and 
Mortimer (82) provide a simple summary of risk manage-
ment by asking and answering three basic questions: what 
can go wrong? What will we do? If something happens, 
how will we resolve it? There are three core tools for helping 
us address risk and to answer those questions: failure mode 
and effects analysis (FMEA), root cause analysis, and audit.

A comprehensive way of proactively addressing risk 
is to make use of FMEA. Like many approaches that 
improve quality and safety, FMEA has its origins in the 
army, space, and aviation industry, but is now used as a 
tool for error prevention in a wide range of industries, 
including healthcare. The aim of FMEA is to try to think 
of every possible way a process can go wrong, how seri-
ous it would be, and how the process can be improved to 
avoid failure. It is important that all embryologists in the 
team are involved in assessing each process using FMEA. 
A simple format for FMEA is illustrated in Table  3.3. 

(c)

(a)

(b)

Figure 3.1 Sperm preparation areas RED and BLUE each containing all equipment needed for complete sperm preparation. 
(a) Documentation for the patient, assigning work area RED to this patient. (b) Labeled sample pot and preparation tubes are double 
witnessed when brought into the area. (c) Only the sample currently being prepared in area RED is centrifuged in the area’s desig-
nated centrifuge. When the preparation is complete, the area is sterilized before being assigned to the next patient.
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The first step is to identify the process to be assessed, 
using the examples of insemination, mixing of oocytes, 
and sperm for IVF. Then identify what could go wrong 
(potential failure mode); for example, an embryologist 
forgets to inseminate, mixing the wrong oocytes and 
sperm, losing oocytes, bumping a dish, and so on. Then 
ask “what could be the result of this failure?” It could be 
failed fertilization, creation of an embryo or indeed child 
with the “wrong parents,” and decreasing the chances of 
pregnancy. Then assess the seriousness of the suggested 
failures using a 1–10 scale with 1 being no effect and 10 
being critical. For failed fertilization one could argue a 
seriousness of 8, but the creation of a mixed-up embryo 
has a severity of 10. Once severity has been established, 
address the different causes of the failure; in this case, 
being rushed, low staffing levels, poor processes, lack of 
checklists, and no witnessing system. Then rate how often 
this would happen from 1 being no known occurrences 

(has never happened in any IVF clinic) and 10 being very 
high risk (with this happening regularly). Forgetting to 
inseminate happens in all clinics, but one could argue 
that it is very rare, so an occurrence of 2 or 3 would be 
appropriate. Then discuss and list the current controls 
(e.g., use of daily worksheets or reminders) followed by 
assessing what chance there is that we would detect the 
failure. With forgetting to inseminate, this will be evi-
dent the morning after when the oocytes are found with-
out sperm and are unfertilized, and we can assign this a 
1 representing detection every time it happens. However, 
with the case of a mix-up, this could go completely unde-
tected and should be assigned a 9–10; the fault will be 
passed to the customer undetected or, in IVF terms, the 
resulting embryo will be transferred leaving the patient 
or child to detect the failure. Then calculate the risk pri-
ority number (RPN) by multiplying the severity, occur-
rence, and detection; for forgetting to inseminate, this 

Table 3.2 Shift in approaches to risk management in in vitro fertilization clinics

Outdated approach Modern approach

Main goal

To protect the IVF clinic’s reputation To improve patient safety and minimize risk of harm to and 
misidentification of embryos and gametes through better 
understanding of systemic factors that affect the risk for 
incidents

Reporting
Acknowledge only reports submitted in writing Variety of methods to report: paper form, electronic form, 

telephone call, anonymous reporting, person-to-person 
reporting

Investigation
Investigate only the serious occurrences Encourage reporting of “near misses” and investigate and 

discuss the potential causes
Interview staff one on one when there is an adverse incident Have root cause analysis meetings with the entire team

Corrective/preventive action
Blame and train (or dismissal) Perform a criticality analysis chart and determine the root cause 

of the “near miss” or the adverse occurrence
Work with department involved to develop corrective action Work with the team to develop a safety improvement plan
Information from investigation kept confidential Develop corrective action and share with the whole IVF team

Communication
Talk to the patients only if necessary and be vague about 

incident/findings
Advise clinic director to speak directly with the patients and talk 

with them about any unexpected outcome and error; keep 
them appraised of steps taken to make the environment safe 
for the next patient

Long-term follow-up
Assume that action is taken to correct the problem that 

occurred, notice only when it happens again that no action 
is taken

Monitor and audit to determine that changes have been 
initiated and that the changes have made a difference

Source: Adapted form Kuhn AM, Youngberg BJ. Qual Saf Health Care 2002; 11: 158–62.
Abbreviations: IVF, in vitro fertilization.
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is 8 × 3 × 1 = 24. Now the initial analysis is done and 
the embryology team has the task of lowering the RPN. 
There needs to be an active discussion on how we can 
change the procedure, allowing everyone in the team 
to come up with suggestions. Remember that we can 
sometimes grow accustomed to our own best practices 
but should consider the suggestions from trainees, who 
after all provide us with a fresh pair of eyes. Preventing 
failure in insemination could include the introduction of 
daily worksheets and checklists together with witness-
ing and improved ID checks. For example, Westmead 
Fertility Centre in Sydney, Australia, has a system where 
each insemination is noted on the database and if one 
patient’s oocytes have not been inseminated by 4 p.m., 
an automated text message will be sent to the senior 
embryologists and scientific director. When these sug-
gested changes have been discussed, documented, and 
implemented, a new value for severity, occurrence, and 
detection is assigned and the new RPN should hopefully 
be significantly lower than the original.

The FMEA exercise is not only a mathematical exercise 
resulting in reduced risk through the actions taken, but is 
also a great way of making all embryologists aware of what 
risks are involved in each step of the IVF process, and this 
awareness itself can help reduce risks.

Even the best risk management systems have incidents 
and near misses. So what can be done when an incident 
occurs? The answer is root cause analysis, which is the reac-
tive component in a risk management system. A root cause 
analysis is simply an analysis of the very reason for the inci-
dent occurring. A simple example is when recently trialing 
a new incubator, the lid accidentally fell over the hand of 
the embryologist while placing dishes inside, resulting in 
spillage of the medium and loss of one out of 23 oocytes. 
The root cause analysis included discussing the incident at 
the lab meeting. Had it happened before? Were there any 
near misses previously where the lid had been falling with-
out incident? But also we discussed how we place dishes in 
the incubators. Are we sometimes carrying more than one 
dish? We further contacted the supplier to see whether it 
was a fault of the incubator itself. It was concluded that the 
lid of our trial incubator did not recline and was a risk if left 
open without holding on to it. We implemented a procedure 
where only one dish could be carried and placed in the incu-
bator at any one time, always allowing one hand to be free to 
hold up the lid. At no time is it appropriate to revert to the 
old, outdated way of thinking where we apportion blame; 
this can never result in improvement. More complex root 
cause analyses could focus on the failure to inseminate as 
used for the FMEA, but instead of looking at it proactively, 

doing a root cause analysis after the fact. Mortimer and 
Mortimer (82) provide an interesting example of root cause 
analysis of poor fertilization results, with the outcome being 
a complete reformulation of the fertilization medium.

Many root cause analyses I have been involved in con-
cluded that the level of staffing was inappropriate. It is 
important to underline that staffing issues such as over-
working and poor training are the main contributors to 
incidents. There is also the issue with staff who are not 
accepting professional responsibility and do not take 
enough care to undertake their duties or follow protocols; 
they should not continue to work in the laboratory (82).

Finally, a very effective tool in addressing and analyz-
ing risk is audits. All incidents followed by a root cause 
analysis will include suggestions for change and continu-
ous improvement. To ensure these have been implemented 
and are indeed effective, one needs to undertake internal 
audits (see the “Audits” section).

Another side to safe practice is to have robust contin-
gency plans. There should always be a documented, agreed 
plan B. This will include having a backup for all equipment, 
such as a minimum of two microscopes, heated stages, cen-
trifuges, and so on. For more expensive equipment such as 
ICSI rigs, oocyte aspiration pumps, and controlled freez-
ers, where sometimes the clinic cannot afford to have two 
sets, there needs to be a written agreement with another 
IVF clinic regarding utilization of their equipment.

CONCLUDING REMARKS AND FUTURE ASPECTS
Throughout completing the long and work-intensive pro-
cess of applying standardized systems in an embryology 
laboratory, one might ask what it has meant for the embry-
ologists and the results of the clinic. There is no doubt that 
introducing and fully implementing a quality system stan-
dardizes methods and the ways in which embryologists 
perform their work. The troubleshooting, maintenance of 
equipment, and milieu are improved and standardized. 
This guarantees optimal handling of a couple’s gametes 
and embryos and inevitably will lead to improved outcome.

The number of ART treatment cycles undertaken world-
wide is increasing every year and with the improvement of 
the techniques we use, more babies are born as a result of 
IVF. With the outcome improving, we are aiming toward a 
future where more focus will be on the safety of treatment 
and indeed the long-term health of children resulting 
from ART. With this comes a demand for standardization 
and improvement of quality. The introduction of qual-
ity management systems will ensure reproducibility and 
traceability, which will be crucial for the future follow-up 
of these children.

Table 3.3 Failure mode and effects analysis worksheet

Item/
function

Potential 
failure 
mode

Potential 
effects 

of failure

S
Severity 

rating
1−10

Potential 
cause 

(s)

O
Occurrence 

rating
1−10

Current 
controls

D
Detection 

rating
1−10

RPN
Risk 

priority 
number

Recommendations 
and

action

Action 
taken

New
S

1−10

New
O

1−10

New
D

1−10

New
RPN
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To face the future we need to improve our understand-
ing of the long-term effects of our laboratory procedures on 
embryo health, acknowledging that some of our methods 
might deliver in numbers but might be detrimental when 
considering the adult health of children conceived through 
IVF. A review of the follow-up of children born from IVF 
over 25 years in Sweden has revealed that in contrast to 
cleavage-stage transfer, children born after blastocyst trans-
fer exhibited a higher risk of preterm birth and congeni-
tal malformations (83). This report clearly underlines that 
suboptimal culturing and handling of embryos have long-
reaching effects far beyond blastocyst development, success-
ful pregnancy, and live birth. It indicates that what we do 
in the clinical embryology laboratory is closely connected 
to the adult health of children born from IVF. This fur-
ther highlights the importance of standardization, as well 
as implementing processes that go beyond the standards; 
working toward improved risk management, robust and 
thorough training of clinical embryologists, and processes 
to ensure correct identification and prevention of mix-ups.

Finally, it is important to acknowledge that quality 
management together with a never-ending commitment 
to improve our service, beyond standards, is the only way 
forward toward a future where we can guarantee safe, effi-
cient IVF treatment for all patients and the birth of chil-
dren who go on to live a healthy life.
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4Evaluation of sperm
KAYLEN M. SILVERBERG and TOM TURNER

INTRODUCTION
Abnormalities in sperm production or function, alone or 
in combination with other factors, account for 35%–50% 
of all cases of infertility. Although a battery of tests and 
treatments have been described and continue to be used 
in the evaluation of female infertility, the male has been 
essentially neglected. It would appear that the majority 
of programs offering advanced assisted reproduction 
technologies (ARTs) employ only a cursory evaluation of 
the male—rarely extending beyond semen analysis and 
antisperm antibody detection. Several factors certainly 
account for this disparity. First, most practitioners of 
ARTs are gynecologists or gynecologic subspecialists 
who have little formal training in the evaluation of the 
infertile or subfertile men. Second, the urologists, who 
perhaps theoretically should have taken the lead in this 
area, have devoted little of their literature or research 
budgets to the evaluation of the infertile male. Third, 
and perhaps most important, is the inescapable fact that 
sperm function testing remains a very controversial area 
of research. Many tests have been described, yet few have 
been extensively evaluated in a proper scientific man-
ner. Those that have continue to be criticized for poor 
sensitivity or specificity, a lack of standardization of 
methodology, suboptimal study design, problems with 
outcome assessment, and the lack of long-term follow-
up. Although many of these same criticisms could also 
be leveled against most diagnostic algorithms for female 
infertility, in that arena, the tests continue to prevail over 
their critics. Fourth, like female infertility, male infertil-
ity is certainly multifactorial. It is improbable that one 
sperm function test will prove to be a panacea, owing to 
the multiple steps involved in fertilization. In addition to 
arriving at the site of fertilization, sperm must undergo 
capacitation and the acrosome must allow for the pen-
etration of the cumulus cells and the zona pellucida so 
the sperm head can fuse with the oolemma. In addition, 
the sperm must activate the oocyte, undergo nuclear 
decondensation, form the male pronucleus, and then 
fuse with the female pronucleus. Finally, with the advent 
and the rapid continued development of micro-assisted 
fertilization, sperm function testing has assumed a role 
of even less importance. As fertilization and pregnancy 
rates improve with procedures such as intracytoplasmic 
sperm injection (ICSI), more and more logical questions 
are being asked about the proper role for sperm func-
tion testing. This chapter reviews the most commonly 
employed techniques for sperm evaluation and examines 
the issues surrounding their utilization in the modern 
ART program.

PATIENT HISTORY
A thorough history of the infertile couple at the time of the 
initial consultation will frequently reveal conditions that 
could affect semen quality. Some of the important factors 
to consider are as follows:

 1. Reproductive history, including previous pregnancies 
with this and other partners.

 2. Sexual interaction of the couple, including frequency 
and timing of intercourse as well as the duration of their 
infertility.

 3. Past medical and surgical history: specific attention 
should be paid to sexually transmitted diseases, pros-
tatitis, or epididymitis, as well as scrotal trauma or sur-
gery—including varicocele repair, vasectomy, inguinal 
herniorrhaphy, and vasovasostomy.

 4. Exposure to medication, drugs, toxins, and adverse 
environmental conditions such as temperature extremes 
in occupational and leisure activities, either in the past 
or in the present.

SEMEN ANALYSIS
The hallmark of the evaluation of the male remains the 
semen analysis. It is well known that the intrapatient 
variability of semen specimens from fertile men can be 
significant over time (1). This variability decreases the 
diagnostic information that can be obtained from a single 
analysis, often necessitating additional analyses. What is 
also apparent from literature that analyzes samples from 
“infertile” patients is that the deficiencies revealed may not 
be sufficient to prevent pregnancy from occurring. Rather, 
they may simply lower the probability of pregnancy, result-
ing in so-called “subfertility.” Clearly, the overall progno-
sis for a successful pregnancy is dependent on the complex 
combination of variables in semen quality coupled with 
the multiple factors inherent in the female reproductive 
system that must each function flawlessly. The commonly 
accepted standard for defining the normal semen analysis 
is the criteria defined by the World Health Organization 
(WHO). These parameters for both the fourth and the fifth 
edition are listed in Table 4.1.

The normal or reference values for semen analyses have 
been altered with each new edition of the WHO. The val-
ues from the current (fifth) edition have been derived from 
a retrospective look at the semen parameters of men with 
two to seven days of abstinence whose partner conceived 
within 12 months after the cessation of the use of contra-
ception (2,3). There are significant changes in the param-
eters listed in the current edition compared with past 
editions. Some of these changes are due to observations 
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made of the semen samples from the patients mentioned 
above. These real differences in declining sperm concen-
trations, motility, and normal morphology are thought to 
be due to environmental influences. However, the drastic 
changes in the morphology reference values are primarily 
due to the suggested use of the Kruger strict morphology 
method in the fifth edition. Many labs prefer to continue 
using the fourth edition because of the suggested use of the 
Kruger strict morphology. The value of this method will be 
discussed in the sperm morphology section of this chapter.

COLLECTION OF THE SPECIMEN
When the semen analysis is scheduled, instructions 
should be given to the couple to ensure collection of an 
optimum semen sample. Written instructions are useful, 
especially if the patient is collecting the specimen outside 
of the clinical setting. During the initial infertility evalu-
ation, a semen specimen should be obtained following a 
two- to seven-day abstinence from sexual activity (1). A 
shorter period of time may adversely affect the semen vol-
ume and sperm concentration, although it may enhance 
sperm motility. A longer period of abstinence may reduce 
the sperm motility. In light of the natural variability in 
semen quality that all men exhibit, the initial semen col-
lection may not accurately reflect a typical ejaculate for 
that patient. A second collection, with a two- to seven-day 
abstinence period, can eliminate the tension associated 
with the initial semen collection, as well as provide a sec-
ond specimen from which a typical set of semen parameters 
can be determined. An additional cause of variable semen 
quality can be the site of collection. Understandably, many 

men are inhibited by collecting their semen sample at the 
clinic. Although collecting at home is less intimidating, 
it is not always practical due to distance or schedules. In 
the case where the semen sample is collected at the clinic, 
the second and subsequent collections are usually better 
than the first due to an increase in the patient’s comfort 
level. The second collection may also be used to determine 
the optimal abstinence period for this particular patient. 
Masturbation is the preferred method of collection. The 
use of lubricants is discouraged since most are spermici-
dal. However, some mineral oils and a few water-based 
lubricants are acceptable. Since masturbation may pres-
ent significant difficulty for some men, either in the clinic 
or at home, an alternative method of collection must be 
available. The use of certain silastic condoms (seminal col-
lection devices) during intercourse may be an acceptable 
second choice. Interrupted intercourse should not be con-
sidered, as this method tends to lose the sperm-rich initial 
few drops of semen while transferring many bacteria to 
the specimen container (1,4).

CARE OF THE SPECIMEN
Appropriate care of the ejaculate between collection and 
examination is important. Specimens should be collected 
only in approved, sterile, plastic, disposable cups. Many 
other plastic containers are toxic to sperm, especially if 
the sperm is allowed to remain in the containers for the 
duration of time that it takes to deliver the specimen from 
off-site. Washed containers may contain soap or residue 
from previous contents, which can kill or contaminate 
the sperm. Delivery of the semen to the laboratory should 
occur within 60 minutes of collection, and the specimen 
should be kept at room temperature during transport. 
These recommendations are designed to maintain optimal 
sperm viability until the time of analysis.

CONTAINER LABELING
The information recorded on the specimen container label 
should include the male’s name as well as a unique iden-
tifying number. Typically, a social security number, birth 
date, or a clinic-assigned patient number is used. Other 
helpful information recorded on the label should include 
the date and time of collection and the number of days 
since the last ejaculation. When the specimen is received 
from the patient, it is important to confirm that the infor-
mation provided on the label is complete and accurate.

EXAMINATION OF THE SPECIMEN
Liquefaction and viscosity

When the semen sample arrives in the laboratory, it is 
checked for liquefaction and viscosity. Although simi-
lar, these factors are distinct from each other (5,6). 
Liquefaction is a natural change in the consistency of 
semen from a semi-liquid to a liquid. Before this process 
is completed, sperm are contained in a gel-like matrix 
that prevents their homogeneous distribution. Aliquots 
taken from this uneven distribution of sperm for the 

Table 4.1 World Health Organization reference values 
for semen analysis

Parameter

Reference values

Fourth edition Fifth edition

Volume >2.0 mL 1.5 (1.4–1.7)
Sperm concentration 20 × 106 15 (12–16) × 106

Total sperm count 40 × 106 39 (33–46) × 106

Total motility 50% 40% (38–42)
Progressive motility 25% 32% (31–34)
Vitality 50% 58% (55–63)
pH 7.2 7.2
Morphology 15% 4% (3.0–4.0)

Source: Data from World Health Organization. WHO Laboratory 
Manual for the Examination of Human Semen and Sperm–
Cervical Mucus Interaction, 4th edition. New York, NY: 
Cambridge University Press, 1999; 60–1; World Health 
Organization. WHO Laboratory Manual for the Examination 
of Human Semen, 5th edition. Geneva: WHO Press, 2010: 
223–5.

Note: Liquefaction: Complete within 60 minutes at room tempera-
ture. Appearance: Homogeneous, gray, and opalescent. 
Consistency: Leaves pipette as discrete droplets. Leukocytes: 
Fewer than 1  million/mL.
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purpose of determining concentration, motility, or mor-
phology may not be truly representative of the specimen 
as a whole. As liquefaction occurs over 15–30 min-
utes, sperm are released and distributed throughout the 
semen. Incomplete liquefaction may adversely affect the 
accuracy of the semen analysis by preventing this even 
distribution of sperm within the sample. The coagulum 
that characterizes freshly ejaculated semen results from 
secretions from the seminal vesicles. The liquefaction of 
this coagulum is the result of enzymatic secretions from 
the prostate. Watery semen, in the absence of a coagu-
lum, may indicate the absence of the ejaculatory duct or 
nonfunctional seminal vesicles. Inadequate liquefaction, 
in the presence of a coagulum, may indicate a deficiency 
of prostatic enzymes (7,8).

Viscosity refers to the liquefied specimen’s tendency to 
form drops from the tip of a pipette. If drops form and 
fall freely, the specimen has a normal viscosity. If drops 
will not form or the semen cannot be easily drawn up into 
a pipette, viscosity is high. This high viscosity remains, 
even after liquefaction has taken place. Highly viscous 
semen may also prevent the homogeneous distribution 
of sperm. Treatment with an enzyme, such as chymo-
trypsin (9), or aspiration of semen through an 18-gauge 
needle may reduce the viscosity and improve the distribu-
tion of sperm before an aliquot is removed for counting. 
Any addition of medium containing enzymes should be 
recorded, as this affects the actual sperm concentration. 
The new volume must be factored in when calculating the 
total sperm count.

Semen volume

Semen volume is best measured with a serological pipette 
that is graduated to 0.1 mL. This volume is recorded and later 
multiplied by the sperm concentration in order to obtain 
the total count of sperm in the sample. A normal seminal 
volume before dilution is considered to be >1.4 mL (2).

Sperm concentration

A variety of counting chambers are available for deter-
mining sperm concentration. Those more commonly used 
include the hemocytometer, the Makler counting cham-
ber, and the MicroCell. Regardless of the type of chamber 
used, an aliquot from a homogeneous, mixed semen sample 
is placed onto a room temperature chamber. The chamber 
is covered with a glass coverslip, which allows the sperm to 
distribute evenly in a very thin layer. Sperm within a grid 
are counted, and a calculation is made according to the for-
mula for the type of chamber used. Accuracy is improved 
by including a greater number of rows, squares, or fields 
in the count. Sperm counts should be performed immedi-
ately after loading semen onto the chamber. Waiting until 
the heat from the microscope light increases the speed of 
the sperm may inaccurately enhance the count. As indi-
cated earlier, a particular patient’s sperm count may vary 
significantly from one ejaculate to another. This observa-
tion holds true for both fertile and infertile males, further 
complicating the definition of a normal range for sperm 

concentration. Demographic studies employing historic 
controls were used to define a sperm concentration of <15 
million/mL as abnormal (fifth edition) (2). Several inves-
tigators had observed that significantly fewer pregnancies 
occurred when men had sperm counts <15 million/mL; 
however, the prognosis for pregnancy did not increase 
proportionately with sperm concentrations above this 
threshold.

Sperm motility

Sperm motility may be affected by many factors:

• Patient’s age and general health
• Length of time since the last ejaculation
• Patient’s exposure to outside influences such as exces-

sive heat or toxins
• Method of collection
• Length of time and adequacy of handling from collec-

tion to analysis

When the aliquot of semen is placed on the room tem-
perature counting chamber, the count and motility should 
be determined immediately. As previously stated, this will 
prevent the effect of the heat from the microscope light 
source from influencing the results. If a chamber with a 
grid is used to count the sperm, the motility can be deter-
mined at the same time as the concentration by using a 
multiple-click cell counter to tally motile and non-motile 
sperm and then totaling these numbers to arrive at the true 
sperm concentration. The accuracy of the concentration 
and of the motility improves as more sperm are counted. 
If a wet-mount slide is used to determine motility, more 
than one area of the slide should be used, and each count 
should include at least 200 sperm. Prior to examining 
the specimen for motility, the slide or counting chamber 
should be examined for signs of sperm clumping. Sperm 
clumping to other sperm head to head, head to tail, or tail 
to tail may indicate the presence of sperm antibodies in 
the semen. This should not be confused with clumping of 
sperm to other cellular debris in the semen, which is not 
associated with the presence of antibodies. In either case, 
sperm clumping may affect the accuracy of both the sperm 
count and the motility (1,4).

Motility is one of the most important prerequisites for 
achieving fertilization and pregnancy. The head of the 
sperm must be delivered a great distance in vivo through 
the barriers of the reproductive tract to the site of the egg. 
Sperm must have sufficient motility in order to penetrate 
both the layers of coronal cells and the zona pellucida 
before fusing with the egg’s cell membrane (oolemma). An 
exact threshold level of motility that is required to accom-
plish fertilization and pregnancy, however, has never been 
described (10). This may be due to variables in the equip-
ment and techniques used in assessing motility.

Progression

While sperm motility represents the quantitative param-
eter of sperm movement expressed as a percentage, sperm 
progression represents the quality of sperm movement 
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expressed on a subjective scale. A typical scale, such as the 
one below, attempts to depict the type of movement exhib-
ited by most of the sperm visualized on a chamber grid. 
Progression of sperm may also be calculated with sperm 
motility as a percentage of sperm exhibiting “progressive 
motility.” With the advent of successful micro-assisted fer-
tilization, progression has assumed more limited utility. 
Nevertheless, for those laboratories that quantify progres-
sion of motility separately, a score of 0 means no motility; 
1 means motility with vibratory motion without forward 
progression; 2 means motility with slow, erratic forward 
progression; 3 means motility with relatively straightfor-
ward motion; and 4 is motility with rapid forward pro-
gression (4).

Sperm vitality

When a motility evaluation yields a low proportion of 
moving sperm (less than 50%), a vitality stain may be ben-
eficial. This is a method used to distinguish non-motile 
sperm that are living from those that are dead. This tech-
nique will be discussed later in the sperm function section.

Additional cell types

While observing sperm in a counting chamber or on a 
slide, additional cell types may also be seen. These include 
endothelial cells from the urethra, epithelial cells from 
the skin, immature sperm cells, and white blood cells. The 
most common and significant of these cell types is referred 
to collectively as “round cells.” These include immature 
sperm cells and white blood cells. In order to distinguish 
between them, an aliquot of semen can be placed in a thin 
layer on a slide and air-dried. The cells are fixed to the slide 
and stained using a Wright–Giemsa or Bryan–Leishman 
stain. When viewed under 400× or 1000× power, cell 
types may be differentiated primarily by their nuclear mor-
phology. Immature sperm have one to three round nuclei 
within a common cytoplasm. Polymorphonuclear leuko-
cytes may also be multinucleate, but the staining method 
will typically reveal characteristic nuclear bridges between 
their irregularly shaped nuclei (1). A peroxidase stain may 
be used to identify granulocytes and to differentiate them 
from the immature sperm. The presence of greater than 1 
million white blood cells per one milliliter of semen may 
indicate an infection in the urethra or accessory glands, 
which provide the majority of the seminal plasma. Such 
infections could contribute to infertility (1,11). As such, 
these samples must be cultured so that the offending 
organism can be identified and appropriate treatment can 
be instituted. Besides bacteria, white blood cells on their 
own can contribute to infertility. They can especially be a 
detrimental factor in the in vitro fertilization (IVF) pro-
cess. Even though the white blood cells can be removed 
by centrifugation of the semen sample through a layer of 
silica beads, the toxins produced by the cells, called leuko-
kines, may pass through the layer and concentrate in the 
medium below containing the sperm. If this sperm is to 
be used in the insemination of oocytes, the concentrated 
toxins will be in contact with the oocytes for several hours. 

These toxins may cause detrimental effects to the oocytes 
and to the embryos that develop from fertilization.

Sperm morphology

Sperm morphology can be assessed in several ways. The 
most common classification systems are the fourth edition 
and the fifth edition of the WHO standard, the latter of 
which incorporates Kruger strict criteria (Figure 4.1) (12). 
Two easy methods of preparing slides for assessing normal 
morphology include the following: first, a 5–10-µL drop 
of semen is placed on a slide and a second slide is used 
to smear the sample in a very thin, smoothly distributed 
layer. The slide is then air-dried. A 5–10-µL drop of stain 
(typically hematoxylin or methylene blue) is placed on the 
dried sample and a coverslip is placed over the specimen. 
Alternatively, the drop of semen may be mixed with an 
equal volume of fixative plus stain prior to placing it on 
the slide. With either method, at least 200 sperm must be 
counted using phase contrast microscopy. If the fourth 
edition of WHO is used, 400× is sufficient magnification. 
However, when using the fifth edition of WHO, 100× is 
recommended in order to obtain an accurate measure-
ment of the sperm. WHO fourth edition criteria for assess-
ing normal forms include the following:

• Head: Oval and smooth heads are normal; round, 
pyriform, pin, double, and amorphous heads are all 
abnormal.

• Mid-piece: A normal mid-piece is straight and slightly 
thicker than the tail.

• Tail: Single, unbroken, straight tails without kinks or 
coils are normal.

A normal semen analysis should contain at least 15% 
normal sperm using WHO fourth edition criteria.

• Head: Smooth; oval configuration; length, 5–6 µm, 
diameter 2.5–3.5 µm; acrosome, must constitute 40%–
70% of the sperm head.

• Mid-piece: Slender, axially attached; <1 µm in width 
and approximately 1.5 µm in head length; no cytoplas-
mic droplets, >50% of the size of the sperm head.

• Tail: Single, unbroken, straight, without kinks or coils, 
approximately 45 µm in length (Figure 4.2) (12,13,14).

As described by Kruger et al., sperm forms that are not 
clearly normal should be considered abnormal. The pres-
ence of 4% or greater normal sperm morphology should 
be interpreted as a normal result. Normal morphology of 
<4% is abnormal (13,14). Normal sperm morphology has 
been reported to be directly related to fertilization poten-
tial. This may be due to the abnormal sperm’s inability to 
deliver normal genetic material to the cytoplasm of the egg. 
From video recordings, it appears that abnormal sperm 
are more likely to have diminished, aberrant, or absent 
motility. This reduced or unusual motility may result from 
hydrodynamic inefficiency due to the head shape, abnor-
malities in the tail structure that prevent normal motion, 
and/or deficiencies in energy production necessary for 
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(b) (c)(a) (d)

(j) (k)(i) (l)

(r) (s)(q) (t)

(f) (g)(e) (h)

(n) (o)(m) (p)

Figure 4.1 Different types of sperm malformations. (a) Round head/no acrosome; (b) small acrosome; (c) elongated head; (d) 
megalo head; (e) small head; (f) pinhead; (g) vacuolated head; (h) amorphous head; (i) bicephalic; (j) loose head; (k) amorphous head; 
(l) broken neck; (m) coiled tail; (n) double tail; (o) abaxial tail attachment; (p) multiple defects; (q) immature germ cell; (r) elongated 
spermatid; (s) proximal cytoplasmic droplet; and (t) distal cytoplasmic droplet. (From Sathananthan AH, ed. Visual Atlas of Human 
Sperm Structure and Function for Assisted Reproductive Technique. Melbourne: La Trobe and Monash Universities, Singapore: National 
University, 1996, with permission.)
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motility (15,16). In addition to compromised motility, 
abnormal sperm do not appear to bind to the zona of the 
egg as well as normal sperm. This has been demonstrated 
in studies employing the hemizona binding assay (17). 
IVF has helped further to elucidate the role that normal 
sperm morphology plays in the fertilization process and 
in pregnancy. Both the fourth edition WHO method and 
the Kruger strict method of determining normal sperm 
morphology have been used to predict a patient’s fertility.

Several studies have concluded that the Kruger method of 
strict morphology determination shows the most consistent 
prediction of fertilization in vitro following conventional 
insemination (11,18,19). This method of assessing normal 
sperm morphology, because of its precise, non-subjective 
nature, establishes a threshold below which abnormal mor-
phology becomes a contributing factor in infertility. While 
Kruger strict morphology provides a repeatable, objective 
method of analyzing sperm morphology based on pre-
cise measurements, some IVF labs prefer to use the WHO 
fourth edition of sperm morphology (15%) as a cutoff point 
below which ICSI is used and above which insemination 
may be used. The opinion in those labs is that the 15% level 
of morphology, while not as precise as the Kruger method, 
is more realistic for determining patients who will do well 
with insemination. In addition, the Kruger strict scale 
ensures that some patients will be diagnosed as having 0% 
normal morphology. This can give the false impression that 
the patient has no normal sperm with which to accomplish 
fertilization by insemination or by ICSI.

COMPUTER-ASSISTED SEMEN ANALYSIS
Computer-assisted semen analysis (CASA) was initially 
developed to improve the accuracy of manual semen 
analysis. Its goal is to establish a standardized, objec-
tive, reproducible test for sperm concentration, motility, 
and morphology. The technique also attempts, for the 
first time, to actually characterize sperm movement. The 
automated sperm movement measurements—known as 
kinematics—include straight-line velocity, curvilinear 
velocity, and mean angular displacement (Table 4.2). The 
use of CASA requires specialized equipment, including a 
phase contrast microscope, video camera, video recorder, 
video monitor, computer, and printer.

To perform CASA, sperm are placed on either a Makler 
or a MicroCell chamber and they are then viewed under a 
microscope. The video camera records the moving images 
of the sperm cells and the computer digitizes them. The 
digitized images consist of pixels whose changing locations 
are recorded frame by frame. A total of 30–200 frames 
per minute are produced. The changing locations of each 
sperm are recorded and their trajectories are computed 
(Figure 4.3) (20). In this manner, hyperactive motion can 
also be detected and recorded. Hyperactive sperm exhibit 
a whip-like, thrashing movement, which is thought to be 
associated with sperm that are removed from seminal 
plasma and ready to fertilize the oocytes (20,21). Persistent 
questions about the validity and reproducibility of results 
have kept CASA from becoming a standard procedure in 
the andrology laboratory. The accuracy of sperm concen-
tration appears to be diminished in the presence of either 
severe oligospermia or excessive numbers of sperm. In cases 
of oligospermia, counts may be overestimated due to the 
machine counting debris as sperm. High concentrations of 
sperm may be underestimated in the presence of clump-
ing. High sperm concentrations can also cause overestima-
tions in counting due to the manner in which the software 
handles collisions between motile sperm and non-motile 
sperm. In these cases, diluting the sample may improve 
the accuracy of the count (21,22). Sperm concentration 
also appears to be closely related to the type of counting 
chamber employed. Similar to the challenges reported with 
manual counting, sperm counts may vary with regard to 
whether one is using a Makler or a MicroCell.

Sperm motion parameters identified by CASA have been 
assessed by several investigators for their ability to predict 
fertilization potential. Certain types of motion have been 
determined to be important in achieving specific actions 
related to fertilization, such as cervical mucus penetration 
and zona binding. However, the overall potential of CASA 
for predicting pregnancy is still a subject of much debate. 
In summary, persistent questions about results and their 
interpretation continue to limit the routine use of CASA. As 
reproducibility improves overall ranges of sperm concen-
tration, CASA may become the standard for semen analysis.

The use of fluorescent DNA staining with CASA may 
also improve its reliability. In addition, as the kinematics 
of sperm motion becomes better understood, CASA may 

(a) (b) 1. 2.

(c) 1. 2. 3. 4.

Figure 4.2 A diagrammatic representation of quick-stained 
spermatozoa. (a) Normal form; (b.1) slightly amorphous head; 
(b.2) neck defect; (c.1 and 2) abnormally small acrosome; (c.3) 
no acrosome; and (c.4) acrosome 70% of sperm head. (From 
Sathananthan AH, ed. Visual Atlas of Human Sperm Structure 
and Function for Assisted Reproductive Technique. Melbourne: La 
Trobe and Monash Universities, Singapore: National University, 
1996, with permission.)
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play an integral role in determining the optimal method of 
assisted reproductive technique that should be utilized for 
specific types of male factor patients.

SPERM ANTIBODIES
Because mature spermatozoa are formed after puberty, 
they can be recognized as foreign protein by the male 
immune system. In the testicle, the sperm are protected 
from circulating immunoglobulins by the tight junctions 
of the Sertoli cells. As long as the sperm are contained 
within the lumen of the male reproductive tract, they are 
sequestered from the immune system, and no antibod-
ies form to their surface antigens. If there is a breach in 
this so-called “blood–testis barrier,” an immune response 
may be initiated. The most common causes of a breach 
in the reproductive tract, which could initiate antibody 
formation, include vasectomy, varicocele repair, testicu-
lar biopsy, torsion, trauma, and infection (23,24). Once 
formed, antibodies are secreted into the fluids of the 
accessory glands, specifically the prostate and seminal 
vesicles. At the time of ejaculation, the fluids from these 
glands contribute most of the volume to the seminal 

plasma. These antibodies can then come into contact 
with the sperm and may cause them to clump. In women, 
the atraumatic introduction of sperm into the reproduc-
tive tract as a result of intercourse or artificial insemina-
tion does not appear to be a factor in the production of 
sperm antibodies. However, events that induce trauma 
or introduce sperm to the mucous membranes outside 
of the reproductive tract can induce antibody forma-
tion. Proposed examples of such events include trauma 
to the vaginal mucosa during intercourse or the deposi-
tion of sperm into the gastrointestinal tract by way of oral 
or anal intercourse (24). There are several tests currently 
employed for detecting the presence of sperm antibodies. 
The two most common are the mixed agglutination reac-
tion (MAR) and the immunobead binding test.

The MAR

This test is performed by mixing semen, IgG- or IgA-
coated latex beads or red blood cells, and IgG or IgA anti-
serum on a microscope slide. The slides are incubated and 
observed at 400× magnification. At least 200 sperm are 
counted. If antibodies are present, the sperm will form 

Table 4.2 Kinematic measurements in computer-assisted semen analysis

Symbol Name Definition

VSL Straight-line velocity Time average velocity of the sperm head along a straight line from its first 
position to its last position

VCL Curvilinear velocity Time average velocity of the sperm head along its actual trajectory
VAP Average path velocity Time average velocity of the sperm head along its average trajectory
LIN Linearity Linearity of the curvilinear trajectory (VSL/VCL)
WOB Wobble Degree of oscillation of the actual sperm head trajectory around its average path 

(VAP/VCL)
STR Straightness Straightness of the average path (VSL/VAP)
ALH Amplitude of lateral head Amplitude of variations of the actual sperm head trajectory about its average 

trajectory displacement (the average trajectory is computed using a rectangular 
running average)

RIS Riser displacement Point-to-point distance of the actual sperm head trajectory to its average path 
(the average path is computed using an adaptive smoothing algorithm)

BCF Beat-cross frequency Time average rate at which the actual sperm trajectory crosses the average path 
trajectory

HAR Frequency of the fundamental Fundamental frequency of the oscillation of the curvilinear trajectory around its 
average harmonic path (HAR is computed using the Fourier transformation)

MAG Magnitude of the amplitude Squared height of the HAR spectral peak (MAG is a measure of the peak to 
fundamental harmonic peak dispersion of the raw trajectory about its average 
path at the fundamental frequency)

VOL Area of fundamental harmonic Area under the fundamental harmonic peak in the magnitude spectrum (VOL is a 
harmonic measure of the power-bandwidth of the signal)

CON Specimen concentration Concentration of sperm cells in a sample in millions of sperm per mL of plasma or 
medium

MOT Percentage motility Percentage of sperm cells in a suspension that are motile (in manual analysis, 
motility is defined by a moving flagellum; in computer-assisted semen analysis, 
motility is defined by a minimum VSL for each sperm)

Source: Data from Enginsu MF et al. Hum Reprod 1992; 7: 1136–40.
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clumps with the coated latex beads or coated red blood 
cells. If antibodies are absent, the sperm will swim freely. 
The level of antibody concentration considered to be clini-
cally relevant must be established by each center conduct-
ing the test. The WHO considers a level of binding of 
≥50% to be clinically significant. This test is used only for 
detection of direct antibodies in men, and is not specific 
for the location of bead attachment to the sperm.

The immunobead binding test

This test is performed by combining IgG- or IgA-coated 
latex beads and washed sperm on a slide. The sperm must 
be removed from the seminal plasma by washing the sam-
ple with media plus bovine serum albumin (BSA). The 
presence of human protein on the surface of the sperm 
interferes with the binding of the immunobeads to the 
sperm, and thus may mask a positive result. After wash-
ing, the sperm is placed on a slide with IgG- or IgA-coated 
latex beads and is read at 200× or 400× magnification. If 
antibodies are present, the small beads will attach directly 
to the sperm. This test provides potentially greater infor-
mation than the MAR, as results consider the number of 
sperm bound by beads, the type of antigen involved in 
binding, and the specific location where the bead is bound 
to the sperm.

If antibodies are absent, the beads will not attach. Like 
the MAR test, this test can be used for the detection of 
direct antibodies in men. However, it may also be used to 
detect antibodies produced in a woman’s serum, follicular 
fluid, or cervical mucus by incubating these bodily fluids 
with washed sperm that have previously tested negative for 

antibodies. To perform an indirect test, known direct anti-
body-negative sperm are washed free of seminal plasma 
and resuspended in a small volume of media plus BSA. 
They are incubated for one hour at 37°C with the bodily 
fluid to be tested. The sperm are then washed free of the 
bodily fluid, resuspended in media plus BSA, and mixed 
on a slide with IgG- or IgA-coated latex beads. The test 
is interpreted by noting the percentage and location of 
the bead attachment. The third edition WHO standard 
considers the level of binding of ≥20% as representing a 
positive test, whereas the fourth edition WHO standard 
considers a level of ≥50% to be a positive test. The level 
of binding of ≥50% is commonly considered to be clini-
cally significant (10,25). The clinical value of antisperm 
antibody testing is predicated on the observation that the 
presence of a significant concentration of antibodies may 
impair fertilization. It has been reported that antibody-
positive sperm may have difficulty penetrating cervical 
mucus. Although in these cases intrauterine insemina-
tion or IVF may improve the prognosis for fertilization, 
antibody levels >80%, coupled with subpar concentration, 
motility, or morphology, may necessitate the addition of 
ICSI in order to achieve the highest percentage of fertiliza-
tion (26). As suggested by the literature, andrology labora-
tories may do a significantly better job of preparing sperm 
if they are aware of the presence of antibodies. Specifically, 
it has been demonstrated that the use of increased concen-
trations of protein in the media used for sperm preparation 
will reduce the adverse effect of antisperm antibodies on 
sperm motility. In summary, antisperm antibodies have 
been demonstrated to be a contributing factor in infer-
tility. While their presence alone may not be sufficient to 
prevent pregnancy, their detection should encourage the 
andrologist to pursue additional appropriate action.

SPERM VITALITY
An intact plasma membrane is an integral component of, 
and possibly a biologic/diagnostic indicator for, sperm 
viability. The underlying principle is that viable sperm 
contain intact plasma membranes that prevent the passage 
of certain stains, whereas nonviable sperm have defects 
within their membranes that allow for staining of the 
sperm. Several so-called “vital stains” have been employed 
for this purpose. They include eosin Y, trypan blue, and/
or nigrosin (27). When viewed with either bright field or 
phase contrast microscopy, these stains allow for the dif-
ferentiation of viable, non-motile sperm from dead sperm. 
This procedure may, therefore, play a significant role in 
determining the percentage of immotile sperm that are 
viable and available for ICSI. Unfortunately, dyes such 
as eosin Y are specific DNA probes that may have toxic 
effects if they enter a viable sperm or oocyte, which pre-
cludes the use of these sperm that have been exposed to 
the dyes for ICSI or insemination. Flow cytometry has 
also been utilized for the determination of sperm viability. 
Like vital staining, flow cytometry is based on the prin-
ciple that an intact plasma membrane will prevent the pas-
sage of nucleic acid-specific stains. Some techniques, such 
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Figure 4.3 Examples of kinematic measurements involved 
in a single-sperm tracing. Abbreviations: ALH, amplitude of lat-
eral head; BCF, beat-cross frequency; RIS, riser displacement; 
VAP, average path velocity; VCL, curvilinear velocity; VSL, 
straight-line velocity. (Reproduced from data from Enginsu MF 
et al. Hum Reprod 1992; 7: 1136–40.)
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as the one described by Noiles et al., employ dual staining, 
which can differentiate between an intact membrane and 
a damaged membrane (28). There are no studies that pro-
spectively evaluate sperm viability staining as a predictor 
of ART outcome.

HYPO-OSMOTIC SWELLING TEST
Another means of assessing the sperm plasma membrane 
is the hypo-osmotic swelling test (HOST). This assay is 
predicated upon the observation that all living cells are 
permeable to water, although to different degrees. The 
human sperm membrane has one of the highest hydraulic 
conductivity coefficients (2.4 µL/min/atm at 22°C) of any 
mammalian cell (29).

As originally described, the HOST involves placing a 
sperm specimen into hypotonic conditions of approxi-
mately 150 mOsmol (30). This environment, while not 
sufficiently hypotonic to cause cell lysis, will cause swell-
ing of the sperm cells. As the tail swells, the fibers curl, and 
this change can be detected by phase contrast microscopy, 
differential interference contrast, or Hoffman optics. The 
normal range for a positive test is typically considered to be 
a score ≥60%; that is, at least 60% of the cells demonstrate 
curling of the tails. A negative test is defined as <50% curl-
ing (31). This test generated a significant amount of initial 
interest, and several investigators compared it to the sperm 
penetration assay (SPA) as an in vitro surrogate for fertil-
ization, reporting good correlation (32,33). In the 1990s, 
several investigators reported using the test as a predic-
tor of ART outcome, with conflicting results. Although 
one group reported a favorable correlation, another found 
no predictive value for the test (34,35). It has also been 
suggested that, owing to sperm morphology changes in 
response to the test, the HOST may facilitate an embryolo-
gist’s ability to select sperm that is appropriate for injec-
tion. Regardless, as evidenced by the fact that there have 
been essentially no new human studies on the HOST in 
the past 15 years, it is likely that the use of the HOST is 
not increasing significantly. In our program at the Texas 
Fertility Center, we use the HOST to identify sperm that 
is suitable for use in ICSI cases where all sperm is non-
motile. In summary, the HOST currently lacks sufficient 
critical evaluation to determine its true role in the assess-
ment and/or treatment of the infertile male.

ASSAYS OF THE SPERM ACROSOME
The acrosome is an intracellular organelle, similar to a 
lysosome, which forms a cap-like structure over the apical 
portion of the sperm nucleus (36). The acrosome contains 
multiple hydrolytic enzymes, including hyaluronidase, 
neuraminidase, proacrosin, phospholipase, and acid 
phosphatase, which, when released, are thought to facili-
tate sperm passage through the cumulus mass, and pos-
sibly the zona pellucida as well (Figure 4.4). In fact, only 
acrosome-reacted sperm is capable of penetrating the zona 
pellucida, binding to the oolemma, and fusing with the 
oocyte (37). Once sperm undergoes capacitation, it is capa-
ble of an acrosome reaction. This reaction is apparently 

triggered by fusion of the sperm plasma membrane with 
the outer acrosomal membrane at multiple sites, leading to 
diffusion of the acrosomal enzymes into the extracellular 
space. This leads to the dissolution of the plasma mem-
brane and acrosome, leaving the inner acrosomal mem-
brane exposed over the head of the sperm (Figure 4.5). 
Although electron microscopy has produced many elegant 
pictures of acrosome-intact and acrosome-reacted sperm, 
it is not always possible to know whether sperm that fail to 
exhibit an acrosome have truly acrosome reacted, or could 
possibly be dead. In addition, electron microscopy is not a 
technique that is available to all andrologists.

This has led to the necessity for the development of bio-
chemical markers for the acrosome reaction. Throughout 
the 1970s, 1980s, and 1990s, multiple biochemical tests 
were described using a variety of lectins, antibodies, and 
stains. Although they apparently correlated well with 
electron microscopy, the tests were still time consuming 
and difficult to perform (38,39). Contemporary assays for 
the determination of acrosomal status employ fluorescent 
plant lectins or monoclonal antibodies, which can be 
detected much more easily with fluorescence microscopy 
(40,41). These assays may prove to be of value if they can 
truly identify males who manifest deficiencies in their 
ability to undergo the acrosome reaction. Evidence in 
support of the value of this test includes the finding that 
defective zona-induced acrosome reactions are present in 
a high percentage of subfertile men who have a normal 
semen analysis (42). Hypothetically, such patients may 
need to have their sperm specially preincubated—such 
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Figure 4.4 Sperm head with intact acrosome. Abbreviations: 
AC, acrosomal cap; ES equatorial segment; OA, outer acroso-
mal membrane; SS, subacrosomal space. (From Sathananthan 
AH, ed. Visual Atlas of Human Sperm Structure and Function 
for Assisted Reproductive Technique. Melbourne: La Trobe and 
Monash Universities, Singapore: National University, 1996, 
with permission.)
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as with follicular fluid or calcium ionophore—prior to 
insemination if they fail to acrosome react on their own. 
Conversely, this test may help to identify a small subpopu-
lation of males who prematurely acrosome react. Several 
studies have reported an association between ejaculated 
sperm with low percentages of acrosome-intact sperm and 
poor subsequent fertilization (43). Therefore, ICSI should 
be considered for men with abnormal acrosome reaction 
testing. A published meta-analysis has demonstrated a 
high predictive value of tests of acrosomal reactivity for 
the prediction of fertilization in vitro (44). These areas cer-
tainly await additional study.

OTHER BIOCHEMICAL TESTS
As noted above, one of the predominant enzymes that 
is present in the acrosome is proacrosin. The enzymatic 
action of acrosin is not necessarily correlated to the pres-
ence of an intact acrosome; therefore, assays for the pres-
ence of acrosin have been described (45). Acrosin activity 
has been reported to be greater in fertile men than in 
infertile men (46); however, there are no prospective eval-
uations correlating acrosin activity to fertilization rates 
in ART patients. Like all other tissues that require energy 
synthesis and transport, spermatozoa contain measurable 
levels of creatinine phosphokinase. Two isomers, CK-M 
and CK-B, have been described, and differences have been 
noted in the levels of these isomers in semen specimens 
from fertile and infertile men. Specifically, CK-M levels 
exceed CK-B levels in normospermic males, while CK-B 
levels are greater in spermatozoa from oligospermic males 
(47). In this same study, researchers found that semen 

samples in which CK-M/CK-B ratios exceeded 10% exhib-
ited higher fertilization rates in IVF than specimens with 
lower ratios. Few other studies have addressed this topic.

SPERM PENETRATION ASSAY
The SPA or hamster egg penetration assay was initially 
described by Yanagimachi et al. in 1976 (48). It measures 
the ability of sperm to undergo capacitation and the acro-
some reaction, penetrate the oolemma, and then decon-
dense. In this test, oocytes from the golden hamster are first 
treated in order to remove the zona pellucida. As one of 
the functions of the zona is to confer species specificity, its 
presence would preclude performance of this test. However, 
zona removal obviously prohibits the SPA from being able 
to assess sperm for the presence of zona receptors.

Following zona removal, human sperm are incubated 
for 48 hours with the hamster oocytes, and the number 
of penetrations with nuclear decondensation is calculated. 
As originally described, it was hoped that the test would 
correlate with the ability of human sperm to fertilize 
human oocytes in vitro. Although the test was designed 
to assess the ability of sperm to fuse to the oolemma, it 
also indirectly assesses sperm capacitation, the acrosome 
reaction, and the ability of the sperm to be incorporated 
into the ooplasm. Unfortunately, however, intrinsic in 
the design of the test is its inability to assess the sperm’s 
ability to bind to—and penetrate through—the zona pel-
lucida. This factor continues to be one of the major criti-
cisms that plague this test. Throughout the 1980s, multiple 
modifications of the SPA were published. These included 
modifications of the techniques for sperm preparation 
prior to the performance of the assay, such as inducing 
the acrosome reaction or incubation with TEST yolk buf-
fer (Irvine Scientific, Irvine, CA), changes in the protocol 
methodology itself, and modifications of the scoring sys-
tem (49,50). Published reports demonstrated widely vary-
ing conclusions, such as the finding that the SPA could 
identify anywhere from 0% to 78% of men whose sperm 
would fail to fertilize oocytes in ART procedures (51). 
Most criticisms of the SPA literature center on the poor 
standardization of the assay, the poor reproducibility of 
the test, and the lack of a standard normal range.

Although some reports suggest a correlation between 
the SPA and fertility, neither a large literature review (51) 
nor a prospective long-term (five-year) follow-up study 
demonstrated such a correlation (52). In fact, a meta-
analysis of 2906 subjects from 34 prospective, controlled 
studies suggested that the SPA is a poor predictor of fer-
tilization (53). In light of these considerations, support for 
this test has gradually waned.

HEMIZONA ASSAY
Over the past several years, a growing body of research 
has demonstrated a significant correlation between tests 
of sperm–zona pellucida binding and subsequent fertil-
ization in ART. This led the European Society for Human 
Reproduction and Embryology (ESHRE) Andrology 
Special Interest Group to recommend inclusion of such 

IA

Figure 4.5 Acrosome-reacted sperm. Abbreviation: IA, inner 
acrosomal membrane. (From Sathananthan AH, ed. Visual Atlas 
of Human Sperm Structure and Function for Assisted Reproductive 
Technique. Melbourne: La Trobe and Monash Universities, 
Singapore: National University, 1996, with permission.)
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tests in the advanced evaluation of the male (54). Like 
the SPA, the hemizona assay (HZA) employs sperm and 
nonviable oocytes in an in vitro assessment of fertiliza-
tion (55). In this test, however, both gametes are human 
in origin. As described, the HZA assesses the ability of 
sperm to undergo capacitation, acrosome react, and bind 
tightly to the zona. Classically, oocytes that failed to fertil-
ize during an ART procedure are bisected, and then sperm 
from a proven fertile donor (500,000/mL) is added to one 
hemizona, while sperm from the subject male is added to 
the other hemizona. Following a four-hour incubation, 
each hemizona is removed and pipetted in order to dis-
lodge loosely attached sperm. A comparison or hemizona 
index (HZI) is then calculated by dividing the number of 
test sperm tightly bound to the hemizona by the number 
of control (fertile) sperm bound to the other hemizona:

 
HZI Number of test sperm bound

Number of control sperm boun= dd 1× 00  

This test assesses the ability of sperm to bind to the 
zona itself. Although the HZA is relatively expensive, labor 
intensive, and difficult to perform, there are some data that 
suggest that the HZA may help to identify individuals with 
a poor prognosis for success with ART (Figure 4.6) (56,57). 
A more recent prospective study employing receiver oper-
ating characteristic curve analysis has also suggested that 
HZA results may be used to predict subsequent fertiliza-
tion in ART procedures with both high sensitivity and 
specificity (58). Unlike several other tests of sperm func-
tion, a cutoff value (35%) has been identified as a predic-
tor of IVF success. In addition, pregnancy rates in patients 
with values over 30 have been shown to be significantly 
higher than those in patients with values under 30 (40.6% 
vs. 11.1%, p < 0.05) (59).

MANNOSE BINDING ASSAY
Another test has been developed in order to assess the abil-
ity of sperm to bind to the zona. This in vitro procedure is 
based on a series of observations that suggest that sperm–
oocyte interaction involves the recognition by a sperm sur-
face receptor of a specific complementary receptor on the 
surface of the zona pellucida. This zona receptor appears to 
be a glycoprotein, the predominant sugar moiety of which 
is mannose (60). In an elegant series of experiments, Mori 
et  al. determined that sperm–zona binding could be cur-
tailed by the addition of a series of sugars to the incubating 
media. Although many sugars impaired binding, the addi-
tion of mannose totally inhibited sperm–oocyte interaction 
(61). In vitro assays in which labeled probes of mannose 
conjugated to albumin are co-incubated with semen speci-
mens allow for the differential staining of sperm (Figure 4.7). 
Those that bind the probe are thought to possess the sperm 
surface receptor for the mannose-rich zona glycoprotein. 
Several investigators, including our group, have subsequently 
demonstrated that sperm from fertile populations exhibit 
greater mannose binding than do sperm from infertile males 
(62–64). This new area shows promise in the area of sperm 
function testing, but also invites further study.

ASSAYS OF SPERM DNA INTEGRITY
The most current area of investigation into sperm function 
involves the assessment of sperm DNA integrity. Sperm 
chromatin has been demonstrated to be packaged very differ-
ently from chromatin in somatic cells. Specifically, the DNA 
is organized in such a manner that it remains very compact 
and stable (65). As there are many ways in which this DNA 
organization or the sperm chromatin itself can be damaged, 
several assays of sperm chromatin assessment have been 
developed. There are two basic types of assay: direct assays, 
such as the “Comet” and “Terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)” assays; and indi-
rect assays, such as the sperm chromatin structure assay or 
acridine orange assay (66). The direct assays detect actual 
breakages in the DNA, while the indirect assays measure 
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Figure 4.6 Cluster analysis of hemizona assay index and 
fertilization rate. (a) Good fertilization; (b) poor fertilization; 
and (c) false-positive hemizona assay index. (From Burkman LJ 
et al. Fertil Steril 1988; 49: 688–97, with permission.)

Figure 4.7 Mannose-positive (brown) and mannose-negative 
(clear) sperm. (Courtesy of Tammy Dey and Kaylen Silverberg.)
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the relative proportions of single-stranded (abnormal) and 
double-stranded (normal) DNA within the sperm following 
acid treatment. Data from several studies suggest that infer-
tile men have a significantly greater amount of DNA dam-
age than fertile men (65,67,68). There is also a suggestion 
that this finding is similarly present in the male partners of 
couples experiencing recurrent miscarriage. Despite these 
reports, at the present time, there is no conclusive correla-
tion between the results of sperm DNA integrity testing and 
pregnancy rates achieved either naturally or with the ARTs. 
As such, the Practice Committee of the American Society 
for Reproductive Medicine recommended that the routine 
testing of sperm DNA integrity should not be included in 
the evaluation of infertile couples (69).

CONCLUSION
In summary, there have been many recent advances in 
the diagnostic evaluation of sperm and sperm func-
tion. Although many tests of sperm function have been 
described, there remains a lack of consensus as to the role 
of testing and the identification of the appropriate test(s) to 
perform. Owing to the complicated nature of sperm func-
tion, it is improbable that a single test will emerge with 
sufficient sensitivity, specificity, and positive and negative 
predictive values required of a first-line diagnostic tool for 
all affected men. A more likely scenario will be similar to 
that in female infertility, where a battery of tests—each 
evaluating a specific function—are employed as needed. 
In light of profound recent advances in gamete micro-
manipulation, a more germane issue might be the overall 
relevance of sperm function testing in the contemporary 
andrology laboratory. Although this issue is quite contro-
versial, it is likely that sperm function testing will continue 
to play a role in the evaluation of the infertile male. Just as 
ART is not the treatment of choice for all infertile women, 
it is not likely that micromanipulation will be the standard 
treatment for all infertile men. The gold standard of sperm 
function remains the ability to fertilize an oocyte in vitro. 
Therefore, in order to continue to address the above ques-
tions, it is incumbent upon investigators to design appro-
priate prospective trials to assess these tests thoroughly. 
Those tests that demonstrate a statistically significant cor-
relation with fertilization in vitro must then undergo addi-
tional evaluation in order to assess clinical significance if 
we hope to develop an appropriate diagnostic algorithm.
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OVERVIEW
The aim of sperm preparation for assisted reproduction 
technology (ART) is to maximize the chances of fertil-
ization to provide as many normally fertilized oocytes 
as possible for transfer to the uterus or cryopreservation 
(1). With normal semen it is easy to obtain motile sperm 
by a variety of techniques. Abnormal semen, which will 
not yield adequate sperm for standard in vitro fertiliza-
tion (IVF), needs to be recognized so that intracytoplas-
mic sperm injection (ICSI) can be used. Refinements of 
the preparation procedures are required to obtain sper-
matozoa or elongated spermatids with the highest poten-
tial for normal fertilization from grossly abnormal semen 
samples or from samples obtained directly from the male 
genital tract. Sperm characteristics important for fertil-
ization with standard IVF include normal morphology, 
normal intact acrosomes, straight-line velocity (VSL) and 
linearity (LIN), and the ability to bind to the zona pellu-
cida, penetrate the zona pellucida, fuse with the oolemma, 
activate the oocyte, and form a male pronucleus (1). For 
ICSI, live sperm with the ability to activate the oocyte and 
form a pronucleus are necessary but morphology, motil-
ity, and acrosome status are generally not important (1–5). 
It is probably important to remove seminal plasma as it 
contains decapacitation factors and extraneous cells and 
degenerating sperm that may produce agents capable of 
damaging the sperm (6–8). For IVF or gamete intrafallo-
pian transfer (GIFT), the medium should contain protein 
and buffers that promote sperm capacitation (1). While 
serum or high-molecular-weight fractions from serum 
appear to be important for sperm motility, more recently 
relatively pure preparations of human serum albumin, 
pasteurized to reduce the risk of transmitting infections, 
have been found to be adequate for sperm preparation for 
standard IVF and ICSI (9,10). Purified and appropriately 
tested human serum albumin preparations are now rou-
tinely available from the major IVF media suppliers. The 
inclusion of protein in the culture medium is required to 
prevent sperm adhering to surfaces. Although the concen-
tration of albumin in human periovulatory oviductal fluid 
is reported to be of the order of 30 mg/mL, concentrations 
of around 4 mg/mL will support normal sperm function 
in IVF. Bicarbonate ions are required for capacitation of 
sperm and are normally present at about 25 mmol/L in the 
medium. Although glucose is utilized as a metabolic sub-
strate by sperm it is not clear whether it is essential for nor-
mal function in vitro, although glucose is usually included 
in commercially available media used for fertilization.

Damage to the sperm from dilution, temperature 
change, centrifugation, and exposure to potentially toxic 

material must be minimized. Dilution should be per-
formed slowly, especially with cryopreserved sperm. 
Temperature changes should be gradual. Preparation of 
the insemination suspension should be performed at or 
as close as practicable to 37°C. Centrifugal force should 
be the lowest possible required to bring down the most 
motile sperm. Minimizing centrifugation, particularly 
in the absence of seminal plasma, and separating the live 
motile sperm from the dead sperm and debris early in the 
procedure should limit oxidative damage caused by free 
oxygen radicals released from leukocytes or abnormal 
sperm (6,7,11).

Modifications of sperm preparation may be necessary 
for the various types of ART. For example, for GIFT or 
intratubal insemination, suspensions of spermatozoa are 
to be introduced into the fallopian tubes so debris and 
bacteria must be removed and no particulate material 
added that might damage the female genital tract. If cryo-
preserved donor sperm are to be used, matching and extra 
care in preparation of the sample is usually required. If the 
semen is severely abnormal, sperm are prepared for ICSI.

Combinations of gradient centrifugation and swim up 
may produce higher yields of good-quality sperm (12). In 
the era of ICSI, the need for special preparation techniques 
has receded as simple procedures with swim up, washing, 
or allowing sperm to swim to the medium–oil interface 
from a centrifuged pellet placed in droplets of medium 
under oil produce fertilization and pregnancy results as 
good as those with sperm obtained by more careful and 
laborious preparation techniques (13). The use of gradi-
ent centrifugation may also provide additional safeguards 
in preparing sperm from men with a chronic viral illness 
(14,15). The use of tubes specially designed to minimize the 
risk of carryover of seminal components (e.g., Proinsert™, 
Nidacon Laboratories AB, Gothenburg, Sweden) may fur-
ther reduce the risk of cross-infection (16).

The optimal number of sperm for insemination is 
poorly defined, but several reviews of results of IVF sug-
gest that there is an increase in fertilization rate with 
insemination of sperm at between 2000 and 500,000/mL 
(1). There may be some increase in risks of polyspermy 
with the higher sperm concentrations, thus most groups 
inseminate oocytes with approximately 100,000 sperm/
mL for standard IVF or GIFT. This is more than surround 
the oocyte in vivo and, if better selection of high-quality 
sperm could be achieved, insemination with lower num-
bers could be as or more successful. It has been suggested 
that reduced exposure of the oocyte to sperm may result in 
improvement in embryo quality and higher implantation 
rates (17,18). The total volume of sperm suspension added 
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should be minimized to restrict dilution of the oocyte 
medium.

METHODS
Procedures for preparation of the culture media and sperm 
isolation are given in Appendices 5.1 through 5.12 and are 
shown schematically in Figures 5.1 through 5.4.

Collection of semen or sperm

While semen is usually collected by masturbation for 
ART, sperm may be collected by a variety of methods from 
several sites in the male genital tract (Figure 5.1). The man 
should collect semen into a sterile disposable plastic jar in 
a room adjacent to the IVF laboratory. The sperm should 
be prepared soon after liquefaction of the seminal plasma. 
If liquefaction is delayed or the specimen is particularly 
viscous, syringing the sample through a 21-gauge needle 
or mixing the specimen 1:1 with medium followed by vig-
orous shaking may help. If the semen sample is unexpect-
edly poor, a second sample may provide sufficient sperm. 
Cryopreserved sperm can also be used, for example, as 
backup for ICSI for patients with motile sperm present in 
the semen only intermittently.

The timing of semen collection and preparation does not 
appear to be critical, especially with good semen samples. 
In general the oocytes are inseminated four to six hours 
after collection and the sperm can be prepared during this 

time. The semen should be placed in a clean area of the 
laboratory or in a laminar flow hood. The sample must be 
mixed thoroughly because ejaculation does not result in a 
homogeneous suspension of sperm in the seminal plasma. 
The semen sample is examined, any particulate material 
is allowed to settle, and the supernatant is transferred to 
another tube if necessary. Following mixing, a small por-
tion (∼10 µL) of the sample is taken to check the sperm 
concentration and motility. With normal semen samples, 
usually 1 mL of sample is sufficient for preparation of 
adequate numbers of motile sperm. If the semen sample 
is mildly to moderately abnormal but judged adequate for 
standard IVF, then the whole semen volume should be dis-
tributed to several tubes for preparation of as many sperm 
as possible.

Sperm preparation

Initially, IVF involved repeated “washing” of the sper-
matozoa by dilution of the semen with culture medium 
supplemented with protein, followed by centrifugation 
and resuspension of the pellet. This technique has been 
criticized as it may result in oxidative damage of the sperm 
by free oxygen radicals (6,7,11,19,20). Sperm for ICSI may 
be harvested from the oil–medium interface after sperm-
containing material is placed in a drop of culture medium 
under oil (Figure 5.3). Some prepare channels to outlying 
smaller droplets for this purpose.

Electroejaculation
“emission”

Prostatic cyst or
seminal vesicle aspiration
for ejaculatory duct obstruction

Testicular biopsy

Vas aspiration

Epididymal tubule aspiration

Open surgery

Needle aspiration biopsy of testis

Percutaneous epididymal
aspiration

Spermatocele aspiration

Vibroejaculation

Masturbation
Coitus interruptus
Nontoxic condom
Nocturnal emission
Urine following
retrograde ejaculation

Figure 5.1 Possible sites of collection of sperm or elongated spermatids from the male genital tract for assisted reproduction 
technology.
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All plastic, glassware and media should be checked for 
toxicity to sperm or embryos (e.g., sperm may be immo-
bilized by contact with rubber). For many consumables, 
suppliers have products available that have been specifi-
cally tested as appropriate for human in vitro use. A vari-
ety of media are suitable for sperm preparation for IVF. 
The medium chosen should be equilibrated with the gas 
mixture and the temperature maintained constant at 
37°C. If not using a commercially available protein source 
suitable for human ART but preparing a protein source 
in-house from serum, then this needs to be checked for 
sperm antibodies and, if pools are used, the donors must 
be tested for viral illnesses including HIV and hepatitis. 
However, the use of pooled serum samples is to be dis-
couraged because of the risk of transmitting both known 
and unknown diseases. Heat inactivation of the serum 
should not be relied upon to overcome the risk of trans-
mitting infections.

Swim up

Several variations of the swim up procedure are possible. 
The seminal plasma can be overlaid directly with culture 
medium and the sperm allowed to swim from the semi-
nal plasma into the culture medium. Following this, the 
sperm suspension should be washed to ensure adequate 
removal of seminal plasma constituents. Alternatively, 
the semen sample may be diluted and centrifuged and the 

pellet loosened and overlaid or the semen sample may be 
centrifuged without prior dilution of the seminal plasma 
and the pellet loosened and overlaid with medium for the 
swim up procedure. The latter technique may be particu-
larly useful for oligozoospermia as the sperm may be dam-
aged by the dilution procedure. If cryopreserved semen is 
to be used, dilution of the semen sample should be slow 
with dropwise addition of culture medium to the thawed 
sample. If the thawed semen is overlaid directly, the need 
for slow dilution is eliminated.

After centrifugation, the supernatant is aspirated off 
the pellet and the pellet gently resuspended in a small vol-
ume of liquid. The overlay medium is then gently pipetted 
onto the surface of the pellet and the tube incubated for 
45–60 minutes. Prolonged incubation times may result in 
a reduced yield of motile sperm from gravitational effects. 
The use of a conical tube for centrifugation may help max-
imize yield as the pellet is easier to see and less likely to 
be disturbed during manipulation. Some recommend that 
the tubes be placed in the incubator at an angle to increase 
the surface area of the interface. Following incubation, the 
upper half to two-thirds of the overlay is aspirated, mixed, 
and the sperm concentration determined.

Density gradients

Various gradient separation procedures have been intro-
duced. The advantage is that the gradient separation tech-
niques are rapid, requiring 20 minutes of centrifugation 
compared with an average of 1 hour of incubation for 
swim up. Shorter times may be utilized for samples with 
adequate parameters. They are also relatively simple to 
perform under sterile conditions. The most popular of 
these is colloidal silica density gradient (CSDG) centrifu-
gation, but other agents have also been used (1,12,21). The 
colloidal silica particles are coated with polyvinylpyrolli-
done (e.g., Percoll™; Pharmacia AB, Uppsala, Sweden). 
However, concerns regarding the levels of endotoxins have 
resulted in the withdrawal of Percoll from use in ART. 
Other media containing silane-coated silica have become 
available for clinical use from the major IVF media com-
panies and other specialist suppliers, including Isolate™ 
(Irvine Scientific, Santa Ana, CA), PureSperm™ (Nidacon 
Laboratories AB, Gothenburg, Sweden), SpermGrad™ 
(Vitrolife, Englewood, CO), SupraSperm™ (Medicult, 
Jyllinge, Denmark), PureCeption™ (Sage BioPharma, 
Bedminster, NJ), Sil-Select™ (FertiPro, Beeman, Belgium), 
and Sydney IVF sperm gradient medium (William A. 
Cook, Brisbane, QLD, Australia).

Discontinuous gradients of two or more steps are used. 
Sperm and other material form distinct bands at the inter-
faces on the CSDG (Figure 5.4). It has been claimed that 
abnormal sperm as well as immotile sperm and debris are 
largely eliminated and a rapid and efficient isolation of 
motile human sperm, free from contamination with other 
seminal constituents, is possible. A number of studies 
have compared CSDG centrifugation with a swim up and 
occasionally other sperm preparation techniques. The end 
points of the studies have been recovery of motile sperm, 

Seminiferous tubules
Seminiferous
tubule
contents

Dissect with needles

Allow to settle and transfer supernatant
to new tube

Suspension of seminiferous tubule
contents. Incubate 37C (up to 24 hrs)

CSDG
Wash and

resuspension

ICSI

Cryopreserve remaining sperm

Figure 5.2 Procedure for seminiferous tubules obtained 
by fine-needle tissue aspiration or open biopsy.
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morphology, chromatin structure assessed by the various 
techniques, and ultrastructure. Generally, the recovery 
of motile sperm is greater with the gradient techniques, 
but the percentage of sperm with progressive motility 
is usually lower and the proportion of sperm with good 

morphology lower with gradient centrifugation than with 
swim up (1,8,12,22–24). Some studies suggest that the gra-
dient materials may damage the sperm (25,26). Others 
indicate gradient preparations produce sperm with less 
mitochondrial and DNA damage than other procedures 

Discard upper layers, resuspend pellet
Centrifuge 300–1800 g/5 min
Repeat wash (for IVF)
Resuspend pellet in 0.3–1 mL
Assess motile sperm concentration and
inseminate oocytes or place in droplets
for ICSI

Centrifuge 200–400 g
10–15 min

Discard supernatant
Resuspend pellet
0.3–1 mL
Assess motile sperm
concentration and
place in droplets
for ICSI

Direct use for ICSI

Mix

Overlay 2 mL medium

1 mL semen/pellet

Aspirate
supernatant

Mix 2–3 mL
of medium

Centrifuge
300–1800 g
10 min

Mix well

Dilution and centrifugation

Discard supernatant and resuspend pellet

Wash and swim up

W
ash and sw

im
 up

Direct swim up from semen

D
ire

ct
 C

SD
G

Centrifuge 300–1800 g
10 min

1 mL semen ( or all sample for oligozoospermia)

2–3 mL medium or equal volume and

Allow to settle and transfer supernatant
to new tube

1.0 mL resuspend pellet/semen

1.0 mL 80% density gradient soln

1.0 mL 40% density gradient soln

37C
45–60 min
Swim up

Figure 5.3 Methods of sperm preparation for assisted reproduction technology.
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(27–30). However, while there are some reports of higher 
fertilization and pregnancy rates, improved results of IVF 
and ICSI are not consistently found (27,28). CSDG in com-
bination with swim up has also been reported to reduce 
the viral load from samples carrying an infectious agent 
such as HIV (31–35) However, CSDG on its own, or in 
combination with swim up, should not be relied upon to 
minimize the risk of infection to the woman or any result-
ing pregnancy (32,36–40), although modifications to the 
procedure may further reduce the chance for viral con-
tamination of the final preparation (16,40–42).

Sperm preparation from surgical aspirates or tissue 
samples

Spermatozoa or elongated spermatids may be obtained 
for ICSI from the male genital tract by microsurgical 
epididymal sperm aspiration, percutaneous epididymal 
sperm aspiration, testicular open biopsy, fine-needle aspi-
ration biopsy, or other techniques (Figure 5.1). Preparing 
tissue from a fine-needle biopsy can be managed using 
fine-gauge needles. Processing of large amounts of tissue 
may be expedited by using bigger implements (e.g., scalpel 
blades) and/or a sterile mortar and pestle homogenizer in 
the style of a small conical tube and insert. Methods for 
preparation are outlined in Appendices 5.7 and 5.8.

Sperm selection from immotile samples

ICSI with immotile sperm is often associated with low 
fertilization rates, thus every attempt should be made to 
ensure that live sperm are injected (1–4,43). A variety of 
agents have been reported to enhance sperm motility (1). 
Pentoxifylline (POF) has been used for ART. The maxi-
mally effective dose of POF is between 0.3 and 0.6 mmol/L 
and many groups use 3.6 mmol/L (1 mg/mL). POF has been 
reported to provide greater stimulation of motility and 
velocity than caffeine or 2-deoxyadenosine. Regulatory 
authorities are becoming increasingly stringent on appro-
priate safeguards for the in-house preparation of products 

for clinical use. Commercial versions of motility stimu-
lants appropriately tested for human use are now available 
(e.g., SpermMobil®, Gynemed Medizinprodukte GmbH 
& Co, Lensahn, Germany). Use of an appropriately tested 
product in preference to an in-house preparation should 
reduce risk and ensure quality while also complying with 
regulatory requirements where required.

Exposure of sperm to hypo-osmotic medium is also 
used to identify potentially viable sperm by detecting 
membrane integrity. Its use may reveal a higher proportion 
of viable sperm than utilizing motility stimulants alone; 
however, it can be technically more difficult in cases where 
sperm density is high or large amounts of debris or extra-
neous material are present. The use of a laser pulse applied 
to the tail tip of an immotile sperm (44) and a mechanical 
touch technique (45) have also been suggested as useful 
tools to identify viable sperm for injection, although both 
of these approaches await verification in a wider setting. In 
practical terms, the generation of sperm movement from 
the use of motility stimulants has the added advantage of 
making live sperm more conspicuous and therefore may 
be the preferred first choice in identifying viable sperm 
from an immotile population. Appendices 5.10 and 5.11 
give methods for stimulating sperm motility with POF 
and the use of hypo-osmotic media.

Preparation of semen from HIV-infected men

The use of combination antiretroviral (cARV) therapies 
has markedly improved the prognosis and life expec-
tancy for men infected with HIV. A population of these 
men in a discordant relationship (i.e., where the man is 
seropositive and the women is uninfected) are desiring 
parenthood using their own gametes. With appropriate 
medical care and use of ART techniques, safe and effective 
treatment can now be offered for achieving a pregnancy 
while minimizing the risk of transmission to either the 
partner or a resulting baby (14,15,46–53). Most protocols 
recommend the use of antiretroviral therapies to reduce 
viral load, subsequent testing of sperm samples for resid-
ual viral HIV RNA and DNA using sensitive polymerase 
chain reaction techniques, and the preparation of cleared 
samples for clinical use via density gradient centrifuga-
tion. Normally, cryopreservation of the sperm is required 
to allow adequate time for the testing regimens to be com-
pleted. Samples with undetectable or sufficiently low viral 
loads are cleared for use and, depending on the quality of 
the sperm post-thaw, an attempt at pregnancy is under-
taken using intrauterine insemination (IUI), IVF, or ICSI.

More recently, the use of pre-exposure prophylaxis 
(PrEP) has been reported as a treatment option for dis-
cordant couples where the male is seropositive for HIV 
(54,55). A course of cARV in the male to reduce viral load 
in blood to an acceptable level is combined with a period 
of cARV therapy in the woman and unprotected inter-
course is timed for the fertile phase of the cycle, thereby 
bypassing the need for specific in vitro procedures. 
However, this approach is unlikely to be useful in cases 
with fertility issues in the man or woman. An advantage 

Semen

40% CSDG layer

80% CSDG layer

Pellet

After centrifugationBefore centrifugation

Figure 5.4 Appearance of gradient tubes with overlaid 
semen prior to and after centrifugation.
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of PrEP is that it may eliminate the need for further test-
ing of semen samples prior to use in ART. Overall, how-
ever, sperm washing is still a recommended approach and 
studies on the safety and suitability of PrEP and timed 
intercourse as an alternative to sperm washing and ART 
are limited.

Sperm selection techniques

A variety of techniques have been reported for the selec-
tion of sperm with characteristics that may improve out-
come. The quality of sperm DNA packaging, described in 
terms of DNA damage or fragmentation, has been impli-
cated in poor embryo development and pregnancy loss. 
Methods to select sperm with reduced levels of damage 
have been sought in an attempt to improve clinical out-
comes following ART.

The use of membrane-based electrophoretic filtration 
to potentially select sperm with reduced DNA damage 
has been reported (56). Clinical pregnancies have been 
achieved; however, sperm recovery, functional param-
eters, and clinical outcomes were comparable to sperm 
prepared by CSDG centrifugation, and its benefits may 
be limited to simplicity of use (57). Other methods utiliz-
ing magnetic-activated cell sorting to remove apoptotic 
sperm, based on the externalization of phosphatidylserine 
residues, may prove to be more effective in selecting sperm 
with reduced DNA damage (58,59).

The selection of sperm defined as normal following 
evaluation under high magnification has been reported 
as useful for improving outcomes with ICSI (60,61). The 
approach utilizes live examination of sperm under high-
power optics with further virtual magnification via 
digital imaging. Those motile sperm exhibiting a nor-
mal nuclear profile based on shape and absence of vac-
uolization and lacking neck and tail abnormalities are 
preferentially selected for injection (62). Improvements 
in fertilization rate and early embryo development are 
generally not seen, but significant improvements in 
implantation rate and reduced pregnancy loss have been 
reported (60,61). However, the technique is time con-
suming and requires some specialized equipment, and 
further prospective randomized controlled trials are 
still warranted in order to confirm the efficacy of this 
approach.

Sperm binding to hyaluronic acid has also been 
described as a sperm selection tool for ICSI, and com-
mercial products are available for clinical use. The ability 
of sperm to bind to hyaluronic acid is reported as being 
related to normal morphology, maturity, and DNA integ-
rity (63,64). Sperm are exposed to hyaluronic acid on 
a coated slide or Petri dish and those that bind are then 
preferentially used for ICSI (65). However, the ability of 
hyaluronic binding to identify functional sperm of better 
quality than by routine techniques may be limited (66). 
An alternative sperm binding method is to utilize human 
zonae. The ability of the human zona pellucida to selec-
tively bind sperm with normal morphology and an intact 
acrosome is well described (67–69). In this approach, 

immature eggs from the same cohort are incubated for 
two hours with prepared sperm. Sperm that bind are then 
removed by aspiration through a fine glass pipette and set 
aside for ICSI. Preliminary reports show improvements in 
embryo quality and implantation rate (70–72). However, 
further trials using sibling oocytes are needed in order 
to validate any benefits. A method for preparing and 
selecting sperm by zona pellucida binding is outlined in 
Appendix 5.12.

RESULTS
Comparisons of normal fertilization and embryo utiliza-
tion rates for swim up and CSDG, categorized according 
to male indication, are presented in Table 5.1. Apart from 
the improvement in the normal fertilization rate with 
CSDG for IVF with oligozoospermic samples, the results 
are similar. Results with sperm or elongated spermatids 
obtained from the genital tract, cryopreserved samples, 
and following the use of hypo-osmotic swelling have been 
previously published (4,73–75).

Fertilization results and incidence of poor outcome 
for different culture conditions and sperm preparation 
methods are presented in Table 5.2. The normal fertil-
ization rate improved steadily following the introduction 
of closed mini-incubators (William A. Cook) and the 
change from a single-stage medium (human tubal fluid, 
Irvine Scientific, supplemented with 4 mg/mL human 
serum albumin, Albumex®-20, CSL Ltd, Melbourne, 
Australia) to a sequential medium formulation contain-
ing a different albumin (Quinn’s Advantage™ contain-
ing 4 mg/mL human albumin, Sage BioPharma). These 
results were matched by an overall decrease in the inci-
dence of cycles with poor fertilization, indicating that 
increased fertilization was also achieved in patients with 
a poor prognosis.

Following the routine introduction of density gradient 
centrifugation, improvements in fertilization rates and 
decreases in the incidence of poor fertilization cycles were 
found for standard IVF inseminations, probably due to a 
reduced chance for carryover of inhibitory components 
from seminal plasma following CSDG preparation. No 
difference in fertilization rate was observed between swim 
up and CSDG-prepared sperm for ICSI.

Thus, improvements in fertilization results can be 
achieved by optimizing culture conditions. In preparing 
sperm for ART, CSDG centrifugation appears to be a more 
reliable method for standard IVF, while swim up provides 
a simple alternative approach for ICSI.

Results from the treatment of HIV-discordant couples 
have been published (52,53). Pregnancy rates following 
the use of ART with washed sperm are similar to non-
infected couples. Overall, the screening and storage of 
sperm prior to treatment appears to be an effective fer-
tility treatment for couples where the male is HIV posi-
tive, with no seroconversions reported in any women or 
delivered babies to date (76). The role of PrEP as a suitable 
adjunct or alternative to ART for attempting pregnancy 
awaits further study.
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Table 5.1 Comparison of results with swim up and colloidal silica density gradient (CSDG) preparation of sperm from semen 
for in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) from men with normal semen (sperm concentration 
≥20 × 106/mL, progressive motility ≥40%, and abnormal morphology ≤85%), abnormal semen (sperm concentration 1–19 × 106/
mL or progressive motility 1%–39% or abnormal morphology 86%–100%), or oligoasthenoteratozoospermia (sperm 
concentration 1–19 × 106/mL, progressive motility 1%–39%, and abnormal morphology 86%–100%) from 1990 to 1999

IVF ICSI

 
Oocytes 

collected IVF
Normal 

fertilization
Embryo 

utilization
Oocytes 

collected ICSI
Normal 

fertilization
Embryo 

utilization

Normal semen

Swim up 21,255 21,031 12,286 10,520 1396 1113 665 545
99 58 49 80 48 39

CSDG 3319 3298 1833* 1577* 905 685 394 322
99 55 48 76 44 36

Abnormal semen
Swim up 8826 8733 4236 3513 5718 4664 2804 2367

99 48 40 82 49 41
CSDG 6126 5943 2720* 2338* 6387 5221 3054 2567

97 44 38 82 48 40

Oligoasthenoteratozoospermia
Swim up 360 354 97 93 1328 1072 610 514

98 27 26 81 46 39
CSDG 1183 1158 416* 358 2436 2016 1142 941

98 35 30 83 47 39

Note: Men with sperm autoimmunity were excluded. Embryo utilization is the sum of embryos transferred fresh and those frozen for later 
transfer. Percentages using oocytes collected as the denominator are shown in italics. Asterisks indicate significant differences between results for 
swim up and CSDG (p < 0.05, χ2 test).

Table 5.2 Comparison of fertilization rate and incidence of cycles with poor fertilization (<20% of eggs fertilized normally) 
for different culture conditions and sperm preparation methods, introduced sequentially over a three-year period

Culture 
conditions

Sperm 
preparation

ICSI Standard IVF

No. of 
cycles

Cycles with 
<20% 

fertilization
Eggs 

injected
Fertilized 
normally

No. of 
cycles

Cycles with 
<20% 

fertilization
Eggs 

inseminated
Fertilized 
normally

HTF medium/
open 
incubators

Swim up 1327 106 (8.0%)a,b 10,188 6605 (64.8%)e,f 1372 254 (18.5%)g,h 12174 6455 
(53.0%)k

Sequential 
medium/
open 
incubators

Swim up

CSDG

330

465

32 (9.7%)c,d

24 (5.2%)a,c

2915

3829

1977 (67.8%)e

2597 (67.8%)f

324

392

59 (18.2%)i,j

45 (11.5%)g,i

3187

3689

1699 
(53.3%)l

2152 
(58.3%)k,l

Sequential 
medium /
mini 
incubators

CSDG 456 17 (3.7%)b,d 3921 2848 (72.6%)e,f 477 53 (11.1%)h,j 4473 2861 
(64.0%)k,l

a–l Results with the same superscript letters are significantly different by χ2 tests.
Abbreviations:  CSDG, colloidal silica density gradient; HTF, human tubal fluid; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
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COMPLICATIONS
Although there is potential for semen- or sperm-depen-
dent complications of ART such as infections or allergic 
reactions, these are very rare. Patients should be tested for 
serious transmissible infections such as HIV and hepa-
titis, and standard precautions for handling biological 
material must be practiced in the embryology laboratory. 
Transmission of genetic conditions to offspring is possible; 
suitable counselling and, where possible, screening should 
be part of the clinical work-up of the couple. Strict labora-
tory quality control should minimize the risks of loss or 
errors of identity of gametes or embryos.

With ICSI for primary spermatogenic disorders, an 
increased frequency of sex chromosomal aneuploidies has 
been noted in the conceptuses (77). In some clinics there 
appears to be a higher rate of abnormal fertilization with 
ICSI using testicular sperm (74,78), although this is not a 
universal finding,

FUTURE DIRECTIONS AND CONTROVERSIES
The main problems to be solved in the future are the accu-
rate identification of patients who are likely to have prob-
lems with fertilization and require ICSI, effective treatment 
of defective sperm production or function, and improved 
implantation and pregnancy rates with ART. Improved pre-
diction of results will come from the development of new 
methods of semen analysis such as automated sperm mor-
phology and simple tests for assessing the ability of sperm to 
interact with oocytes (1). Effective treatment of most forms 
of male infertility is only a remote possibility, especially 
as the pathogenesis remains obscure (79). Further studies 
should resolve questions about the involvement of free oxy-
gen species in the pathogenesis of sperm defects and whether 
this may affect the health of the offspring (6,11,19,20,80). 
New technology may improve the procedures for activation 
of the oocyte to allow direct injection of a sperm head or 
nucleus from spermatids or spermatocytes, although there 
is rarely a need for this clinically (81). The contribution of 
the sperm to abnormal embryonic development, failure of 
implantation, and pregnancy wastage will probably become 
clear as preimplantation genetic diagnosis and other tests of 
embryos are more widely used. However, advances in sperm 
selection methods offer some prospect for improved clinical 
outcome (82). Practical methods for selection of sperm with 
normal chromosomes or a desired sex chromosome are also 
likely to be developed (83).

CONCLUSION
The principles of sperm preparation for IVF and ICSI are 
outlined and practical methods are given.
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APPENDICES
Appendix 5.1: Preparation of media

• Suitable culture media are available from a variety 
of commercial suppliers. The methods in the follow-
ing have been described using Quinn’s Advantage™ 
(QA) sequential culture media (fertilization medium), 
QA medium with hydroxyethanepropoxy ethane sul-
fonate buffer (QA/HEPES) and human albumin from 
Sage BioPharma (Bedminster, NJ) and PureSperm™ 
colloidal silica density gradient from Nidacon 
Laboratories (Gothenburg, Sweden). However, the 
methods can be followed using other products substi-
tuted where required, while taking note of the require-
ment for equilibration with CO2 or room atmosphere 
as appropriate.

• As required, human albumin (ALB) solution (100 mg/
mL, Sage BioPharma, pharmaceutical grade) is added 
(1 part in 25) to give a final concentration of 4 mg/mL.

• Both QA fertilization medium with albumin and QA/
HEPES/ALB are prepared and stored refrigerated until 
required (maximum storage time according to the man-
ufacturer’s expiry date: about six weeks).

• Bicarbonate-buffered media requiring CO2 to attain 
physiological pH are equilibrated prior to use under 
a CO2 atmosphere according to the manufacturer’s 
recommendations.

Appendix 5.2: Choice of method

• Patient and sample identity should be checked with 
another person and recorded as a quality assurance 
measure.

• Examine a drop of undiluted semen (hemocytometer or 
Makler chamber):
• For standard in vitro fertilization:

– Prepare sperm by density gradient 
centrifugation.

– If the sample is unexpectedly poor on the day 
(e.g., concentration <10 × 106/mL, <40% motil-
ity, and/or poor forward progression), intracy-
toplasmic sperm injection should be considered.

• For intracytoplasmic sperm injection:
– Prepare sperm by density gradient centrifuga-

tion or swim up.
– Even samples with severe oligozoospermia 

(down to ∼10,000/mL) can be prepared using 
swim up as long as there are some sperm with 
good forward progression.

– Alternatively, samples may be concentrated by 
wash and resuspension and used directly or 
prepared further by density gradient centrifu-
gation or swim up.

– Samples with large amounts of debris, extreme 
oligozoospermia, or severely compromised 
motility are better prepared by colloidal silica 
density gradient.

– Surgical samples obtained from the  testis or epi-
didymis and those collected by electro-ejaculation 
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typically have a low motile sperm concentra-
tion and are more suited to colloidal silica den-
sity  gradient separation to maximize yield and 
remove tissue debris. Alternatively, surgical sam-
ples can be used directly if there is little extrane-
ous  cellular material and sufficient progressive 
motility to allow sperm to migrate to the edge of 
the drop.

Appendix 5.3: Density gradient

Colloidal silica density gradient stock solutions

• “PureSperm” (to make 50 mL of solution).
• 40% stock solution: 20 mL “PureSperm,” 28 mL 

Quinn’s Advantage (QA)/HEPES, 2 mL of 100 mg/
mL human albumin (pharmaceutical grade).

• 80% stock solution: 40 mL “PureSperm”, 8 mL 
QA/HEPES, 2 mL of 100 mg/mL human albumin 
(pharmaceutical grade).

Preparation and use of gradients

• Prepare sufficient tubes for each patient:
• Dispense 1.0 mL of 40% gradient stock solution 

into a 15-mL conical tube (Falcon 2095, Becton 
Dickinson, NJ).

• With a clean Pasteur pipette, underlay 1.0 mL of 
80% gradient stock solution.

• Carefully overlay ∼1 mL of semen (fresh or thawed) or 
sperm suspension directly on top of gradient:
• Ensure gradients are at room temperature before 

overlaying.
• Prepare multiple gradients if the sperm concentration 

is low.
• To maximize yield (e.g., for severe oligozoospermia or 

testicular biopsy samples):
• Samples may be concentrated by wash and resus-

pension prior to placing onto gradient.
• Centrifugation speed and time may be increased, as 

described below.
• Additional sperm can also be obtained by wash and 

resuspension of the upper gradient layers/superna-
tant that are normally discarded after removal of 
the bottom gradient layer and pellet.

• Centrifuge at 200–300 g for 10 minutes (braking may be 
used during deceleration):
• Increase centrifugation to 400 g for 15 minutes 

to improve yield of poor intracytoplasmic sperm 
injection (ICSI) samples.

• Gently remove all but the bottom 0.3–0.5 mL and place 
in a discard tube.

• With a clean Pasteur pipette, gently aspirate the remain-
ing solution and pellet and transfer to a fresh conical 
tube containing ∼8 mL of medium, in preparation for 
a single wash:
• Avoid contact with the sides of the tube to mini-

mize carryover of seminal plasma and debris.
• For in vitro fertilization (IVF), the single large-vol-

ume wash may be replaced by two smaller-volume 

washes (∼3–4 mL each) if there are concerns for 
carryover of seminal components into the final 
preparation.

• Centrifuge at 300 g for 5 minutes:
• Use increased centrifugation (up to 1800 g) to max-

imize yield of poor ICSI samples.
• Remove supernatant and re-suspend in 0.3–1.0 mL 

of QA/fertilization medium (for IVF) or QA/HEPES/
human albumin (for ICSI).

• Assess sperm quality in the final sample (count, motil-
ity, and progression) and calculate volume required for 
insemination as follows:
• Place ∼5 µL of prepared sperm onto a counting 

chamber (hemocytometer or Makler chamber) and 
allow to settle (for more than three minutes).

• Grade forward progression (FP) is as follows: FP0: 
no movement; FP1: movement but minimal pro-
gression; FP2: slow progression; FP3: moderate to 
rapid progression.

• Count the number of motile sperm in a mini-
mum of five squares from the central 25 squares 
 (hemocytometer) or a minimum of 10 squares 
(Makler chamber) to estimate the motile concen-
tration (to improve accuracy, aim to count at least 
50 sperm).

• For IVF: calculate volume of final sperm suspen-
sion required for insemination (ideally 10–50 µL) 
to give a total of 100,000–200,000 FP3 sperm/mL in 
the medium containing the oocytes.

• Incubate at 37°C under 5% CO2 (IVF) or room atmo-
sphere (ICSI) until required.

Appendix 5.4: Swim up

• After the semen has liquefied (usually 30 minutes at 
37°C), 1-mL aliquots of semen are placed in 5-mL 
labeled tubes (Falcon 2003) and gently overlaid with 
2 mL of medium (Quinn’s Advantage/HEPES/human 
albumin):
• For samples with poor mucolysis, dilute semen 

with two to three volumes of appropriate medium 
and mix vigorously; allow any particulate matter to 
settle, transfer supernatant to another test tube, and 
use as described for liquefied semen.

• Alternatively, samples may be prepared as described 
for wash and resuspension, or the semen may 
be centrifuged directly and the seminal plasma 
removed, prior to overlaying the resulting pellet 
with medium for swim up.

• Incubate tubes at 37°C for 45–60 minutes to allow 
progressively motile sperm to swim into the overlaid 
medium.

• Taking care not to disrupt the interface or collect any 
seminal plasma, collect the overlaid medium, mix with 
2–3 mL of medium, and centrifuge at 300 g for 5–10 
minutes (increase centrifugation up to 1800 g to maxi-
mize yield of poor intracytoplasmic sperm injection 
samples).
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• Remove the resulting supernatant and re-suspend the 
pellet in 0.3–1.0 mL of fresh medium.

• Assess sperm quality (count, motility, and velocity) and 
incubate at 37°C in room atmosphere until required for 
intracytoplasmic sperm injection.

Appendix 5.5: Wash and resuspension

• Allow semen to liquefy at 37°C for 30 minutes.
• Mix 1 mL of semen with 2–3 mL of appropriate 

medium.
• Centrifuge for 10 minutes at 300 g (increase centrifuga-

tion up to 1800 g to maximize yield of poor intracyto-
plasmic sperm injection samples).

• Aspirate supernatant and re-suspend pellet in 0.3–1 mL 
of appropriate medium.

• Assess sperm quality in the final sample (count, motility, 
and progression) and incubate at 37°C until required, as 
previously described.

Appendix 5.6: Preparation of slow-frozen sperm

• Double check straw/vial code and patient ID.
• For standard straws:

• Thaw straw in air for 10–20 minutes; check integ-
rity of the straw and discard if damaged.

• Decontaminate outside of straw by wiping with iso-
propyl or detergent-impregnated towelettes, or by 
soaking in hypochlorite solution (∼0.5% available 
chlorine; e.g., 1:1 dilution of Milton antibacterial 
solution, Milton Australia, Rozelle, Australia) for 
at least two minutes to disinfect the outside of the 
straw and reduce chance for cross-infection; rinse 
in fresh water and wipe excess solution from the 
straw after soaking.

• Cut one end and aspirate contents.
• For vials:

• Loosen cap (to prevent the build-up of pressure 
during thawing) and thaw by placing in a buoyant 
rack and floating in room temperature water, tak-
ing care to keep the water level below the level of 
the cap; sample should be fully thawed within 10 
minutes.

• Assess sperm concentration, motility, and progression.
• Prepare sample by density gradient centrifugation as 

previously described:
• Alternatively, samples for intracytoplasmic sperm 

injection (ICSI) may be prepared by swim up if suf-
ficient motile sperm are present, or via wash and 
resuspension if the sample has been washed prior to 
cryopreservation and/or there is minimal extrane-
ous cellular material or debris.

• Assess sperm count, motility, and progression in the 
final suspension. For in vitro fertilization (IVF)  samples, 
calculate the volume required for insemination.

• Incubate at 37°C under 5% CO2 (IVF) or room atmo-
sphere (ICSI) until required.

Appendix 5.7: Microsurgical epididymal sperm 
aspiration/ percutaneous epididymal sperm 
aspiration

• Epididymal sperm are obtained either by microsurgery 
(microsurgical epididymal sperm aspiration) or by per-
cutaneous, fine-needle aspiration (percutaneous epidid-
ymal sperm aspiration)

• Expel aspirates into a small Petri dish of warm Quinn’s 
Advantage (QA)/HEPES/human albumin (ALB).

• Pool samples and concentrate if necessary.
• Depending on concentration, motility, and amount of 

debris, either use directly, prepare by wash and resus-
pension, or separate on a density gradient.

• Leave sperm to incubate to allow sperm to gain 
motility:
• Up to 24 hours in QA fertilization/ALB at 37°C 

under 5% CO2.
• For same-day use, prepare plate for intracytoplas-

mic sperm injection (ICSI) and leave at 37°C in QA/
HEPES/ALB (room atmosphere).

• If extra sperm are available, consider freezing the 
excess. Samples with >5000 motile sperm/mL should 
have a sufficient yield of live sperm post-thaw for subse-
quent ICSI treatments. A method for cryopreservation 
of such samples is given in Appendix 5.9.

Appendix 5.8: Testicular biopsy

• Testicular tissue is obtained either by open biopsy (tes-
ticular sperm extraction) or percutaneous fine-needle 
aspiration (testicular sperm aspiration).

• Place tissue into a small Petri dish of warm Quinn’s 
Advantage (QA)/HEPES/human albumin (ALB).

• Dissect tubules using fine-gauge needles (Figure 5.2), 
sterile scalpel blades, and/or macerate using a sterile 
mortar and pestle-style homogenizer.

• Transfer raw suspension to a test tube.
• Depending on concentration, motility, and amount of 

debris, either use directly, prepare by wash and resus-
pension, or separate on a density gradient.

• Leave sperm to incubate to allow sperm to gain motility:
• Up to 24 hours in QA fertilization/ALB at 37°C 

under 5% CO2.
• For same-day use, prepare plate for intracyto-

plasmic sperm injection and leave at 37°C in QA/
HEPES/ALB (room atmosphere).

• If extra sperm are available, consider freezing the excess 
(Appendix 5.9).

Appendix 5.9: Freezing protocol for 
oligozoospermia and washed sperm

• Semen containing only a few motile sperm and sperm 
suspensions obtained from the genital tract can be 
stored for subsequent intracytoplasmic sperm injection.

• Epididymal, testicular, and oligozoospermic sperm sus-
pensions are routinely processed by density gradient 
centrifugation or wash and resuspension.
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• Sperm in excess to that required for treatment can be 
cryopreserved with glucose–citrate–glycine (GCG) glyc-
erol cryoprotectant supplemented with human albumin. 
Commercial providers also supply preparations suitable 
for sperm cryopreservation.

• GCG glycerol cryoprotectant (in-house preparation):
• Dissolve glucose (1.0 g) and sodium citrate (1.0 g) 

in 40 mL of sterile deionized water.
• Add glycine (1.0 g) (pH ∼7.5 and osmolality 
∼500 mOsm/kg).

• Add 10 mL of glycerol, mix, and filter (0.2 µm).
• Store in 2 mL volumes at −70°C.

• Albumin stock solution:
• Dilute albumin (Sage BioPharma, 100 mg/mL) 1:1 

with Tyrode buffer to make albumin stock solution 
(50 mg/mL); filter (0.45 µm) and store at –70°C.

• As required, thaw a vial of GCG glycerol.
• Add an equal volume of albumin stock solution to the 

sperm sample and mix well.
• Add GCG glycerol solution to sperm/albumin suspen-

sion 1:2 (one volume of GCG glycerol to two volumes of 
sperm/albumin) gradually over about five minutes with 
mixing.

• Package in cryovials (Nunc A/S, Roskilde, Denmark) 
and freeze:
• Freeze gradually by suspending in liquid nitrogen 

vapor and store similarly.
• Alternatively, samples can be frozen using commer-

cially available freezing media (e.g., QA Sperm Freeze, 
Sage BioPharma):

• Add one volume of freezing medium dropwise to 
an equal volume of sperm suspension (add cold 
medium slowly over about five minutes and mix 
well between additions; use cold medium directly 
from the fridge [4°C] as this can improve post-thaw 
motility).

• Place the final sperm/cryoprotectant mixture into a 
cryovial (∼1.5 mL per vial).

• Freeze and store over liquid nitrogen vapor as 
described above.

Appendix 5.10: Use of motility stimulants

In-house preparation

• Prepare a 10× concentrated solution of pentoxifylline 
(POF; Sigma-Aldrich, Sydney, Australia) in protein-free 
Quinn’s Advantage/HEPES (POF MW = 278.3; 10× 
concentrate = 10 mg/mL).

• Sterilize through a 0.2-µm filter and store at 4°C.
• Dilute 1:9 with sperm suspension to expose sperm to a 

final concentration of 1 mg/mL POF (3.6 mM).
• Spread the treated sperm suspension adjacent to the 

holding drops in the injection plate.

Commercial preparation (e.g., SpermMobil)

• Prepare for use according to manufacturer’s instructions.

• Add 1.5–2 µL of SpermMobil to prepared sperm sus-
pension (∼5 µL) in plate to be used for intracytoplasmic 
sperm injection (ICSI).

Sperm collection and handling

• Functional sperm should show motility within 10 min-
utes of exposure to the stimulant.

• Move the motile sperm to clean, stimulant-free medium.
• Expel the treated medium from the injection pipette 

and rinse with the untreated, clean medium in the hold-
ing drop; repeat rinsing of sperm and injection pipette.

• Immobilize the selected sperm and perform ICSI as usual.
• Aim to collect the motile sperm without excessive delay 

(within about three hours) as the treated sperm may 
lose motility with time.

Appendix 5.11: Use of hypo-osmotic medium

• Prepare a 100–150-mOsm/kg solution by diluting 
Quinn’s Advantage/HEPES/human albumin 1:1 or 1:2 
with purified water.

• Filter and store at 4°C.
• Add a drop of hypo-osmotic medium adjacent to the 

holding drops in the injection plate.
• Transfer sperm using the injection pipette to the hypo-

osmotic medium.
• Immotile sperm with an intact plasma membrane 

should coil their tails shortly after contacting the hypo-
osmotic medium.

• Move the presumptive live sperm to the normo-osmotic 
oocyte holding drop and leave briefly to equilibrate.

• Expel the hypo-osmotic medium from the injection 
pipette and rinse with normo-osmotic medium; repeat 
rinsing of sperm and injection pipette.

• Immobilize the selected sperm and perform intracyto-
plasmic sperm injection as usual.

Appendix 5.12: Selection of sperm for 
intracytoplasmic sperm injection following binding 
to the zona pellucida

• Prepare a sperm suspension as for a standard in vitro 
fertilization insemination, aiming for a final sperm 
density greater than 1 × 106/mL and motility greater 
than 50%.

• Select denuded immature egg(s) for exposure to sperm 
(i.e., germinal vesicle or germinal vesicle breakdown/
metaphase I eggs that are not destined to be used 
clinically).

• Place the selected eggs into the prepared sperm suspen-
sion and incubate at 37°C under appropriate CO2 and 
O2 conditions for two hours.

• Transfer the incubated eggs to a clean well of medium 
using a large-bore Pasteur pipette (>250 µm; i.e., signif-
icantly greater than the diameter of the eggs).

• Gently aspirate the eggs using a fresh large-bore pipette 
to remove unbound sperm and carryover from the 
insemination drop.
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• Transfer the eggs to another clean well of medium and 
repeat the procedure.

• Repeat the washing step again, before transferring the 
eggs to a microdrop in the dish to be used for intracyto-
plasmic sperm injection (ICSI).

• Remove bound sperm from the eggs by repeated 
aspiration through a fine-bore glass pipette approxi-
mating the diameter of the egg (i.e., approximately 
120 µm).

• Select and process the isolated motile sperm for ICSI as 
usual.

• If no or insufficient sperm binding has occurred, per-
form ICSI using non-bound sperm from the initial 
sperm suspension.
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INTRODUCTION
Semen analysis is used routinely to evaluate infertile men. 
Attempts to introduce quality control within and between 
laboratories have highlighted the subjectivity and variabil-
ity of traditional semen parameters. A significant overlap 
in sperm concentration, motility, and morphology between 
fertile and infertile men has been demonstrated (1). In 
addition, standard measurements may not reveal subtle 
sperm defects such as DNA damage and these defects can 
affect fertility. New markers are needed to better discrimi-
nate infertile men from fertile ones, predict pregnancy 
outcomes in the female partner, and calculate the risk of 
adverse reproductive events. In this context, sperm chro-
matin abnormalities have been studied extensively in past 
decades as a cause of male infertility (2). Focus on the 
genomic integrity of the male gamete has been intensified 
due to growing concerns about transmission of damaged 
DNA through assisted reproduction technologies (ARTs), 
especially intracytoplasmic sperm injection (ICSI). It is a 
particular concern if the amount of sperm DNA damage 
exceeds the repair capacity of oocytes. There are concerns 
related to potential chromosomal abnormalities, congeni-
tal malformations, and developmental abnormalities in 
ICSI-born progeny (3–6).

Accumulating evidence suggests that a negative rela-
tionship exists between disturbances in the organiza-
tion of the genomic material in sperm nuclei and the 
fertility potential of spermatozoa, whether in vivo or in 
vitro (2,7–14). Abnormalities in the male genome char-
acterized by damaged sperm DNA may be indicative of 
male subfertility regardless of normal semen param-
eters (15,16). Sperm chromatin structure evaluation is 
an independent measure of sperm quality that provides 
good diagnostic and prognostic capabilities. Therefore, 
it may be considered a reliable predictor of a couple’s 
inability to become pregnant (17). This may have an 
impact on the offspring, resulting in trans-generational 
infertility (18).

Sperm DNA integrity correlates with pregnancy out-
come in in vitro fertilization (IVF) (17,19–22). High sperm 
DNA fragmentation can compromise fertilization rates, 
embryo quality, and early embryonic growth and result in 
pregnancy loss (10). In addition, sperm DNA fragmenta-
tion may also compromise the progression of pregnancy 
and result in spontaneous miscarriage or loss of biochemi-
cal pregnancy. Sperm DNA fragmentation seems to affect 
embryo post-implantation development in ICSI proce-
dures (10). Therefore, it is recommended that sperm DNA 
fragmentation analysis should be included in the evalua-
tion of the infertile male (22).

Many techniques have been described to evaluate the 
sperm chromatin status. In this chapter, we describe the 
normal sperm chromatin architecture and the causative 
factors leading to its aberrations. We also provide the 
rationale for sperm chromatin assessment and discuss the 
different methods used to analyze sperm DNA integrity.

HUMAN SPERM CHROMATIN STRUCTURE
In many mammals, spermatogenesis leads to the produc-
tion of highly homogenous spermatozoa. For example, 
more than 95% of the nucleoprotein in mouse sperm nuclei 
is composed of protamines (23). This allows mature sperm 
nuclei to adopt a volume 40-times less than that of normal 
somatic nuclei (24). The final, highly compact packaging 
of the primary sperm DNA filament is produced by DNA–
protamine complexes. Contrary to nucleosomal organiza-
tion in somatic cells, which is provided by histones, these 
DNA–protamine complexes approach the physical limits 
of molecular compaction (25,26). Human sperm nuclei, 
on the other hand, contain considerably fewer protamines 
(around 85%) than sperm nuclei of the bull, stallion, ham-
ster, and mouse (27,28). Mature human spermatozoa con-
tain some levels of nucleosomes, which are believed to 
be necessary for organizing higher-order genomic struc-
ture through interactions with the nuclear matrix. These 
regions are non-randomly distributed throughout the 
sperm genome (29). Human sperm chromatin is therefore 
less regularly compacted and frequently contains DNA 
strand breaks (30,31).

To achieve this uniquely condensed state, sperm DNA 
must be organized in a specific manner that differs sub-
stantially from that of somatic cells (24). The fundamental 
packaging unit of mammalian sperm chromatin is a toroid 
containing 50–60 kilobases of DNA. Individual toroids 
represent the DNA loop domains that are highly condensed 
by protamines and fixed at the nuclear matrix. Toroids are 
cross-linked by disulfide bonds formed by oxidation of 
sulfhydryl groups of cysteine present in the protamines 
(25,32). Thus, each chromosome represents a garland of 
toroids, while all 23 chromosomes are clustered by centro-
meres into a compact chromocenter positioned well inside 
the nucleus; the telomere ends are united into dimers 
exposed to the nuclear periphery (33,34). This condensed, 
insoluble, and highly organized nature of sperm chromatin 
acts to protect the genetic integrity during transport of the 
paternal genome through the male and female reproduc-
tive tracts. It also ensures that the paternal DNA is deliv-
ered in the form that sterically allows the proper fusion of 
two gametic genomes and enables the developing embryo 
to correctly express the genetic information (34–36).
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In comparison with other species (37), human sperm 
chromatin packaging is exceptionally variable both within 
and between men. This variability has been mostly attrib-
uted to its basic protein component. The retention of 15% 
histones, which are less basic than protamines, leads to 
the formation of a less compact chromatin structure (28). 
Moreover, in contrast to the bull, cat, boar, and ram—
whose spermatozoa contain only one type of protamine 
(P1)—human and mouse spermatozoa contain a second 
type of protamine called P2, which is deficient in cyste-
ine residues (38). Consequently, the disulfide cross-linking 
that is responsible for more stable packaging is diminished 
in human sperm as compared with species containing P1 
alone (39). It is interesting to note that altered P1/P2 ratios 
and the absence of P2 are associated with male fertility 
problems (40–44). The P1/P2 ratio has been shown to cor-
relate with sperm DNA fragmentation, and significant dif-
ferences were detected between fertile and infertile men 
(45). The reference range reported for P1/P2 in a fertile, 
normozoospermic population ranges from 0.54 to 1.43. 
Such a wide range of P1/P2 shows that abnormal protami-
nation can be an indicator of other disturbances that occur 
during spermatogenesis that can cause infertility (46).

ORIGIN OF SPERM CHROMATIN ABNORMALITIES
The susceptibility of male germ cells to DNA damage 
stems partly from the down-regulation of DNA repair sys-
tems during late spermatogenesis. In addition, the cellu-
lar machinery that allows these cells to undergo complete 
apoptosis is progressively lost during spermatogenesis. As 
a result, the advanced stages of germ cell differentiation 
cannot be deleted, even though they may have proceeded 
some way down the apoptotic pathway. As a consequence, 
the ejaculated gamete may exhibit genetic damage. Such 
DNA damage will be carried into the zygote by the fertil-
izing spermatozoon and must be then repaired, preferably 
prior to the first cleavage division. Several studies have 
shown that oocytes and early embryos can repair sperm 
DNA damage (47,48). Consequently, the biological effect of 
abnormal sperm chromatin structure depends on the com-
bined effects of sperm chromatin damage and the capacity 
of the oocyte to repair it. Any errors that may occur dur-
ing this post-fertilization period of DNA repair have the 
potential to create mutations that can affect fetal develop-
ment and, ultimately, the health of the child (18,49).

The exact mechanisms by which chromatin abnormali-
ties/DNA damage arise in human spermatozoa are not 
completely understood. Three main theories have been 
proposed: defective sperm chromatin packaging, abortive 
apoptosis, and oxidative stress (OS) (50). Deficiencies in 
recombination may also play a role.

DEFECTIVE SPERM CHROMATIN PACKAGING
Stage-specific introduction of transient DNA strand breaks 
during spermiogenesis has been described (50–52). DNA 
breaks have been found in round and elongating sperma-
tids. Such breaks are necessary for transient relief of tor-
sional stress. During maturation, the nucleosome histone 

cores in elongating spermatids are cast off and replaced 
with transitional proteins and protamines (50,52–54). 
Thus, chromatin repackaging includes a sensitive step 
necessitating endogenous nuclease activity, which is evi-
dently fulfilled by coordinated loosening of the chroma-
tin by histone hyperacetylation and by topoisomerase II, 
which can create and ligate breaks (53,54). Although there 
is little evidence to suggest that spermatid maturation-
associated DNA breaks are fully ligated, unrepaired DNA 
breaks are not allowed (55).

Ligation of DNA breaks is necessary not only to pre-
serve the integrity of the primary DNA structure, but also 
for reassembly of the important unit of genome expres-
sion—the DNA loop domain. Interaction of sperm DNA 
with protamines results in the coiling of sperm DNA into 
toroidal subunits known as doughnut loops (56). If these 
temporary breaks are not repaired because of excessive 
topoisomerase II activity or a deficiency of topoisomerase 
II inhibitors (57,58), then DNA fragmentation in ejacu-
lated spermatozoa may result. Similarly, if appropriate 
disulfide bridge formation does not occur because of inad-
equate oxidation of thiols during epididymal transit, the 
DNA will be more vulnerable to damage caused by sub-
optimal compaction. Recent studies have postulated the 
hypothesis that large nuclear vacuoles could be an indica-
tor of abnormal chromatin packaging (59,60).

Further, the ratio of P1 to P2 maintained by P2 pre-
cursor (pre-P2) has a crucial role in sperm fertilization. 
Abnormal sperm morphogenesis with reduced motility 
can also result due to defective pre-P2 mRNA translation 
(61–63).

ABORTIVE APOPTOSIS
The incidence of apoptosis in ejaculated sperm is still a 
contentious issue. Until recently, the inability of a mature 
spermatozoon to synthesize new proteins was believed 
to make it impossible for such cells to respond to any of 
the signals that lead to the programmed death cascade. 
However, a number of recent observations have raised the 
possibility that abortive apoptosis may contribute to DNA 
damage in human spermatozoa: (1) the detection of Fas 
on ejaculated spermatozoa (64); (2) the high proportion of 
spermatozoa with potentially apoptotic mitochondria (65); 
and (3) the finding that potential mediators of apoptosis, 
including endonuclease activity, are present in spermato-
zoa (66). It has been postulated that OS can interfere with 
sperm chromatin remodeling. Cells with altered chroma-
tin structure can enter the apoptotic pathway, which is 
characterized by loss of motility, caspase activation, phos-
phatidylserine externalization, and the activation of reac-
tive oxygen species (ROS) generation by the mitochondria. 
ROS causes lipid peroxidation and oxidative DNA dam-
age, which, in turn, leads to DNA fragmentation and even-
tually cell death (67).

It has been suggested that an early apoptotic pathway, 
initiated in spermatogonia and spermatocytes, is medi-
ated by Fas protein. Fas is a type I membrane protein that 
belongs to the tumor necrosis factor–nerve growth factor 
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receptor family (68,69). It has been shown that Sertoli cells 
express Fas ligand, which by binding to Fas leads to cell 
death via apoptosis (68,69). This in turn limits the size 
of the germ cell population to a number that Sertoli cells 
can support (70). Ligation of Fas ligand to Fas in the cel-
lular membrane triggers the activation of caspases and 
therefore this pathway is also characterized as a caspase-
induced apoptosis (71).

Men exhibiting deficiencies in their semen profile often 
possess a large number of spermatozoa that bear Fas. This 
fact prompts the suggestion that these dysfunctional cells 
are the product of an incomplete apoptotic cascade (30). 
However, a contribution of aborted apoptosis in the DNA 
damage seen in the ejaculated spermatozoa is doubtful 
in cases where this process is initiated at the early stages 
of spermatogenesis. This is because at the stage of DNA 
fragmentation, apoptosis is an irreversible process (72), 
and these cells should be digested by Sertoli cells and 
removed from the pool of ejaculated sperm. Some stud-
ies have not found correlations between DNA damage and 
Fas expression (73), or, in contrast, have not revealed ultra-
structural evidence for the association of apoptosis with 
DNA damage in sperm (74). Alternatively, if the apoptotic 
cascade is initiated at the round spermatid phase, where 
transcription (and mitochondria) is still active, abor-
tive apoptosis might be an origin of the DNA breaks. A 
Bcl2 anti-apoptotic family gene member called Bclw has 
been shown to suppress apoptosis in elongating sperma-
tids (75). Although many apoptotic biomarkers have been 
found in the mature male gamete, particularly in infertile 
men, their definitive association with DNA fragmentation 
remains elusive (76–85).

OXIDATIVE STRESS
Normal levels of ROS play an important physiological 
role, modulating gene and protein activities that are vital 
for sperm proliferation, differentiation, and function. In 
semen, the amount of ROS generation is controlled by 
seminal antioxidants that ensure a balance between ROS 
and antioxidant capacity. Any imbalance that occurs 
either by high ROS production or low antioxidant levels 
leads to OS (86).The human spermatozoon is highly sus-
ceptible to OS. This process induces peroxidative damage 
in the sperm plasma membrane and DNA fragmentation. 
A number of pro-inflammatory cytokines at physiological 
levels are responsible for the lipid peroxidation of sperm 
membrane, which is considered important for the fecun-
dation capacity of the spermatozoa. However, OS may lead 
to abnormal production of certain interleukin/cytokines 
such as IL-8 and TNF-α, either alone or in combination 
with any infection, which may be able to drive the lipid 
peroxidation to a level that can affect the sperm fertiliz-
ing capacity (87). Such stress may arise from a variety of 
sources. Morphologically abnormal spermatozoa (with 
residual cytoplasm, in particular) and leukocytes are 
the main sources of excessive ROS generation in semen 
(86). Also, a lack of antioxidant protection and the pres-
ence of redox cycling xenobiotics may be the cause of OS. 

Whenever levels of OS in the male germ line are high, 
the peroxidation of unsaturated fatty acids in the sperm 
plasma membrane leads to the depressed fertilization rates 
associated with DNA damage (18).

DEFICIENCIES IN RECOMBINATION
Meiotic crossing-over is associated with the geneti-
cally programmed introduction of DNA double-strand 
breaks (DSBs) by specific nucleases of the SPO11 family 
(88). These DNA DSBs should be ligated until the end of 
meiosis I. Normally, a recombination checkpoint in mei-
otic prophase does not allow meiotic division I to proceed 
until DNA is fully repaired or defective spermatocytes are 
ablated (88,89). A defective checkpoint may lead to per-
sistent sperm DNA fragmentation in ejaculated sperma-
tozoa, although direct data for this hypothesis in humans 
is lacking.

The processes leading to DNA damage in ejaculated 
sperm are inter-related. For example, a defective sperma-
tid protamination and disulfide bridge formation caused 
by inadequate oxidation of thiols during epididymal tran-
sit, resulting in diminished sperm chromatin packaging, 
makes sperm cells more vulnerable to ROS-induced DNA 
fragmentation. A two-step hypothesis has been proposed, 
suggesting that OS acts on poorly protaminated cells that 
are generated as a result of defective spermiogenesis (90).

CONTRIBUTING FACTORS
Advanced paternal age, smoking, obesity, radiofrequency, 
electromagnetic radiation, and xenobiotics are the com-
mon factors attributed to sperm DNA damage (91). 
Advancing age has been associated with an increased 
percentage of ejaculated spermatozoa with DNA dam-
age (11,92,93). Young men with cancer typically have 
poor semen quality and sperm DNA damage even before 
starting therapy. Further damage from radiation or che-
motherapy is dependent on both the duration and dose of 
radiation (94,95). Spermatogenesis may not occur months 
to years after therapy, but evidence of sperm DNA dam-
age often persists beyond that period (96,97). Data on 
men with testicular cancer showed that radiation therapy 
induced transient sperm DNA damage and that this dam-
age was present three to five years later, but three or more 
cycles of chemotherapy, in turn, decreased the percentage 
of sperm with DNA damage (97).

Cigarette smoking is associated with a decrease in sperm 
count and motility and an increase in abnormal sperm 
forms and sperm DNA damage (98). It is suggested that 
smoking increases production of leukocyte-derived ROS; 
the OS may be the underlying reason why sperm DNA 
from smokers contains more strand breaks than that from 
non-smokers (98,99). Also, genital tract infections and 
inflammation result in leukocytospermia and have been 
associated with OS and subsequent sperm DNA damage 
(100). Exposure to pesticides (organophosphates), persis-
tent organochlorine pollutants, and air pollution have also 
been associated with sperm DNA damage (11,101–103). 
Varicocele has been associated with seminal OS and 
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sperm DNA damage (104–106). Sperm DNA integrity has 
been shown to improve after varicocele repair (107,108).

A deficiency in gonadotropic hormones such as follicle-
stimulating hormone (FSH) can cause sperm chromatin 
defects. FSH receptor-knockout mice have been found to 
have higher levels of DNA damage in sperm (109). Febrile 
illness has been shown to cause an increase in the histone/
protamine ratio and DNA damage in ejaculated sperm 
(110). Direct mild testicular and epididymal hyperther-
mia has also been shown to cause these effects (111,112). 
Finally, sperm preparation techniques involving repeated 
high-speed centrifugation and the isolation of spermato-
zoa from the seminal plasma, which is a protective anti-
oxidant environment, may contribute to increased sperm 
DNA damage via mechanisms that are mediated by the 
enhanced generation of ROS (14,113).

INDICATIONS FOR SPERM CHROMATIN ASSESSMENT
Evaluating sperm chromatin can be challenging for sev-
eral reasons: it can be difficult to link the results of chro-
matin integrity tests to known physiological mechanisms; 
the role that sperm chromatin structure assessment plays 
in clinical practice (especially in ART) is still controver-
sial; and there is no one standardized method for measur-
ing sperm chromatin integrity. On the other hand, sperm 
chromatin structure is complex, and several methods may 
be necessary in order to assess this. In addition, a num-
ber of confounding factors can complicate the interpreta-
tion of the results, including heterogeneity in the sperm 
population and the fact that not all DNA damage is lethal 
(most DNA contains non-coding regions or introns, and 
oocytes can repair sperm DNA damage). Nevertheless, at 
the present time, it is clear that sperm chromatin assess-
ment provides good diagnostic and prognostic capabilities 
for fertility/infertility.

It must be stressed that among all methods employed 
for sperm chromatin assessment, clinical thresholds so 
far have been demonstrated only for the sperm chroma-
tin structure assay (SCSA) and terminal deoxynucleoti-
dyl transferase (TdT)-mediated dUTP nick end labeling 
(TUNEL) assay, and these thresholds have been con-
firmed by different laboratories for SCSA only. However, 
a recent study published a detailed step-by-step approach 
for measuring sperm DNA fragmentation by TUNEL 
using a benchtop flow cytometer, which is user friendly 
and facilitates data interpretation (114). Also, the reported 
biological variability of sperm DNA damage within men 
over time should be considered, although it is more stable 
than standard semen parameters (115–117). Indications 
for sperm DNA evaluation include male infertility diagno-
sis, recurrent pregnancy loss, unexplained infertility, use 
of ARTs, and follow-up after oncological treatment such as 
radiotherapy or chemotherapy.

DIAGNOSIS OF MALE INFERTILITY
Although a spermatozoon with damaged DNA can 
fertilize an egg, future embryonic growth is compro-
mised, which may ultimately lead to miscarriage or child 

deformities. Many studies have shown, using a variety of 
techniques, significant differences in sperm DNA dam-
age levels between fertile and infertile men (118–123). 
Moreover, spermatozoa from infertile patients are gen-
erally more susceptible to the effects of DNA-damaging 
agents such as H2O2, smoking, obesity, and radiation (124). 
The probability of fertilization in vivo reduces drastically if 
the proportion of sperm cells with DNA damage exceeds 
30% as detected by the SCSA (17,125) or 20% as detected 
by TUNEL (126). However, the latest commentary on the 
utilization of sperm DNA fragmentation testing in fertil-
ity outcomes suggests avoiding this test. The debate argues 
that several couples have become pregnant even though 
the threshold of DNA damage was higher than what we 
consider normal; in addition, some studies failed to find 
any difference in outcome in men who differ in sperm 
DNA fragmentation levels (127). In continuation of such 
investigations, some people support the diagnostic value 
of sperm DNA integrity and suggest that it may be con-
sidered an objective marker of sperm function that serves 
as a significant prognostic factor for male infertility (7). 
A significant increase in SCSA-defined DNA damage in 
sperm from infertile men with normal sperm parameters 
has been demonstrated (123), indicating that analysis of 
sperm DNA damage may reveal a hidden sperm abnor-
mality in infertile men classified with idiopathic infertility 
based on apparently normal standard semen parameters.

ASSISTED REPRODUCTION TECHNOLOGIES
The probability of fertilization by intrauterine insemina-
tion (IUI) or IVF is reduced in cases where the proportion 
of sperm cells with DNA damage exceeds 30% by means of 
SCSA (12,19,128,129) or 12% by TUNEL (19). As described 
in the previous section, the controversy as to whether 
sperm DNA damage negatively affects the results of IVF 
and ICSI has yet to be resolved. Although no association 
between sperm DNA damage and IVF/ICSI outcome has 
been demonstrated in some studies (130), most show a sig-
nificant negative correlation between sperm DNA damage 
and embryo quality in IVF cycles (131), blastocyst develop-
ment following IVF (132), and fertilization rates following 
IVF (133) and ICSI (134), even though sperm DNA damage 
may not necessarily preclude fertilization and pronucleus 
formation during ICSI (135). Two meta-analyses con-
cluded that sperm DNA damage is predictive for reduced 
pregnancy success using routine IVF but has no signifi-
cant effect on ICSI outcome (9,136). Thus, assessment of 
sperm chromatin may help predict the success rates of IUI 
and IVF. It has been also suggested that in patients with a 
high proportion of DNA-damaged sperm who are seeking 
to use ART, ICSI should be the method of choice (12).

EMBRYONAL LOSS
Data on miscarriages as a possible consequence of sperm 
DNA damage are rather scarce. It has been shown that the 
proportion of sperm with DNA damage is significantly 
higher in men from couples with recurrent pregnancy loss 
than in the general population or fertile donors (137). It 
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has also been reported that 39% of miscarriages could be 
predicted using a combination of selected cutoff values 
for percentage spermatozoa with denatured (likely frag-
mented) DNA and/or abnormal chromatin packaging as 
assessed by SCSA (17). The percentage of spontaneous 
abortion following IVF/ICSI was increased when sperm 
with high levels of DNA damage were used (138,139), 
which highlights the need to assess sperm DNA damage 
in order to predict possible future miscarriage.

CANCER PATIENTS
Sperm DNA evaluation in patients with cancer requires 
special attention when future fertility and the health of the 
baby are considered. The stressful microenvironment that 
develops during cancer can cause OS, which indirectly 
can damage sperm DNA. Patients with cancer are often 
referred to sperm banks before chemotherapy, radiation 
therapy, or surgery is initiated. Data suggest there is com-
promised semen quality including DNA integrity before 
commencement of treatment (140,141) and increased 
chromosomal aneupoloidy after chemotherapy (142). The 
extent of DNA damage may help to determine how semen 
should be cryopreserved before therapy begins. Specimens 
with high sperm concentrations and motility and low lev-
els of DNA damage should be preserved in relatively large 
aliquots that are suitable for IUI. If a single specimen of 
good quality is available, then it should be preserved in 
multiple small aliquots suitable for IVF or ICSI (143).

METHODS USED IN THE EVALUATION OF SPERM 
CHROMATIN/DNA INTEGRITY
Different methods can be used to evaluate the status of the 
sperm chromatin/DNA for the presence of abnormalities or 

simply immaturity (Table 6.1). These methods include simple 
staining techniques such as the acidic aniline blue (AAB) 
and basic toluidine blue (TB), fluorescent staining techniques 
such as the sperm chromatin dispersion (SCD) test, chromo-
mycin A3 (CMA3), DNA breakage detection–fluorescence in 
situ hybridization (DBD–FISH), in situ nick translation (NT), 
and flow cytometric-based SCSA. Some techniques employ 
more than one method for the analysis of their results. 
Examples of these include the acridine orange (AO) and 
TUNEL assays. Other methods less frequently used include 
measurement of 8-hydroxy-2-deoxyguanosine (8-OHdG) by 
high-performance liquid chromatography (HPLC).

AAB staining

Principle

Aniline blue is an acidic dye that has more binding affin-
ity with the proteins in decondensed or loose chromatin 
due to the residual histones. AAB staining differentiates 
between lysine-rich histones and arginine/cysteine-rich 
protamines. This technique provides a specific positive 
reaction for lysine and reveals differences in the basic 
nuclear protein composition of ejaculated human sper-
matozoa. Histone-rich nuclei of immature spermatozoa 
are rich in lysine and will consequently take up the blue 
stain. On the other hand, protamine-rich nuclei of mature 
spermatozoa are rich in arginine and cysteine and contain 
relatively low levels of lysine, which means they will not 
take up the stain (156).

Technique

Slides are prepared by smearing 5 µL of either a raw or 
washed semen sample, which is air-dried and fixed for 30 
minutes in 3% glutaraldehyde in phosphate-buffered saline 

Table 6.1 Various methods for assessing sperm chromatin abnormalities

Assay Parameter Method of analysis

Acidic aniline blue (144) Nuclear maturity (DNA protein composition) Optical microscopy
Toluidine blue staining (145) Nuclear maturity (DNA protein composition) Optical microscopy
Chromomycin A3 (146) Nuclear maturity (DNA protein composition) Fluorescence microscopy
DNA breakage detection–fluorescence 

in situ hybridization (147)
DNA fragmentation (ssDNA) Fluorescence microscopy

In situ nick translation (148) DNA fragmentation (ssDNA) Fluorescence microscopy
Flow cytometry

Acridine orange (149) DNA denaturation (acid) Fluorescence microscopy
Flow cytometry

Sperm chromatin dispersion (150) DNA fragmentation Fluorescence microscopy
Comet (neutral) (151)
Comet (alkaline) (152)

DNA fragmentation (dsDNA)
DNA fragmentation (ssDNA/dsDNA)

Fluorescence microscopy

TUNEL (74,114,153,154) DNA fragmentation Fluorescence microscopy
Flow cytometry

Sperm chromatin structure assay (17) DNA denaturation (acid/heat) Flow cytometry
8-OHdG measurement (155) 8-OHdG High-performance lipid chromatography

Abbreviations:  8-OHdG, 8-hydroxy-2-deoxyguanosine; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA; TUNEL, terminal deoxynucle-
otidyl transferase-mediated dUTP nick end labeling.
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(PBS). The fixed smear is dried and stained in 5% aqueous 
aniline blue solution (pH 3.5) for five minutes. The stain-
ing characteristics depict the status of nuclear maturity. 
Sperm heads containing immature nuclear chromatin 
stain blue and those with mature nuclei do not. A total of 
200 spermatozoa per slide are counted using bright field 
microscopy, and the percentage of spermatozoa stained 
with aniline blue is determined (144).

Modification of the AAB assay with eosin

One of the limitations of AAB staining is poor visual-
ization of unstained sperm cells under ordinary light 
microscopy. To overcome this issue, counterstaining using 
eosin-Y is recommended. Sperm smears are fixed in 4% 
formalin solution for five minutes and rinsed in water. 
Slides are stained in 5% aniline blue prepared in 4% acetic 
acid (pH 3.5) solution for five minutes, rinsed in water, and 
counterstained in 0.5% eosin for one minute followed by 
rinsing and air drying (157).

Clinical significance

AAB staining has shown a linkage between chromatin 
immaturity and male infertility. In patients with varico-
cele, unilateral cryptorchidism, and idiopathic infertility, 
high sperm nuclear instability with a higher number of 
AAB-stained spermatozoa was observed (158). However, 
the correlation between the percentage of aniline blue-
stained spermatozoa and other sperm parameters remains 
controversial. AAB-stained spermatozoa showed nor-
mal conventional parameters such as count, motility, 
and morphology. Immature sperm chromatin may or 
may not correlate with asthenozoospermic samples and 
abnormal morphology patterns (155,156). Most impor-
tant is the finding that chromatin condensation as visual-
ized by aniline blue staining is a good predictor for IVF 
outcome, although it cannot determine the fertilization 
potential and the cleavage and pregnancy rates following 
ICSI (157,158). Evaluation of sperm chromatin using AAB 
staining could be considered as one of the complemen-
tary tests of semen analysis for assessment of male factor 

infertility (159,160). Counterstaining with eosin can facili-
tate interpretation of sperm chromatin integrity (157).

Advantages and limitations

The AAB technique is simple and inexpensive and requires 
only bright field microscopy for analysis. The only draw-
back is the heterogeneous slide staining.

TB staining

Principle

TB or tolonium chloride is a basic thiazine metachro-
matic dye that selectively binds the acidic components 
of the tissue. It partially dissolves in water and alcohol. 
Alternatively known as methylamine or aminotoluene, 
the dye represents three isoforms: ortho-toluidine, para-
toluidine, and meta-toluidin. It has high binding affinity 
for phosphate residues of sperm DNA in immature nuclei 
and provides a metachromatic shift from light blue to a 
purple–violet color (161). This stain is a sensitive structural 
probe for DNA structure and packaging.

Technique

TB staining follows the principle of metachromasia in 
which  a  dye can absorb light at different wavelengths and 
can change color without changing chemical structure. 
Sperm smears are air-dried, fixed in freshly made 96% etha-
nol–acetone (1:1) at 4°C for at least 30 minutes, hydrolyzed in 
0.1 N HCl at 4°C for five minutes, and rinsed three times in 
distilled water for two minutes each. Smears are stained with 
0.05% TB for five minutes. The staining buffer consists of 50% 
citrate phosphate (McIlvain buffer, pH 3.5). Permanent prep-
arations are dehydrated in tertiary butanol twice for three 
minutes each at 37°C and in xylene twice for three minutes 
each; the preparations are embedded in DPX (a mixture of 
distyrene, a plasticizer, and xylene). Sperm heads with good 
chromatin integrity stain light blue and those of compro-
mised integrity stain violet (purple) (162). The results of the 
TB test are visualized using light microscopy. Based on the 
different optical densities of cells stained with TB, the image 
analysis cytometry test is elaborated (Figure 6.1a) (144).
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Figure 6.1 (a) Human ejaculate stained with toluidine blue: (1) sperm heads with normal chromatin conformation are light blue; 
(2) sperm heads with abnormal chromatin conformation are violet. (b) DNA breakage detection–fluorescence in situ hybridization 
labeling with a whole-genome probe (red fluorescence), demonstrating extensive DNA breakage in those nuclei that are intensely 
labeled. (c) Acridine orange stain to native DNA fluoresces green (1), whereas relaxed/denatured DNA fluoresces red (2).
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Clinical significance

TB staining may be considered a fairly reliable method for 
assessing sperm chromatin. Abnormal nuclei (purple–vio-
let sperm heads) have been shown to be correlated with 
counts of red–orange sperm heads as revealed by the AO 
method (161). Significant correlations between the results 
of the TB, SCSA, and TUNEL tests have been demon-
strated (162). Clinical applicability of the TB test for male 
fertility potential assessment has also been demonstrated, 
with specificity for infertility diagnosis as high as 92% and 
sensitivity reaching 42% when the threshold of 45% is used 
for sperm cells with abnormal nuclei (163). TB staining has 
been used in several studies for evaluating sperm chroma-
tin quality (164–168), alone and in conjunction with other 
tests, proving it to be an effective tool for evaluation of 
chromatin status.

Advantages and limitations

The TB method is simple and inexpensive and has the 
advantage of providing permanent preparations for use on 
an ordinary microscope. The stained smears can also be 
used for morphological assessment of the cells. Also, with 
the threshold for infertility diagnostics using TB staining 
having been established, the TB staining method is more 
advantageous. However, this method may have the inher-
ent limitations of reproducibility dictated by the limited 
number of cells that can be reasonably scored.

CMA3 assay

Principle

CMA3 is a guanine–cytosine-specific fluorochrome that 
reveals poorly packaged chromatin in spermatozoa and 
is the indirect measure of protamine deficiency in sperm 
DNA (169). CMA3 is specific for GC-rich sequences and 
is believed to compete with protamines for binding to the 
minor groove of DNA. Therefore, high CMA3 fluorescence 
is a strong indicator of a low protamination state in sper-
matozoa (145).

Technique

Sperm smears are fixed in methanol–glacial acetic acid 3:1 
at 4°C for 20 minutes and are then allowed to air-dry at 
room temperature for 20 minutes. The slides are treated for 
20 minutes with 100 µL CMA3 solution. The CMA3 solu-
tion consists of 0.25 mg/mL CMA3 in McIlvain’s buffer (pH 
7.0) supplemented with 10 mmol/L MgCl2. The slides are 
rinsed in buffer and mounted with 1:1 v/v PBS–glycerol. 
The slides are then kept at 4°C overnight. Fluorescence is 
evaluated using a fluorescent microscope. A total of 200 
spermatozoa are randomly evaluated on each slide. CMA3 
staining is evaluated by distinguishing spermatozoa that 
stain bright yellow (CMA3 positive) from those that stain a 
dull yellow (CMA3 negative) (146,149).

Clinical significance

As a discriminator of IVF success (>50% oocytes fer-
tilized), CMA3 staining has a sensitivity of 73% and a 

specificity of 75%. Therefore, it can distinguish between 
IVF success and failure (170). In cases of ICSI, Sakkas et al. 
(171) reported that the percentage of CMA3 positivity does 
not indicate failure of fertilization entirely and suggested 
that poor chromatin packaging contributes to a failure in 
the decondensation process and probably reduced fertility. 
It appears that semen samples with high CMA3 positiv-
ity (>30%) may have significantly lower fertilization rates 
if used for ICSI (172), but this observation is not seen in 
studies (173).

Advantages and limitations

The CMA3 assay yields reliable results as it is strongly cor-
related with other assays used in the evaluation of sperm 
chromatin (145,174). CMA3 staining results have been 
reported to have a strong negative correlation with sperm 
concentration, motility, and especially normal morphol-
ogy. Men with low scores of morphologically normal 
spermatozoa tend to have a greater degree of protamine 
deficiency and DNA damage (59,174). The number of 
CMA3-positive sperm was significantly higher in globo-
zoopermic patients than in controls, which indicates high 
levels of DNA damage (169). In addition, the sensitivity 
and specificity of the CMA3 stain are comparable with 
those of the AAB stain (75% and 82% vs. 60% and 91%, 
respectively) if used to evaluate the chromatin status in 
infertile men (146). However, the CMA3 assay is limited by 
observer subjectivity.

DBD–FISH assay

Principle

The DBD–FISH is a technique that can detect DNA breaks 
in single cells, not only in the whole genome, but also in 
specific sequences of DNA. Cells embedded within an aga-
rose matrix on a slide are exposed to an alkaline unwind-
ing solution, which transforms DNA strand breaks into 
single-stranded DNA motifs. After neutralization and pro-
tein removal, single-stranded DNA becomes accessible to 
hybridization with whole-genome or specific DNA probes 
that highlight the chromatin area to be analyzed. As the 
number of DNA breaks increase, so does production of 
single-stranded DNA by the alkaline solution, resulting 
in an increase in fluorescence intensity and the surface 
area of the FISH signal. Abnormal chromatin packaging 
in sperm cells greatly increases the accessibility of DNA 
ligands and the sensitivity of DNA to denaturation by 
alkali, and this relates to the presence of intense labeling 
(red fluorescence) by DBD–FISH. Therefore, DBD–FISH 
allows in situ detection and quantification of DNA breaks 
and reveals structural features in the sperm chromatin 
(146,175).

Technique

Sperm cells are mixed with 1% low-melting point aga-
rose to a final concentration of 0.7% at 37°C. A volume of 
300 µL of the mixture is pipetted onto polystyrene slides 
and allowed to solidify at 4°C. The slides are immersed 
into a freshly prepared alkaline denaturation solution 
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(0.03 mol/L NaOH, 1 mol/L NaCl) for five minutes at 22°C 
in the dark to generate single-stranded DNA from DNA 
breaks. The denaturation is then stopped, and proteins 
are removed by transferring the slides to a tray with neu-
tralizing and lysing solution 1 (0.4 mol/L Tris, 0.8 mol/L 
dithiothreitol [DTT], 1% sodium dodecylsulfate [SDS], 
and 50 mmol/L ethylenediaminetetraacetic acid [EDTA], 
pH 7.5) for 10 minutes at room temperature, which is fol-
lowed by incubation in a neutralizing and lysing solution 
2 (0.4 mol/L Tris, 2 mol/L NaCl, and 1% SDS, pH 7.5) 
for 20 minutes at room temperature. The slides are thor-
oughly washed in Tris–borate–EDTA buffer (0.09 mol/L 
Tris–borate and 0.002 mol/L EDTA, pH 7.5) for 15 min-
utes, dehydrated in sequential 70%, 90%, and 100% etha-
nol baths (two minutes each), and air-dried. A human 
whole-genome probe is hybridized overnight (4.3 ng/µL 
in 50% formamide/2 × standard saline citrate [SSC], 10% 
dextran sulfate, and 100 mmol/L calcium phosphate, pH 
7.0; 1 × SSC is 0.015 mol/L sodium citrate and 0.15 mol/L 
sodium chloride, pH 7.0). It is then washed twice in 50% 
formamide/2 × SSC (pH 7.0) for five minutes and twice 
in 2 × SSC (pH 7.0) for three minutes at room tempera-
ture. The hybridized probe is detected with streptavidin 
indocarbocyamine (1:200) (Sigma Chemical Co., St Louis, 
MO), and cells are counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) (1 µg/mL) and visualized using 
fluorescence microscopy (Figure 6.1b) (147).

Advantages and limitations

DBD–FISH is used to detect in situ DNA breaks as well 
as to reveal structural features of chromatin. Its major 
advantage is the possibility to simultaneously detect and 
discriminate single- and double-strand DNA breaks (176). 
Nevertheless, it is expensive and time consuming and 
involves sophisticated laboratory procedures.

In situ NT assay

Principle

The NT assay is a modified version of the TUNEL assay; 
it quantifies the incorporation of biotinylated dUTP at 
single-strand DNA breaks in a reaction that is catalyzed 
by the template-dependent (unlike TUNEL) enzyme DNA 
polymerase I.

It specifically stains spermatozoa that contain apprecia-
ble and variable levels of endogenous DNA damage. The 
NT assay indicates anomalies that have occurred during 
remodeling of the nuclear DNA in spermatozoa. In doing 
so, it is more likely to detect sperm anomalies that are not 
indicated by morphology.

Technique

To perform the assay, smears containing 500 sperm each 
should be prepared. The fluorescent staining solution is 
prepared by mixing 10 µL streptavidin–fluorescein–iso-
thiocyanate, 90 µL Tris buffer, and 900 µL double-dis-
tilled water. A total of 100 µL of this solution is added to 
the slides. The slides are incubated in a moist chamber at 

37°C for 30 minutes. After incubation, the slides are rinsed 
in PBS twice, washed with distilled water, and finally 
mounted with a 1:1 mixture of PBS and glycerol. The slides 
are examined using fluorescence microscopy. A total of 
100–200 spermatozoa should be counted, and those fluo-
rescing and hence incorporating the dye are classified as 
having endogenous nicks (148).

Clinical significance

Sperm nuclear integrity as assessed by the NT assay dem-
onstrates a very clear relationship with sperm motility 
and morphology and, to a lesser extent, sperm concen-
tration (31,131,177). Results of the assay are supported by 
the strong positive correlations detected with the sensitiv-
ity of CMA3 and TUNEL assays (r = 0.86, p < 0.05 and 
r = 0.87, p < 0.05, respectively) (145). The NT assay can 
also indicate if there is damage arising from factors such 
as heat exposure (178) or the generation of ROS following 
exposure to leukocytes within the male reproductive tract 
(179).

Advantages and limitations

The advantage of the NT assay is that the reaction is based 
on direct labeling of the termini of DNA breaks. Thus, the 
lesions that are measured are identifiable at the molecular 
level. In addition, if flow cytometry is used to analyze the 
results, it may be performed on fixed cells, as the duration 
of cell storage in ethanol may vary (147). However, the NT 
assay has a lower sensitivity than the other assays and does 
not correlate with fertilization in in vivo studies.

AO assay

Principle

AO is a dye that intercalates with DNA or RNA and flu-
oresces to emit different colors, making it easy to differ-
entiate cellular organelles. The binding that occurs is the 
property of electrostatic interactions between acridine 
molecules and base pairs of nucleic acid. It measures the 
susceptibility of sperm nuclear DNA to acid-induced 
denaturation in situ by quantifying the metachromatic 
shift of AO fluores cence from green (native DNA) to red 
(denatured DNA) (180). The fluorochrome AO interca-
lates into double-stranded DNA as a monomer and binds 
to single-stranded DNA as an aggregate. The monomeric 
AO bound to native DNA fluoresces green whereas the 
aggregated AO on relaxed or denatured DNA fluoresces 
red (Figure 6.1c) (181).

Technique

The AO assay can be used for either fluorescence or flow 
cytometry. For fluorescence microscopy, thick semen 
smears are fixed in Carnoy’s fixative (methanol:acetic acid 
1:3) for at least two hours. The slides are stained in AO 
for five minutes and gently rinsed with deionized water. 
At least 200 cells should be counted so that the estimates 
of the numbers of sperm with green and red fluorescence 
are accurate. Spermatozoa that emit green fluorescence are 
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considered to have normal DNA content, whereas those 
displaying a spectrum of yellow–orange to red fluores-
cence are considered to have damaged DNA. The DNA 
fragmentation index (DFI) can be calculated by the ratio of 
(yellow to red)/(green + yellow to red) fluorescence (180).

For flow cytometry, aliquots of semen (about 25–100 µL, 
containing 1 million spermatozoa) are suspended in 1 mL 
of ice-cold PBS (pH 7.4) and centrifuged at 600 g for 
five minutes. The pellet is resuspended in ice-cold TNE 
(0.01 mol/L Tris-HCl, 0.15 mol/L NaCl, and 1 mmol/L 
EDTA, pH 7.4) and again centrifuged at 600 g for five 
minutes. The pellet is then resuspended in 200 µL of ice-
cold TNE with 10% glycerol and immediately fixed in 70% 
ethanol for 30 minutes. The fixed samples are treated for 
30 seconds with 400 µL of a solution of 0.1% Triton X-100, 
0.15 mol/L NaCl, and 0.08 N HCl (pH 1.2). After 30 sec-
onds, 1.2 mL of staining buffer (6 µg/mL AO, 37 mmol/L 
citric acid, 126 mmol/L Na2HPO4, 1 mmol/L disodium 
EDTA, and 0.15 mol/L NaCl, pH 6.0) is added to the test 
tube and analyzed by flow cytometry. After excitation by 
a 488-nm wavelength light source, AO bound to double-
stranded DNA fluoresces green (515–530 nm) and AO 
bound to single-stranded DNA fluoresces red (630 nm or 
greater). A minimum of 5000 cells are analyzed by fluores-
cent-activated cell sorting (148).

Clinical significance

The AO technique has shown significantly higher DNA 
damage in infertile men with and without varicocele 
as compared to controls (167). Further, a decrease in 
AO-positive spermatozoa has also been documented 
after varicocelectomy, which shows its clinical utility in 
the evaluation of DNA integrity (107). AO-positive cells 
are likely to have more structural abnormalities than 
AO-negative cells (182). A negative correlation has been 
reported between AO staining results and conventional 
sperm parameters (183). The “cutoff” value set to differen-
tiate between fertile and infertile men varies between 20% 
and 50% (17,149,184). Studies show that single-stranded 
DNA that is detected by a low incidence (<50%) of green 
AO fluorescence negatively affects the fertilization process 
in a classical IVF program, resulting in lower fertilization 
and pregnancy rates and a lower proportion of grade A 
embryos (125,181,185–187). However, no correlation was 
found with the pregnancy rate and live births achieved 
by ICSI except in patients having 0% of spermatozoa with 
single-stranded DNA, in whom the pregnancy rate was 
significantly higher (125,185–187).

Advantages and limitations

The AO assay is a biologically stable measure of sperm 
DNA quality. The intra-assay variability is less than 5%, 
rendering the technique highly reproducible (188). A 
strong positive correlation exists between the AO assay 
and other techniques used to evaluate single-stranded 
DNA (e.g., the TUNEL assay (see the “TUNEL assay” sec-
tion) (122). Limitations include inter-observer variability 

in case of fluorescence microscopic analysis and expensive 
instrumentation for flow cytometric analysis.

SCD test (Halosperm® assay)

Principle

The SCD test produces sperm nucleoids consisting of a 
central or core and peripheral halo caused by release of 
DNA loops, signifying the absence of DNA fragmentation. 
When sperm are treated with an acid solution prior to 
lysis buffer, a complete absence or a minimal halo is pro-
duced in spermatozoa with fragmented DNA. A distinct 
halo is seen in spermatozoa with intact DNA integrity 
(150). When spermatozoa with non-fragmented DNA are 
immersed in an agarose matrix and directly exposed to 
lysing solutions, the resulting deproteinized nuclei (nucle-
oids) show extended halos of DNA dispersion, which can 
be observed either by bright field microscopy or fluores-
cence microscopy. The presence of DNA breaks promotes 
the expansion of the halo of the nucleoid (189–195).

Technique

Aliquots of sperm at a concentration of 5–10 million/mL 
are prepared by diluting in PBS. The samples are mixed 
with 1% low-melting point aqueous agarose (to obtain a 
0.7% final agarose concentration) at 37°C. Aliquots of 
50 µL of the mixture are pipetted onto a glass slide pre-
coated with 0.65% standard agarose dried at 80°C, cov-
ered with a coverslip, and left to solidify at 4°C for four 
minutes. The coverslips are then carefully removed, and 
the slides are immediately immersed horizontally in a 
tray of freshly prepared acid denaturation solution (0.08 N 
HCl) for seven minutes at 22°C in the dark, which gen-
erates restricted single-stranded DNA motifs from DNA 
breaks. Denaturation is then stopped, and the proteins are 
removed by transferring the slides to a tray with neutral-
izing and lysing solution 1 (0.4 mol/L Tris, 0.8 mol/L DTT, 
1% SDS, and 50 mmol/L EDTA, pH 7.5) for 10 minutes at 
room temperature. The slides are then incubated in neu-
tralizing and lysing solution 2 (0.4 mol/L Tris, 2 mol/L 
NaCl, and 1% SDS, pH 7.5) for five minutes at room tem-
perature. The slides are thoroughly washed in Tris–borate 
EDTA buffer (0.09 mol/L Tris–borate and 0.002 mol/L 
EDTA, pH 7.5) for two minutes, dehydrated in sequential 
70%, 90%, and 100% ethanol baths (two minutes each), 
and air-dried. Cells are stained with DAPI (2 µg/mL) for 
fluorescence microscopy (Figure 6.2a) (149).

Advantages and limitations

The SCD test is simple, fast, and reproducible, with com-
parable results to those of the SCSA (190,193) and TUNEL 
assay (196). The currently available protocol is suitable for 
bright field microscopy as it significantly reduces equip-
ment cost. The test is successfully used in clinical studies 
to detect sperm DNA damage (197) and can be simulta-
neously combined with the FISH (SCD–FISH) assay for 
detection of aneuploidy in sperm cells (198). This is the only 
test allowing assessment of sperm DNA fragmentation 
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and chromosomal aneuploidy by FISH in the same cell. 
Oxidative DNA damage also can be simultaneously deter-
mined in the same sperm cell by combining the SCD test 
and incubation with an 8-oxoguanine DNA probe (199). A 
commercially available Halosperm® kit has been recently 
developed (200). Reports suggest that sperm DNA fragmen-
tation as reported by the SCD test is negatively correlated 
with fertilization rates and embryo quality in IVF/ICSI, but 
not with clinical pregnancy rates or births (191,201).

Comet assay

Principle

The comet assay (single-cell gel electrophoresis) was first 
introduced by Ostling and Johanson in 1984 (202–206) 
and is based on the principle of permeabilization and elec-
trophoretic migration of cleaved fragments of DNA. In the 
beginning, neutral electrophoresis buffer conditions were 
used to show that the migration of double-stranded DNA 
loops from a damaged cell in the form of a tail unwind-
ing from the relaxed supercoiled nucleus was proportional 
to the extent of damage inflicted on the cell. This finding 
took on the appearance of a comet with a tail when viewed 
using a fluorescence microscope and DNA stains. Singh 
et al. modified the comet assay in 1988 (151) by using alka-
line electrophoresis buffers to expose alkali-labile sites on 
the DNA; this modification increased the sensitivity of 
the assay to detect both single- and double-stranded DNA 
breaks (151). The routine comet assay lacks the ability to 
differentiate between single- and double-stranded DNA 
breaks in the same sperm cell, but a modified two-tailed 
comet assay can simultaneously evaluate single- and dou-
ble-stranded DNA breaks (207).

The chromosome comet assay is a new application that 
detects DNA damage by generating comets in sub-nuclear 
units, such as the chromosome, based on the chromosome 
isolation protocols currently used for whole-chromosome 
mounting in electron microscopy. It has not been used 
with sperm cells thus far (208).

In the comet assay, DNA damage is quantified by mea-
suring the displacement between the genetic material of 

the nucleus “comet head” and the resulting tail. The tail 
lengths are used as an index for the damage. Also, the 
tail moment—the product of the tail length and intensity 
(fraction of total DNA in the tails)—has been used as a 
measuring parameter. The tail moment can be more pre-
cisely defined as being equivalent to the torsional moment 
of the tail (209).

Technique

Sperm cells are cast into miniature agarose gels on micro-
scopic slides and lysed in situ to remove DNA-associated 
proteins in order to allow the compacted sperm DNA to 
relax. The lysis buffer (Tris 10 mmol/L, 0.5 mol/L EDTA, 
and 2.5 mol/L NaCl, pH 10) contains 1% Triton X-100, 
40 mmol/L DTT, and 100 µg/mL proteinase K. The slide 
immersion time in alkaline lysis solution ranges between 
1 and 20 minutes and does not affect assay results (210). 
Micro-gels are then electrophoresed (20 minutes at 
25 V/0.01 A) in neutral buffer (Tris 10 mmol/L contain-
ing 0.08 mol/L boric acid and 0.5 mol/L EDTA, pH 8.2), 
during which time the damaged DNA migrates from the 
nucleus toward the anode. The DNA is visualized by stain-
ing the slides with the fluorescent DNA binding dye SYBR 
Green I. Comet measurements are performed manually 
or by computerized image analysis using fluorescence 
microscopy (Figure 6.2b) (150).

In the two-tailed comet technique, sperm cells are 
diluted in PBS to a concentration of 10 × 106 spermato-
zoa/mL. A 25-µL cell suspension is mixed with 50 µL of 
1% low-melting point agarose in distilled water at 37°C. A 
total of 15 µL of the mixture is placed on the slide, covered 
with a coverslip, and transferred to an ice-cold plate. As 
soon as the gel solidifies, the coverslips are removed and 
the slides are rinsed in two lysing solutions: lysing solution 
1 (0.4 mol/L Tris–HCl, 0.8 mol/L DTT, and 1% SDS, pH 
7.5) for 30 minutes, followed by lysing solution 2 (0.4 mol/L 
Tris–HCl, 2 mol/L NaCl, 1% SDS, and 0.05 mol/L EDTA, 
pH 7.5) for 30 minutes. Then, the slides are rinsed in TBE 
buffer (0.09 mol/L Tris–borate and 0.002 mol/L EDTA, 
pH 7.5) for 10 minutes, transferred to an electrophoresis 
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Figure 6.2 (a) Spermatozoa embedded in an agarose microgel stained with 4’,6-diamidino-2-phenylindole staining (blue fluo-
rescence) and showing spermatozoa with different patterns of DNA dispersion: (1) Large-sized halo; (2) medium-sized halo; (3) very 
small size halo; and (4) no halo. (b) Comet images showing damaged (1) and undamaged DNA (2).
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tank, and immersed in fresh TBE electrophoresis buffer. 
Electrophoresis is performed at 20 V (1 V/cm) and 12 mA 
for 12.5 minutes. After washing in 0.9% NaCl, nucleoids 
are unwound in an alkaline solution (0.03 mol/L NaOH 
and 1 mol/L NaCl) for 2.5 minutes, transferred to an 
electrophoresis chamber, and oriented at 90° to the first 
electrophoresis.

The second electrophoresis is performed at 20 V (1 V/
cm), and 12 mA for four minutes in 0.03 mol/L NaOH. 
Then, the slides are rinsed in a neutralization buffer 
(0.4 mol/L Tris–HCl, pH 7.5) for five minutes, briefly 
washed in TBE buffer, dehydrated in increasing concen-
trations of ethanol, and air-dried. DNA is stained with 
SYBR Green I at a 1:3000 dilution in Vectashield® (Vector 
Laboratories, Burlingame, CA). Samples are assessed by 
visual scoring or digitalization and image processing. The 
frequency of sperm cells with fragmented DNA is estab-
lished by measuring at least 500 sperm cells per slide. Cells 
are classified as undamaged or damaged based on the 
length of the tail, which contains DNA fragment single-
stand breaks (up/down migration), DSBs (right/left migra-
tion), or both (207).

Clinical significance

The assay has been successfully used to evaluate DNA 
damage after cryopreservation (211). It may also predict 
embryo development after IVF and ICSI, especially in 
couples with unexplained infertility (212,213), and some 
clinical thresholds were set for infertility diagnostics and 
IVF outcome prediction (214–217), although some stud-
ies failed to demonstrate such an association (218). A 
modified version of the comet assay protocol is capable 
of detecting different mutagen impacts on sperm DNA 
integrity (219).

Advantages and limitations

The comet assay is a well-standardized, simple, versatile, 
sensitive, and rapid assay that correlates significantly with 
the TUNEL assay and SCSA (220). It can assess DNA 
damage qualitatively as well as quantitatively with low 
intra-assay variation. Two-tailed comet assay can discrim-
inate between single- and double-stranded DNA breaks; 
for example, the resistance of sperm DNA to oxidative 
damage can be specifically assessed (221). Because it is 
based on fluorescence microscopy, the assay requires an 
experienced observer to analyze the slides and interpret 
the results.

TUNEL assay

Principle

This single-step staining method labels DNA breaks with 
fluorescein isothiocyanate (FITC)-dUTP followed by flow 
cytometric analysis. TUNEL utilizes a template-inde-
pendent DNA polymerase called TdT, which non-prefer-
entially adds deoxyribonucleotides to 3 -́hydroxyl (OH) 
single- and double-stranded DNA. dUTP is the substrate 
that is added by the TdT enzyme to the free 3 -́OH break-
ends of DNA (Figure 6.3) (114,153,154).

Technique

Strand breaks can be quantified with conventional or the 
newly introduced benchtop flow cytometry or fluores-
cence microscopy in which DNA-damaged sperm fluo-
resce intensely (114). To assess the DNA fragmentation by 
TUNEL, an APO-DIRECT™ Kit (BD Pharmingen, CA, 
USA) is used. It contains the reaction buffer, TdT, FITC-
dUTP, and propidium iodide/RNase stain. The assay kit 
also contains negative and the positive controls, which are 
not sperm cells. About 5 × 106 sperm cells are fixed with 
3.7% paraformaldehyde for a minimum of 30 minutes at 
4°C. The sample is centrifuged at 300 g for seven minutes. 
Paraformaldehyde is removed by centrifuging the samples 
at 300 g for seven minutes. Supernatants are discarded 
and the pellets resuspended with 1 mL of ice-cold ethanol 
(70% v/v). The tubes are kept at –20°C for at least 30 min-
utes. To create negative sperm controls, the enzyme termi-
nal transferase is omitted from the reaction mixture. To 
create positive sperm controls, the samples are pretreated 
with 0.1 IU DNase I for 30 minutes at room temperature. 
A total of 50 µL of the stain is added and incubated for 
one hour. Following two washes with 1 mL of the “rinse 
buffer,” propidium iodide/RNase stain is added and incu-
bated for 30 minutes. For flow cytometry, two laser detec-
tors are used: FL1 (488) with a standard 533/30 band-pass 
(BP) that detects green fluorescence; and FL2 with a stan-
dard 585/40 BP that detects red or propidium iodide fluo-
rescence. The tubes are analyzed for DNA fragmentation 
using the BD Accuri™ C6 flow cytometer (BD cytom-
eters, USA) (Figure 6.4). A quality control assay is also 
run using the eight-peak beads as per the manufacturer’s 

Flow cytometry

Tunel
assay

TdT enzyme

DNA breaks

Sperm DNA

dUTP

3′–OH 3′–OH

3′–OH

Figure 6.3 Schematic of DNA staining using the terminal 
deoxynucleotidyl transferase-mediated dUTP nick end label-
ing assay.
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instructions. Although less accurate, the samples can also 
be assessed by scoring about 500 sperm cells under fluo-
rescence microscopy (153).

The standard TUNEL assay can be improved to become 
more sensitive to DNA fragmentation by incubating 
sperm cells in 2 mm DTT solution for 45 minutes prior 
to fixation with formaldehyde. This modified version of 
the TUNEL assay was shown to significantly enhance its 
sensitivity. Mitchell et al. modified the TUNEL method-
ology by incubating spermatozoa for 30 minutes at 37°C 
with LIVE ⁄DEAD™ Fixable Dead Cell Stain (far red) 
(Molecular Probes, Eugene, OR). The cells were then 
washed three times with Biggers–Whitten–Whittingham 
medium (BWW) before incubation with DTT—this 
allowed both DNA integrity and vitality to be simultane-
ously assessed (222).

Clinical significance

The TUNEL assay has been widely used in male infertility 
research related to sperm DNA fragmentation. A negative 
correlation was found between the percentage of DNA-
fragmented sperm and motility, morphology, and concen-
tration in the ejaculate. It also appears to be potentially 
useful as a predictor for IUI pregnancy rates, IVF embryo 
cleavage rates, and ICSI fertilization rates. In addition, 
it provides an explanation for recurrent pregnancy loss 
(18,19,137,220). A cutoff value of 19.2% has been shown 
significant differentiation between fertile and infertile 
men with a sensitivity of 64.9% and a specificity of 100% 
(126,220). This is higher than that demonstrated for IUI 
procedures (12%) (19). We have recently reported a very 
high specificity (91.6%) and positive predictive value (PPV) 
(90%) at a cutoff point of 16.8%. The high specificity of the 
TUNEL assay is helpful in correctly identifying infertile 
patients who do not have sperm DNA fragmentation as a 
contributory factor (154). Due to its high positive predic-
tive value, the assay is able to confirm that a man who tests 

positive is likely to be infertile due to elevated sperm DNA 
fragmentation. A similar specificity (91%) of the TUNEL 
assay was reported (Figure 6.5a and 6.5b) (223). The calcu-
lated cutoff would be ideal as any value above this thresh-
old will be strongly associated with infertility.

Advantages and limitations

The TUNEL assay is relatively expensive and time and labor 
consuming. Also, a number of factors can significantly 
affect assay results, including the type and concentration 
of fixative, fixed sample storage time, the fluorochrome 
used to label DNA breaks, and the method used to analyze 
flow cytometric data (224). The flow cytometric method 
of assessment is generally more accurate and reliable than 
fluorescence microscopy, but it is also more sophisticated 
and expensive and it presents limitations in the accuracy 
and reproducibility of the measures of sperm DNA frag-
mentation (225). Fairly good-quality control parameters 
with minimal inter- and intra-observer variation (<8%) 
have been demonstrated for the fluorescent TUNEL assay 
using the benchtop flow cytometer (154) with few excep-
tions (8).

Sperm chromatin structure assay

Principle

The SCSA measures in situ DNA susceptibility to the acid-
induced conformational helix–coil transition by AO fluo-
rescence staining. The extent of conformational transition 
in situ following acid or heat treatment is determined by 
measuring the metachromatic shift of AO fluorescence 
from green (native DNA) to red (denatured or relaxed 
DNA). This protocol has been divided into SCSAacid and 
SCSAheat in order to distinguish the physical means of 
inducing conformational transition. The two methods 
give essentially the same results, but the SCSAacid method 
is easier to use. DNA damage that is SCSA-defined is man-
ifested by the DFI (17).

Figure 6.4 BD Accuri C6 flow cytometer.
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Technique

To perform SCSA, an aliquot of unprocessed semen (about 
13–70 µL) is diluted to a concentration of 1–2 × 106 sperm/
mL with TNE buffer (0.01 M Tris–HCl, 0.15 M NaCl, and 
1 mM EDTA, pH 7.4). This cell suspension is treated with 
an acid detergent solution (pH 1.2) containing 0.1% Triton 
X-100, 0.15 mol/L NaCl, and 0.08 N HCl for 30 seconds 
and then stained with 6 mg/L purified AO in a phosphate–
citrate buffer (pH 6.0). The stained sample is placed into 
the flow cytometer sample chamber (17).

Clinical significance

Because the SCSA results are more constant over prolonged 
periods of time than routine World Health Organization 
(WHO) semen parameters, it may be used effectively in 
epidemiological studies of male infertility (226). No sig-
nificant male age-related increase in DFI has been dem-
onstrated (227). Currently, the SCSA is the only assay that 
has clearly established clinical thresholds for utility in the 
human infertility clinic (228). In clinical applications, the 
SCSA parameters not only distinguish fertile and infertile 
men, but also are able to classify men according to the level 
of in vivo fertility as high fertility (pregnancy initiated in 
less than three months), moderate fertility (pregnancy 
initiated within 4–12 months), and no proven fertility (no 
pregnancy by 12 months). In addition, a DFI threshold 
was established that identifies samples that are compatible 
with in vivo pregnancy (<30%) (12,229–232).

The SCSA has been considered a gold standard as a 
robust assay for measuring DNA damage by flow cytom-
etry and can predict various ART outcomes. However, 
the ability to predict ART outcomes, including fertiliza-
tion and implantation rates, is true only for neat semen 
(9,12,136,233,234). An increased abortion rate in the 

high-DFI (>27%) group has been reported (218). It has 
also been suggested that DFI can be used as an indepen-
dent predictor of fertility in couples undergoing IUI (9), 
but the association between SCSA results and IVF and 
ICSI outcomes is not strong enough (235). It has also been 
proposed that all infertile men should be tested with the 
SCSA in addition to standard semen analysis (236) and if 
DFI is higher than 30%, ICSI should recommended (12). 
The SCSA also measures sperm with high DNA stain-
ability, which is related to the nuclear histones retained 
in immature sperm. Sperm with high DNA stainability is 
reported to be predictive of pregnancy failure (237). The 
current clinical threshold has changed from >30% to 25% 
DFI. DNA fragmentation above 25% categorizes a patient 
into the following statistical probabilities: (a) longer time 
to natural pregnancy; (b) low odds of IUI pregnancy; (c) 
more miscarriages; or (d) no pregnancy (237). The SCSA is 
considered to be a precise and repeatable DNA fragmenta-
tion test that can reliably identify a man who is at risk for 
infertility.

Advantages and limitations

The SCSA accurately estimates the percentage of DNA-
damaged sperm and has a cutoff point (30% DFI) to dif-
ferentiate between fertile and infertile samples. This has 
been recently revised to 25% (9,229,237). However, it 
requires the presence of expensive instrumentation (flow 
cytometer) and highly skilled technicians. The SCSA DFI 
is significantly associated with TUNEL assay results when 
Spearman’s rank correlation is used. However, regression 
and concordance correlation results showed that these 
methods are not comparable. The SCSA measures DNA 
damage in terms of susceptibility to DNA denaturation, 
whereas TUNEL measures “real” DNA damage (238).
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Measurement of 8-OHdG

Principle

This assay measures levels of 8-OHdG, which is a byprod-
uct of oxidative DNA damage, in spermatozoa. It is the 
most commonly studied biomarker for oxidative DNA 
damage. Among various oxidative DNA adducts, 8-OHdG 
has been selected as a representative of oxidative DNA 
damage owning to its high specificity, potent mutagenic-
ity, and relative abundance in DNA (239).

Technique

Step I

DNA extraction is performed with chloroform–isoamyl 
alcohol (12:1 v/v) after the sperm cells are washed with 
sperm wash buffer (10 mmol/L Tris-HCl, 10 mmol/L 
EDTA, and 1 mol/L NaCl, pH 7.0) and lysed at 55°C for 
one hour with 0.9% SDS, 0.5 mg/mL proteinase K, and 
0.04 mol/L DTT. After ribonuclease A treatment to 
remove RNA residue, the extracted DNA is dissolved in 
10 mmol/L Tris–HCl (pH 7.0) for DNA digestion.

Step II

Enzymatic DNA digestion is performed with three 
enzymes: DNase I, nuclease P1, and alkaline phosphatase. 
The final solution is dried under reduced temperature 
and pressure and is redissolved in distilled and deionized 
water for HPLC.

Step III

The third step is HPLC analysis. The HPLC system used for 
8-OHdG measurements consists of a pump, a Partisphere® 
5 C18 column (Hichrom Limited, UK), an electrochemical 
detector, a UV detector, an autosampler, and an integra-
tor. The mobile phase consists of 20 mmol/L NH4H2PO4, 
1 mmol/L EDTA, and 4% methanol (pH 4.7). The calibration 
curves for 8-OHdG are established with standard 8-OHdG, 
and the results are expressed as 8-OHdG/104 dG (152).

Clinical significance

The assay provides the most direct evidence suggesting 
that oxidative sperm DNA damage is involved in male 
infertility based on the finding that 8-OHdG levels in 
sperm are significantly higher in infertile patients than 
in fertile controls and are inversely correlated with sperm 
concentration (152). 8-OHdG formation and DNA frag-
mentation as assessed by TUNEL are highly correlated 
with each other (240). 8-OHdG levels also are highly cor-
related with the disruption of chromatin remodeling (90). 
Levels of 8-OHdG in sperm DNA have been reported to 
be increased in smokers, and they are inversely corre-
lated with the intake and seminal plasma concentration 
of vitamin C—the most important antioxidant in sperm. 
Infertile patients with varicocele have increased 8-OHdG 
expression in the testis, which is associated with deficient 
spermatogenesis (241). If not repaired, 8-OHdG modifica-
tions in DNA are mutagenic and may cause embryo loss, 
fetal malformations, or childhood cancer. Moreover, these 

modifications could be a marker of OS in sperm, which 
may have negative effects on sperm function (242,243).

Advantages and limitations

Although 8-OHdG is a potential marker for oxidative 
DNA damage, artificial oxidation of dG can occur dur-
ing analysis, which can lead to inaccurate results. A fixed 
number of sperm cells should be analyzed as a precaution. 
However, the DNA yield cannot be excluded as a potential 
confounder.

STRATEGIES TO REDUCE SPERM DNA DAMAGE
In view of the impact sperm DNA fragmentation has on 
reproductive outcomes, it is important to develop and 
implement appropriate treatment methods, preventive 
measures, and strategies to minimize DNA damage in the 
spermatozoa used in assisted reproduction. Some of the 
strategies include:

 1. Appropriate sperm preparation methods: Most of the 
commonly used methods such as density gradient cen-
trifugation, swim up, and glass wool filtration yield 
sperm with better DNA integrity than native semen 
(14). Sperm preparation should be aimed at minimizing 
damage to the spermatozoa and can be accomplished 
by exercising some simple precautions such as: (i) slow 
dilution of the samples, especially when using cryopre-
served spermatozoa; (ii) gradual changes in tempera-
ture and tests performed at 37°C; (iii) minimal use of 
centrifugation and, when necessary, it being performed 
at the lowest possible speed; and (iv) controlled expo-
sure to potentially toxic materials. Plastic ware, glass-
ware, media, and gloves should be checked for potential 
toxicity as the spermatozoa may be immobilized when 
in contact with any potential toxic substances in these 
materials. In patients who are unable to produce a semen 
sample by masturbation, use of non-toxic condoms is 
important, and when necessary, a second sample should 
be collected a few hours after the first.

 2. Electrophoretic separation of sperm: This is based on the 
principle that high-quality spermatozoa tend to be viable 
and morphologically normal and have a low degree of 
DNA fragmentation as measured by TUNEL assay (244).

 3. Antioxidant treatments: One of the causes of sperm 
DNA damage is OS. Studies have investigated the abil-
ity of antioxidant treatments to manage male subfertil-
ity, both in vivo and in vitro. It is generally accepted that 
antioxidants may be beneficial for reducing sperm DNA 
damage, but their exact mechanism of action is still not 
established, and some studies have reported adverse 
effects such as increased sperm chromatin deconden-
sation (245,246). Significant improvement in clinical 
pregnancy and implantation rates have been shown in 
patients with high sperm DNA damage as assessed by 
TUNEL assay when treated with antioxidants before 
assisted reproduction (247,248). Therefore, in patients 
in whom OS is the cause of sperm DNA damage, ade-
quate oral antioxidant supplementation appears to be a 
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simple strategy to enhance sperm genome integrity and 
reproductive outcomes. Standard and reliable oral anti-
oxidant treatment protocols and alternative treatment 
strategies for non-responders are needed (249).

 4. Magnetic cell separation: Magnetic cell separation is a 
useful technique to separate apoptotic and non-apop-
totic spermatozoa (250).

 5. High-magnification ICSI for patients with sperm DNA 
fragmentation: It is possible to observe spermatozoa 
with apparently normal morphology and intranuclear 
vacuoles that appear to be associated with chroma-
tin packaging by using inverted microscopes with 
Nomarski differential interference contrast optics com-
bined with digitally enhanced secondary magnification 
(251–254).

CONCLUSION
The importance of assessing sperm chromatin integrity is 
well established, and the results provide useful informa-
tion in cases of male idiopathic infertility and in couples 
pursuing assisted reproduction. Pathologically increased 
sperm DNA fragmentation is one paternal-derived cause 
of repeated assisted reproduction failures in the ICSI era. 
Several studies have demonstrated that sperm DNA integ-
rity correlates with pregnancy outcome in IVF. Therefore, 
sperm DNA fragmentation should be included in the eval-
uation of the infertile male. Assessment of sperm DNA 
damage appears to be a potential tool for evaluating semen 
samples prior to their use in assisted reproduction. It 
allows for the selection of spermatozoa with intact DNA or 
with the least amount of DNA damage for use in assisted 
conception. It provides better diagnostic and prognostic 
capabilities than standard sperm parameters for assessing 
male fertility potential.

There are multiple assays that can be used to evaluate 
sperm chromatin. Most of these assays have advantages as 
well as limitations. Choosing the right assay depends on 
many factors such as the expense, the available laboratory 
facilities, and the presence of experienced technicians. The 
establishment of a cutoff point between normal levels in 
the average fertile population and minimal levels of sperm 
DNA integrity required for achieving pregnancy still 
remains to be investigated. Such an average range or value 
confirmed by different laboratories is still lacking for most 
of these assays, except for the SCSA. Given the importance 
of sperm DNA integrity, it is important to determine the 
real cause of DNA damage and provide proper therapeutic 
treatment. Methods for selecting sperm with undamaged 
DNA should be designed, especially in cases where ICSI is 
strongly recommended.
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7Oocyte retrieval and selection
LAURA F. RIENZI and FILIPPO M. UBALDI

INTRODUCTION
Several factors can affect oocyte quality and a controlled 
ovarian stimulation (COS) protocol is one of the most 
important. To better understand the treatment strategies, 
their application, and their potential impact on oocyte 
quality, it is of utmost importance to understand the phys-
iology of ovarian function.

The demise of the corpus luteum at the end of the luteal 
phase of the menstrual cycle is responsible for the sud-
den fall of 17β-estradiol (E2), inhibin A, and progester-
one, which induces an increased frequency of pulsatile 
gonadotropin-releasing hormone (GnRH) secretion and 
rising serum follicle-stimulating hormone (FSH) levels 
(1). When serum FSH concentration reaches a critical 
“threshold” level for ovarian stimulation, class 5 follicles 
departing from the resting pool are recruited and start 
a well-characterized growth trajectory (2,3). In the early 
follicular phase, the increased production of estrogens 
resulting from FSH-dependent granulosa cell (GC) aro-
matase activity, together with the increase of inhibin B, is 
responsible for the falling circulating levels of FSH (4,5), 
which restricts the time when FSH levels remain above 
the “threshold” (6,7). As a result, one (dominant) follicle 
continues its growth, probably due to up-regulation by 
intraovarian factors that may increase sensitivity for FSH 
stimulation (8,9), whereas other (non-dominant) follicles 
(of the same cohort) enter atresia due to diminished sensi-
tivity to FSH and estrogen biosynthesis (as well as elevated 
intrafollicular androgen levels) (9–11).

On the basis of these findings, the “FSH window” con-
cept has been introduced, suggesting the importance of 
the duration of FSH elevation above the threshold level 
rather than the height of the elevation of FSH for single 
dominant follicle selection (6,7,12). The different stimula-
tion protocols used for controlled ovarian hyperstimula-
tion are based on the concept of widening the FSH window 
with the use of exogenous gonadotropins from the early 
follicular phase to the day of human chorionic gonadotro-
pin (hCG) administration. Over the last 25 years different 
stimulation protocols have been proposed. Easier stimu-
lation regimens such as clomiphene citrate (CC) alone or 
in combination with human menopausal gonadotropin 
(hMG) and urinary FSH were gradually abandoned in favor 
of protocols where GnRH agonists (GnRHas) are used in 
combination with gonadotropins. These lengthy protocols, 
which have been for decades the most widely used treat-
ments for ovarian stimulation, allowed us to manage the 
activity of in vitro fertilization (IVF) centers more easily, 
enabled lower cancellation rates, and raised the number 
of preovulatory follicles, the number of oocytes retrieved, 

and the number of good-quality embryos for transfer, thus 
leading to increased pregnancy rates (13). However, these 
regimens are not free from complications and costs for the 
patients. The clinical introduction of GnRH antagonists 
in IVF (14–16), with their immediate suppression of pitu-
itary function, allows the administration of low doses of 
gonadotropins from the mid-follicular phase, resulting in 
more “patient-friendly” stimulation protocols (17,18) with 
fewer days of stimulation, lower amounts of gonadotro-
pins administered, and fewer oocytes retrieved. However, 
if these milder protocols may improve patients compli-
ance, reducing the burden of IVF on the couple, the ques-
tion that remains to be answered is whether the reduced 
number of oocytes obtained after mild protocols may 
impair the clinical outcome when calculated cumulatively 
(including cryopreservation cycles).

Whatever stimulation regimen is used for COS, once 
the correct follicular and hormonal parameters are 
reached, ovulation is triggered, normally through the 
administration of a bolus of hCG. However, it is impor-
tant to underline that, in order to avoid ovarian hyper-
stimulation syndrome (OHSS), nowadays it is possible to 
combine a GnRH antagonist protocol with GnRHa ovula-
tion triggering, taking advantage from the different half-
life between luteinizing hormone (60 minutes) and hCG 
(>24 hours). This approach has made it possible to signifi-
cantly reduce the risk of OHSS (19). However, the induc-
tion of early luteolysis after the GnRHa trigger requires 
the use of aggressive steroidal luteal support or low-dose 
hCG to allow successful fresh embryo transfer (20). On 
the other hand, the enhanced effectiveness of vitrifica-
tion allows the introduction of cycle segmentation in the 
GnRHa-triggered approach, resulting in freezing all the 
obtained embryos for a subsequent cryo-transfer (21–23).

After ovulation triggering, oocyte meiosis (blocked at 
the prophase of the first meiotic division) is reinitiated, 
going through germinal vesicle (GV) breakdown and the 
formation and extrusion of the first polar body (IPB). 
After entering the second meiotic division, a second arrest 
occurs at metaphase stage II (MII). Oocyte retrieval is per-
formed 34–36 hours following hCG administration.

Once in the laboratory, oocyte quality is assessed. This 
evaluation is based on the aspect of the cumulus–corona 
cells and, if denudation is performed, also on the basis of 
the morphology of the oocyte cytoplasm and on the aspect 
of the extracytoplasmic structures (such as zona pellucida 
[ZP], IPB, and perivitelline space [PVS]). Oocyte selection 
prior to insemination has been considered a key point of 
IVF/intracytoplasmic sperm injection (ICSI) programs 
because of the following:
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• It may provide important information with regard to 
the subsequent developmental ability of the deriving 
embryo.

• It helps to reduce the number of inseminated oocytes 
and thus the amount of supernumerary embryos.

• It helps to avoid inseminating “bad-quality oocytes” 
poten tially at risk of carrying chromosomal abnormalities.

• It helps with choosing the appropriate number of 
oocytes in egg donation programs.

However, the current literature on oocyte assessment 
is controversial and the selection methods proposed are 
still largely ineffective. The presence of cumulus and 
corona cells makes the morphological oocyte evaluation 
difficult to perform prior to standard IVF. Moreover, the 
quality and the degree of expansion of these cells seem to 
be poor markers of oocyte maturity and mostly depend 
on the type of ovarian stimulation protocol used (24–27). 
The oocyte can be easily observed only after cumulus–
corona cell removal. The presence of the IPB is normally 
considered to be a marker of oocyte nuclear maturity. 
However, recent studies using polarized light microscopy 
have shown that oocytes displaying the IPB may still be 
immature (28–30). Moreover, nuclear maturity alone is 
not enough to determine the quality of an oocyte. In fact, 
nuclear and cytoplasmic maturation should be completed 
in a coordinated manner to ensure optimal conditions 
for subsequent fertilization. However, cytoplasmic matu-
ration assessment is still unclear. It has been suggested 
that disturbances or asynchrony of these two maturation 
processes may result in a variety of oocyte morphologi-
cal abnormalities (31–34). Abnormal ZP, large PVS, vacu-
oles, refractile bodies, increased cytoplasmic granularity, 
smooth endoplasmic reticulum (sER) clusters, and abnor-
mal, fragmented, or degenerated IPB can be observed 
after oocyte denudation. The correlation between these 
abnormal morphotypes and oocyte developmental ability 
is discussed in this chapter.

OVARIAN STIMULATION PROTOCOLS
Prediction of ovarian response

One of the greatest challenges in human assisted reproduc-
tion is to individualize COS according to the specific char-
acteristics of each single patient, in order to optimize the 
number of oocytes to be obtained and to protect women 
from iatrogenic damage. Nowadays, different stimulants 
of multifollicular growth have been suggested, including 
recombinant or urinary gonadotropins, GnRH analogs 
(agonists or antagonists), steroid hormones, and other 
drugs such as aromatase inhibitors or growth hormones. 
The choice of the most suitable COS regimen is based on the 
prediction of ovarian response in order to tailor an individ-
ualized COS to obtain an ideal number of oocytes, which 
is suggested to maximize live birth rate per fresh embryo 
transfer (35). A number of predictors of ovarian reserve 
have been identified including patient age, biochemical 
parameters (FSH and anti-Mullerian hormone [AMH]), 
morphological parameters (antral follicular count [AFC]), 

and some clinical conditions such as polycystic ovary syn-
drome and low body mass index (36).

It is well known that the number of germ cells in ova-
ries declines sharply by as early as around the fifth month 
of fetal life, and the process continues after birth. The pro-
cess accelerates again after 30 years of age, reaches critical 
level after 40, and conception with own eggs is excep-
tional after 45, both by natural and assisted reproductive 
techniques. Although ovarian reserve declines with age 
(37), it does not represent an optimal predictor of ovarian 
response (38).

Basal serum FSH has been considered for many years 
the most important and reliable marker to predict ovarian 
response to stimulation in IVF/ICSI cycles. Basal serum 
FSH concentration begins to rise on average a decade 
or more before the menopause. Although the basal FSH 
level is widely used as a predictor of ovarian response, its 
accuracy is low, and it is only suggested for counselling 
purposes (39). The correlation between different groups of 
patients and basal FSH values is in fact statistically poor 
and does not allow exact classification. More recently it 
has been demonstrated that basal serum FSH is a good 
predictor of ovarian response only at very high threshold 
levels (>FSH 12 mIU/mL), symptomatic of a very compro-
mised ovarian reserve (39).

AMH is produced by preantral follicles and small 
antral follicles of up to 7–8 mm in size. It inhibits FSH-
mediated GC proliferation, follicular growth, and aroma-
tase activity (40). AMH provides a quantitative evaluation 
of the amount of follicles available in the ovary (41,42). 
AMH level has a very low inter- and intra-cycle variabil-
ity, remaining stable during menstrual cycles (43). AMH 
level has been demonstrated to predict a number of IVF 
outcomes. It correlates with oocyte yield (44–46), and the 
time interval between serum AMH and the beginning of 
the ovarian stimulation of up to 12 months does not seem 
to modify the capacity of the marker to identify patients 
with low or high ovarian response (47). AMH can be per-
formed at any point during a menstrual cycle and has low 
intra- and inter-cycle variability and good inter-operator 
and inter-center consistency (43). However, improper 
storage and handling of blood samples, delayed centrifu-
gation, or storage at room temperature may have a great 
influence on the result of the assay (48). For these reasons 
different authors have suggested caution in the interpre-
tation of AMH levels if not performed in a standardized 
way (49,50). AMH level may also predict embryo quality 
(51) and several authors suggest that this marker could be 
used to predict pregnancy outcomes (52–55). However, to 
date, the association between AMH level and pregnancy 
rates or live births could not be confirmed by several 
studies (56–59), including two separate meta-analyses 
(60,61). The antral follicle count has also been suggested 
as a predictor of several important IVF outcomes. A lin-
ear relationship between AFC and the number of retrieved 
oocytes has been clearly shown (46,62–64). Moreover, this 
marker can predict cycle cancellations as a result of poor 
ovarian response (65,66). AFC is easy to perform, fairly 
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noninvasive, and provides immediate results. On the 
other hand, it has inter-observer variation due to the sub-
jective determination of follicular number and differences 
in technology used and training performed. Recently, data 
have emerged to support the combination of AFC and 
AMH level as the preferred method for predicting ovar-
ian reserve with a varied degree of precision (41,49,67,68). 
Receiver operating characteristic curve studies within sin-
gle centers and meta-analyses have shown that both AFC 
and AMH levels can identify patients likely to respond to 
exogenous gonadotrophins with poor, normal, or hyper-
response (41,47,67,68).

Individualized stimulating regimens

The main objective of an ideal stimulation protocol is to 
offer every single woman the best treatment tailored to 
her own unique characteristics in order to fully exploit the 
ovarian reserve. The number of oocyte retrieved, in fact, is 
a key factor for maximizing cumulative birth rates. Several 
papers have suggested about 15 oocytes retrieved as an 
ideal number for maximizing the live birth rate in fresh 
embryo transfer cycles (35). However, when we consider 
the cumulative live birth rate (fresh + cryo embryo trans-
fers), both clinical pregnancy and live birth rates continue 
to increase as the number of collected oocytes increases 
(69,70). Notwithstanding, some authors suggested that 
excessive ovarian stimulation has a detrimental effect on 
oocyte quality (71–73), resulting in embryos with a higher 
rate of aneuploidy (73,74). This finding is not confirmed by 
our experience where, performing comprehensive chro-
mosomal screening (preimplantation genetic screening) 
at the blastocyst stage, we observed a clear positive rela-
tionship between number of retrieved oocytes, number of 
blastocysts, and euploid blastocysts available per patient 
(75). Moreover, the euploidy rate was not related to the 
number of oocytes retrieved as also reported by Ata and 
colleagues (76).

Although the first successful pregnancy after IVF and 
embryo transfer was performed in the natural unstimu-
lated cycle of an infertile woman with a tubal factor (77), 
it was soon observed that pregnancy rates per IVF attempt 
increase when more than one embryo is available for 
transfer (78). Over the last 30 years, different stimulation 
protocols have been proposed.

At the beginning of the 1990s, short-term treatments 
with GnRHas combined with gonadotropins were aban-
doned in favor of long-term GnRHa stimulation proto-
cols that allowed the retrieval of more oocytes (79,80). 
About 15 years ago, GnRH antagonists were introduced 
in IVF (14–16). These GnRH analogs induce an immedi-
ate suppression of the pituitary function, which allows the 
administration of gonadotropins without pituitary sup-
pression, resulting in shorter and more “patient-friendly” 
stimulation protocols (17,18). This approach also allows us 
to obtain similar ongoing pregnancy and live birth rates 
compared with the standard long-term GnRHa protocols 
(81,82), but provides important advantages. In particu-
lar, it is possible to trigger ovulation with GnRHa while 

avoiding the onset of the OHSS in almost all cycles at risk 
of the syndrome (20,21). These benefits have justified a 
radical change worldwide from the standard long-term 
agonist protocol in favor of antagonist regimens.

Over the past few years, particular attention has been 
also paid to the development of simplified ovarian stimula-
tion regimens in order to identify novel, more convenient 
approaches as valid alternatives to existing protocols. In this 
context, the quite recent introduction of a long-acting FSH, 
corifollitropin alfa, is notable. This new therapeutic option, 
consisting of a chimeric recombinant molecule composed 
of FSH and the carboxy-terminal peptide of hCG, func-
tions as a long-acting FSH agonist. Corifollitropin alfa has 
a longer half-life compared to recombinant FSH (rFSH) 
and therefore a single injected dose is sufficient to effec-
tively induce and sustain multifollicular growth (83–86). 
The effectiveness and safety of the treatment have been 
shown by the absence of any registered difference in clini-
cal pregnancy rate, ongoing pregnancy rate, multiple preg-
nancy rate, miscarriage rate, ectopic pregnancy rate, and 
congenital malformation rate (major or minor) (86).

PERIFOLLICULAR VASCULARIZATION EVALUATION
Besides stimulation protocols and gonadotropin prepara-
tions, oocyte quality might be influenced by perifollicu-
lar vascularization. It has been suggested that insufficient 
perifollicular vascularization measured using color 
Doppler ultrasonography correlates with intrafollicular 
hypoxia (87–89), inducing oocyte cytoplasmic defects, 
disorganized chromosomes, reduced fertilization, and 
embryos with multinucleated blastomeres (88,90,91). 
Embryos with high implantation potential originate from 
well-vascularized and oxygenated follicles (90). According 
to these data, several studies have also shown higher preg-
nancy and implantation rates when embryos resulting 
from the fertilization of oocytes from better-perfused fol-
licles are transferred (92–96). Unfortunately, other studies 
were not able to confirm the clinical value of the associa-
tion between perifollicular vascularization and oocyte 
competence to improve the reproductive outcomes in 
young infertile patients who undergo either intrauterine 
insemination cycles (97) or IVF cycles (98–101). Moreover, 
it is not technically easy to assess perifollicular vascular-
ity during the oocyte retrieval procedure and to perform 
the aspiration and flushing of the selected follicle until 
the oocytes are retrieved. For these reasons, further pro-
spective randomized studies are needed to verify whether 
a relationship exists between the perifollicular vascular-
ization of selected follicles measured using color Doppler 
ultrasonography and their reproductive competence.

OOCYTE–CORONA–CUMULUS COMPLEX EVALUATION
Cumulus cells are Graafian follicular cells that surround 
and nourish the oocyte during its development in the 
ovary. The innermost layer of cumulus cells, immedi-
ately adjacent to the ZP, is called corona radiata. Cells 
of the corona radiata extend their cytoplasm toward the 
oocyte through the ZP. Communication (either paracrine 
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interaction or gap junction) occurs between the oocyte 
and the cumulus–corona cells. Such interactions allow 
oocyte nutrition and maturation during its preovulatory 
growth from the diplotene to the MII stage (102,103). 
Corona radiata and cumulus cells maintain their contact 
with the oocyte at the time of ovulation, during a normal 
menstrual cycle, or after withdrawal by aspiration, in hor-
monally stimulated assisted reproduction cycles.

In mature oocytes, the cumulus–corona mass appears 
as an expanded and mucified layer, due to the active secre-
tion of hyaluronic acid. This extracellular component 
interposes among the cells and separates them, confer-
ring on the cumulus–corona mass a fluffy appearance. 
During unstimulated cycles, the stage of oocyte nuclear 
maturation is coupled with an increased expansion and 
mucification of the cumulus layer (24). However, stimu-
lated cycles may be characterized by an asynchrony of 
these two processes (25). This can be due to a different sen-
sitivity of the oocyte and the cumulus–corona mass to the 
stimulants (25,104).

Studies from Rattanachaiyanont et al. (27), performed 
on oocytes scheduled for denudation and insemination 
by ICSI, reported no correlation between oocyte–corona–
cumulus complex (OCCC) morphology and nuclear 
maturity, fertilization rate, and embryo cleavage. Ebner 
et al. (105) performed similar grading and drew a similar 
conclusion; however, they found that the presence of blood 
clots (but not that of amorphous clumps) was associated 
with dense central granulation of oocytes and had a nega-
tive effect on fertilization and blastocyst rates. Both stud-
ies have found a correlation between a very dense corona 
radiata layer and decreased maturity of oocytes. On the 
other hand, other authors reported that OCCC scoring 
was related to fertilization and pregnancy rates (106), as 
well as to blastocyst quality and development (107).

Lin and colleagues proposed a grading system of 
OCCCs based on the morphology of the oocyte cyto-
plasm, cumulus mass, corona cells, and membrana GCs 
for oocytes prior to insemination by conventional IVF 
(107). Five grades (mature group, approximately mature, 
immature, post-mature, and atretic) were described, as 
shown in Table 7.1 (107). The authors reported higher fer-
tilization rates for the oocytes belonging to the mature 
group compared with those belonging to the other groups. 
Moreover, the immature group was characterized by a 
higher incidence of poor-morphology day 3 embryos as 
compared with the mature group.

In support of a positive effect of cumulus–corona cells on 
oocyte development, it was shown that the partial removal 
of this layer prior to ICSI improved embryo quality and 
development (108). It has been suggested that the presence 
of cumulus–corona cells may help embryonic metabolism, 
by either stimulating gene expression (109) or reducing 
oxidative stress (110). However, to date there is little evi-
dence to clearly support the role of OCCC morphological 
analysis in the prediction of oocyte maturity and com-
petence (111). Nevertheless, recently the Alpha Scientists 
in Reproductive Medicine and the European Society of 

Human Reproduction and Embryology (ESHRE) Special 
Group of Embryology stated that it is reasonable to use a 
more simple binary score in order to recognize compacted 
cumulus cells (score 0) or expanded cumulus cells and radi-
ating corona (score 1) (111). In fact, as suggested by Canipari 
et al. (112), it is reasonable to assume that there is a higher 
probability of obtaining a better-quality mature oocyte in a 
normally expanded cumulus than in a non-expanded one.

Although cumulus–corona mass observation is not 
sufficient to evaluate oocyte maturity and competence, it 
is reasonable to hypothesize that ooplasm development 
is influenced by the action of these cells. In accordance 
with this hypothesis, it has been suggested that cumulus–
corona cells play an important role in the in vitro matura-
tion of oocytes that were immature at the time of retrieval 
(113,114).

Recently, more interesting approaches have been devel-
oped in order to better understand oocyte quality on the 
basis of cumulus cells and GCs RNA/protein content and 
metabolite production (the so-called “omics technology”; 

Table 7.1 Oocyte–corona–cumulus complex 
evaluation scheme

Groups OCCC morphology

Mature Expanded cumulus
Radiant corona
Distinct zona pellucida, clear ooplasm
Expanded well-aggregated membrane 

granulosa cells
Approximately 

mature
Expanded cumulus mass
Slightly compact corona radiata
Expanded, well-aggregated membrana 

granulosa cells
Immature Dense compact cumulus if present

Adherent compact layer of corona cells
Ooplasm if visible with the presence of 

germinal vesicle
Compact and nonaggregated 

membrana granulosa cells
Postmature Expanded cumulus with clumps

Radiant corona radiata, yet often 
clumped, irregular, or incomplete

Visible zona, slightly granular or dark 
ooplasm

Small and relatively nonaggregated 
membrana granulosa cells

Atretic Rarely with associated cumulus mass
Clumped and very irregular corona 

radiata if present
Visible zona, dark and frequently 

misshapen ooplasm
Membrana granulosa cells with very 

small clumps of cells

Source: Adapted from Lin YC, Chang SY, Lan KC et al. J Assist Reprod 
Genet 2003; 20: 506–12.
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that is: genomic, transcriptomic, proteomic, and metabo-
lomic). In fact, given that folliculogenesis and oogenesis, as 
already mentioned, rely on the bidirectional communication 
between the oocyte and the surrounding cells, it is conceiv-
able that the study of GCs and cumulus cells function may 
provide valuable additional information about oocyte com-
petence (115,116). Moreover, since GCs and cumulus cells 
are usually discarded in ICSI treatments, these new molecu-
lar alternatives to standard morphological assessment offer 
a completely noninvasive tool in the egg selection process.

Transcriptomics (the assessment of the cell total RNA 
content) (117) enables both quantitative and qualitative 
analysis of differentially expressed genes under physi-
ologic or pathologic conditions. In the “candidate gene 
approach,” it is possible to study the differential expres-
sion of individual already-defined genes, whereas micro-
arrays are used to obtain whole-genome transcriptomic 
profiling with the creation of a similarly exhaustive list of 
genes differentially expressed in GCs and cumulus cells 
surrounding healthy oocytes versus non-viable ones (116). 
To date, many genes involved in different cellular path-
ways and processes have been investigated. Unfortunately, 
the obtained data are still not uniform and conclusive, and 
there is limited consensus on the identified markers (116). 
In fact, a lot of information has been generated that we are 
not yet able to correctly understand, mainly because of the 
extreme difficulty in the determination of a true threshold 
value for physiologic inter- and intra-samples variance. 
Moreover, the studies published so far differ considerably 
in terms of size of study population, technology employed, 
treatment protocol, maternal age, culture conditions, 
transfer policy, and referred outcomes, so that the conclu-
sions appear to be strongly biased (115,116).

Beyond transcriptomics, proteomics (the study of the 
cell total protein content) (117) is gathering increasing con-
sideration, since it is believed that protein content is more 
directly linked to a given phenotype (117). Unfortunately, 
very few articles have been published on the subject and 
even partial pattern profiling is still lacking (116).

Finally, metabolomics (the study of the complete content 
of small non-proteinaceous molecules in a given biological 
fluid, resulting from the action of different proteins and 
gene expression pathways) (118,119) may provide addi-
tional useful information about the immediate functional 
status of a certain biological system (i.e., OCCC function) 
(118,119), but this approach is currently under investiga-
tion and more studies are needed (116).

OOCYTE NUCLEAR MATURITY EVALUATION
Direct observation of oocyte morphology, including the 
extracytoplasmic components, is possible only after the 
denudation of its cumulus and corona layers. The use of 
hyaluronidase enzyme and mechanical pipetting facilitates 
the breaking down of the cumulus–corona extracellular 
matrix. This method is normally used when insemination 
by ICSI is going to be performed. A meiotically mature 
oocyte is blocked at the MII stage. Completion of meiotic 
maturation occurs only after sperm entry and consequent 

oocyte activation. Currently, oocyte nuclear maturity is 
determined by the presence of an extruded IPB in the PVS 
and by the absence of a GV. Nonsynchronous oocyte mat-
uration is often observed after ovarian hyperstimulation. 
Approximately 85% of the denuded oocytes display the IPB 
and are classified as MII. In about 10% a GV is present in 
the oocyte cytoplasm; approximately 5% of the oocytes are 
in the metaphase of the first meiotic division (MI) with no 
visible GV and IPB (120). Immature oocytes (GV and MI) 
can potentially be matured in vitro (121–123). However, a 
high incidence of genetic abnormalities has been observed 
in the embryos derived from in vitro-matured oocytes 
(124). Similarly, the implantation and pregnancy rates of 
embryos obtained with in vitro-matured oocytes are sig-
nificantly lower than those observed with in vivo-matured 
counterparts (125). Although a comparable obstetric and 
neonatal outcome is reported between children conceived 
with in vitro-matured oocytes and those born after tra-
ditional IVF (126–128), the low number of children con-
ceived after in vitro maturation (IVM) does not allow for 
an accurate evaluation of malformation rates. Therefore, 
immature oocytes obtained by ovarian hyperstimulation 
should not be selected for insemination.

At the MII stage, the oocyte chromosomes are aligned 
at the equatorial region of the meiotic spindle (MS). This 
structure plays a crucial role in the sequence of events 
leading to the correct completion of meiosis and fertil-
ization and thus is a key determinant of oocyte develop-
mental potential. However, the MS microtubules, which 
are responsible for proper chromosomal segregation, are 
highly sensitive to the chemical and physical changes that 
may occur during oocyte retrieval and handling. It has 
been shown that oocyte exposure to slight temperature 
fluctuations dramatically affects microtubular structure, 
with deleterious consequences on chromosomal organiza-
tion (129–133). Other parameters, such as increased mater-
nal age (134,135) and oocyte in vitro aging (136), are also 
associated with the disruption of MS architecture. The 
most potentially dramatic consequences of MS alteration 
are the unbalanced disjunction and/or non-disjunction of 
chromatids, chromosome scattering, and the formation of 
aneuploid embryos (134,137,138). The introduction of an 
orientation-independent polarized light microscopy sys-
tem (Spindle View PolScope system, CRI, Woburn, MA), 
coupled with an image processing software, allowed the 
visualization of MS in living oocytes (139–141). Parallel-
aligned MS microtubules are birefringent and able to shift 
the plane of polarized light, inducing retardance. These 
properties enable the system to generate contrast and to 
image the MS structure. Moreover, digital processing 
enhances signal sensitivity. Unlike conventional methods 
of MS imaging, the Spindle View system does not require 
oocyte fixation and staining. In this way the MS can be 
visualized in a noninvasive fashion, preserving oocyte 
viability. Using the Spindle View system, additional infor-
mation about human oocyte maturity and developmental 
potentiality has been produced. Several studies (142–149) 
indicate the importance of the presence of a detectable MS 
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in the oocyte cytoplasm prior to ICSI. A clear positive cor-
relation between MS visualization, fertilization rate, and/
or embryo development and/or blastocyst progression 
was described in these studies (Table 7.2). The absence of 
a detectable MS and the consequent oocyte developmental 
impairment may be primarily ascribed to oocyte imma-
turity (138). It has been hypothesized that the lack of MS 
formation could be the result of aberrant signaling path-
ways or low energy supply during oocyte growth, result-
ing in both nuclear and cytoplasmic immaturity (12,138). 
Moreover, some oocytes were found to be clearly immature 
at the stage of telophase I (Figure 7.1) when observed with the 
Spindle View system (28–30). At this stage there is continu-
ity between the ooplasm and the cytoplasm of the forming 
IPB, and the MS is interposed between the two separating 
cells. These oocytes would have been classified as “mature” 

MII with light microscopy, based on the presence of an IPB 
(Figure 7.1a). Therefore, the use of the Spindle View system 
allows an accurate determination of oocyte nuclear matu-
rity and selection of fully mature eggs. However, it must 
be underlined that unfavorable culture conditions may also 
induce MS disassembly (11,142,143). In this case the lack 
of MS should be ascribed to environmental stress and not 
to oocyte incompetence to reach maturity. The percentage 
of oocytes displaying a detectable MS varies between 60% 
and 90% in different studies (Table 7.2) (142,144,145,147). 
This difference seems to be related to some important labo-
ratory and clinical parameters: (i) the thermal control dur-
ing oocytes handling (133,150); (ii) the technique of MS 
visualization (145,147,148); and (iii) the time elapsed from 
hCG administration (147). Because of the high sensitivity 
of the MS to temperature variations, thermal stability is 

(b)(a)

Figure 7.1 (a) Telophase I oocyte observed with light microscopy (Hoffman contrast) and (b) with polarized light microscopy 
(Spindle View system). Only with this latter system is it possible to observe the immature meiotic spindle (arrow) and to assess the 
maturation stage of this oocyte. (Magnification 400×.)

Table 7.2 Relationship between the presence of a detectable meiotic spindle in fresh metaphase stage II oocytes and the 
intracytoplasmic sperm injection outcome

Meiotic spindle presence

Yes No

Wang 
et al. (142)

Moon 
et al. (144)

Rienzi 
et al. (145)

Cohen 
et al. (147)

Wang 
et al. 
(142)

Moon 
et al. (144)

Rienzi 
et al. 
(145)

Cohen 
et al. 
(147)

Injected 
oocytes (%)

1266 (82.0) 523 (83.5) 484 (91.0) 585 (76.0) 278 (18.0) 103 (16.5) 48 (9.0) 185 (24.0)

Fertilized 
oocytes (%)

879 (69.4)a 430 (82.2) 362 (74.8)b 412 (70.4)c 175 (62.9)d 79 (75.7) 16 (33.3)e 115 (62.2)f

Good-quality 
embryos (%)

583 (46.0)g 276 (52.8)h 268 (55.4)i 169 (47.2) 97 (34.9)j 28 (27.2)k 9 (18.7)l 32 (35.6)

a,dp < 0.05; b,ep < 0.01; c,fp < 0.035; g,jp < 0.01; h,kp < 0.01; i,lp < 0.01.
Source: Adapted from Wang WH, Meng L, Hackett RJ et al. Hum Reprod 2001; 16: 1464–8; Moon JH, Hyun CS, Lee SW et al. Hum Reprod 2003; 18: 

817–20; Rienzi L, Ubaldi F, Martinez F et al. Hum Reprod 2003; 18: 1289–93; Cohen Y, Malcov M, Schwartz T et al. Hum Reprod 2004; 19: 
649–54.
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necessary during oocyte observation and manipulation. 
In addition, oocyte rotation, by means of a micropipette, 
allows correct orientation of the MS structure, which there-
fore becomes more favorable to visualization under polar-
ized light (145,146). Finally, Cohen and co-authors (147) 
found that the percentage of oocytes with detectable MS 
was positively related to the time elapsed from hCG admin-
istration. For this reason it was recommended to postpone 
ICSI to 38–42 hours after hCG injection in order to allow 
complete oocyte maturation prior to insemination. Besides 
its role in chromosome segregation, the MS is also a key 
organelle in the creation of the IPB. Its position at the very 
periphery of the cell, attached to the oolemma cortex (151), 
dictates the orientation of the cleavage furrow and thus the 
IPB extrusion site. However, IPB has been found to be fre-
quently dislocated from the MS location after the denuda-
tion procedure (144,145). Artefactual displacement of the 
IPB from its original extrusion place adjacent to the MS 
position is believed to be due to the manipulation required 
for cumulus–corona cell removal (145). No relationship 
between moderate degree of IPB/MS deviation and ICSI 
outcomes has been described in these studies. However, we 
found that the mechanical stress that induces IPB disloca-
tion more than 90° from the MS position correlates with 
lower fertilization ability (145). Another possible draw-
back of IPB displacement is the potential injury to the MS 
during microinsemination. In fact, the ICSI procedure is 
performed with the IPB at 90° from the injection pipette 
entry site. Displaced IPB may thus expose the MS to the 
injection pipette passageway during oocyte microinsemi-
nation and therefore to mechanical damage (Figure 7.2). 
As a consequence, the Spindle View system has been pro-
posed as a useful tool to safely perform ICSI, since it allows 
the correct orientation of the oocyte with the MS (and not 
the IPB) as far as possible from the injection needle. The 
Spindle View system also produced quantitative informa-
tion about the MS. In fact, the degree of birefringence is 

directly proportional to the molecular organization of the 
structure (Figure 7.3). A possible correlation between MS 
birefringence, oocyte quality, and embryo development has 
been suggested (30,148,152). Moreover, a negative correla-
tion between female age and MS retardance has been found 
(Figure 7.4) (30,148), suggesting that older women have a 
lower MS microtubular density, which could explain their 
higher risk of producing aneuploid embryos. These results 
are in agreement with observations by confocal micros-
copy that MS architecture is strictly related to female age 
(134). Nevertheless, MS mean retardance, area, and length 
are not statistically significantly different in conception 
and non-conception cycles. Thus, it seems that polariza-
tion microscopy cannot be used as a noninvasive marker to 
predict IVF outcome (153,154).

As described above, the completion of meiotic matura-
tion occurs only after sperm entry and the extrusion of 
the second polar body. This event is generally unidenti-
fied, occurring before the conventional first pronuclear 
assessment performed at 16–22 hours post-insemination. 
Recently, the introduction of time-lapse technology has 
allowed the observation of the entire progression of embryo 
development, overcoming the limitations of the traditional 
static observations. Aguilar et al. (155) have described the 
whole dynamics of the first cell cycle in human zygotes. 
Most of the oocytes extruded the second polar body adja-
cent to the IPB, although a small percentage (10%) extruded 
it on the opposite side; however, the extrusion location does 
not seem to have a significant relationship with embryo 
implantation. Instead, the evaluation of the optimal tim-
ing shows that oocytes extruding the second polar body 
at 1.0–3.2 hours post-ICSI had a lower implantation rate 
than those taking a longer time (3.3–10.6 hours). Different 
observations have been reported by Azzarello et al. (156), 
suggesting a comparable timing of second polar body 
extrusion in implanted and non-implanted embryos.

MII OOCYTE MORPHOLOGICAL EVALUATION
It is generally recognized that a “normal” human MII oocyte 
should have a round, clear ZP, a small PVS containing a sin-
gle, non-fragmented IPB, and a pale, moderately granular 
cytoplasm with no inclusions (108,157–162). However, the 
majority of the oocytes retrieved after ovarian hyperstimu-
lation exhibit one or more morphological abnormalities 
involving the cytoplasm aspect and/or the extracytoplas-
mic structures (108,158–163). The actual negative impact 
of the different oocyte “abnormalities” on IVF and ICSI 
outcomes is unclear (108,161,164). Some authors have sug-
gested that oocytes can be fertilized by ICSI regardless of 
their morphological appearance (158,160). Furthermore, 
embryo quality seems not to be affected by oocyte mor-
phology. Similar clinical pregnancy and implantation rates 
were also obtained after transferring embryos derived from 
“abnormal” oocytes as compared with those obtained 
with embryos derived from “normal”-appearing oocytes 
(27,158–160,165–168). On the other hand, different authors 
have reported a correlation between oocyte morphol-
ogy and embryo developmental potential. Regarding the 

Figure 7.2 Metaphase II oocyte with a meiotic spindle 
located at three o’clock (red arrow) in the way of the injection 
pipette. The three different layers of the zona pellucida (ZP) are 
clearly visible (white arrows). (Magnification 400×.)
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cumulative effect of multiple morphological features, Xia 
(159) showed that oocyte grading based on IPB morphol-
ogy, size of PVS, and cytoplasmic inclusions was correlated 
with its developmental potential after ICSI. In the study of 
Chamayou et al. (167), the cumulative effect of morphologi-
cal features including cytoplasmic texture, inclusions, vacu-
oles, refractile bodies, and central granulation was found to 
be related to impaired embryo quality, but did not influence 
pregnancy rates. A completely different conclusion has 
been obtained by Serhal and co-authors (169), who found 
that similar features did not influence in vitro develop-
mental parameters, but implantation and pregnancy rates 
were lower when embryos were derived from oocytes with 
cytoplasmic abnormalities. IPB morphology has also been 
suggested as a possible predictor of oocyte fertilization and 
embryo quality after ICSI by other authors (30,162,170,171).

Transferring embryos selected according to IPB 
morphology leads to an increase in implantation and 

pregnancy rates (170). According to Rienzi and co-authors 
(172), abnormal (large or degenerated) IPB was related to 
decreased fertilization rates, but did not show any cor-
relation with pronuclear morphology or embryo quality, 
while fragmentation was not associated with any of these 
outcomes. Moreover, embryos derived from oocytes with 
an intact IPB were more prone to develop into a blasto-
cyst than embryos derived from oocytes with fragmented 
IPB (173). Navarro et al. (174) found a correlation between 
large IPB and decreased fertilization, cleavage rates, and 
compromised embryo quality. Surprisingly, fragmenta-
tion or degeneration of IPBs was found to be related to 
higher fertilization rates and lower levels of fragmentation 
of embryos by Fancsovits and co-authors (175), while large 
IPBs were associated with compromised fertilization and 
low embryo quality. Nevertheless, other studies have failed 
to demonstrate a relationship between IPB fragmentation 
and embryo development (30,161,166,176). Moreover, the 
aneuploidy rate in MII oocytes is reported to be unrelated 
to the status of the IPB (177). It must be underlined that the 
frequency of IPB fragmentation is associated with the time 
elapsed from denudation and ICSI (161,171). This morpho-
logical trait seems to be a marker of postovulatory age of 
the oocyte (32) and thus to be a consequence of in vitro 
aging instead of being a proper marker of oocyte quality. 
In our experience (172), only the presence of degenerated 
or large IPBs (Figure 7.5) (but not fragmented) was associ-
ated with a reduced fertilization rate after ICSI.

The presence of a degenerated IPB may reflect an asyn-
chrony between nuclear and cytoplasmic maturation (32), 
which would explain the lower developmental potential of 
the oocyte (30,159,170). On the other hand, the emission 
of an abnormally large IPB may be ascribed to the inabil-
ity of the MS to migrate correctly at the very periphery 
of the cell (30,178). In these cases, IPB morphology may 
be considered to be a marker of oocyte maturation dis-
turbance (30,178). Additional information about oocyte 
quality may be derived by IPB biopsy and chromosomal 
analysis. This particular aspect is discussed in Chapter 26 
by Montag.

(a) (b)

Figure 7.3 (a) Metaphase II oocyte observed with the Spindle View system. (b) Retardance profile of the meiotic spindle. 
(Magnification 400×.)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0
25–29 30–35 35–40 40

Female age (years)

Meiotic Spindle Retardance (nm)

ap0.05

Rama Raju et al., 2007De Santis et al., 2005

Figure 7.4 Relationship between meiotic spindle retar-
dance and female age. (Adapted from De Santis L, Cino I, 
Rabellotti E. Reprod Biomed Online 2005; 11: 36–42; Rama Raju 
GA, Prakash GJ, Krishna KM et al. Reprod Biomed Online 2007; 
14: 166–74.)
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Another factor that may affect oocyte survival (179,180) 
and fertilization rate (172) after insemination by ICSI is 
the presence of a large PVS. This feature seems to reflect 
an over-maturity of the oocytes at the time of ICSI (163). 
However, different studies have failed to find a correlation 
between the size and shape of the PVS and fertilization 
rate and embryo development (158,160,161). Curiously, 
Ten et  al. (176) reported increased embryo quality after 
fertilization of oocytes with increased PVS. On the other 
hand, Rienzi and co-authors (172) found a large PVS to 
be correlated with low fertilization rates and compro-
mised pronuclear morphology, but not with compromised 
embryo quality. The negative effect of this morphotype 

may be related to its degree of extension and to the simul-
taneous presence of other abnormalities, such as enucle-
ated fragments (Figure 7.6).

The aspect of the ZP observed with light microscopy 
seems not to correlate with normal fertilization and 
embryo development (33,160,165,172,181). However, the 
thickness and retardance of the ZP observed with polarized 
light microscopy have been recently proposed as markers 
of oocyte quality. Increased ZP thickness variation was 
associated with increased embryo quality (182). The ZP is 
composed of three different layers, each characterized by 
different molecular arrangements and exhibiting different 
birefringence patterns (Figure 7.2). The external and cen-
tral layers seem to be of no predictive value, whereas the 
retardance of the inner layer has been attributed to blasto-
cyst formation (148) and/or to implantation (149,183).

It is generally reported that the cytoplasmic texture 
is a very important characteristic for oocyte selection 
(34,158,164,165,184–187). Cytoplasmic alteration, such as 
granularity and presence of inclusions (Figure 7.7), may 
be a sign of cytoplasmic incompetence. Some authors 
have suggested that despite normal fertilization and early 
embryo development being achieved in oocytes with 
abnormal cytoplasmic morphology, the resulting embryos 
have a lower implantation potential (157,184).

Particular cytoplasmic defects (such as centrally located 
granular area, sER clusters, and vacuoles) have been asso-
ciated with poorer fertilization and/or embryo develop-
mental potential (34,169,172,180–187). Furthermore, no 
fertilization has been observed when vacuoles >14 µm 
in size were present in the injected oocyte (108,187). 
Conversely, other studies (33,160,169) have shown that 
slight deviations from the normal cytoplasmic texture 
were not associated with unfavorable oocyte development. 
According to Wilding and co-authors (188), any type of 
cytoplasmic granulation was associated with reduced 
fertilization rates than in oocytes with a total absence 

Figure 7.5 Metaphase II oocyte with a giant first polar 
body (arrow) and abnormal cytoplasm. (Magnification 400×.)

(a) (b) (c)

Figure 7.6 Different degrees of perivitelline space (PVS) abnormalities. (a) Enlarged PVS in two areas and with sets (arrows). 
(b) Enlarged PVS in one area (arrow). (c) Oval oocyte with enlarged PVS containing fragments (arrows). (Magnification 400×.)
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of granularity. It may thus be hypothesized that not the 
type but the severity of cytoplasmic defects correlates with 
oocyte developmental impairment (33,161).

The predictive value of several morphological features 
according to selected publications is summarized in 
Table 7.3.

A systematic review of all the papers published between 
1996 and 2009 aiming to evaluate the predictive value of 
oocyte morphology suggested that the influence of oocyte 
dysmorphisms in terms of IVF success is still controver-
sial (164). Moreover, the employment of different criteria 
for oocyte evaluation may be responsible for the discrep-
ancies found in different studies. The Alpha Executive and 
the ESHRE Special Interest Group of Embryology have 
proposed a common terminology for oocyte morphology 
assessment in order to simplify inter-laboratory compari-
son (111). According to the Instanbul Consensus (111), 
only two oocyte morphological anomalies should be han-
dled with caution: “giant” oocytes because of their likely 
abnormal genetic constitution (Figure 7.8); and oocytes 
showing clustering of the sER.

Giant oocytes contain one additional set of chromo-
somes and display two different MSs when observed under 
polarized light. The occurrence of these oocytes is relatively 
rare after ovarian hyperstimulation (it has been estimated 
that 0.2% of these oocytes have a failure of meiosis) (189). 
However, the use of these cells for IVF is rather threaten-
ing. It has been described that all the embryos generated 
from giant oocytes are chromosomally abnormal, but they 
may have normal cleavage and development to the blasto-
cyst stage (190). The transfer of these embryos could thus 
increase the risk of undesired miscarriages (190).

The potential association between sER aggregation and 
certain imprinting disorders (e.g., Beckwith–Wiedemann 
syndrome, diaphragmatic hernia, and multiple malfor-
mations) (191–194) has led embryologists to discard these 
oocytes. However, more recent literature evidence has 
suggested that embryos derived from sER oocytes may 
have a normal development, resulting in healthy new-
borns (195).

According to a recent systematic review (196), 183 
babies have been born from sER-positive cycles: 171 were 
healthy, 8 live births presented malformations, 3 were 
neonatal deaths, and 1 was stillborn, and 4 additional 
terminations of pregnancy occurred. Therefore, a con-
tinuous follow-up of children born after transfers with 
embryos originating from sER-positive oocytes should 
be encouraged in order to investigate the origin and pos-
sible effect of sER on the molecular status of oocytes and 
embryos.

CONCLUSIONS
Useful, effective, and noninvasive grading tools are avail-
able for pronuclear, embryo, and blastocyst stage scoring, 
each of which has been individually shown to be predic-
tive of embryo competence (197–216). However, in addi-
tion to morphological assessment, other features of the 
human embryo may be useful for more accurate selection: 
embryo physiology, for instance, evaluated by measure-
ments of metabolic activity and normality, may help to 
determine embryonic “health” (118,217–223). Moreover, 
preimplantation genetic screening at the blastocyst stage 
of trophoectoderm chromosomal constitution may give 
important information about embryonic developmental 
potential (224–226). With the current trend being toward 
limiting the number of embryos to be transferred, and 
thus the occurrence of multiple pregnancies, the ability 
of the embryologist to identify the embryo with the high-
est implantation potential is crucial. Nowadays, limited 
noninvasive tools exist to permit classification of human 
oocyte quality prior to fertilization.

The stimulation protocols, different pharmacological 
preparations, and perifollicular vascularization might 
influence human oocyte quality. In addition, oocyte 
observation under light microscopy provides assessments 
of several morphological characteristics. It seems, how-
ever, that slight deviations from morphological normal-
ity should not be considered as abnormal phenotypes. 
Only few oocyte morphological anomalies are truly asso-
ciated with embryo developmental competence (giant 

(a) (b) (c)

Figure 7.7 Different types of cytoplasmic inclusions. (a) Refractile body (arrow), (b) vacuole (arrow), and (c) smooth endoplasmic 
reticulum cluster (arrow). (Magnification 400×.)
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oocytes)—the remaining should be ascribed to pheno-
typic variance (111).

The analysis of MSs in living oocytes with the Spindle 
View system has shown that detectable MSs are func-
tionally superior to non-detectable ones (133,142,143). 
Furthermore, embryos derived from oocytes with func-
tionally poor MSs have impaired cell development 
(144,145,147). However, it must be underlined that more 
than 90% of MII oocytes not exposed to unfavorable labo-
ratory conditions display a detectable MS when observed 
with the Spindle View system. Therefore, while having 
ascertained that the absence of a signal is an important 
negative prognostic factor, the presence of MSs, which 
involves the majority of the MII oocytes subjected to this 
evaluation, is of limited value for oocyte selection (30).

In addition to the above-mentioned evaluation criteria, 
other methods could be able to provide additional infor-
mation on oocyte quality, such as (227):

• Assessment of GC and cumulus cell apoptosis status
• Evaluation of oxidative stress in follicular fluid and GCs
• Follicular cell gene expression profiles by real-time 

polymerase chain reaction or DNA microarray
• Measurement of follicular fluid molecular content
• Ultramicrofluorimetric quantitation of oocyte carbohy-

drate consumption and metabolite release in the culture 
medium

Although potentially useful, further investigation is 
needed to ensure the consistency, reliability, and sensitiv-
ity of these methods. In addition, some of these methods 
are characterized by time-consuming protocols that imply 
in vitro oocyte aging.

On the basis of the above-mentioned potentialities of 
oocyte selection tools, future perspectives for the better-
ment of assisted reproductive techniques reside in creating 
a direct connection between IVF laboratories and research 
units. The so-called “omics technologies” (transcriptomic, 
proteomic, and metabolomic) is gaining increased inter-
est from the scientific community. The results obtained so 
far are intriguing and encouraging, but it would be wise 
to raise some concerns. In fact, the high costs, difficulty 

of the techniques, and time required for testing are cur-
rently limiting their routine applicability. Moreover, it is 
of the utmost importance to provide definitive evidence 
of the bio-safety of these techniques, and more studies 
are required in order to determine their predictive power 
(115,117).
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8Preparation and evaluation of oocytes 
for intracytoplasmic sperm injection
IRIT GRANOT and NAVA DEKEL

INTRODUCTION
Resumption of meiosis in the oocyte is an essential pre-
lude to successful fertilization. The meiotic division of the 
mammalian oocyte is initiated during fetal life, proceeds 
up to the diplotene stage of the first prophase, and arrests 
at birth. Meiotic arrest persists throughout childhood 
until the onset of puberty. In a sexually mature female, 
at each cycle one or more oocytes, according to the spe-
cies, reinitiate the meiotic division. The chromatin in the 
meiotically arrested oocytes is encapsulated by a nuclear 
structure known as the germinal vesicle (GV; Figure 
8.1a). The GV in oocytes resuming meiosis disappears 
(Figure 8.1b), the condensed chromosomes align on the 
newly formed meiotic spindle, and the pairs of homolo-
gous chromosomes segregate between the oocyte and the 
first polar body (Figure 8.1c). Emission of the first polar 
body, which represents the completion of the first round 
of meiotic division, is immediately followed by the forma-
tion of the second meiotic spindle with the remaining set 
of homologous chromosomes aligned on its equatorial 
plate. The whole series of events, initiated by GV break-
down (GVB) and completed at the metaphase of the sec-
ond round of meiosis (MII), leads to the production of a 
mature fertilizable oocyte, also known as an egg. The egg 
is arrested at MII and will complete the meiotic division 
only after the penetration of the spermatozoon (1). The 
physiological stimulus for re-initiation of meiosis is pro-
vided by the preovulatory surge of luteinizing hormone 
(LH) (2). Once oocyte maturation is completed, LH fur-
ther induces ovulation, during which the follicle releases 
the mature oocyte that is picked up by the infundibular 
fimbria of the oviduct.

The egg released from the ovarian follicle is accompa-
nied by the cumulus cells. Prior to ovulation, in concomi-
tance with oocyte maturation, the cumulus undergoes 
characteristic transformations that are also stimulated by 
LH. In response to this gonadotropin, the cumulus cells 
produce specific glycosaminoglycans, the secretion of 
which results in cumulus mucification and its expansion. 
The major component of the extracellular matrix secreted 
by the cumulus cells is hyaluronic acid (3–7). The muci-
fied cumulus mass that encapsulates the ovulated egg is 
penetrated by the spermatozoon that uses enzymes local-
ized on its surface membrane to accomplish this mission. 
Sperm membrane protein PH-20, which is present on the 
plasma membrane of sperm cells of many species, such as 
guinea pigs, mice, macaques, and humans, exhibits hyal-
uronidase-like activity that facilitates this action (8–11). 

Furthermore, a later study has demonstrated that a plasma 
membrane-associated hyaluronidase is localized to the 
posterior acrosomal region of equine sperm (12).

Having traversed the cumulus, the spermatozoon 
undergoes acrosome reaction and binds to the zona pel-
lucida. Sperm–zona pellucida binding is mediated by 
specific sperm surface receptors. The primary ligand on 
the zona pellucida, ZP3, specifically binds to the plasma 
membrane of the acrosomal cap of the intact sperm. The 
secondary zona ligand, ZP2, binds to the inner acrosomal 
membrane of the spermatozoon (13–15). One of the inner 
acrosomal membrane sperm receptors was identified as 
acrosin (16–18). In order to penetrate the zona pellucida, 
the spermatozoon utilizes enzymatic as well as mechani-
cal mechanisms. Specific enzymes that are released by the 
acrosome-reacted spermatozoon allow the invasion of 
the zona pellucida by local degradation of its components 
(19,20). This enzymatic action is assisted by mechanical 
force generated by vigorous tail beatings that facilitate the 
penetration of the sharp sperm head (18–22).

Having penetrated the zona pellucida, the sperm crosses 
the perivitelline space and its head attaches to the egg’s 
plasma membrane (oolemma). Sperm head attachment to 
the oolemma is followed by its incorporation into the egg 
cytoplasm (ooplasm). Sperm incorporation is initiated by 
phagocytosis of the anterior region of its head followed by 
fusion of the head’s posterior region as well as the tail with 
the egg membrane (23–25). The scientific efforts that have 
been invested by reproductive biologists in studying the 
process of gametogenesis and fertilization in animal mod-
els laid the groundwork for the design of in vitro proce-
dures for assisted reproduction. These procedures that are 
successfully practiced at present in human patients essen-
tially attempted to mimic the biological processes in vivo.

In vitro fertilization (IVF) regimens of treatment, which 
are continuously being improved, have allowed the birth of 
over a million babies all over the world. One such improve-
ment, which represents a major breakthrough in this area, 
is intracytoplasmic sperm injection (ICSI). Until 1992, 
most infertility failures originating from a severe male 
factor were untreatable. Micromanipulation techniques 
such as partial zona dissection (26–29) and subzonal 
sperm injection (28,30–34), designed to overcome the 
poor performance of sperm cells, did not result in a sub-
stantial improvement of the rate of success of in vivo fertil-
ization. However, ICSI, which was established by the team 
led by Professor Van Steirteghen at the Free University 
in Brussels, Belgium, and initially reported by Palermo 
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et  al. (34), has generated dramatic progress (35–38). The 
ICSI procedure involves the injection of a single sperm cell 
intracytoplasmically into an egg. Fertility failures associ-
ated with an extremely low sperm count were found to be 
successfully treated by this technique. Furthermore, as the 
sperm is microinjected into the ooplasma, it bypasses the 
passage through the zona pellucida and is not required to 
interact with the oolemma. Therefore, infertility problems 
that originate from faulty sperm–egg interaction may also 
be resolved by this IVF protocol of treatment.

HANDLING OF OOCYTES
Similar to conventional IVF, patients for ICSI undergo 
programmed induction of superovulation followed by 
scheduled oocyte retrieval (Chapter 7). Under all proto-
cols of treatment, identification of the cumulus–oocyte 
complexes and evaluation of their maturity are carried 
out immediately after follicle aspiration, as described in 
Chapter 7. However, unlike conventional IVF, in which 
intact mature cumulus–oocyte complexes are insemi-
nated, cumulus cells that surround the eggs are removed 
before microinjection.

Denudation of the mature oocytes is an essential pre-
requisite for ICSI. Cumulus cells may block the inject-
ing needle, thus interfering with oocyte microinjection. 
Furthermore, in the presence of the cumulus, visualiza-
tion of the egg is very limited. Since only mature oocytes 
that have reached MII are suitable for ICSI, optimal opti-
cal conditions that allow the assessment of the meiotic 
status of the oocytes are required. Oocyte maturation is 
determined morphologically by the absence of the GV and 
the presence of the first polar body. Good optical condi-
tions are also necessary for the positioning of the mature 
oocyte in the right orientation for injection (Chapter 13). 
Preparation of the retrieved mature oocytes for ICSI should 
be carried out under conditions of constant pH of 7.3 and 
a stable temperature of 37°C. In order to maintain the 
appropriate pH, 4-(2-hydroxyet4hyl)-1-piperazineethane 
sulfonic acid (HEPES)-buffered culture media are used. 

The correct temperature is maintained during egg han-
dling by the use of a microscope equipped with a heated 
stage. Most of the procedures are performed under Earle’s 
balanced salts solution-treated and CO2-equilibrated par-
affin/mineral oil that prevents evaporation of the medium 
and minimizes the fluctuations of both the pH and the 
temperature.

Temperature fluctuations that are likely to accompany 
the handling of eggs have been shown to be specifically 
detrimental for the microtubular system. Changes in spin-
dle organization were observed in human mature oocytes 
cooled to room temperature for only 10 minutes. These 
changes included a reduction in spindle size, disorgani-
zation of microtubules within the spindle, and, in some 
cases, even a complete absence of microtubules (39,40). 
The susceptibility of the microtubules to temperature 
variations has been also shown in mature mouse oocytes 
(41). Interference with spindle organization can disturb 
the faithful segregation of the chromosomes, resulting in 
aneuploidy.

LABORATORY PROCEDURES
Removal of the surrounding cumulus cells is accom-
plished by combined enzymatic and mechanical treatment 
carried out under a stereoscopic dissecting microscope. 
A preincubation period of at least three hours between 
oocyte retrieval and removal of the cumulus cells was 
recommended by one study (42). This recommendation 
was challenged by other studies, which did not demon-
strate differences in ICSI outcomes that correlated with 
the time interval between egg aspiration and microinjec-
tion (43,44). On the other hand, preincubation time that 
exceeded nine hours resulted in embryos of lower qual-
ity (43). Garor et al. (45) have recently demonstrated that 
it is not the time of oocyte denudation and injection that 
determines the ICSI outcome, but in fact the time interval 
between human chorionic gonadotropin (hCG) adminis-
tration and oocyte pickup (OPU). Specifically, fertiliza-
tion as well as pregnancy rates were significantly higher in 

(a) (b) (c)

Figure 8.1 Morphological markers characterizing the meiotic status of oocytes. (a) Immature germinal vesicle (GV) oocyte: meio-
sis has not been reinitiated and the typical nuclear structure is visible. (b) Immature GV breakdown oocyte (metaphase I [MI]): meiosis 
has been reinitiated, the GV has disappeared, but the first polar body is still absent. (c) Mature oocyte (MII): the GV has disappeared 
and the first polar body has been extruded.
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IVF cycles in which the hCG–OPU interval exceeded 36 
hours, regardless of the time of oocyte handling (45). Since 
oocyte denudation cannot be carried out before some pre-
liminary laboratory preparations that are described below 
are completed, a preincubation period of at least one hour 
is unavoidable. During this period, the retrieved mature 
cumulus–oocyte complexes are kept in the incubator at 
37°C with 5%–6% CO2 according to the recommendations 
of the culture media manufacturer.

Preliminary preparations for oocyte denudation

Injecting dish

A special shallow Falcon dish (type 1006) is used for 
placing the denuded eggs. Nine small droplets of MOPS 
(3-(N-morpholino)propanesulfonic acid)-HEPES-buffered 
human tubal fluid culture media (MHM, Irvine Scientific, 
CA, USA), containing 10% synthetic serum, 5 µL each, are 
arranged in a square of 3 × 3 within this dish. An addi-
tional 10th droplet serves for orientation. The middle drop-
let, in which the sperm will be placed, contains 7%–10% 
polyvinylpyrrolidone (PVP). The droplets are then covered 
with either paraffin or mineral oil, and the dish is placed on 
the heated area in the hood to warm up before removal of 
the cumulus cells.

Enzymatic solution

Since hyaluronic acid is a major component of the muci-
fied cumulus mass that surrounds the mature oocyte, 
hyaluronidase is employed for enzymatic removal of 
these cells (80 IU/mL; Sage In-Vitro Fertilization, Inc., 
Trumbull, CT). The high concentration of 760 IU/mL of 
hyaluronidase that was used initially (46) was found to 
induce parthenogenetic activation of the mature oocytes. 
A lower concentration of the enzyme, such as 80 IU/mL, 
which is commonly used, significantly decreased the rate 
of parthenogenesis (47). According to our experience, 
hyaluronidase at a concentration of 60 IU/mL effectively 
denudes the oocytes. Further reduction of the enzyme 
concentration to as low as 10 IU/mL was also found to be 
sufficient (48).

Denuding dish

A drop of 100 µL of hyaluronidase solution and five 100 µL 
drops of MHM containing 10% serum covered with oil are 
placed in a culture dish and placed on the heated area in 
the hood to warm up. In order to maintain the drops at 
37°C, the temperature in the working areas (hood and 
microscope) must be calibrated to a higher temperature 
(around 38°C).

Removal of the cumulus cells

Cumulus–oocyte complexes are transferred into the 
drop of hyaluronidase solution and repeatedly aspirated 
through a Pasteur pipette for up to 30–40 seconds. At this 
time, dissociation of the cells is initially observed. Further 
mechanical denudation is carried out in the enzyme-free 
MHM drops by repeated aspiration through commercially 

prepared stripper tips with decreasing inner diameters of 
170–140 µM and, when necessary, 135 µM. The oocytes 
are then transferred through the drops of medium, until 
all coronal cells have been finally removed and all traces 
of enzyme have been washed off. This procedure is car-
ried out very gently in order to avoid mechanical dam-
age to the oocytes. Pricking of the oocyte has been shown 
to induce parthenogenetic activation (49,50). Finally, the 
denuded oocytes are placed in the droplets of the inject-
ing dish and their morphology and meiotic status are 
evaluated. These procedures are performed on the heated 
area in the hood.

In cases of extremely low sperm count or testicular 
sperm injection, oocytes must be kept in the incubator in 
CO2-equilibrated culture medium until a sufficient num-
ber of sperm cells have been collected.

Evaluation of denuded oocytes for ICSI

Oocytes are assessed for their maturation and for their 
morphology under an inverted microscope equipped with 
Nomarski differential interference contrast optics at 200× 
magnification. It is commonly accepted that only mature 
oocytes that resume their first meiotic division, reaching 
MII, are appropriate for ICSI. Evaluation of the meiotic 
status of the oocyte is based on morphological markers. 
In mature oocytes, the GV has disappeared and the first 
polar body is present and localized in the perivitelline 
space (Figure 8.1c).

Several studies have reported that 10%–12% of the 
retrieved oocytes have not resumed their meiotic division 
(51–54). These oocytes can be divided into two categories: 
first, GV oocytes in which meiosis has not been reiniti-
ated and the typical nuclear structure is visible (Figure 
8.1a); and second, GVB oocytes in which meiosis has been 
reinitiated but did not proceed beyond the first meta-
phase (MI). In these oocytes, the GV has disappeared but 
the first polar body has not been extruded (Figure 8.1b). 
Oocytes in both of these categories are separated from the 
MII oocytes. MI oocytes are further incubated and those 
that extrude the first polar body within two to four hours 
are inseminated by ICSI (55). It has been reported that 
74% of the MI oocytes completed meiosis in vitro within 
20 hours after retrieval. This report did not find differ-
ences in the rates of fertilization and embryo development 
between these oocytes and other oocytes retrieved at MII. 
However, only sporadic pregnancies were achieved follow-
ing the transfer of embryos obtained from fertilized MI 
oocytes that had matured in vitro (56,57). Another study 
demonstrated that 26.7% of MI oocytes extruded the first 
polar body in vitro within four hours. These oocytes were 
injected on the same day of follicle aspiration in parallel to 
the oocytes retrieved at MII. In this study, however, the MI 
oocytes that completed their maturation in vitro exhib-
ited a lower fertilization rate, but again no differences 
were observed in embryo quality between oocytes that 
underwent maturation in vitro and those retrieved at MII. 
Similarly to the previous study, only sporadic pregnancies 
were obtained following transfer of embryos developed 
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from MI oocytes that had matured in vitro (57,58). More 
recent studies support these observations, showing that 
although in vitro-matured (IVM) MI oocytes can be nor-
mally fertilized, the embryos derived from these oocytes 
rarely provide pregnancies (59,60). This is compatible with 
the findings that these embryos exhibit low morphologi-
cal quality and a high rate of chromosomal abnormali-
ties (54). In patients with few MII oocytes, rescue of MI 
oocytes may increase the number of embryos for transfer; 
however, the chance of improving pregnancy rates by this 
procedure is minimal. Oocytes with GV require an over-
night (30-hour) incubation in order to reach the MII stage. 
Only sporadic pregnancies were reported from oocytes 
that were at the GV stage when retrieved during standard 
IVF treatment with controlled ovarian hyperstimulation 
(58,59,61). Because of the poor results, these GV oocytes 
are usually discarded. Only in cases in which very few or 
no MII oocytes are retrieved are the GV oocytes rescued 
for fertilization, provided they complete their matura-
tion. Immature GV oocytes can also be retrieved from 
the small (3–13 mm) ovarian follicles present in unstimu-
lated patients (62–65). Although these oocytes were not 
exposed to LH in vivo, they are apparently meiotically 
competent and can be expected to mature spontaneously 
in vitro and produce normal eggs. In 1998, Goud et  al. 
showed a fertilization rate of 46% by ICSI of such IVM GV 
oocytes (65), resulting in a few pregnancies. However, as 
more experience is gained in handling immature oocytes, 
success rates are increasing worldwide (66,67). Recent 

studies demonstrated that hCG administration before 
oocyte retrieval from the small follicles accelerates their 
in vitro maturation, resulting in better embryonic devel-
opment and leading to higher pregnancy rates. It was 
further demonstrated that administration of low doses of 
follicle-stimulating hormone (FSH) before hCG priming 
enables the retrieval of IVM oocytes (MII) from the small 
follicles (<10 mm). Such oocytes have a higher potential 
to develop into good-quality embryos than IVM oocytes, 
achieving even higher pregnancy rates (68). In addition to 
the meiotic status, the morphology of the oocytes is also 
evaluated before ICSI. The various morphological defects 
may be manifested by an amorphic shape of the oocyte, 
enlargement of or granularity in the perivitelline space, 
inclusions, vacuolization, granularity, and dark color 
of the cytoplasm, changes in the color and construction 
of the zona pellucida, and changes in the shape and size 
of the polar body (Figure 8.2). Most defective oocytes 
exhibit more than one of the above-mentioned abnor-
malities. All these observations should be recorded and 
may help in later analysis of the fertilization rate, embryo 
development, and pregnancy outcomes after ICSI. The 
correlations between egg morphology and the rates of fer-
tilization, embryo quality, and pregnancy after ICSI have 
been extensively studied. Most of the studies reported that 
abnormal egg morphologies of patients undergoing ICSI 
are associated with a lower rate of fertilization, embryos of 
poor quality, and, consequently, a lower rate of successful 
pregnancy (69–71). Other studies demonstrated successful 

(a) (b) (c)

(d) (e) (f )

Figure 8.2 Various morphological abnormalities exhibited by oocytes. (a) Granulated perivitelline space; (b) a fragmented polar 
body; (c) thickened and dark-colored zona pellucida; (d) cytoplasmic inclusions; (e) enlarged and granulated perivitelline space; and 
(f) a large cytoplasmic vacuole.
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fertilization and normal early embryo development in 
microinjected eggs with defective morphologies, such as 
large perivitelline space, cytoplasmic vacuoles, or a frag-
mented polar body (72–75). However, the transfer of these 
seemingly normal embryos resulted in a poor implan-
tation rate (71) and a high incidence of early pregnancy 
loss (73). This controversy may be partially attributed to 
the absence of standard criteria for evaluation of oocyte 
morphology. To overcome this confusion, the use of triple 
markers, namely polar body, size of the perivitelline space, 
and cytoplasmic inclusions, has been suggested by Xia 
for human oocyte grading (70). This laboratory reported 
that the evaluation of oocyte quality based on these cri-
teria correlated well with the rate of fertilization and with 
embryo quality after ICSI.

As mentioned previously in this chapter, the integrity 
of the meiotic spindle in MII oocytes is crucial for fertil-
ization capacity and embryo development. Therefore, in 
addition to the above-mentioned features of the oocyte, 
the morphology of the spindle may serve as a reliable 
marker for predicting its potential for normal fertiliza-
tion and embryonic development (76). A modification 
of the polarized light microscope, “PolScope” equipped 
with novel image-processing software (77) has emerged 
as a noninvasive tool to view the meiotic spindle in liv-
ing oocytes and is being used in several IVF units world-
wide (40,76,78,79). The image of the spindle is based on 
the highly birefringent characteristic of the microtubule 
filaments under a polarization microscope. The obvious 
advantage of the PolScope over conventional techniques 
such as immunocytochemistry and electron microscopy 
is that through a PolScope one can view the spindle in 
a living oocyte. Use of the PolScope for examination 
of human oocytes has indeed demonstrated that the 
absence or abnormal morphology of the spindle is highly 
correlated with lower fertilization rates and impaired 
embryonic development (78–80). Furthermore, spindle 
assessment with the PolScope has been shown to facilitate 
the selection of embryos with high implantation potential 
for transfer (76). In most MII oocytes, the second meiotic 

spindle is adjacent to the first polar body (Figure 8.3b), 
making the first polar body a marker for appropriate ori-
entation of the ICSI micropipette to avoid interference 
with chromosome alignment. However, observations by 
Silva et al. (78) and ourselves that the meiotic spindle is not 
always adjacent to the polar body (Figure 8.3c) have made 
use of the PolScope even more valuable. Furthermore, in 
those oocytes that have not yet completed the formation 
of the first polar body, the PolScope can detect the pres-
ence of microtubules in the mid-body, suggesting that 
the second meiotic spindle has not yet been fully orga-
nized (Figure 8.3a). These oocytes are considered suit-
able for ICSI, having high potential for developing into 
an embryo. Appropriate ovarian stimulation protocols 
normally provide functional, fertilizable mature oocytes, 
while oocytes of poor quality may represent a disturbed 
hormonal balance. For example, exposure to high dos-
age of human menopausal gonadotropin (hMG) has been 
shown to be associated with granularity of the perivitel-
line space (53). Moreover, an extended exposure to high 
doses of this hormone may lead to the senescence of the 
mature oocyte before retrieval. As previously mentioned, 
oocyte maturation and ovulation are both stimulated 
by LH. However, studies have shown that the ovulatory 
response is less sensitive to this gonadotropin, requiring 
higher concentrations of the hormone (81). Therefore, the 
relatively high concentration of LH in hMG effectively 
promotes oocyte maturation, but is insufficient to stimu-
late ovulation. Delayed administration of hCG in these 
patients entraps the mature oocytes in the follicle, lead-
ing to oocyte aging. One notable morphological marker 
in this case is the fragmentation of the first polar body 
(82). The presence of aged oocytes can also explain the 
decreased quality of oocytes and lower fertilization rate 
in polycystic ovarian syndrome patients (83) who exhibit 
relatively high serum concentrations of LH throughout 
their menstrual cycle (84). Nowadays, pure FSH prepara-
tions (recombinant FSH) are widely used for the stimula-
tion of follicular growth and development. However, it has 
been demonstrated that introducing low concentrations 

Midbody
(a) (b) (c)2nd meiotic

spindle
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Figure 8.3 Microtubule images in metaphase II (MII) human oocytes. (a) Microtubules of the mid-body extending from the cyto-
plasm into the first polar body (PB). (b) Microtubules of the second meiotic spindle located adjacent to the PB. (c) Microtubules of the 
second meiotic spindle at a distal location from the PB.
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of LH (recombinant LH) in addition to FSH significantly 
improves IVF outcomes (85).

EPILOGUE
A baby girl is born with her ovaries containing about 2 
million oocytes, all of which arrested at the prophase of 
the first meiotic division. This pool of oocytes remains 
dormant throughout childhood until the onset of puberty. 
In sexually mature females, at each cycle, one such “sleep-
ing beauty” is kissed by the LH “prince” and awakened to 
continue its meiotic division. Once maturation has been 
completed, the oocyte is released from the ovarian fol-
licle into the fallopian tube, a site at which it will even-
tually meet the spermatozoon and undergo fertilization. 
Hormonal stimulation protocols are designed to mimic 
the natural events that lead to the production of mature 
oocytes. In IVF patients, these oocytes are aspirated from 
the ovarian follicles prior to ovulation and allowed to 
meet the sperm cells in the Petri dish. A higher scale of 
assistance, designed to overcome the poor performance of 
spermatozoa, is offered by ICSI. The information regard-
ing oocyte handling for this later modification of the clas-
sical IVF protocol has been summarized in this chapter.

APPENDIX
Laboratory protocol

The following protocol is used in our laboratory.

Preliminary preparations for oocyte denudation

 1. Injecting dish: the droplets may be placed on the dish in 
any arrangement the laboratory prefers. Our laboratory 
recommends the following layout. Place nine droplets, 
5 µL each, of MHM containing 10% serum, arranged in 
a 3 × 3 square within a shallow Falcon dish (type 1006). 
Place one additional droplet for orientation. Cover with 
oil. Replace 4 µL of the middle droplet with a solution of 
7%–10% PVP where the sperm will be placed. Place the 
dish on the heated area in the hood to warm up. In cases 
of extremely low sperm counts, MHM as well as more 
than one PVP droplet can be used for sperm.

 2. Enzymatic solution: dilute hyaluronidase solution of 80 IU/
mL (Sage) with MHM containing 10% serum to obtain a 
final concentration of 60 IU/mL and warm to  37°C.

 3. Denuding dish: place a drop of 100 µL of the above hyal-
uronidase solution and five 100 µL drops of enzyme-free 
MHM containing 10% serum in a culture dish. Cover with 
oil and place on the heated area in the hood to warm up.

 4. Prepare stripper tips with inner diameters of 170 and 
140 µM.

Removal of the cumulus cells

 1. Place the cumulus–oocyte complexes into the drop of 
the hyaluronidase solution (up to five complexes at a 
time) and aspirate repeatedly through a Pasteur pipette 
for up to 40 seconds.

 2. Transfer the cumulus–oocyte complexes to a drop 
of enzyme-free MHM containing 10% serum and 

aspirate repeatedly through a 170 µM diameter strip-
per tip. Continue aspirating with a 140 µM tip while 
passing the oocytes through the other four drops of 
the medium, until all coronal cells have been totally 
removed.

 3. Transfer the denuded oocytes to the MHM droplets in 
the injecting dish, one in each droplet.

Microscopic evaluation

 1. Place the injecting dish containing the oocytes on the 
heated stage of an inverted microscope equipped with 
differential interference contrast.

 2. Evaluate oocyte morphology and meiotic status at 200× 
magnification.
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INTRODUCTION
Intracytoplasmic sperm injection (ICSI) was initially 
introduced in the early 1990s as a treatment for male fac-
tor infertility. Nowadays, ICSI is considered one of the gold 
standards for fertility treatment and is offered to a signifi-
cant portion of couples in need of assisted reproduction. 
One of the advantages of ICSI is that only a single sper-
matozoon is required to fertilize each retrieved oocyte. 
This, however, presents a unique challenge since the single 
spermatozoon used during ICSI does not always reflect 
the overall quality seen in the whole ejaculate. Therefore, 
traditional methods for assessment of male fertility would 
be of lesser value in determining ICSI outcomes. In sup-
port, the routine semen analysis, which is the main pillar 
for male fertility workup, has been labeled as a test that 
possesses limited predictive ability, even when conducted 
under appropriate controls (1).

In general, it is challenging to identify a set of factors 
in the ejaculate that will reliably predict the outcome of 
male fertility. The human ejaculate includes a very hetero-
geneous group of spermatozoa that vary widely in terms 
of their fertility potential and their ability to produce a 
high-quality embryo following ICSI (2). Spermatozoa are 
highly specialized cells that act as vehicles that deliver the 
paternal genome to the oocytes. Although both sperm 
and oocyte genomes contribute equally to the develop-
ing embryo, it has been hypothesized that the extent of 
the sperm contribution to a successful live birth is a mere 
10%–15% (3). While this percentage appears to be limited, 
if an abnormal spermatozoa is used during ICSI, it could 
cause a significant impediment to embryo development. 
Therefore, it is safe to assume that ICSI outcomes and suc-
cess rates will be dependent on sperm quality, among other 
factors. In support, embryo aneuploidies seen after assisted 
reproduction were significantly correlated with teratozoo-
spermia (4). The status of the paternal genome and sperm 
DNA fragmentation also appear to influence pregnancy 
rates and the risk of pregnancy loss following ICSI (5,6). 
Similarly, it is important to note that poor in vivo repro-
ductive outcomes including recurrent pregnancy loss have 
been associated with abnormal sperm parameters, includ-
ing aneuploidies and poor DNA integrity (7).

During ICSI, the raw seminal ejaculate is processed to 
select spermatozoa that are presumed to have the highest 
fertilization potential. The processing also aims at exclud-
ing immotile, non-viable, morphologically abnormal sper-
matozoa, as well as other extraneous components of the 
ejaculate such as blood cells, debris, and seminal plasma. 

There are different technical protocols that are currently 
routinely used for processing the seminal ejaculate during 
ICSI. Often referred to as sperm preparation techniques, 
these protocols mainly use the concepts of sperm migra-
tion and differential density separation to provide a cellu-
lar population enriched with spermatozoa that are motile, 
morphologically normal, and carrying intact DNA.

The concept of sperm migration can be seen at work 
while performing the swim up protocol. This relies on the 
active movement of normal motile spermatozoa upwards 
away from a pellet and towards an environment of clean 
culture media. On the other hand, the protocol of density 
gradient centrifugation (DGC) allows for sperm separa-
tion using increasingly dense medium layers. In com-
parison with DGC, swim up yields much more limited 
numbers of spermatozoa. DGC also appears to be superior 
to swim up in providing spermatozoa with normal mor-
phology and DNA integrity (8,9).

During ICSI, embryologists subjectively select sperma-
tozoa showing the best morphological criteria and motil-
ity (if present) for oocyte injection. The assessment is 
routinely performed using 400× inverted phase contrast 
microscopy. Many of the sperm parameters that affect its 
fertilization and embryo development potential, such as 
apoptosis and DNA fragmentation, cannot be evaluated 
under these conditions. Routine sperm preparation tech-
niques such as swim up and DGC, which are currently 
in use during ICSI, are established as reliable methods. 
However, they lack the ability to specifically target these 
critical sperm parameters. Thus, it is very likely that apop-
tosis/DNA fragmentation will be significantly present in 
a normal-shaped, motile spermatozoa. The inclusion of 
such sperm may be the reason behind failed ICSI treat-
ments. It is currently expected that only an extremely lim-
ited number of fertilized oocytes actually result in a live 
birth, even when proven-fertile healthy donors are acting 
as gamete providers (10,11).

In light of the above, there is an obvious need for a dif-
ferent approach to the sperm selection procedures dur-
ing ICSI. Due to the complete absence of natural selection 
processes during ICSI, it is imperative that every effort 
should be made to ensure that only spermatozoa with 
the highest quality and fertilization potential are used for 
ICSI. Noninvasive techniques that use a detailed assess-
ment of spermatozoa are required to achieve sperm selec-
tion according to more physiological criteria. In this 
chapter, we describe the recent advances in molecular/
ultrastructural-based sperm selection techniques that 
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could be of benefit if implemented during ICSI. The 
currently available advanced techniques include sperm 
selection according to its surface charge, hyaluronic acid 
(HA) binding, apoptosis, and high-magnification mor-
phology. The rationale and technical description will be 
described for each method and the question of whether 
they offer any advantages compared to routine ICSI will 
be addressed.

SPERM SURFACE CHARGE
Rationale

An electrokinetic movement can be initiated whenever 
the surface charge of a cell interacts with an external elec-
tric force. Depending on whether the surface charge is net 
negative or net positive, the end outcome can be either 
repulsion or attraction (12). Mature spermatozoa carry 
an electronegative surface charge, which is attributed 
to sialic acid residues including the CD52 found in the 
sperm plasma membrane (13). Spermatozoa acquire CD52 
mainly during epididymal maturation. The presence of 
CD52 has been correlated with normal sperm morphol-
ogy and capacitation; therefore, it can be considered as an 
indication of sperm maturity and quality (14).

There are two different techniques that rely on the sperm 
negative surface charge as the basis for sperm selection. 
First, the electrophoresis technique (i.e., motion of a par-
ticle in liquid medium) entails the application of an exter-
nal electric current. The end result would be the movement 
of the negatively charged spermatozoa towards the posi-
tive electrode of an electrophoresis device (15). Second, 
the sperm ζ-potential (electrokinetic potential) technique 
relies on the electric potential between the sperm mem-
brane and its surroundings measuring −16 to −20 mV in 
mature sperm (16). Since the ζ-potential further decreases 
with capacitation (17), sperm selection can be performed 
as negatively charged spermatozoa will move towards and 
adhere to a positively charged surface (18).

Technique

An electrophoresis device has been designed to select 
spermatozoa based on their electronegative surface charge 
(SpermSep Cell Sorter-10 [CS-10], Nusep Ltd, Frenchs 
Forest, Australia). The device also considers cellular size, 
which ensures the exclusion of leukocytes and immature 
germ cells (Figure 9.1a,b). The CS-10 device was success-
fully used in oligozoospermic samples, testicular sperm, 
and frozen spermatozoa (15). CS-10 is simple to operate: 
it entails exposing the ejaculate to an electric field of an 
applied constant current measuring 75 mA with a variable 
voltage of between 18 and 21 V for five minutes. Thereafter, 
mature sperm suspended in HEPES buffer is collected in 
a 400 µL chamber. Even with the addition of time used for 
sample loading and preparation, CS-10 is less time con-
suming compared to all other routine sperm preparation 
techniques such as DGC (19). However, the need to pro-
cure an additional device may be cost prohibitive in some 
laboratory settings.

On the other hand, sperm selection using the ζ-potential 
approach requires merely a simple centrifuge tube, which 
has been positively charged by rotation a few times in a 
latex glove. Spermatozoa that have been washed by DGC 
are incubated in the positively charged tube for one min-
ute; thereafter, centrifugation takes place and the superna-
tant is discarded. The negatively charged (mature) sperm 
are expected to adhere to the tube’s surface (Figure 9.1c,d). 
This mature sperm population can be collected by rinsing 
the tube with serum-supplemented media to be used for 
ICSI (20). Due to the extremely limited amount of time 
and resources required, the ζ-potential method offers a 
unique advantage, especially for less equipped andrology 
laboratories.

Results

In comparison with other routine sperm preparation tech-
niques, spermatozoa selected using CS-10 are expected to 

(a) (b) (c)
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Figure 9.1 (a,b) A special electrophoretic chamber is constructed to force cells passing through a 5 µm polycarbonate mem-
brane from the inoculation side towards the collection part through a unidirectional flow buffering system while restriction mem-
branes isolate cells from both anodes and cathodes. Healthy sperm are separated from non-sperm or unhealthy sperm. (c) Sorting 
is based upon the presence of negative charges on mature human spermatozoa. (d) The same sorting principle works for positively 
charged tubes that attract and adhere mature spermatozoa.
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have lower number of morphological abnormalities and 
DNA fragmentation (15,21). In addition, the electrophore-
sis system is capable of excluding a significant number of 
leukocytes that are normally present in the ejaculate (15). 
Electrophoresis can have negative effect on sperm motil-
ity; therefore, careful consideration should be given as 
to which cases would be good candidates for this sperm 
selection approach (22). To date, electrophoresis has been 
mainly suggested for sperm selection in ejaculates charac-
terized by a high level of sperm DNA fragmentation (15).

The benefits of using the ζ-potential method for sperm 
selection have been documented to a certain extent. A 
combined protocol of DGC + ζ-potential resulted in a 
sperm population that is characterized by lower DNA 
fragmentation, protamine deficiency, and morphologi-
cal abnormalities (23). It is important to note that while 
the ζ-potential selection method has a similar capacity to 
select higher-quality spermatozoa in terms of morphology 
and DNA integrity, it does not display the same negative 
effects on motility reported with CS-10 (18,20,24,25). Since 
the ζ-potential method does not include using high-voltage 
electricity, it could be considered safer than electrophore-
sis. However, it is not suitable for ejaculates with low sperm 
counts, since sperm recovery rates are limited (18).

The use of electronegative spermatozoa selected by elec-
trophoresis during ICSI had a positive association with fer-
tilization and blastocyst development rates (21). However, 
research on ICSI of sibling oocytes showed no clear ben-
efits for using CS-10 compared to DGC as regards fertil-
ization and embryo cleavage rates (19). Conversely, ICSI 
of sibling oocytes following ζ-potential sperm selection 
was characterized by higher fertilization rates compared 
to DGC (24). Finally, a case report of a patient presenting 
with repeated failed ICSI cycles and high levels of sperm 
DNA fragmentation documented a healthy live birth fol-
lowing the use of CS-10, which supports the limited indi-
cation for this electrophoresis system (26).

HA BINDING
Rationale

During late spermatogenesis, remodeling of the sperm 
plasma membrane occurs, leading to the formation of HA 
binding sites. Therefore, the presence of HA binding sites 
on the sperm plasma membrane can be considered as a 
sign of sperm maturity. In support of this, several indi-
cators of sperm maturity such as creatine kinase, heat 
shock-related protein 2, and aniline blue staining were 
significantly identified on spermatozoa with HA bind-
ing properties (27). HA is the main component of the 
cumulus oophorus; it plays a role in the natural selec-
tion of mature spermatozoa during in vivo fertilization. 
Therefore, the sperm’s ability to bind to HA and subse-
quently to the zona pellucida can be used as the basis for 
in vitro sperm selection (28). Since HA is a physiological 
component of the cervix, cumulus cells, and follicular 
fluid, it should pose no additional safety risks when used 
for sperm selection (29).

Technique

A hyaluronate-rich preparation medium is currently 
available to select mature spermatozoa that have HA 
binding ability (SpermSlow™, Origio, MediCult, Målov, 
Denmark). A drop of semen that has been washed using 
a routine sperm preparation technique (e.g., DGC) is 
placed close to a SpermSlow drop and a junction is created 
between both drops using an ICSI pipette. Incubation at 
37°C takes place for 15 minutes; thereafter, the “slowed” 
spermatozoa found in the junction between both drops 
can be collected and used for ICSI (Figure 9.2a,b).

A modified Petri dish that includes four powdered 
HA drops has been designed as a sperm selection device 
(PICSI®, MidAtlantic Diagnostics, Inc., Mt Laurel, NJ). 
Prior to the use of the PICSI dishes, HA drops are rehy-
drated using a culture medium. For sperm selection, 
one drop of washed spermatozoa is placed at the edge of 
each HA drop. The mature, HA-bound spermatozoa can 
be identified by having absolutely no progressive motion 
despite vigorous tail movement. After 15 minutes of incu-
bation at 37°C, HA-bound sperm can be retrieved by a 
pipette and used for ICSI (Figure 9.2c,d) (30).

Results

SpermSlow and PICSI dishes deliver comparable outcomes 
following ICSI; however, SpermSlow has two advantages: 
(1) it requires significantly less time to perform; and (2) 
it can be combined with other advanced sperm selection 
techniques such as intracytoplasmic morphologically 
selected sperm injection (IMSI) (31). Spermatozoa selected 
by HA binding display a higher percentage of normal 
morphology and a lower frequency of autosomal disomy, 
diploidy, and sex chromosome disomy (30,32). HA-bound 
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Figure 9.2 (a,b) Hyaluronic acid (HA)-rich preparation 
medium may be used to identify a mature and healthy sperma-
tozoon through adding the semen specimen into pre-coated 
HA slide. (c,d) HA-rich medium slows down mature sperm to 
facilitate sorting and immobilization and then moving them to 
a new polyvinylpyrrolidone droplet to be ready for injecting 
the oocytes (O1 to O4) into an intracytoplasmic sperm injec-
tion Petri dish.



120 Advanced sperm selection techniques for intracytoplasmic sperm injection

sperm also have lower apoptosis manifestations such as 
caspase-3 activation and DNA fragmentation compared 
to spermatozoa in raw semen and those selected by DGC 
(33,34). However, in comparison with other advanced 
sperm selection techniques, HA binding failed to deliver 
better-quality spermatozoa in terms of DNA fragmenta-
tion compared to the ζ-potential selection method (25).

There are contradictory reports that describe the impact 
of HA sperm selection on ICSI outcomes. At present, there 
is insufficient evidence to document an improvement in 
live birth or pregnancy outcomes following ICSI as a result 
of using HA-selected sperm (35). A limited number of 
studies showed that spermatozoa selected by HA binding 
can result in significantly higher fertilization and implan-
tation rates following ICSI (36,37). However, this was not 
consistent with other studies showing a lack of improve-
ment in fertilization, embryo quality, and cleavage rates 
(38,39). The benefits of using HA binding for sperm 
selection have been repeatedly discredited by various 
reports including studies conducted on sibling oocytes. It 
was reported that the use of HA-bound sperm does not 
result in any better cleavage rates, embryo development 
(Z-scores), or miscarriage and pregnancy rates following 
ICSI (34,40,41). The only consistent potential benefit for 
using HA-bound sperm could be a decrease in pregnancy 
loss rate following ICSI, especially in samples character-
ized by lower HA binding ability (42,43).

APOPTOTIC SPERM BINDING
Rationale

Programmed cell death (apoptosis) is a physiological phe-
nomenon that entails a series of morphological and bio-
chemical changes that ultimately result in cellular death 
(44). Apoptosis-related features have been reported in 
human spermatozoa. They are indicative of abnormalities 
associated with the regulation of testicular apoptosis (45). 
It has been postulated that damage to the plasma cellular 
membrane occurs at an early stage of apoptosis that pre-
cedes extensive nuclear damage and irreversible apoptosis 
(46,47). The extrusion of phosphatidylserine (PS), which is 
normally present in the inner leaflet of the plasma mem-
brane, to the outer surface has been identified as one of 
the early apoptotic changes in human spermatozoa (48). 
Externalization of PS (EPS), mitochondrial dysfunction, 
and nuclear DNA damage are all markers of sperm apop-
tosis that were detected at significantly higher levels in 
infertile men and those with varicoceles (49).

In vivo and in vitro male fertility decline whenever 
apoptosis markers are increased in human spermatozoa 
(50–52). Although routine sperm preparation techniques 
such as swim up or DGC can isolate motile, morphologi-
cally normal sperm (53), they lack the ability to specifically 
target sperm based on apoptosis manifestations. Therefore, 
it is possible that spermatozoa selected following swim up 
or DGC may be apoptotic and may have fragmented DNA 
(54). Since DNA fragmentation has been recognized as a 
late apoptosis event, oocytes could be fertilized with an 

apoptotic sperm during ICSI, which will result in poor 
outcomes. In support, sperm DNA fragmentation was 
positively correlated with increased miscarriage rates fol-
lowing ICSI (55). Targeting the selection of non-apoptotic 
spermatozoa prior to ICSI can prevent similar negative 
outcomes and should increase the possibility of using a 
DNA-intact sperm during ICSI.

Technique

Magnetic-activated cell sorting (MACS) has been pro-
posed as a noninvasive and feasible approach for the selec-
tion of non-apoptotic spermatozoa (56). The technique 
employs paramagnetic microbeads (∼50 nm) conjugated 
with annexin V, a 35–36 kDa phospholipid binding pro-
tein, which has a selective affinity to bind with PS (57). As 
one of the early manifestations of apoptosis, EPS allows 
for binding with annexin V microbeads and separation 
of spermatozoa using a MACS system (Miltenyi Biotec 
GmbH, Bergisch Gladbach, Germany). The magnet 
included in the system retains the apoptotic sperm labeled 
with microbeads. The unlabeled spermatozoa can be con-
sidered as non-apoptotic and collected for use in ICSI 
(Figure 9.3a–d).

The human ejaculate normally includes several ele-
ments such as white blood cells, immature germ cells, and 
seminal plasma that should be excluded in preparation for 
ICSI. As much as the MACS technique has been proven 
to be effective at excluding apoptotic sperm, it does not 

(b)(a)

(d)(c)

Figure 9.3 (a) Magnetic-activated cell sorting apparatus. 
(b,c) Sperm samples mixed with beads pass through an iron-
laden column placed in a strong magnet with gravity. (d) Non-
apoptotic spermatozoa will pass through and can be collected, 
while apoptotic sperm will bind to the column.
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address any of these elements. Therefore, two-layer DGC 
has been recommended to precede MACS in order to yield 
a clean sperm suspension (56).

Results

A combined protocol of DGC and MACS for sperm selec-
tion can be completed in less than one hour using lim-
ited technical resources (58). The protocol results in a 
sperm population characterized by higher motility and 
viability as well as lower acrosomal damage, cytoplasmic 
droplets, and sperm deformity index compared to other 
routine sperm preparation techniques (56,59). Ample evi-
dence suggests that the technique can yield spermatozoa 
that exhibit significantly lesser apoptosis manifestations. 
Specifically, lower caspase-3 and DNA fragmentation and 
higher mitochondrial membrane potential were seen in 
annexin-negative spermatozoa selected by MACS (60–63).

Using the hamster oocyte penetration assay to assess 
sperm function, spermatozoa prepared by DGC + MACS 
showed a higher ability to penetrate oocytes, which could 
be considered a sign for increased fertilization potential 
(62). Also in infertile men, sperm chromatin decon-
densation following 18 hours of hamster oocyte ICSI 
was significantly improved following the application of 
DGC + MACS (64). In comparison with other advanced 
sperm selection techniques, DGC + MACS has proved 
to be more effective at selecting spermatozoa with nor-
mal sperm morphology, DNA integrity, and lower prot-
amine deficiency compared to the DGC + ζ-potential 
method (65).

Numerous reports have documented the benefits of using 
MACS in the context of assisted reproduction resulting 
in healthy live births (66,67). Fertilization rates, embryo 
cleavage rates, and pregnancy rates were all reported to be 
significantly higher following ICSI when sperm selection 
was conducted using DGC + MACS (68,69). A compre-
hensive meta-analysis described the results of 499 patients 
that were pooled from five prospective controlled studies. 
The concluding results showed that pregnancy rates after 
ICSI significantly improve with the use of sperm selected 
by MACS (70). The combined DGC + MACS protocol 
can be used in various patient indications. While it is 
recognized that this approach may not be routinely war-
ranted (71), there appears to be a specific group of indica-
tions where subtle benefits have been demonstrated. These 
would include patients presenting with repeated failed 
ICSI cycles and those with exceptionally high levels of 
caspase-3 and DNA fragmentation (67,72,73). In support, 
pregnancy rates were skewed significantly higher follow-
ing ICSI with MACS-selected sperm (64.9% vs. 36.6% in 
controls) in patients with moderate DNA fragmentation 
(22.6%) in the raw ejaculate (74).

HIGH-MAGNIFICATION REAL-TIME MICROSCOPY
Rationale

The impact of sperm morphology on male in vivo 
and in vitro fertility has been well established (75,76). 

Nevertheless, routine sperm morphology assessment 
using stained smears and 1000× magnification does not 
equate to the sperm selection during ICSI, which takes 
place using low-power (400×) inverted phase contrast 
microscopy (77). Any sperm ultrastructural abnormali-
ties that affect fertilization and embryo development, if 
present, will not be detected using such low magnification. 
To address this issue, a real-time sperm selection method 
has been developed based on the motile sperm organelle 
morphology examination (MSOME) at a magnification of 
>6000× (77).

Different sperm organelles can be visualized using 
MSOME (nucleus, acrosome, post-acrosomal lamina, 
neck, tail, and mitochondria) (Figure 9.4a,b). The detailed 
organelle assessment allows the identification of specific 
abnormalities such as the lack of acrosomes in globozoo-
spermia cases (78). The integration of MSOME with ICSI 
has led to the development of IMSI, which entails sperm 
selection using MSOME (79). IMSI has been suggested as 
a useful tool in specific indications: (1) male patients pre-
senting with high levels of DNA fragmentation and aneu-
ploidies; (2) abnormal semen parameters; and (3) repeated 
implantation failure following ICSI (80,81).

Technique

To perform MSOME, a routine sperm preparation tech-
nique is initially performed to isolate a motile sperm pop-
ulation. Thereafter, examination of the prepared sperm 
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Figure 9.4 (a,b) Sperm sorting depends upon using selec-
tion criteria for morphologically normal (a) versus abnormal 
spermatozoon (b). (c,d) Differences in sperm details with mag-
nification between intracytoplasmic sperm injection (c) and 
intracytoplasmic morphologically selected sperm injection (d).
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population takes place under oil immersion using an 
inverted microscope equipped with high-power Nomarski 
optics and digital enhancement resulting in >6000× mag-
nification (Figure 9.4c,d) (77). MSOME followed by IMSI 
is laborious and time consuming, adding hours of process-
ing time to the already complex routine ICSI procedures. 
The expense associated with additional instrumentation is 
also a disadvantage (82).

Since the assessment of the sperm nucleus appears to 
have the most significant impact on ICSI results, a grad-
ing system has been developed to identify the spermato-
zoa most likely to result in a successful outcome. During 
IMSI, preference is given to the selection and use of grade 
I spermatozoa (normal shape and no vacuoles) followed by 
grade II spermatozoa (normal shape and ≤2 small vacu-
oles) (83).

Results

Spermatozoa selected via MSOME are expected to show 
lower incidence of DNA fragmentation and aneuploidies 
and higher mitochondrial membrane potential compared 
to unselected ones (84,85). Nuclear vacuoles as identified 
by MSOME have the strongest association with sperm 
DNA fragmentation (85,86). MSOME also appears to be 
slightly superior compared to the HA binding method as 
regards the selection of DNA-intact spermatozoa (87).

Fertilization, implantation, embryo quality, and preg-
nancy and live birth rates were significantly improved fol-
lowing IMSI compared to routine ICSI (77,88). Also, the 
incidences of miscarriages and birth defects were lower 
following IMSI (89–92). Patients seeking fertility treat-
ment due to advanced maternal age (≥37 years old) were 
identified as a group that would benefit from IMSI appli-
cation (93). Despite the reported benefits of IMSI, there is 
no current consensus that advocates the use of IMSI on 
a wide scale. A multicenter randomized controlled trial, 
a randomized sibling oocyte trial, and the Cochrane 
Database Systematic Reviews all report lack of evidence 
for the advantages of using IMSI over ICSI (94–96). Yet, 
cases presenting with teratozoospermia or extensive 
sperm DNA fragmentation may be further evaluated as 
regards the potential beneficial effects of IMSI (95).

SUMMARY
In the context of in vivo human reproduction, sperm selec-
tion naturally occurs in the female genital tract. The cer-
vical mucus, uterus, utero-tubal junction, isthmus of the 
oviducts, and cumulus oophorus all have mechanisms 
that ensure fertilization of the oocyte by the sperm with 
the highest quality and fertilization potential. Since ICSI 
bypasses most of the sperm natural selection processes, 
not only are the treatment success rates of concern, but 
also the health and well-being of the offspring. Selecting 
the most mature, DNA-intact spermatozoa for inclusion 
in ICSI alleviates, at least in part, the concern of using a 
dysfunctional paternal genome. Routine sperm prepara-
tion techniques that are currently used during ICSI select 
spermatozoa based on their motility and density. They 

do lack the ability to specifically target other important 
aspects of the sperm quality and function. Sperm DNA 
integrity is one of those parameters that could have a sig-
nificant impact on ICSI outcomes and the health of the 
offspring.

Several advanced sperm selection techniques have been 
recently proposed for integration with ICSI. The concepts 
of advanced sperm selection techniques include selec-
tion according to the sperm negative surface charges, HA 
binding, exclusion of apoptotic sperm, and high-magni-
fication real-time morphology. These advanced sperm 
selection techniques have been successfully used in clini-
cal ICSI settings. Other additional techniques that have 
been described as potential candidates for sperm selec-
tion include microfluidic sorters, Raman spectroscopy, 
polarizing microscopy, and confocal light absorption and 
scattering spectroscopic microscopy. In the future, these 
methods may prove to be of potential benefit in the context 
of ICSI.

Selection according to the sperm surface charge is the 
least time consuming, and the ζ-potential method requires 
the least instrumentation. On the other hand, IMSI 
requires the most time to perform and entails the most 
expensive instrumentation. Advanced sperm selection 
methods have a proven ability to yield a sperm popula-
tion with higher quality in terms of motility, viability, and 
morphology and lesser apoptosis manifestations, includ-
ing DNA fragmentation. Nevertheless, at present, there is 
not a single sperm selection method that possesses all the 
criteria of an ideal technique. Those should include: (1) a 
documented ability to select spermatozoa with the high-
est quality (motile, normal morphology, DNA integrity, 
etc.) and fertilization potential; (2) deselecting the seminal 
plasma and other extraneous components of the ejaculate; 
(3) not inflicting any iatrogenic damage on spermatozoa; 
(4) quick and feasible; and (5) non-cost prohibitive.

Sperm selection using the electrophoresis CS-10 
device can be performed on the neat ejaculate—no ini-
tial or subsequent processing is required. All other 
described advanced sperm selection techniques require 
combination with a routine sperm preparation method. 
Performing a combination of two different technical pro-
tocols (e.g., DGC + ζ or DGC + MACS) will result in 
added technical steps that will require additional human 
resources, skills, instrumentation, and time commit-
ment. With the exception of electrophoresis, iatrogenic 
damage was not consistently reported as a result of using 
one of the advanced sperm selection methods, whether 
alone or in combination with other routine sperm prepa-
ration techniques. However, such damage can never be 
ruled out, especially when spermatozoa are exposed to 
excessive manipulation (centrifugation/resuspension), 
extended incubation periods, and temperature fluctua-
tions. Also, significant sperm loss and low recovery rates 
following extensive processing should be considered and 
would exclude samples with limited sperm counts from 
being potential candidates for advanced sperm selection 
techniques.
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Appropriate safety data should be generated for 
the proposed advanced sperm selection techniques. 
Although healthy live births have been reported follow-
ing the application of most advanced sperm selection 
methods, there has not been a long-term follow-up study 
of the health and development of the offspring. It should 
also be noted that unintentional gender selection could 
be experienced in some cases at a higher incidence com-
pared to routine sperm preparation methods. For exam-
ple, the ζ-potential technique, which selects spermatozoa 
based on their surface charge, may be more prone to 
deliver X-bearing sperm since such sperm presents with 
a higher net negative charge compared to Y-bearing 
sperm.

Additional research is required to properly evaluate 
the benefits of integrating advanced sperm selection tech-
niques in routine ICSI. Despite the reporting of promis-
ing data on ICSI outcomes following the use of all of the 
discussed advanced sperm selection techniques, well-
designed prospective randomized controlled research 
is scarce. Systematic reviews of the currently available 
randomized controlled studies reveal no added ben-
efit for using any of the advanced sperm selection tech-
niques during ICSI (35,96). Thus, it is evidently clear that 
these advanced sperm selection techniques should not 
be considered routinely for all cases undergoing ICSI. 
Alternatively, further research should focus on identify-
ing which seminal profiles and clinical scenarios would 
benefit the most from the application of the advanced 
sperm selection technologies. A summary of the poten-
tial indications for advanced sperm selection techniques 
is presented in Figure 9.5. At present, preliminary data 
limit the benefits of advanced sperm selection methods 
to cases presenting with increased apoptosis markers and 

DNA fragmentation in spermatozoa. Also, patients with 
repeated failed ICSI cycles and advanced maternal age 
may benefit from a similar approach.
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HISTORY OF IVM
In vitro maturation (IVM) is not a new technology. Its use 
was first reported by Pincus and Enzmann (1) in mammals 
in 1935. Preclinical studies were continued in animals 
by Edwards (2), and Edwards et  al. (3) reported clinical 
application in humans, obtaining immature oocytes from 
cases with ovarian stimulation. Veeck et  al. (4) achieved 
the first successful birth from immature oocytes produced 
during an in vitro fertilization (IVF) program. Thereafter, 
Cha et al. (5) initiated the use of immature oocytes from 
unstimulated ovaries of patients in a donation program. 
Following this, Trounson et  al. (6) achieved another 
breakthrough in the development of IVM. They chose 
immature oocytes aspirated from patients with polycys-
tic ovary syndrome (PCOS) as a source for the procedure. 
Gonadotropins, estradiol, and fetal calf serum were sup-
plemented in the medium and a 65% maturation rate was 
achieved within 43–47 hours of culture. Then, the matu-
ration rate was acceptable, but the pregnancy success rate 
was only 11.1%. However, IVM has become a mainstream 
choice for PCOS treatment. Patients with PCOS are hyper-
sensitive to stimulating drugs, and ovarian stimulation 
for conventional IVF in PCOS patients carries the risk of 
severe ovarian hyperstimulation syndrome (OHSS), caus-
ing some patients to quit treatment. Use of IVM is the only 
method that can completely prevent OHSS.

INDICATIONS OF IVM
IVM was originally applied in patients with PCOS with-
out gonadotropin stimulation to avoid OHSS caused by 
controlled ovarian hyperstimulation (COH) (5,6). IVM 
is indicated not only for patients with PCOS, but also for 
women with polycystic ovaries (PCOs) who are at higher 
risk of OHSS by standard COH compared to regular-
cycling women. IVM should also be considered in patients 
who are anxious about the long-term side effects of gonad-
otropin, since some patients worry about not only the 
stimulating effect of gonadotropins, but also prospective 
events after aging (7,8). Regular-cycling women are also 
successfully treated with IVM with or without gonadotro-
pin administration, but its indication for regular-cycling 
women remains controversial due to the lower number of 
oocytes available (9–18). The clinical benefits of follicle-
stimulating hormone (FSH) administration to regular-
cycling women are yet to be determined (19,20). Poor 
embryo quality or repeated failures by conventional IVF 

are other proposed indications for IVM. Women with the 
so-called egg factor in which no mature eggs are found in 
repeated cycles (germinal vesicles only), recurrent fertil-
ization failure, or very poor-quality embryos are also IVM 
targets (21). Patients who repeatedly failed IVF without 
distinct causes are also IVM candidates (22,23).

We have achieved 88 clinical pregnancies by IVM from 
1999 to 2008. Twenty-one pregnancies (24%) resulted after 
repeated IVF failures. Eight of these 21 pregnancies (38%) 
were treated by IVM due to poor-quality embryos gener-
ated by IVF. Figure 10.1 shows the number of failed IVF 
cycles and IVM cycles to achieve pregnancy in 18 ongo-
ing cases. They failed 4.9 times with IVF and needed IVM 
2.3 times to achieve pregnancy. In conclusion, the primary 
indication for IVM is PCOS or PCOs with a high risk of 
OHSS. Other indications are patients who desire not to 
undergo gonadotropin administration, and repeated IVF 
failure due to impaired oocyte or embryo qualities. IVM is 
an alternative to conventional assisted reproduction tech-
nology (ART).

FSH PRIMING
With the target follicles in IVM being only 5–10 mm, 
beginners find it quite difficult to puncture these small fol-
licles. Therefore, it is more practical to stimulate and pre-
pare rather easier conditions by using bigger follicles. FSH 
priming prior to IVM has been tried from the initial stage 
of IVM development, and FSH is usually administered 
from day 3 or 5 at a dose of 150–300 IU. Several studies 
have reported the effectiveness and ineffectiveness of FSH 
priming. Wynn et al. (19) added recombinant FSH on days 
2, 4, and 6 and achieved significant numbers of retrieved 
oocytes and an increased maturation rate. On the other 
hand, Mikkelsen et  al. (10) found no difference between 
the two groups of primed and non-primed patients after 
three days of addition of FSH from day 3. Moreover, the 
combination of FSH and human chorionic gonadotropin 
(hCG) at the same time was reported by Lin et al. (24), and 
no significant effectiveness was shown in the literature.

The advantage for FSH priming can be described as 
easier follicular preparation; however, we need to consider 
its disadvantages. After immature follicles are recruited 
from the cohort, the dominant follicles start to grow and 
differentiate. At this moment, apoptosis of follicles and 
oocytes starts to be atretic in follicles and degenerative in 
oocytes. This phenomenon may affect both the quality and 
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the developmental competence of oocytes for fertilization 
and embryogenesis. FSH priming may accelerate the speed 
of folliculogenesis; that is, the follicles proceed to be atretic 
in an unusual manner. Therefore, it would be difficult to 
estimate optimal timing for ovum pickup (OPU) in IVM.

hCG PRIMING
Chian et  al. (25) reported the efficacy of hCG adminis-
tration 36 hours prior to OPU in patients with PCOS. A 
total of 10,000 U of hCG was used for priming. The mean 
number of oocytes retrieved was equivalent for the hCG-
primed and -non-primed groups, but the oocyte matura-
tion rate was significantly improved in the hCG-primed 
group. The time course changed between the hCG-primed 
and -non-primed groups. There were no differences in 
the rates of fertilization and cleavage. The possible pres-
ence of luteinizing hormone (LH) or hCG receptors has 
been described in small follicles. LH induces the rupture 
of mature follicles, and surges in its level offer the opti-
mal basis for ovulation. Thus, it is obvious that mature 
follicles possess LH receptors. However, LH receptors 
are not proven to exist in immature oocytes; rather, they 
mainly exists in the cumulus–oocyte complexes (COCs). 
Ge et  al. (26) investigated the effect of hCG addition to 
IVM medium in patients undergoing IVM. Patients with 
PCOs were non-primed with hCG, and the patients were 
allocated to one of three groups according to the medium 
used, namely the hCG-containing medium, initially non-
hCG followed by hCG-containing medium, and non-hCG 

medium groups. No differences were observed between 
the three groups in terms of the numbers of retrieved 
oocytes, maturation rates, fertilization rates, or implanta-
tion rates. Surprisingly, high maturation rates of over 60% 
were obtained without using hCG. Further investigations 
and clinical data are needed to clarify the effectiveness of 
hCG priming.

APPLICATION OF CRYOPRESERVATION 
OF EMBRYOS IN IVM
IVM has been applied not only for PCOS or PCOs, but also 
for repeated IVF failures for more than a decade. However, 
the overall pregnancy rate achieved by IVM is still inferior 
to that by conventional IVF due to its lower implantation 
rate (27,28). Therefore, many infertility specialists hesi-
tate to adopt IVM as a routine ART procedure. The major 
causes of its inferiority to IVF come from the discrepancy 
of synchronization between not only nuclear and cyto-
plasmic maturation in the oocytes but also between the 
developmental speed of the embryos and the endome-
trial lining. Endometrial development synchronized with 
embryonic growth is essential in any ART procedure, but 
a dominant follicle or corpus luteum does not routinely 
exist in IVM. Therefore, the contribution of the follicular 
and luteal sex steroids to the endometrium is possibly com-
promised. We achieved the first IVM pregnancy and birth 
in Japan (29), but the success rate was far beyond that of 
IVF at our institution. To improve IVM pregnancy rates, 
we included frozen–thawed transfer in the IVM protocol 

1 2 3 4 5 6 7 8 9 10

2

1

0

5

4

3

7

6

10

11

12

13

14

15

9

8

11 12 13 14 15 16 17 18

IVF IVM

Figure 10.1 The number of failed in vitro fertilization cycles (red bar) and in vitro maturation cycles (green bar) to achieve preg-
nancy in 18 ongoing cases.
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to adjust the embryonics and endometrial development 
(30,31). Our protocol is illustrated in Figure 10.2. Briefly, 
the scan is started on day 6–8 of the menstrual cycle to 
measure endometrial thickness and the number and size 
of the antral follicles, and to exclude the presence of domi-
nant follicles >14 mm. Pretreatment with metformin for 
more than a month and low-dose FSH administration are 
selectively performed. A second evaluation is performed a 
few days later to determine a suitable day of hCG admin-
istration. hCG is given when more than two follicles grow 
to a size >8 mm. On the day of hCG administration, if the 
endometrial thickness is ≥8 mm, the transfer of fresh day 
2/3 embryo or blastocyst is usually scheduled. However, 
if the endometrium thickness is <8 mm, two-pronuclear 
oocytes or cleaved embryos are cryopreserved for future 
frozen–thawed embryo transfer as shown in Figure 10.2 
(31–34). Frozen–thawed embryo transfer is usually per-
formed under a hormone-supplemented cycle. The medi-
cation after transfer was identical in both fresh and frozen 
cycles (Figure 10.2). Vitrification of the embryos derived 
from IVM oocytes is a routine procedure in the clinical 
application of IVM because of the current prevalence of 
the techniques (35–40).

IVM MEDIUM
Retrieved COCs were transferred to IVM culture medium, 
cultured for 24–26 hours, and assessed for maturity after 
removal of cumulus cells (CCs) (Figure 10.3). All IVM 
cases undergo intracytoplasmic sperm injection (ICSI). 

IVM culture should be completed without the use of 
 mineral oil to avoid absorption of the steroids secreted 
by CCs (41).

We compared the MediCult IVM system (MediCult, 
Origio, Måløv, Denmark) and tissue culture medium 
199 (TCM199, Invitrogen, Carlsbad, CA) (Table 10.1). 
Both IVM media were supplemented with FSH, hCG, 
and patient serum. The rates of maturation and preg-
nancy were significantly increased by changing from 
TCM199 to MediCult (49.1% versus 53.3% and 15.9% 
versus 30.0%, respectively). Some studies have compared 
IVM outcomes using different culture media. Söderström-
Anttila et al. and Filali et al. reported similar clinical out-
comes between MediCult and TCM199 culturing (42,43). 
However, de Araujo et al reported that TCM199 is more 
suited for human IVM than human tubal fluid (HTF) (44). 
Therefore, TCM199 or commercialized IVM media are 
preferred for human IVM.

We have also compared different protein sources: 
patient’s own serum, donor’s follicular fluid, and serum 
substitute supplement (SSS; Irvine Scientific, Santa Ana, 
CA, USA) (Table 10.2). Use of patient serum yielded sig-
nificantly higher rates of maturation and pregnancy com-
pared to the use of donor’s follicular fluid and SSS. Human 
IVM medium is usually supplemented with patient serum 
(5,6,45,46). Mikkelsen et  al. reported the use of patient 
serum to be more effective than human serum albumin 
for human IVM (47). Serum may contain factors prefera-
ble for oocyte maturation such as epidermal growth factor 
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(EGF), and EGF-like growth factor improves the matu-
ration of human immature oocytes (48). Further, patient 
serum is easily available and is not contaminated with for-
eign viruses or factors.

OOCYTE IDENTIFICATION
The follicular aspirate is collected in collection tubes con-
taining 4-(2-hydroxyet4hyl)-1-piperazineethane sulfonic 
acid (HEPES)-buffered HTF with 0.4% heparin to prevent 
blood clot formation during oocyte retrieval. There are 
two ways to identify COCs in the follicular aspirates. First, 
a small volume of follicular aspirate is poured directly 
into a Petri dish and examined for COCs under a ste-
reomicroscope (25,49). COCs aspirated from IVM cycles 
have only small amounts of CCs compared to those from 
COH cycles, and denuded oocytes are sometimes included 
(Figure 10.4). Because of the low number of CCs and par-
tially denuded oocytes, it is difficult to identify COCs 

aspirated from the IVM cycles in a large amount of follicu-
lar fluids in a Petri dish. In particular, in the hCG-primed 
IVM cycles, CC expansion is induced by a high-dose hCG 
signal, thus making COC identification easier.

Another method of COC identification is to the use 
of a cell strainer (70 µm nylon mesh, Becton Dickinson, 
Franklin Lakes, NJ, USA) (50,51). The follicular aspirates 
in the collection tubes are filtered with the cell strainer 
(Figure 10.5), and the collected aspirates are washed with 
HEPES-buffered HTF containing SSS and 0.4% heparin to 
remove red blood cells and small cells. The cell strainer is 
then transferred upside down to a Petri dish, and the col-
lected aspirates are flushed with HTF from the backside 
of the cell strainer and observed for COCs under a stereo-
microscope. The COCs with dispersed CCs are sticky and 
sometimes block the pores of the cell strainer. It is hard to 
flush the cell strainer and time consuming to search for the 
COCs. Therefore, at our center, after identifying the oocytes 
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(a) (b)

Figure 10.4 Morphological changes of COCs before and after culture in the IVM medium. (a) The immature COCs after oocyte 
retrieval. (b) The same COCs 26 hours after culture in the IVM medium. The CCs has expanded, and COCs volume increased to 
approximately 2 or 3 times as before culture. Original magnification ×200.
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with dispersed CCs under a stereomicroscope, the remain-
ing aspirates are filtered through a cell strainer to facilitate 
identification of the oocytes with a lower number of CCs.

There are various morphologies of retrieved COCs 
in hCG-primed IVM cycles (Figure 10.4a–e). Son et  al. 
revealed that in vivo-matured oocytes are included on the 
day of oocyte retrieval. It has been also reported that in 
vivo-matured oocytes have high developmental potential 
(46), which suggests that it is necessary to perform ICSI 
is adapted to oocyte maturation conditions. To observe 
oocyte maturation without removing CCs, it stretches 
thin the COCs on the Petri dish. If no identify GV by 
stretching the COC, it has been confirmed by removing of 
CCs in our center.

OPU FOR IVM
The application of IVM has been limited since its devel-
opment due to the difficulty in puncturing small follicles. 
Unstimulated follicles are mobile and therefore it is not easy 
to puncture at the correct point of the ovary. The needles 
for IVM usually range from 21 to 19 gauge. Before the pro-
cedure, positioning of the large pelvic vessels by the color 
Doppler method is recommended. A careful ultrasonogra-
phy beforehand makes OPU easier and safer. A complete 
record of the size and numbers of follicles is an important 
resource for further improvement of the procedure.

To facilitate easier puncturing of small follicles, we 
developed a newly designed needle (IVF OSAKA IVM 
Needle, Kitazato Medical Co. Ltd, Tokyo, Japan). The 
needle is composed of two needles, one for punctur-
ing (21 G) and one for holding (17 G) (Figure 10.6). The 

puncture needle is located inside the holding needle. First, 
the vaginal skin is penetrated without anesthesia and the 
needle is inserted and reaches 1 cm into the ovary to hold 
it. Second, the puncture needle is smoothly inserted into 
the holding needle without any resistance from hard skin. 
Small follicles are sequentially punctured by rotating the 
needle (Figure 10.7).

The aspiration pressure used for puncturing in IVM is 
an important issue. We compared 180 and 300 mmHg as 
the puncture pressures for oocyte retrieval (52). The rate of 
transferable embryos of retrieved oocyte number was sig-
nificantly higher in the lower-pressure group (low, 23.8%; 
high, 12.8%). The ongoing pregnancy rate was also better 
in the group used low pressure at puncture (low, 30.0%; 
high, 4.3%). This finding indicates that high-pressure aspi-
ration may impair oocyte quality and developmental com-
petence for embryogenesis.

METFORMIN APPLICATION IN IVM
Metformin, an oral biguanide insulin-sensitizing agent 
used in type 2 diabetes mellitus, can reduce the hyper-
insulinemia and hyperandrogenemia associated with 
PCOS and aid in ovulation (53–58). We have tried sev-
eral approaches, including new needle systems, aspiration 
pressure changes, and frozen–thawed cycles, to improve 
the clinical outcomes compared to conventional IVF 
(30,31); however, pregnancy rates did not improve as per 
expectations. The quality of either the oocyte that matured 
in vitro or the resulting embryos was an integral factor 
for achieving this goal. We then evaluated serum levels 
of insulin and homeostasis model assessment for insulin 

(a) (b) (c)

(d) (e) (f )

Figure 10.5 Various morphologies of the cumulus–oocyte complexes (COCs) observed at the time of oocyte collection. (a) The 
oocyte with compacted, rich cumulus cells (CCs). (b) Germinal vesicle (GV)-stage oocyte with less than two to three CC layers. (c) 
Metaphase I-stage oocyte showing small-volume CCs and is partially denuded. (d) GV-stage oocyte with partially dispersed CCs. 
(e) Metaphase I-stage oocyte with dispersed CCs. (f) COCs with fully expanded CCs retrieved in controlled ovarian hyperstimulation 
cycles. Original magnification (a–e) 200×, (f) 100×.
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resistance (HOMA-R). When HOMA-R was >1.25, met-
formin (1500 mg/day) was administrated at least one 
month before IVM. If the patient was unable to tolerate 
the side effects such as diarrhea and nausea, the dose was 
reduced to 750–1000 mg/day. We applied metformin in 
an IVM protocol as shown in Figure 10.2, because met-
formin improves not only the environment of the intra-
follicular milieu, but also endometrial condition (32,33). 
Following the initiation of routine metformin use in 2007, 
the  clinical outcomes improved significantly as shown in 
Figure 10.8. We analyzed the effect of metformin on IVM 
results (Table 10.1). In the metformin-treated group, the 
number of oocytes retrieved was significantly higher and 
the pregnancy rate was also significantly improved in fresh 
IVM cycles. However, the clinical outcomes of frozen–
thawed cycles did not show any significant improvements. 
Metformin may improve oocytes quality by reducing 
hyperinsulinemia and by modulating local insulin and 
insulin-like growth factor levels, but we could not prove 
this suspicion (59). Although an efficacious implantation 
in human reproduction is the result of endometrial factors 
or oocyte and embryonic features (60), our data suggest 

a beneficial effect of metformin on endometrial develop-
ment and receptivity as shown by some studies (61–63). 
In conclusion, metformin pretreatment of patients with 
PCOs before IVM has a positive effect on the clinical out-
come of IVM.

IVM is a relatively new ART compared to IVF (64). 
Although IVM was invented 13 years after IVF and clini-
cally applied two years later (5,6), 20 years have passed 
since the first IVM baby was born. The clinical outcome 
of IVM varies not only by institution, but also by patient 
type. The pregnancy rate per IVM transfer for either 
PCOS or PCO patients is in the range of 21.5%–52.9% 
(15,24,25,42,49,65–70). The major reason for this differ-
ence might be the different pretreatments such as FSH 
and hCG used in different patients. Women with nor-
mal ovaries or regular cycles experience less success with 
IVM. Pregnancy rates are as low as 4%–33.3% per transfer 
(10,15,17,20,42,50,71,72). To date, FSH priming with hCG 
administration seems to be a common pretreatment for 
the IVM procedure. However, we recommend metformin 
pretreatment and use of frozen–thawed cycles for patients 
with poor endometrium development (31–33).

(a) (b) (c)

Figure 10.6 The schematic procedure of oocyte collection using a cell strainer. (a) The cell strainer is kept in a Petri dish (Falcon, 
60 × 15 mm). (b) Follicular aspirates containing human tubal fluid with heparin are filtered with a cell strainer. (c) After filtering, the 
collected aspirates are rinsed and transferred into another Petri dish for identification of COCs under a stereomicroscope.

Puncture needle (21 gauge)

Holding needle (17 gauge)

Figure 10.7 The IVF-OSAKA IVM needle is composed of a puncture needle (21 gauge) and a holding needle (17 gauge).
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We started IVM from 1999 and spent a few years improv-
ing its methodology. The latest data of our IVM results are 
shown in Figure 10.9. We performed 660 IVM cycles (387 
fresh and 273 frozen cycles); from 2003 to 2014, the preg-
nancy rate per transfer was 27.4%, while the miscarriage 
rate was 21.6%. However, the average pregnancy rate over 
the last three years was >30%. Various attempts have been 
made to improve the clinical outcome. Several authors have 
reported a significant increase in malformations in IVM 
babies (42,67,68,73). No differences were observed in the 
perinatal morbidity, birth weight, gestational age at deliv-
ery, APGAR scores (the score for evaluation of the newborn 
infant), umbilical cord pH, or congenital abnormalities 
among IVM, IVF, and ICSI treatment outcomes (74). Our 
data also did not show any increase in the malformation 
rate for IVM treatment using either fresh or frozen cycles.

FOLLOW-UP OF IVM CHILDREN
It is estimated that globally >1300 IVM babies have been 
born, in contrast to an estimated 3 million babies con-
ceived by standard IVF/ICSI over the last 33 years (75). 
However, there may not be much information available 
about these children in terms of published or unpublished 
data (67,76,77). In animal models, there have been rising 
concerns about IVM and its influences on epigenetic dis-
orders (78–81). These theoretical concerns must be recog-
nized in humans as well, but such effects have not been 
confirmed in IVM babies until now. As the importance 
of epigenetics in IVF is still controversial after millions 
of babies have been born via IVF, it will take some time 
to collect the IVM data that are required for meaningful 
analysis. We have completed 945 IVM cycles between 1999 
and 2012 and achieved 116 pregnancies (76 deliveries and 

Puncture needle

Holding needle

Figure 10.8 After the ovary was fixed by the holding needle, every follicle can be easily punctured by rotation of the puncture 
needle.

Table 10.1 Comparison of clinical outcomes between the TCM199 and MediCult in vitro maturation systems

Culture medium
No. of 
cycles

Mean number of 
oocytes retrieved

Culture 
time (hours)

In vitro maturation 
rate (%)

Pregnancy rate per 
embryo transfer (%)

TCM199 447 8.4 24 49.1a 15.9A

MediCult in vitro 
maturation system

591 8.7 26 53.3b 30.0B

Significant differences between the different superscript characters (p < 0.01: a–b, A–B).

Table 10.2 Comparison of clinical outcomes between three protein supplementation in the MediCult in vitro maturation 
system

Protein supplementation
No. of 
cycles

Mean number of 
oocytes retrieved

Culture 
time (hours)

In vitro maturation 
rate (%)

Pregnancy rate per 
embryo transfer (%)

Donor’s follicular fluid 154 9.2 26 49.6a 28.1
Patient’s own serum 271 8.9 26 57.7b 38.8A

Serum substitute supplement 
(Irvine Scientific)

166 7.9 26 52.7c 23.1B

Significant differences between the different superscript character (p < 0.01: a–b, a–c, A–B; p < 0.05: b–c).
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86 babies born). To date, 54 children born via IVM (37 
fresh cycles and 17 frozen cycles) were followed until seven 
years of age by parental questionnaire sheets for their par-
ents. The congenital major malformation rate was 1.8% 
(1/54), which did not differ from Japanese data of natural 
conception (NC). The physical and mental development of 
IVM babies was identical to NC babies, as determined on 
the basis of statistical data cited in the statistics from the 
Japan Ministry of Health, Labour and Welfare (2010 edi-
tion). Although other reports are retrospective and limited 
in size, they suggest that the perinatal outcomes of births 
from IVM cycles are similar to those of conventional ART, 
also considering the incidence of major and minor abnor-
malities (77). However, one child was normal at birth, but 
appeared to have Asperger’s syndrome later, and long-
term follow-up of IVM babies is warranted.

OOCYTE MATURATION, ULTRASTRUCTURE, AND 
MITOCHONDRIAL DISTRIBUTION
The IVM procedure has developed and is now used world-
wide. Although its simplicity appeals to patients, it is not 
yet an alternative to conventional IVF because of its low or 
unstable success rates, caused by low maturation rates. To 
improve the maturation and success rates, it is essential to 
elucidate the human oocyte maturation process. The oocytes 
mature in the zona pellucida, cytoplasm, and nucleus; it is 
also necessary to maintain the harmony of each maturation 
factor in order to achieve maturation. The nuclear matura-
tion process has been well investigated, but in contrast, the 
mechanism and manner of maturation in the cytoplasm 
remains unclear. Nuclear maturation is identified by germi-
nal vesicle breakdown and the extrusion of polar bodies on 
light microscopy, unlike cytoplasmic maturation.

Ultrastructural investigation can be used to study the 
process of cytoplasmic maturation. We observed oocytes 
during IVM using electron microscopy. In the germinal 
vesicle stage of unstimulated oocytes, the mitochondria 
were dense and scattered in the cytoplasm. The volume of 
smooth endoplasmic reticulum (sER) was small. Microvilli 
were not yet developed at this stage. Within 6–12 hours of 
culture, the germinal vesicles underwent breakdown and 
the appearance of the cytoplasm changed dramatically. The 
mitochondria enlarged and sER ballooned. At this stage of 
metaphase I, the communication between the CCs and the 
oolemma was remarkably activated. The processes from 
the CC surface reached the oolemma through the zona 
pellucida. In metaphase II, the mitochondria increased in 
number and aggregated in the center of the cytoplasm. The 
microvilli on the surface of the oolemma developed and 
elongated, extending into the perivitelline space. At this 
stage, the first and second lysosomes were seen, and the 
sER increased in quantity and ballooned. Mitochondria 
play an essential role in oocyte maturation. A low oocyte 
respiration rate indicates that ATP production resulted in 
maturation failure and atresia in IVF (82). The ATP content 
is related not only to oocyte maturation, but also to fertil-
ization, embryogenesis, and implantation (83).

Mitochondria migrate and are distributed in each stage 
of maturation. The mitochondria distribution pattern was 
found to be homogenous in the germinal vesicles and hete-
rogonous in metaphase I and II (84–86). Wilding et al. (87) 
described that the mitochondrial distribution pattern was 
homogenous in poor-quality embryos. The mitochondria 
distribution is controlled by the microtubule network. 
Inappropriate network formation may cause abnormal 
mitochondrial distribution, which indicates the shortage 
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changes of procedure performed in the meantime (b).
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of an energy source to maintain oogenesis and embryo-
genesis (87). Mitochondria are multifunctioning organ-
elles. They not only create energy, but also transiently store 
calcium ions and regulate apoptosis for cell death. Further 
investigation of the mitochondrial function in human 
oocytes do benefit the improvement in the embryo quality 
and better clinical IVM outcome.

There have been advances in efforts to improve matura-
tion and oocyte quality in animal biology. Albuz et al. (89) 
proposed a new method for IVM and named it simulated 
physiological oocyte maturation (SPOM) (Figure 10.10). 
This is a method for arranging the basic signaling mol-
ecule and the level of the gonadotropin second messen-
ger cyclic AMP (cAMP) in oocytes. High levels of cAMP 
induce meiotic arrest. SPOM enables the cytoplasm to 
enhance maturation during arrest of nuclear maturation. 
They settled one to two pre-IVM term using forskolin 
that increases cAMP and 3-isobutyl-1-methylxanthine 
(IBMX), which is one of the phosphodiesterase (PDE) 
inhibitors. At the next extended IVM term using FSH that 
acts as final maturation mediator and cilostamide that is a 
PDE were used. Improvements in blastocyst rates, implan-
tation rates, and fetus yield rates in bovines and mice 
were demonstrated by this method. This could be a novel 
method for overcoming the disadvantage of current clini-
cal IVM, which is the diminished rate of oocyte matura-
tion and pregnancy outcomes.

FURTHER APPLICATIONS OF IVM PREIMPLANTATION 
GENETIC DIAGNOSIS AND DONOR OOCYTE SOURCES
Although at present it may be premature to offer IVM to 
all types of patients, IVM is definitely a safer option than 
IVF in patients who are extremely sensitive to gonadotro-
pins, because it completely avoids the risk of OHSS. From 
the point of view of safety, IVM should be applied for any 
male factor-related infertility such as testicular sperm 
extraction and ICSI cases without female disorders such as 
PCOS/PCOs (15,24,25,42,49,65–69,71) or normal ovaries/
regular-cycling women (10,17,20,50,71,72). Vitrification 
of human embryos has become a routine ART method. 
Not only cleaved embryos, but also oocytes have been 
successfully vitrified (38,39,88,89). Application of frozen 

cycles in IVM will improve the clinical outcome because 
of improved uterine receptivity. Moreover, cryopreserva-
tion of either immature oocytes or mature oocytes is a 
safer ART for female cancer patients, especially those with 
breast cancer (90). Recently, oncofertility is a hot topic in 
reproductive medicine. IVM is an indispensable technol-
ogy for frozen ovarian tissues from cancer patients or is 
suitable for urgent retrieval of multiple oocytes without 
stimulation when patients have short time before emer-
gency chemotherapy or surgery (91).

In vitro follicular growth (92) is used with IVM because 
it is a necessary step for IVM when ovarian tissue cryo-
preservation is clinically applied. Other than routine ther-
apeutic ART procedures, IVM benefits oocyte donors by 
avoiding the risks of both OHSS and unknown long-term 
side effects (8). Recurrent pregnancy loss patients are also 
good candidates for IVM, since many of them need sev-
eral trials in order to acquire a healthy baby. These patients 
are usually reluctant to undergo ART treatment because 
of the high cost and the complicated procedure of the 
ART itself. If patients have sufficient antral follicle counts, 
IVM is a preferable option for performing a safer preim-
plantation genetic diagnosis procedure (93). IVM is also 
a strong treatment tool for repeated IVF failure for many 
reasons such as premature ovarian failure or insufficiency, 
poor response, poor embryo quality, abnormal oocytes, 
and empty follicle syndrome, among others. IVM is not 
only indicated for PCOS/PCO patients in order to avoid 
the risk of OHSS, but will also play an integral role in the 
development of future ARTs.
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11Intracytoplasmic sperm injection
Technical aspects
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BACKGROUND
The use of assisted reproduction technology (ART) to over-
come infertility has increased steadily in the U.S.A. and 
worldwide (1). Based on 2012 estimates, approximately 456 
ART clinics in the U.S.A. performed 157,635 ART proce-
dures resulting in 51,261 live deliveries and 65,151 infants 
(1). In 2012, ART contributed to 1.5% of all infants born in 
the U.S.A. (1). ART generally includes treatments such as 
in vitro fertilization (IVF), gamete intrafallopian transfer 
and zygote intrafallopian transfer, with IVF accounting for 
approximately 99% of all ART procedures (1). Soon after 
the establishment of IVF, it became clear that as many as 
40% of conventional IVF cycles were affected by fertiliza-
tion failure or by an extremely low fertilization rate, even 
though spermatozoa were placed in close proximity to 
oocytes (2). This was particularly problematic in patients 
with diminished sperm motility and/or poor morphol-
ogy (i.e., it presented a complex obstacle for spermatozoa 
to penetrate the zona pellucida [ZP], a thick glycoprotein 
layer surrounding the oocyte) (2). In such cases, gamete 
micromanipulation was thought to be the only way to 
overcome this problem. The different techniques devel-
oped in this regard focused on assisting the spermatozoon 
to penetrate the ZP by “softening” it enzymatically with 
trypsin or pronase, or penetrating it chemically via local-
ized or “pinpoint” exposure to acidified Tyrode’s solution 
prior to sperm exposure (3). The placing of the spermato-
zoon beneath the ZP yielded consistent results, achieving 
a fertilization rate of ∼20% (4). However, these techniques 
were abandoned because of limiting factors such as the 
need for many functional spermatozoa with good progres-
sive motility, and complications like polyspermy (5). These 
initial efforts to assist sperm penetration soon became 
obsolete with the introduction of a microsurgical method 
for insertion of spermatozoa directly into the oocyte.

INTRACYTOPLASMIC SPERM INJECTION
Intracytoplasmic sperm injection (ICSI) involves the injec-
tion of a single spermatozoon directly into the cytoplasm 
of an oocyte. ICSI bypasses both the ZP barrier and sperm 
defects in the male gamete that compromise its ability to fer-
tilize. The ability of ICSI to achieve higher fertilization and 
pregnancy rates regardless of sperm characteristics makes 
it the most powerful micromanipulation procedure yet for 
treating male factor infertility (6). In fact, the therapeutic 
possibilities of ICSI range from cases in which, after sperm 
selection, the spermatozoa show poor progressive motility, 

to its application in azoospermic men where spermatozoa 
are microsurgically retrieved from the epididymis and the 
testis (7–9). Retrieval of a low number of oocytes represents 
a further indication for this procedure. In fact, the avail-
ability of ICSI has been instrumental in some European 
countries (e.g., Italy and Germany) to circumvent restric-
tive legislation that limits the number of oocytes insemi-
nated or embryos to be replaced (10,11). ICSI has also made 
the consistent fertilization of cryopreserved oocytes pos-
sible (12) since freezing can lead to premature exocytosis 
of cortical granules and ZP hardening that inhibit natural 
sperm penetration (13–16). When preimplantation genetic 
screening is to be performed on oocytes, the removal of the 
polar body requires the stripping of cumulus corona cells, 
thus supporting ICSI as the only insemination method to 
avoid polyspermy. When embryos need to be analyzed for 
gene defects, the avoidance of contaminating spermato-
zoa on the ZP reduces the chance of false amplification by 
polymerase chain reaction. ICSI is the preferred method of 
insemination by several groups for HIV-discordant cou-
ples because it virtually avoids the interaction of oocytes 
with semen, thereby reducing the risk of viral exposure 
(17–19). Advantages of ICSI over intrauterine insemination 
for HIV-discordant couples also include the considerably 
higher success rate (17), requiring fewer attempts to achieve 
a pregnancy with obviously reduced chances of viral expo-
sure (18) for the unaffected partner. Reassuringly, no sero-
conversions have been reported following ART use for 
HIV-discordant couples (20).

In this chapter, we describe the quintessential technical 
details involved in the proper execution of ICSI. We also 
present the clinical outcomes associated with ICSI and 
appraise its safety.

SEMEN COLLECTION
Semen samples are collected by masturbation after 3–5 
days of abstinence and allowed to liquefy for at least 20 
minutes at 37°C before analysis. When the semen has high 
viscosity, this can be reduced within three to five minutes 
usually by adding it to 2–3 mL of 4–(2 hydroxyethyl)-1-pi-
perazine-ethanesulfonic acid (HEPES)-buffered human 
tubal fluid (HTF) containing 200–300 IU of chymotryp-
sin (Sigma Chemical Co., St Louis, MO). The use of lim-
ited proteolytic enzyme with chymotrypsin was shown 
to effectively disperse hyperviscous samples for semen 
preparation (21,22). Electroejaculation is applied in cases 
of spinal cord injury or psychogenic anejaculation (23).
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In cases of irreparable obstructive azoospermia, a con-
dition often caused by congenital bilateral absence of the 
vas deferens and associated with a cystic fibrosis gene 
mutation, spermatozoa are retrieved by percutaneous 
epididymal sperm aspiration or microsurgical epididy-
mal sperm aspiration (24–26). Variable volumes of fluid 
(1–500 µL) are collected from the epididymal lumen by a 
glass micropipette or a metal needle. Since spermatozoa 
are highly concentrated, only microliter quantities are 
needed. Alternatively, azoospermic patients undergo tes-
ticular sperm retrieval when the epididymal approach is 
not feasible because of scarring or due to impaired sperm 
production as in non-obstructive situations. An open 
biopsy or the more recent fine-needle aspiration technique 
is used for testicular sampling (27). The biopsy specimen 
of approximately 500 mg is rinsed in medium to remove 
red blood cells and is divided into small pieces with ster-
ile tweezers under a stereomicroscope (28). Testicular 
sperm extraction (TESE) and the now refined micro-TESE 
procedures retrieve seminiferous tubules with residual 
spermatogenesis, granting a higher probability of sperm 
retrieval while maintaining greater anatomical integrity 
of the testicle (29,30). Motility in place or twitching is 
then assessed on a microscope at 100–200×, and a second 
biopsy specimen is obtained if spermatozoa are not found. 
After the micro-TESE procedure, the testicular samples 
are maintained overnight in medium at 37°C. Testicular 
tissue is exposed to collagenase type IV (1000 IU/mL) com-
bined with 25 mg/mL of DNase I (31). The tissue is incu-
bated with collagenase for one hour, and the suspension is 
mixed every 10–15 minutes to enhance enzymatic diges-
tion. Large portions of undigested tissue such as tubular 
walls and connective tissue are removed, and the digested 
suspension is centrifuged twice at 500 g for five minutes. 
When no spermatozoa are identified in the pellet, the 
supernatant is further centrifuged at 1500–3000 g for five 
minutes. The pellet from this fraction is also examined. 
Both pellets are resuspended in a medium with a volume 
ranging from 20 to 200 µL. Sperm presence, viability, and 
motility characteristics together with the presence of other 
germ cells are noted. If no spermatozoa are seen, the resus-
pended sample is placed in individual 8 µL drops under oil 
and assessed under an inverted microscope at 400×.

SEMEN PROCESSING: ANALYSIS AND SELECTION
Semen concentration and motility are assessed in a 
Makler® counting chamber (Sefi Medical Instruments, 
Haifa, Israel). Morphologic characterization of sperm 
has a significant correlation with male infertility, and is 
performed using Kruger’s strict criteria (32). Evaluation is 
usually made after spreading 5 µL of semen or sperm sus-
pension on pre-stained slides (Testsimplets®; Boehringer, 
Munster, Germany), which can allow rapid assessment. 
The specimen is examined microscopically, and at least 
100–200 spermatozoa are categorized. Semen parameters 
are considered to be impaired when the sperm concentra-
tion is <15 × 106/mL, the progressive motility is <40%, 
or a normal morphology is exhibited by <4% of the 

spermatozoa (33). For selection of spermatozoa, the sam-
ple is washed by centrifugation at 500 g for five minutes in 
HTF medium supplemented with 6% (v/v) human serum 
albumin (HSA; Vitrolife, Englewood, CO). Semen samples 
with <5 × 106/mL spermatozoa or <20% motile sperma-
tozoa are washed in HTF medium by a single centrifuga-
tion at 500–1800 g for five minutes. The resuspended pellet 
is layered on a discontinuous ISolate® gradient (Irvine 
Scientific, Irvine, CA) on two layers (90% and 45%) and 
centrifuged at 300 g for 10 minutes. A one-layer ISolate 
gradient (90%) is used when samples have a sperm density 
<5 × 106/mL spermatozoa and <20% motile spermato-
zoa. The sperm-rich ISolate fraction is washed by adding 
4 mL of HTF medium and centrifuged at 600–800 g for 
5–10 minutes to remove the silica gel particles. For sper-
matozoa with poor kinetic characteristics, the sperm 
suspension is exposed to a 3 mmol/L solution of pent-
oxifylline and is centrifuged again. The concentration of 
the assessed sperm suspension is adjusted to 1–1.5 × 106/
mL, when necessary, by the addition of HTF medium, and 
subsequently incubated at 37°C in a gas atmosphere of 5% 
CO2 in air until utilization for ICSI.

SPERM CRYOPRESERVATION
The sperm suspension (adjusted to a concentration of 
∼30 × 106/mL) is diluted with at least an equal amount 
of cryopreservation medium (Freezing Medium-Test Yolk 
Buffer with Glycerol; Irvine Scientific), and up to 1 mL ali-
quots of the final solution are placed in 1 mL cryogenic 
vials (Nalgene Brand Products, Rochester, NY). The vials 
are exposed to liquid nitrogen vapor at –70°C for 15 min-
utes, and then plunged into liquid nitrogen at –196°C. 
Vials are thawed at 37°C for 15 minutes when spermatozoa 
are needed for injection. When in excess, epididymal sper-
matozoa and testicular tissue are cryopreserved for later 
use (34). Surgically retrieved samples are cryopreserved 
similarly to fresh semen with an excess of cryoprotectant 
and, when appropriate, exposed to a motility enhancer 
(3 mmol/L pentoxifylline) to facilitate the identification of 
viable spermatozoa (8).

COLLECTION AND PREPARATION OF OOCYTES
Baseline blood work and pelvic ultrasound are performed 
on menstrual cycle day 2 for patients treated with gonad-
otropin-releasing hormone (GnRH) antagonist protocols 
and on menstrual cycle day 3 for patients treated with 
the long GnRH agonist protocol (35). Normal baseline 
parameters include follicle-stimulating hormone (FSH) 
<12 mIU/mL, estradiol <75 pg/mL, and progesterone 
<1 ng/mL. Pelvic ultrasound is performed to evaluate 
endometrial thickness and to assess the antral follicle 
count and the presence of ovarian cysts.

Controlled ovarian superovulation (COS), human cho-
rionic gonadotropin (hCG) trigger, and oocyte retrieval 
are performed per standard protocols (35,36). COS is car-
ried out to maximize follicular response while minimizing 
the risk of ovarian hyperstimulation syndrome. In general, 
the hCG trigger is given when the two lead follicles attain 
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a mean diameter of 17 mm. Oocyte retrieval is performed 
under conscious sedation using transvaginal ultrasound 
guidance approximately 35–36 hours after hCG admin-
istration. Under the inverted microscope at 100×, the 
cumulus–corona cell complexes are scored as mature, 
slightly immature, completely immature, or slightly 
hypermature. Thereafter, the oocytes are incubated for 
about four hours. Immediately prior to micromanipula-
tion, the cumulus–corona cells are removed by exposure 
to HTF-HEPES-buffered medium containing 40 IU/mL of 
Cumulase® (Halozyme Therapeutics, Inc., San Diego, CA). 
A good and timely cumulus removal (37) is necessary for 
observation of the oocyte and effective use of the holding 
and/or injecting pipette during micromanipulation. For 
final removal of the residual corona cells, the oocytes are 
repeatedly aspirated in and out of an EZ-Tip® 290–135 µm 
(Research Instruments Ltd, Bickland Industrial Park, 
U.K.) locked on a STRIPPER® (ORIGIO, Knardrupvej, 
Denmark). Each oocyte is then examined under the 
microscope to assess nuclear maturity and morphology; 
metaphase II (MII) is assessed according to the absence of 
the germinal vesicle and the presence of an extruded polar 
body. ICSI is performed only in oocytes that have reached 
this level of maturity.

SETTING FOR THE MICROINJECTION
The holding pipette (HP-120-30; 120 µm outer diameter 
[OD]) and injecting pipette (IC-C1; 5–7 µm inner diameter 
[ID]) are both made from glass capillary tubes (Vitrolife 
AB, Göteborg, Sweden). Both pipettes are bent to an angle 
of approximately 30° at 1 mm from the tip, to be able to 
perform the injection procedure with the tips of the tools 
horizontally positioned in a plastic Petri dish (model 
351006, Falcon; Becton and Dickinson, Lincoln Park, NJ). 
Immediately before injection, 1 µL of the sperm suspen-
sion is diluted with 4 µL of a 7% polyvinylpyrrolidone 
(PVP) solution with HSA (90121, Irvine Scientific) in HTF-
HEPES medium placed in the middle of a plastic Petri dish. 
It is necessary to use the viscous solution during the pro-
cedure in order to slow down the aspiration and prevent 
the sperm from sticking to the wall of the injection pipette. 
When there are <100,000 spermatozoa per sample, the 
sperm suspension is concentrated to approximately 3 µL 
and transferred directly in drop #8 (Figure 11.1) where each 
oocyte is placed in the remaining 8 µL drops of G-MOPSTM 
(Vitrolife) supplemented with 6% G-MMTM (Vitrolife). 
These drops are covered with light-weight oil (Sage Medical, 
Trumbull, CT). Following immobilization, an individual 
spermatozoon is aspirated at the three o’clock edge of 
the PVP drop. For low concentration, a spermatozoon is 
retrieved by the injection tool from drop #8 and moved 
to the viscous medium central drop in order to remove 
debris, to gain better aspiration control, and to carry out 
immobilization. The procedure is carried out on a custom-
designed heated stage (Eastech Laboratory, Centereach, 
NY) fitted on a Nikon TE2000U inverted microscope at 
400× using Nikon Modulation contrast optics. This micro-
scope is equipped with a customized micromanipulation 

set-up (NAI-20P, Narishige Co. Ltd, Tokyo, Japan) consist-
ing of two motor-driven coarse control manipulators and 
two hydraulic micromanipulators. These custom manipu-
lators have a modified low-position microscope mounting 
adaptor, a single power supply for the motor-drive coarse 
unit, and a tubing-free joystick. The micro-tools are con-
trolled by two micro-injectors, one air control (IM-9B) for 
the holding pipette and the other IM-6 is oil operated and 
fitted with a metal syringe for the injection tool.

SELECTION OF THE SPERMATOZOON AND 
IMMOBILIZATION
Normally, at a magnification of 400×, it is not easy to select 
spermatozoa according to morphologic characteristics 
while they are in motion in medium. However, selection of 
a normal spermatozoon can be accomplished by observ-
ing its shape, its light refraction, and its motion pattern in 
viscous medium (7). When 1 µL of sperm suspension was 
added to the drop containing PVP, motile spermatozoa 
progress into the viscous medium while debris, other cells, 
bacteria, and immotile spermatozoa remain at the PVP–
paraffin oil interface. The viscous medium, by decelerating 
the spermatozoon, allows evaluation of its tridimensional 
motion pattern, permitting morphological assessment as 
well as favoring aspiration into the pipette.

Although ICSI does not require any specific sperma-
tozoon pretreatment, gentle immobilization achieved 
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Figure 11.1 An intracytoplasmic sperm injection (ICSI) dish 
is made of 8 µL drops of ICSI medium plus one central drop 
overlaid with paraffin oil. The drops are labeled with a red pen-
cil that is not embryo toxic. The central drop is marked with 
a circle while the surrounding drops are numbered 1–8 in a 
counterclockwise fashion. The central drop is removed and 
with replaced polyvinylpyrrolidone while drops 1–8 will con-
tain a single oocyte each. Specimens with very few sperma-
tozoa are concentrated to a very small volume and placed on 
drop #8.
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through mechanical pressure is needed to permeabilize 
the membrane, which allows the release of a sperm cyto-
solic factor, resulting in oocyte activation and improved 
fertilization rates (38–40). Human spermatozoa undergo 
important modifications in the nuclear chromatin where 
sperm DNA is packed very tightly to protect it during tran-
sition within the male and female genital tracts. Shaping 
of the male gamete nucleus takes place in late spermiogen-
esis as its chromatin is undergoing a remarkable conden-
sation that renders the sperm transcriptionally inert and 
highly resistant to digestion. Following the morphological 
transformation of the nucleus in the testis, as spermatozoa 
transit through the epididymis, there occurs a stabiliza-
tion of the chromatin through establishment of disulfide 
bonds between the thiol-rich protamines (41). Qualitative 
and quantitative modifications of the plasma membrane 
occurring in the lipidic composition (42) and the absorp-
tion of specific proteins secreted by the epididymal epi-
thelium result in changes of its electric charge (43,44). The 
lack of all these changes is associated with a decreased 
ability of epididymal spermatozoa to bind and penetrate 
the oocyte (45). Owing to physiologic differences in their 
membrane characteristics, a more aggressive immobiliza-
tion technique is necessary when using epididymal and/or 
testicular spermatozoa.

When the immobilization procedure is performed in a 
standard fashion, a spermatozoon is positioned at 90° to 
the tip of the pipette, which is then lowered gently to com-
press the sperm flagellum. The spermatozoon immobi-
lized in this manner should maintain the shape of its tail. 
If during the process the latter is damaged or kinked, that 
spermatozoon is discarded and the procedure repeated 
with another sperm. An alternative and more effective 
procedure is aggressive immobilization, where the sperm 
tail is rolled over the bottom of the Petri dish in a loca-
tion posterior to the mid-piece. This induces a perma-
nent crimp in the tail section, making it kinked, looped, 
or convoluted (Figure 11.2). When these two distinct 

immobilization methods were applied to immature sper-
matozoa and the fertilization rates after ICSI were com-
pared, the more extensive sperm tail disruption prior to 
oocyte injection appeared to improve the outcome. When 
the fertilization rate was compared within ejaculated sper-
matozoa, the difference was less remarkable (46–48). The 
findings were clarified in a later study where spermatozoa 
were mechanically immobilized and inserted into the 
perivitelline space of mouse oocytes (47) to allow ultrathin 
transmission electron microscopy (TEM) sections that 
revealed consistent alterations in the acrosomal region, 
including disruption of the plasma membrane, vesicula-
tion, or even loss of the acrosome. All of the sperm that 
were assessed had undergone some membrane disorgani-
zation of the head, in contrast to the majority of control 
sperm. Immobilization of sperm immediately prior to 
the ICSI procedure is fundamental for its consistent suc-
cess (47–52). A possible explanation of the variation in 
fertilization rate after aggressive immobilization may lie 
in the structural membrane differences between mature 
and immature spermatozoa. Immature gametes probably 
require additional manipulation to promote membrane 
permeabilization, which enhances the post-injection 
events involved in sperm nuclear decondensation.

Several studies have shown that suboptimal sperm mor-
phology is often associated with aneuploidy, nuclear DNA 
damage, and, at times, impaired ICSI outcome (53–55). 
Some of the available methods for detecting sperm DNA 
integrity include the sperm chromatin structure assay, the 
terminal deoxynucleotidyl transferase dUTP nick-end 
labeling assay, and the comet assay. All of these require 
fixation and thus destruction of the sperm being assessed 
(56). It has been postulated that infertile men have com-
promised DNA integrity as measured by these methods 
without, however, a correlation with sperm concentration 
and morphology (57,58). However, by systematic observa-
tion performed in our laboratory, we identified an inverse 
relationship of a correlation between DNA fragmentation 
and motility (59). Perhaps the reason why there is a lack 
of predictability between DNA integrity and pregnancy 
outcome with ICSI inseminations may be explained by the 
fact that only motile spermatozoa are utilized for injection.

OOPLASMIC INJECTION
The oocyte is held in place by the suction applied to the 
holding pipette. The inferior pole of the oocyte touching 
the bottom of the dish allows a better grip of the oocyte 
during the injection procedure. The injection pipette is 
lowered and focused in accordance with the outer right 
border of the oolemma on the equatorial plane at three 
o’clock. The spermatozoon is then brought into prox-
imity with the beveled opening of the injection pipette 
(Figure 11.3). The latter is pushed against the ZP, permit-
ting its penetration to the inner surface of the oolemma. 
As the point of the pipette reaching the approximate 
center of the oocyte, a break in the membrane should 
occur. This is reflected by a sudden quivering of the 
convexities (at the site of invagination) of the oolemma 

(a)

(b)

(c)

Figure 11.2 Aggressive immobilization of the sperma-
tozoon for intracytoplasmic sperm injection. The correctly 
immobilized spermatozoon has its tail permanently kinked (a), 
convoluted (b), or looped (c).
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above and below the penetration point, as well as the 
proximal flow of the cytoplasmic organelles and the 
spermatozoon moving upward into the pipette (Figure 
11.4). These are then slowly ejected back into the cyto-
plasm, where the aspiration of the cytoplasm becomes 
an additional stimulus for activating the oocyte. To 
optimize the interaction with the ooplasm, the sperm 
cell should be ejected past the tip of the pipette to ensure 
an intimate position among the organelles that will help 
to maintain the sperm in place while withdrawing the 
pipette. When the pipette is approximately at the cen-
ter of the oocyte, eventual surplus medium is re-aspi-
rated, with the result that the cytoplasmic organelles 
tighten around the sperm, thereby reducing the size of 
the breach produced during injection. Once the pipette 
is removed, the breach area is observed, and the order 
of the opening should maintain a funnel shape with a 
vertex into the oocyte (Figure 11.5). If the border of the 
oolemma becomes inverted, ooplasmic organelles can 
leak out (46). Interestingly, the introduction of sequen-
tial media, fashioned by glucose and protein starvation, 
can result in complications during the execution of ICSI, 
resulting in increased oocyte damage. This phenomenon 
can be so severe that ICSI operators have to somewhat 
retrain themselves in performing the procedure, paying 
attention so as to avoid the eversion of the oolemma due 
to the adhesion to the injection tool as a consequence of 
the poor protein content (60). In addition, low-protein 
content media have also been adopted for sperm incuba-
tion with a consequential decreased ability of the male 
gamete to undergo capacitation and related membrane 
changes. Therefore, when performing ICSI, it is neces-
sary to have multiple sequential strikes of the sperm 
flagellum to obtain effective immobilization and conse-
quent membrane permeabilization (60).

EVALUATION OF FERTILIZATION, EMBRYO 
DEVELOPMENT, CULTURE CONDITIONS, AND 
EMBRYO REPLACEMENT
Around 12–17 hours after injection, oocytes are analyzed 
with regard to the integrity of the cytoplasm as well as the 
number and size of pronuclei. First-day cleavage is assessed 
24 hours after fertilization, and the number and size of 
blastomeres are recorded for each embryo. At 72 hours 
after microinjection (the afternoon of day 3), those with 
good morphology are transferred into the uterine cavity. 

Figure 11.3 Intracytoplasmic sperm injection proce-
dure. Prior to penetrating the oolemma, the spermatozoon is 
brought into proximity with the beveled opening of the injec-
tion pipette.

Figure 11.4 Intracytoplasmic sperm injection procedure. 
After the injection pipette has reached the approximate center 
of the oocyte, a break in the oolemma is visible as a quivering 
of the convexities of the membrane above and below the site 
of penetration.

Figure 11.5 Intracytoplasmic sperm injection procedure. 
After the needle is withdrawn from the oocyte, the breach in 
the oolemma should be observed as a cone-shaped opening 
with its vertex toward the center of the oocyte.
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The number of embryos transferred depends on embryo 
quality, availability, and maternal age. The association 
between the increased incidence of multiple pregnancies 
after IVF and the occurrence of maternal and neonatal 
complications is well documented (61,62). Blastocyst cul-
ture and transfer has recently been embraced as a strat-
egy to overcome this problem due to the introduction of 
more sophisticated culture media. The extended culture 
of embryos to the blastocyst stage allows a “self-embryo 
selection,” indicating the fast cleaving of embryos, and 
thus permitting the transfer of a lower number of them 
(63), moving toward a single embryo transfer. Studies have 
suggested that delaying transfer of embryos to the blas-
tocyst stage (day 4/5) rather than the traditional cleavage 
stage (day 3) allows for better selection of the best con-
ceptus to maximize pregnancy rates following a single 
embryo transfer (64).

Patients who are considered candidates for blastocyst 
culture are young women (<35 years old) with a good ovar-
ian reserve, or older patients with an adequate number of 
pronuclear embryos. The number of embryos observed on 
day 3 and the capacity for embryo cleavage are also impor-
tant criteria for selecting cases suitable for this procedure. 
Sequential culture media that meet the changing physi-
ologic requirements of the embryos are used, thus sup-
porting the viability of the blastocyst. Injected oocytes are 
rinsed and placed in a culture medium that is a variation 
of G1 medium previously described by Barnes et al. and 
Gardner et al. until assessment of fertilization (65,66). On 
day 3, after evaluation of embryo cell number and morphol-
ogy, all embryos are transferred to a modified G2 medium 
and cultured for 48 hours (63,65). Thereafter, blastocyst 
formation is assessed and blastocysts are selected accord-
ing to the established criteria for subsequent transfer (67).

EXTENDED SPERM SEARCH
In cases where no spermatozoa are identified at the initial 
analysis and after high-speed centrifugation still no sperm 
cells are found, an extensive search is performed. A dish is 
made in the same manner as an injection dish, with PVP 
solution placed in the central drop. The surrounding drop-
lets of medium can be replaced with the actual specimen 
and pentoxifylline is added to each drop to help augment 
sperm motility. Each drop is browsed and motile sperma-
tozoa that are identified should be picked up and trans-
ferred to the PVP drop. The same procedure is performed 
for surgically retrieved specimens that have been freshly 
retrieved or recently thawed. Several dishes may have to 
be made and thoroughly searched for TESE patients until 
enough spermatozoa are found for injection.

In TESE specimens, sperm may be extremely rare, if not 
totally absent. In such cases, the extended searches may 
take greater than three hours to complete, depending on the 
number of oocytes awaiting injection (68). Unsurprisingly, 
the level of difficulty in finding and acquiring sperm is 
negatively related to the clinical outcome. About 60% of 
testicular biopsies done on non-obstructive azoosper-
mic (NOA) men are successful in retrieving spermatozoa 

(Figure 11.6). At our center, when an extended search time 
is used as a parameter and categorized into 30 minutes to 
one hour, one to two hours, two to three hours, and more 
than three hours, the fertilization rates (54.2%, 46.3%, 
28.0%, and 25.4%, respectively; p < 0.001) of the oocytes, 
the overall clinical pregnancy rates (44.1%, 37.8%, 31.8%, 
and 23.8%, respectively; p < 0.0001), and the overall live 
birth rates (32.4%, 23.5%, 18.2%, and 9.5%, respectively; 
p < 0.0001) declined as search time increased (Figure 
11.7). Although there is a pronounced decrease in preg-
nancy outcome as extensive search time increases, the 
search is still an important and valuable tool overall, as 
it represents the best opportunity for a male patient with 
NOA to bear their own biological child. In fact, even in 
the search of more than three hours, achieving pregnancy 
is still attainable as long as a spermatozoon is identified.

OPTIONAL SPERM SELECTION TECHNIQUES
While ICSI has been the gold standard for most IVF cen-
ters for more than 15 years with no proven significant or 
attributable side effects, some researchers still question 
the possible deleterious effects of a process that bypasses 
the natural gamete selecting processes of in vivo human 
reproduction. Toward that end, several methods have been 
introduced that expound upon the procedures of ICSI 
with additional protocols aimed at finding the optimal 
spermatozoon to inject into an oocyte.

Intracytoplasmic morphologically selected sperm injec-
tion (IMSI) is a procedure where high-power magnification 
is adopted to morphologically screen for optimal sperma-
tozoa (69). This technique, referred to as motile sperm 
organelle morphology examination (MSOME), uses an 
inverted light microscope with high-resolution Nomarski 
optics followed by computer-assisted magnification up to 
6300× or even higher. When using MSOME, the criteria 
for sperm selection include a normal nuclear shape with 

Figure 11.6 An example of a testicular sample for an exten-
sive sperm search that has yielded spermatozoa for pickup and 
injection.
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lengths and widths no greater than two standard devia-
tions away from the average measurements of 4.75 µm 
by 3.28 µm. A spermatozoon with normal nuclear con-
tent is identified, meaning that no greater than one vacu-
ole (taking up to <4% of the nuclear area) can be present 
in the nucleus. Since searching for normal sperm under 
high magnification and strict criteria takes more time, 
the sperm sample must be kept at a lower temperature 
of 21°C to reduce sperm cell metabolism (69). Pregnancy 
outcomes in trials comparing IMSI and conventional 
ICSI have showed controversial results. Some studies have 
shown an increase in pregnancy outcomes and a decrease 
in pregnancy losses with IMSI, while other centers have 
seen no difference between the two methods (70). IMSI 
has shown possible clinical promise; however, some of the 
inherent characteristics of the procedure may prevent it 
from being used more routinely in many clinics. With this 
technique, finding the necessary number of spermatozoa 
to inject all retrieved oocytes may take hours to complete 
as compared to standard ICSI. Complicating matters fur-
ther is the expensive new equipment that is necessary for 
such searching, as well as the additional time and costs. 
Finally, the whole concept of IMSI is best suited for cases 
where selection of morphologically normal spermatozoa 
is feasible, but it cannot practically be employed in severe 
oligozoospermic cases such as cryptozoospermia and 
NOA, where only scarce viable cells are present. More 
recently, three-dimensional sperm surface reconstruction 
has been utilized for in vitro assessment of sperm surface 
morphology, though its functional capabilities are yet to 
be evaluated (71).

Physiologic ICSI (PICSI) makes use of hyaluronic acid 
(HA), a substance naturally present in the human body 
(72). HA can be found in the cumulus oophorus around 
the oocyte and represents a barrier to the immature 

gametes by only relenting to “mature” spermatozoa. These 
so-called “mature” spermatozoa that have undergone 
the complete process of plasma membrane remodeling, 
cytoplasmic extrusion, and nuclear maturity will have a 
significantly higher number of HA receptors and binding 
sites. Two methods have been proposed for performing 
PICSI. In the first method, a special dish is used in which 
microdots of HA hydrogel have been attached to the bot-
tom of the dish. When spermatozoa are added, this allows 
examination of bound spermatozoa. At this point, only 
HA-bound sperm are recovered using a standard ICSI 
injection pipette (73). The other method is to use a viscous 
medium composed partially of HA (72), which would fully 
replace PVP. Some studies have also shown that spermato-
zoa capable of HA binding have lower DNA fragmentation 
rates than simple post-swim up spermatozoa. In addition, 
the nucleus normalcy rate (according to MSOME crite-
ria) has been shown to be higher in spermatozoa bound 
to HA as compared with sperm in PVP (72). Moreover, 
PICSI correlations to overall results such as pregnancy 
rate, delivery rate, or malformation proportion have been 
inconsistent. Ultimately, PICSI is still affected by the same 
major drawbacks as IMSI.

CLINICAL RESULTS WITH ICSI
In a cross-sectional survey of ART procedures performed 
in 55 countries during 2007, the International Committee 
for Monitoring Assisted Reproductive Technologies 
reported that 65.2% (400,617 of 614,540) of all cycles uti-
lized ICSI (74). However, there was considerable variation 
in ICSI rates, ranging from 49.1% in Asia to 97.8% in the 
Middle East (74). In another recent publication analyzing 
the trends in ICSI use between 1996 and 2012 in the U.S.A., 
ICSI use increased from 36.4% in 1996 to 76.2% in 2012 
(75). At our center, there has been a steady and progressive 
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Figure 11.7 Pregnancy outcomes according to the amount of time spent searching for spermatozoa.
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increase in ICSI prevalence starting at 32.2% in 1993, ris-
ing to 48.8% in 1995, and reaching 73.6% by 2002 (76). 
Since 1993, ICSI has been used in 29,998 cycles compared 
to 13,454 cycles with conventional insemination. ICSI has 
yielded comparable reproductive outcomes in comparison 
to conventional IVF, but is also capable of consistently 
overcoming unforeseen sperm cell dysfunction (76). The 
overall fertilization rates (1993–2015) after ICSI and con-
ventional IVF were 74.4% (161,842/217,449) and 60.6% 
(74,741/123,316), respectively. However, with standard 
IVF, the two-pronucleus formation rate is calculated over 
the total number of oocytes retrieved, so once corrected 
for ICSI, the fertilization rate is comparable between the 
two insemination methods (58.5% ICSI vs. 60.6% IVF). 
Clinical pregnancy rate as defined by the presence of a 
fetal heartbeat on ultrasound was 45.7% (12,066/26,429) 
for ICSI compared to 40.0% (4473/11,189) for IVF. Thus 
far, 16,511 babies have been born by the two ART proce-
dures, of which 10,199 were conceived with ICSI.

Between September 1993 and June 2015, we per-
formed 29,998 ICSI cycles. Of these, approximately 91% 
(n = 27,284) of all ICSI cycles were performed using ejacu-
lated spermatozoa and the remainder involved specimens 
that were surgically retrieved from the epididymis or testis 
at out center. In cycles utilizing ejaculated spermatozoa, 
a total of 224,247 MII oocytes were injected, resulting in 
a survival rate of 97.3%. Of those that survived, 75.1% of 
oocytes fertilized normally, with only one pronucleus and 
three pronuclei in 2.4% and 3.5% of oocytes, respectively. 
No fertilization was noted in 16.3% of oocytes.

Table 11.1 summarizes the fertilization and clinical preg-
nancy rates in ICSI cycles using ejaculated, epididymal, 

and testicular spermatozoa. When examining three differ-
ent sperm sources encompassing all maternal ages, and the 
ejaculated cohort displayed the highest fertilization rates 
despite containing older women (p < 0.001). Epididymal 
spermatozoa achieved a somewhat lower fertilization rate 
but reported the highest clinical pregnancies as defined 
by the presence of a least one fetal heartbeat. Cycles using 
testicular spermatozoa had the lowest fertilization rates 
despite containing the youngest women (p < 0.001). The 
pregnancy rates were somewhat lower compared to the 
other groups. It must be noted that this analysis is purely 
academic, because the surgically retrieved spermatozoa 
address different clinical indications.

Our center also treats severely oligozoospermic men 
with a concentration of <1 × 106/mL of spermatozoa. 
Outcomes of ICSI cycles in these men are highlighted 
in Table 11.2. If the initial semen specimen examination 
showed no spermatozoa, then high-speed centrifugation 
is used. In 311 cycles, after high-speed centrifugation, 
a mean density of 0.60 ± 1.1 × 106/mL and motility of 
39.2 ± 34% was reached. In this cohort, a fertilization rate 
of 59.7% (1881/3150) and a clinical pregnancy rate of 37.6% 
(117/311) were achieved (76).

A total of 1013 cycles were performed with epididymal 
spermatozoa and 1395 cycles were performed with testicu-
lar samples. When the fertilization and pregnancy charac-
teristics were analyzed according to whether the sample 
was cryopreserved, we observed that after cryopreserva-
tion, epididymal samples had lower motility parameters 
(p < 0.0001) as well as pregnancy outcomes (p < 0.0001), 
though without affecting fertilization rate. When testicu-
lar samples were used for ICSI, the situation was reversed, 
with zygote formation being higher in the fresh specimens 
(p = 0.02) while the ability of the embryo to implant was 
unaffected Table 11.3.

The pregnancy outcomes of 20,629 ICSI cycles are 
described in Table 11.4.

Of the 10,783 patients presenting with positive β-hCG 
(52.3%), 1681 were biochemical (8.1%) and 701 were 
blighted ova (3.4%). Among 8293 patients in whom a via-
ble fetal heartbeat was observed, 750 had a miscarriage 
or were therapeutically aborted. The clinical pregnancy 
rate was 40.2% per retrieval (8293/20,629) and 43.1% per 
replacement (8293/19,226). A total of 9717 neonates were 
born from 7543 deliveries, with 4732 being female and 
4985 being male, with an overall frequency of multiple 
deliveries of 28.8% (2175/7543): 1962 twins (26.0%), 209 

Table 11.1 Intracytoplasmic sperm injection outcomes using ejaculated, epididymal, and 
testicular spermatozoa.

Parameter Ejaculated Epididymal Testicular

Maternal age (years) 37.9 ± 5 35.2 ± 5 33.3 ± 6
Cycles 27,284 1083 1631
Fertilization rate (%) 168,411/224,247 (75.1) 7326/10,314 (71.0) 8466/16,188(52.3)
Clinical pregnancy (%) 12,469 (45.7) 550 (50.8) 661 (40.5)

Table 11.2 Intracytoplasmic sperm injection outcomes 
in men with severe oligospermia (<1 × 106/mL of 
spermatozoa).

Parameter Value

Cycles 1820
Mean concentration 

(106 per mL ± SD)
0.3 ± 0.3

Mean motility (% ± SD) 19.1 ± 24.0
Mean morphology (% ± SD) 0.9 ± 1
Fertilization (%) 11,082/17,360 (63.8%)
Clinical pregnancy (%) 748 (41.1%)
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triplets (2.8%), and four quadruplets (0.05%). Of these 
deliveries, a total of 9150 ICSI were live-born infants, and 
330 (3.6%) of them exhibited congenital abnormalities, a 
rate that was comparable to IVF babies at 3.6% (187/5183) 
(Figure 11.8).

SAFETY OF ICSI
At present, 1%–3% of children born in developed countries 
are conceived via ART (77,78). It is well established that 
assisted reproduction is associated with adverse perina-
tal outcomes, including increased risks of preterm deliv-
ery, low birth weight, and neonatal mortality (79–81). In 
recent years, there has been considerable work investigat-
ing health outcomes in IVF and ICSI children beyond the 
neonatal period (82,83). Follow-up of children following 
ART use is highly recommended and is being increasingly 
applied (83–85), but this is extremely time consuming and 
costly for the family.

ICSI’s safety has often been criticized because the fer-
tilizing spermatozoon neither binds to the ZP nor fuses 
with the oolemma (86). Bypassing these physiologic 
steps together with the arbitrary selection of the sperma-
tozoon has been a reason for concern (87–89). Thus far, 

ICSI offspring undergoing adolescence and beyond have 
provided sufficient information to allay these qualms. 
Follow-up studies of ICSI children beginning in the mid-
1990s have revealed an incidence of malformations within 
the expected range for the general population of New 

Table 11.3 Spermatozoal parameters and intracytoplasmic sperm injection outcomes according to retrieval sites and 
specimen condition.

Outcome

Spermatozoa

Epididymal Testicular

Fresh Frozen/thawed Fresh Frozen/thawed

Cycles 339 674 1031 364
Density (106/mL ± SD) 47.5 ± 44 20.3 ± 25 0.5 ± 4 0.2 ± 0.7
Motility (% ± SD) 19.5 ± 16† 4.1 ± 9† 1.8 ± 7 0.9 ± 5
Morphology (% ± SD) 1.8 ± 2 1.5 ± 2 0 0
Fertilization (%) 2484/3437 (71.2) 4387/6212(70.6) 5590/10221 (54.7)‡ 1652/3153 (52.4)‡

Clinical pregnancies (%) 209 (61.7)§ 306 (45.4)§ 433 (42.0) 132 (36.3)

† Student’s t-test, two independent samples, effect of epididymal cryopreservation on sperm motility, p < 0.0001.
‡ χ2, 2 · 2, 1 df, effect of testicular cryopreservation on fertilization rate, p = 0.02.
§ χ2, 2 · 2, 1 df, effect of epididymal cryopreservation on clinical pregnancy rate, p = 0.0001.

Table 11.4 Evolution of intracytoplasmic sperm injection (ICSI) pregnancies in 20,629 cycles.

No. of Positive outcomes

ICSI cycles 20,629
Embryo replacements 19,226
Positive human chorionic gonadotropin 10,783 Pregnancy 52.3% (10,783/20,629)
Biochemical pregnancies 1681
Blighted ova 701
Ectopic pregnancies 108
Positive fetal heartbeats 8293 Clinical pregnancy 40.2% (8293/20,629)
Miscarriages/therapeutic abortions 750
Deliveries 7543 Delivery rate 36.6% (7543/20,629)
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Figure 11.8 Congenital malformation rates of live-born 
IVF and ICSI neonates. Abbreviations: ICSI, intracytoplasmic 
sperm injection; IVF, in vitro fertilization.
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York State (89). Another series investigating the outcomes 
of neonates generated by different assisted conception 
procedures—ICSI versus IVF with conventional fertiliza-
tion—provided further confirmation of the expected rate 
of malformation (90). In one study evaluating the medi-
cal and developmental state of one-year-old children born 
after ICSI or IVF as well as after natural conceptions, the 
authors found that most one-year-old ICSI children were 
healthy and were developing normally, as measured by 
the Bayley Scales of Infant Development (91). However, 
about 17% displayed an increase in learning difficulties 
compared with those conceived by IVF or naturally. A 
later report dismissed this concern in two-year-old ICSI 
toddlers (92). In a different follow-up of 10-year-old chil-
dren, it was found that ICSI children and their naturally 
conceived counterparts had similar motor skills and IQ 
scores (93).

Our center has compared the pregnancy outcomes and 
the developmental well-being of children conceived from 
12,866 ICSI cycles to naturally conceived singleton preg-
nancies (87). From a total of 3277 couples delivering 5891 
neonates, the incidence of low birth weight and gestational 
length were comparable with their naturally conceived 
counterparts, after controlling for maternal age. Rates of 
malformation in ICSI offspring ranged from 3.5% to 6.2% 
compared to 6.5% in the natural conception group. In the 
ICSI group, the major malformations included two neo-
nates with a cardiac disease (ventricular septal defect and 
severe tricuspid regurgitation), one with talipes, and one 
with trisomy 7 mosaicism. Among the naturally conceived 
pregnancies, there were two neonates with cardiac defects 
(ventricular septal defect and patent foramen ovale/atrial 
septal defect), one with encephalopathy, one polydactyly, 
and one severe mid-shaft hypospadias with penile angula-
tion. At three years of age (n = 811), the proportion of chil-
dren “at risk” for developmental delay was 10.4% in ICSI 
and 10.7% in IVF singletons. However, high-order gesta-
tions were characterized by 19.4% of the children having 
compromised development. To study the long-term effects 
of ICSI, the physical and psychological outcomes of five-
year-old ICSI children were compared to those conceived 
naturally. The average maternal age was higher in the ICSI 
group than their naturally conceived counterparts (35.6 ± 
4 years versus 31.6 ± 6 years; p < 0.001). No overall differ-
ences were found in the IQ assessments between ICSI and 
naturally conceived children. No differences were found 
between ICSI and control children in regard to general 
health such as chronic illnesses or physical development. 
Thus, ICSI and IVF appeared to exert a negative effect on 
the well-being of offspring mainly because of the associa-
tion with multiple gestations (87).

The specific concerns in regard to ICSI, whether real 
or theoretical (94–97), involve the insemination method, 
the use of spermatozoa with genetic or structural defects, 
and the possible introduction of foreign genes. Several 
epidemiological studies of assisted reproduction children 
report a two-fold increase in infant malformations (98), 
a recurrent reduction in birth weight (99), certain rare 

syndromes related to imprinting errors (100–105), and 
even a higher frequency of some cancers (106). However, 
current evidence does not prove that there is an increased 
risk of imprinting disorders and even less so childhood 
cancers in ICSI children (97). Epigenetic imbalances have 
been similarly linked to the exposure of the embryos to 
long-term culture (107). Thus far, Beckwith–Wiedemann 
syndrome is the only epigenetic disorder that has been 
clearly associated with ART procedures (108) and has been 
found to be equally distributed among the in vitro con-
ception methods. At present, there is no evidence that the 
ICSI insemination itself is responsible for any increase in 
epigenetic disorders, findings that have been confirmed in 
animal studies (109).

CONCLUSIONS
ICSI has established itself as the most reliable technique to 
overcome fertilization failure. By pinpointing the begin-
ning of fertilization, it has helped us to better understand 
some important aspects of early gamete interaction. The 
observed high performance of aggressively immobilized 
spermatozoa suggests a more efficient destabilization 
and consequent permeabilization of the sperm mem-
brane, which is responsible for a more prompt release of 
the oocyte-activating factor (110). These profound physi-
ologic changes induced on the sperm membrane by the 
action of the injection needle seem to be critically impor-
tant for immature, surgically retrieved spermatozoa (9). 
It has been demonstrated that the positive outcome of 
ICSI is largely independent of the basic sperm parameters 
such as concentration, motility, and morphology. This is 
particularly evident with cryptozoospermia or when no 
spermatozoa are present in the ejaculate (7). It is in these 
azoospermic men that the surgical isolation of sperma-
tozoa together with ICSI is able to yield fertilization and 
support embryo development. The possibility of bypassing 
the steps of testicular and epididymal sperm maturation, 
acrosome reaction, binding to the ZP, and fusion with the 
oolemma now permits infertility due to various forms of 
male factor to be addressed successfully. In fact, in cases 
of men diagnosed as NOA, as long as a viable spermato-
zoon is isolated, there is a chance of generating a concep-
tus. However, we should be cautious about the acquired 
evidence that subfertile men have a higher frequency of 
genetic abnormalities that may be passed on through their 
gametes (9,111). Therefore, the earlier concern focused on 
ICSI insemination itself has shifted to the screening of 
the subfertile man who may transmit his genetic defects 
to the offspring, specifically boys (112). A large, world-
wide experience suggested that men with extreme male 
factor conditions caused by a direct genetic component 
such as Klinefelter’s syndrome or Yq micro-deletions can 
be successfully treated by ICSI and still generate healthy 
offspring (9). The practice of ICSI has promoted a more 
careful quest for the ideal spermatozoon to inject. Higher-
magnification screening of sperm surface irregularities 
by MSOME is an example of this attempt, even though 
its claimed benefits remain unproven (70). The potential 
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effects of ART on child development should always be 
kept in mind and the monitoring of child health can be 
accomplished by a parent-administered questionnaire 
that provides a cost- and time-effective approach to mea-
suring the child’s physical and psychological well-being. 
In recent years, a large number of studies have provided 
information on the health of children born after ART, and 
therefore, current evidence shows that the outcomes of 
singletons born at term following ART are generally reas-
suring (113). The increased awareness of the risks related 
to multiple gestations has supported measures aimed at 
obtaining singleton births, with obvious benefits for the 
long-term welfare of the offspring.

In the evaluation of the infertile male we still rely on the 
basic semen analysis measures that are capable of indicat-
ing a compromised cellular program that is altered dur-
ing spermatogenesis. However, it is still unclear whether 
semen analysis data provide information on an individual 
sperm’s real potential to generate offspring, rather than 
reflecting the real etiology underlying spermatogenesis. 
Spermatozoa are not just a vehicle that delivers the male 
genomic contribution to the oocyte. Upon fertilization, 
the spermatozoon provides a complete, highly structured, 
and epigenetically marked genome that, together with a 
defined complement of RNAs and proteins, plays a distinct 
role in early embryonic development. Often the origin of 
these abnormalities has been associated with specific gene 
alterations and most of the time the cause remains idio-
pathic. Future research will be focused on exploring the 
effects of genetic variants such as single-nucleotide poly-
morphisms, copy number variants, differential genome 
packaging, differential methylation, proteomic changes, 
and differential sperm RNAs in order to enlighten the 
conundrum represented by what we generally define as 
male infertility.
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INTRODUCTION
The zona pellucida

The zona pellucida (ZP) of mammalian eggs and embryos 
is an acellular matrix composed of sulfated glycoproteins 
with different roles during fertilization and embryo devel-
opment (1).

Three distinct glycoproteins have been described 
both in mice and in humans (ZP1, ZP2, and ZP3) (2). 
Acrosome-reacted spermatozoa bind to ZP receptors, and 
biochemical changes have been observed after fertilization 
(3) that are responsible for the prevention of polyspermic 
fertilization.

The main function of the ZP after fertilization is protec-
tion of the embryo and maintenance of its integrity (4). It 
has been postulated that blastomeres may be weakly con-
nected, and that the ZP is needed during the migration of 
embryos through the reproductive tract to maintain the 
embryo structure. Implantation has been observed after 
replacement of zona-free mouse morulae or blastocysts, 
while the transfer of zona-free precompacted embryos 
results in the adherence of transferred embryos to the ovi-
ductal walls or to one another. A possible protective role 
against hostile uterine factors has also been described (4). 
Degeneration of sheep eggs after complete or partial ZP 
removal that could be ascribed to an immune response 
was described by Trounson and Moore (5).

Hatching

Once in the uterus, the blastocysts must get out of the ZP 
(hatching) so that the trophectoderm cells can interact 
with endometrial cells and implantation can occur. The 
loss of the ZP in utero is the result of embryonic and uter-
ine functions.

ZP hardening after ZP reaction subsequent to fertiliza-
tion occurs, and is evidenced by an increased resistance 
to dissolution by different chemical agents. A loss of elas-
ticity is also observed. This physiological phenomenon is 
essential for polyspermy block and for embryo protection 
during transport through the reproductive tract.

It has been postulated that additional ZP hardening 
may occur in both mice and humans as a consequence of 
in vitro culture (4–7). Hatching could be inhibited in some 
in vitro-cultured human embryos owing to the inability of 
the blastocysts to escape from a thick or hardened ZP (8).

Schiewe et  al. performed a study to characterize ZP 
hardening in unfertilized and abnormal embryos and 
to correlate it with culture duration, patient age, and ZP 
thickness (9). Dispersion of ZP glycoproteins and the time 
needed for complete digestion after α-chymotrypsin treat-
ment were assessed. The results obtained proved that ZP 

hardening of fertilized eggs was increased compared with 
inseminated unfertilized eggs. Wide patient-to-patient 
variation in ZP hardness was observed, but no correlation 
was established between ZP hardness or thickness and 
patient age. Furthermore, the data obtained did not sup-
port the concept that additional ZP hardening occurred 
during extended culture.

Expansion and ZP thinning occur in mammalian blas-
tocysts prior to hatching.

Cycles of contraction and expansion have been 
described in mice, sheep, cattle, and human blastocysts 
in vitro prior to ZP hatching. As a result of several cycles 
of contraction and expansion and because of its elastic-
ity, the ZP thins. Contraction–expansion cycles as well as 
cytoplasmic extensions of trophectoderm (trophectoderm 
projections [TEPs]) have been documented by time-lapse 
video recording (10) in human blastocysts. TEPs could be 
a component of ZP escape in cultured embryos. It is not 
clear whether TEPs are needed in vivo for ZP hatching, but 
they seem to have a role in attachment, implantation, and 
possibly embryo locomotion (11).

Lysins of embryonic and/or uterine origin are involved 
in ZP thinning and hatching. Gordon and Dapunt showed 
that, in mice, hatching is predominantly the result of ZP 
lysis, and that the pressure exerted against the ZP by the 
expanding blastocyst plays little or no part in the escape of 
the embryo from the ZP (12).

Schiewe et  al. demonstrated with the use of a mouse 
anti-hatching model the involvement of ZP lysins in the 
mechanism of hatching (13); physical expansion of the 
blastocyst, even though involved in hatching, does not 
seem to be the primary mechanism. Their results also 
show that trophectoderm cells are responsible for secret-
ing the ZP lysins required for hatching. On the other 
hand, two observational studies demonstrated that a 
natural hatching site usually develops in close proxim-
ity to the inner cell mass (ICM) of blastocysts in humans, 
whereas that of the mouse is at the opposite side to the 
ICM (14,15).

A study on mouse blastocysts indicated that hatching 
in vitro is dependent on a sufficient number of cells con-
stituting the embryo. Hatching in vivo must be different 
from that in vitro, with the difference involving uterine 
and/or uterine-induced trophectoderm lytic factors (16).

ASSISTED HATCHING
The first report of the use of assisted hatching (AH) in 
human embryos was published by Cohen et  al. in 1990 
(7). These authors documented an important increase in 
implantation rates with mechanical AH in embryos from 
unselected in vitro fertilization (IVF) patients.
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Why perform AH?

The ratio of lysin production to ZP thickness could deter-
mine whether the embryo will lyse the ZP and undergo 
hatching. Embryos with thick ZPs or those that present 
extensive fragmentation or cell death after freezing and 
thawing may benefit from AH (17).

Both quantitative and qualitative deficiencies in lysin 
secretion could result in hatching impairment. Suboptimal 
culture conditions may cause such deficiencies. The troph-
ectoderm of some embryos may not be able to secrete the 
“hatching factor,” and lysin production could be influenced 
by a patient’s age (8,13). Uterine lysin action could also be 
impaired in some patients or cycles (18).

It is believed that ZP hardening may be exacerbated at 
any stage of embryo development after long-term in vitro 
culture and cryopreservation of embryos (19). Furthermore, 
experiments on mouse embryos have demonstrated that 
damaged blastomeres have a toxic effect, reducing dramati-
cally the rate of hatching (20). However, embryo viability 
was restored after microsurgical removal of the degenerating 
material (21). Removal of necrotic blastomeres from frozen–
thawed, partially damaged human embryos significantly 
increased the implantation rate (22). It has been stated that 
overall ZP thickness varies between age groups and types of 
infertility (23). The variability of ZP thickness in the same 
embryo is one of the most significant morphologic predic-
tive factors of implantation (24). Palmstierna et al. demon-
strated that human embryos with a ZP thickness variation 
of >20% resulted in a 76% pregnancy rate with two embryos 
transferred (25). ZP-assisted thinning of a substantial area 
may favor complete hatching in embryos with invariable 
ZP thickness (26). Khalifa et al. have shown that ZP thin-
ning significantly increases the complete hatching of mouse 
embryos (27). Gordon and Dapunt demonstrated the use-
fulness of ZP thinning with acid Tyrode’s (AT) solution for 
improved hatching in hatching-defective mouse embryos 
created by the destruction of a quarter of the blastomeres 
(17). They reported normal implantation rates in pseudo-
pregnant female mice after the transfer of assisted-hatched 
embryos that had cell numbers reduced.

The mechanism by which AH promotes embryo implan-
tation remains unclear. The implantation window is the 
critical period when the endometrium reaches its ideal 
receptive state for implantation. Precise synchronization 
between the embryo and the endometrium is essential. In 
a randomized study, Liu et al. demonstrated that implan-
tation occurred significantly earlier in patients whose 
embryos were submitted to AH when compared with the 
control group, possibly by allowing an earlier embryo–
endometrium contact (28). Furthermore, although most 
molecules are able to cross the ZP, the rate of transport 
may be related to ZP thickness. The presence of an artificial 
gap may alter the two-way transport of metabolites and 
growth factors across the ZP, permitting earlier exposure 
of the embryo to vital growth factors (8).

It has been also reported that the location of hernia-
tion of fresh, human-hatched blastocysts can predict their 

implantation behavior (29). Significantly higher clinical 
pregnancy rates were observed if blastocysts that hatched 
close to the ICM were transferred (72%) as compared with 
those that herniated from the mural trophectoderm (51%). 
Another study suggested the existence of polarity in the 
hatching process of vitrified–thawed human blastocysts. 
Laser AH performed close to the ICM improved com-
plete hatching rates, whereas AH at the anembryonic site 
caused embryo trapping within the ZP (30). It is likely that 
in vitrified and warmed blastocysts the complete opening 
of the ZP by means of laser pulses changes the pressure 
conditions would be one of the prerequisites for optimal 
hatching (31). Applying AH at a specific site of the ZP may 
enhance vitrified blastocyst implantation.

METHODS
Embryos at the six- to eight-cell stage at day 3 after insemi-
nation or at the blastocyst stage at day 5 or 6 after insemi-
nation can be manipulated with different methods for the 
performance of AH. When breaches are made in the ZP 
of early-cleavage IVF embryos, embryonic cell loss may 
occur through the ZP as a result of uterine contractions 
after replacement of the embryos. It is advisable to manip-
ulate embryos for AH after the adherence between blasto-
meres has increased, just before compaction (32). Artificial 
opening of the ZP of blastocysts can also be performed to 
promote complete blastocyst hatching (33,34).

Microtools for AH can be made by means of a pipette 
puller and microforge, but are also commercially avail-
able. Micropipettes are mounted on micromanipulators. It 
is very important to minimize the time that the embryo 
is out of the incubator and to optimize methodologies to 
reduce pH and temperature variations that can be detri-
mental for embryo development.

To reduce environmental variations, AH has to be per-
formed in microdrops of 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) or equivalent buffered 
medium covered with oil, under an inverted microscope 
with Nomarski or Hoffman optics, on a heated micro-
scope stage at 37°C.

It is important that the size of the hole created in the 
ZP is large enough to avoid trapping of the embryo during 
hatching, but not so large that it permits blastomere loss 
(35–38). Monozygotic twinning has been described as a 
consequence of AH (39). The adequate size of the hole seems 
to be 30–40 µm when AH is performed on day-3 embryos. 
Nevertheless, AH applied to cryopreserved blastocysts 
seems to give better results when ≥50% of the ZP is opened 
or the ZP is totally removed (40,41). Half thinning of the ZP 
in early-stage vitrified embryos seems to be associated with 
higher pregnancy rates than quarter thinning (42).

Different protocols have been described, but a minimum 
30-minute culture period seems to be sufficient before the 
transfer of the manipulated embryos.

Embryo transfer to the uterus has to be performed 
as non-traumatically as possible to avoid damage to the 
ZP-manipulated embryos.
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Treatment over four days, starting on the day of oocyte 
retrieval, with broad-spectrum antibiotics and corticoste-
roids (methyl prednisolone, 16 mg daily) has been pos-
tulated. Cohen et  al. suggested that such treatment may 
be useful for patients whose embryos have been assisted-
hatched in order to avoid infection and immune cell inva-
sion of the embryos (7).

Partial ZP dissection

Partial ZP dissection (PZD) is a mechanical AH procedure 
similar to that described for oocytes to assist ZP penetra-
tion by spermatozoa (43). The denuded embryo is held 
with a holding pipette, and the ZP is tangentially pierced 
with a microneedle from the 1 o’clock to the 11 o’clock 
position. The embryo is released from the holding pipette, 
and the part of the ZP between the two points is rubbed 
against the holding pipette until a slit is made in the ZP. 
The embryo is washed twice in a fresh culture medium 
and placed in the transfer dish.

A 3D-PZD in the shape of a cross has been described (38). 
The procedure starts as conventional PZD and a second cut 
is made in the ZP under the first slit. A cross-shaped cut 
can be seen on the surface of the ZP. This method allows 
the creation of larger openings while permitting protection 
of the embryo by the ZP flaps during embryo transfer.

A new technique called “controlled ZP dissection” has 
been described as a variation of PZD (34). The embryo is 
held at the eight o’clock position by a bevel-opened holding 
pipette, and a thin, angled hatching needle with a blunted 
tip pierces the ZP at the five o’clock position. The hatching 
needle is inserted deeply into the holding pipette until the 
embryo is pushed to the angle of the hatching needle. The 
curve of the needle is then pressed against the bottom of 
the dish to cut the pierced ZP. A large slit (two-thirds of 
the embryo’s diameter) created by controlled ZP dissec-
tion significantly enhances the rate of complete in vitro 
hatching of blastocysts compared with 3D-PZD. Long ZP 
dissection has been also applied using intracytoplasmic 
sperm injection (ICSI) pipettes. A large split created on the 
ZP of vitrified–thawed blastocyst embryo transfer (ET) 
cycles significantly improves implantation and pregnancy 
rates compared to PZD (44).

AT solution AH

It has been described that ZP hardening and the increase 
in volume of the perivitelline space in zygotes and 
embryos allow a more efficient and safe use of AT solu-
tion in human embryos for ZP drilling compared with 
oocytes. Nevertheless, it has to be taken into account that 
the use of acidic solutions for AH may be detrimental for 
the blastomere(s) adjacent to the drilled portion of the ZP. 
Limiting embryo exposure to AT by adequate and quick 
manipulation is necessary to avoid harmful effects on 
embryo development.

AT solution can be prepared in the laboratory based on 
the protocol of Hogan et al. (45) and adjusted to a pH of 
2.5, or can be purchased commercially.

One advantage of AT drilling compared with PZD is 
the possibility of increasing the size of the hole in the ZP. 
Large holes have proved to be more efficient for enhancing 
hatching and avoiding embryo entrapment (7,37,46). The 
embryo is held with a holding pipette in such a way that 
the micropipette containing AT solution (internal diam-
eter 3–5 µm) at the three o’clock position faces a large 
perivitelline space or an area with cytoplasmic fragments 
of the embryo. The acidic solution is gently delivered 
with the help of a microinjector over a small area of the 
ZP, with the tip of the pipette positioned very close to the 
ZP. Accumulation of AT solution in a single area must be 
avoided. Extracellular fragments can also be removed dur-
ing the procedure (8). As soon as a hole is created in the ZP, 
suction is applied to avoid excess AT solution entering the 
perivitelline space. If the inner region of the ZP is difficult 
to breach, creation of the hole can be facilitated by pushing 
the AT micropipette against the ZP (47).

It is necessary to rinse the embryo several times in fresh 
culture medium.

Laser-assisted hatching

The use of laser techniques in the field of assisted repro-
duction for application in gametes or embryos was first 
described by Tadir et al. (48,49). For a fast and an efficient 
clinical use of laser systems in AH, it is important that 
the laser is accurately controlled and produces precise ZP 
openings without thermal or mutagenic effects. The appli-
cation of a laser on the ZP for AH results in the photoabla-
tion of the ZP.

Contact lasers

The procedure is performed on a microscope slide, and the 
embryo is placed on a drop of the medium covered with 
paraffin oil. The embryo is held with a holding pipette, 
and the laser is delivered through a microscopic laser glass 
fiber, fitted to the manipulator by a pipette holder, in direct 
contact with the ZP. Several pulses are necessary to pen-
etrate the ZP. Because each laser pulse removes only small 
portions of the ZP, the fiber tip has to be continuously 
readjusted to guarantee that the laser is in close contact 
with the remaining zona.

The first use of a laser for ZP drilling was reported by 
Palanker et al. with an argon fluoride (ArF) excimer laser 
(UV region, 193 nm wavelength) (50). This laser system 
makes it necessary to touch the ZP with the laser-deliver-
ing pipette (contact mode laser). The erbium:yttrium–alu-
minum–garnet (Er:YAG) laser (2940 nm radiation), also 
working in contact mode, has been used for ZP AH and 
thinning, and its safety and efficacy have been demon-
strated in clinical practice (51,52). Obruca et al. performed 
a study to evaluate the ultrastructural effects of the Er:YAG 
laser on the ZP and membrane of oocytes and embryos 
(53). No degenerative alterations were observed using light 
and scanning electron microscopy after ZP drilling with 
such a system. Antinori et al. (54) described the method 
for ZP thinning with the use of an Er:YAG laser. Five to 
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eight pulses were needed to ablate 50% of the ZP thickness 
over a length of 20 µm. The necessity of sterile micropi-
pettes and optical fibers to deliver the laser beam to the 
target is the main disadvantage of contact mode lasers (55).

Noncontact lasers

Noncontact laser systems allow microscope objective-
delivered accessibility of laser light to the target. Laser 
propagation is made through water, and as it avoids the 
UV absorption peak of DNA, no mutagenic effect on the 
oocyte or embryo is expected. Blanchet et al. first reported 
the use of a noncontact laser system (248 nm krypton fluo-
ride [KrF] excimer) for mouse ZP drilling (56). Neev et al. 
described the use of a noncontact holmium:yttrium–scan-
dium–gallium–garnet laser (2.1 µm wavelength) for AH in 
mice (57). The study showed a lack of embryotoxic effects 
as well as improved blastocyst hatching. Similar results 
were reported by Schiewe et al. (58).

Rink et al. designed and introduced a noncontact infra-
red diode laser (1.48 µm wavelength) that delivers laser 
light through the microscope objective (59). The drilling 
mechanism is explained by a thermal effect induced at 
the focal point by absorption of the laser energy by water 
and/or ZP macromolecules, leading to the thermolysis of 
the ZP matrix. Laser absorption by the culture dish and 
medium is minimal. The effect on the ZP is greatly local-
ized, and the holes are cylindrical and precise. Exposure 
time (1–40 ms) can be minimized. The safety and useful-
ness of the system was demonstrated in mice and humans 
(60–62). Its use for polar body as well as blastomere and 
blastocyst biopsy has also been reported (63–65). The sys-
tem is compact and easily adapted to all kinds of micro-
scopes. The size of the hole is related to the laser exposure 
time, and thus the system is simple, quick, and easy to use. 
Figure 12.1 shows an eight-cell embryo in which laser AH 
has been performed.

Antinori et al. have reported the use of a compact, non-
contact UV (337 nm wavelength) laser microbeam system 
to create holes in the ZP of human embryos (66,67). This 

equipment requires the manipulation of the oocytes and 
embryos in Petri dishes with a membrane bottom.

Depending on the laser equipment, different methods 
are used, varying in energy, time, and number of pulses 
needed to open the ZP. Two studies have reported the 
immediate effects of localized heating after the use of 
noncontact infrared lasers in animal models (68,69). The 
diode laser beam produces superheated water approach-
ing 200°C on the beam axis. The action of the laser must 
be strictly limited to the targeted region of the ZP, since 
focused laser irradiation on a specific cell will cause dam-
age and probably be lethal to that cell. Following irradia-
tion, the heat is conducted away from the target and is 
dissipated into the surrounding medium. The potential 
to damage blastomeres adjacent to the hole created by 
the laser is minimized by using pulse durations of ≤5 ms 
and laser powers of ∼100 mW at a safe distance from the 
blastomeres.

In a study of a murine model to determine the optimal 
technical settings for laser AH—changing laser intensity, 
pulse duration, number of pulses, and depth of disrup-
tions—the highest hatching rate seemed to be achieved 
when laser intensity was reduced (70).

There are studies that compared laser AH with other 
AH methods (71,72). Sister embryos of patients undergo-
ing preimplantation genetic diagnosis, randomly assigned 
on day 3 to AT solution ZP drilling or to laser ZP drill-
ing, showed similar blastocyst development rates (71). 
However, implantation rates of laser ZP-drilled embryos 
were significantly higher than those of mechanically 
treated embryos, when the embryos of women of advanced 
age (39 years) underwent AH (72).

ZP thinning

The aim of ZP thinning is to thin the ZP without com-
plete lysis and perforation. By not breaching the ZP, the 
potential risk of blastomere loss and embryonic infection 
is minimized.

ZP thinning with AT has been described in mice and 
humans (27,73). It involves bidirectional thinning of a 
cross-shaped area of the ZP over about a quarter of the 
embryo’s circumference. Care has to be taken not to rup-
ture the ZP completely. Embryos are washed in fresh 
droplets of the medium and cultured before transfer. This 
methodology has proved useful for hatching enhancement 
in mice but not in humans, probably because of differ-
ences observed in both the morphologic and the biophysi-
cal characteristics of the ZP between the two species. The 
mouse ZP has a monolayer structure whereas the human 
ZP, as shown by electron microscopy, is composed of a less 
dense, easily digestible, thick outer layer and a more com-
pact but resilient inner layer (73).

The use of laser technology for ZP thinning at the 
cleavage stage seems to be beneficial for embryo implan-
tation for certain authors (26,54,74–76). Antinori et  al. 
demonstrated a significant increase in implantation and 
pregnancy rates when 50% of the ZP thickness from two-
day-old embryos was thinned to a length of 20 µm using a 

Figure 12.1 Day-3 embryo in which the zona pellucida has 
been drilled with two laser shots (courtesy of Fertilase®, MTM, 
Montreaux, Switzerland).
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YAG contact laser (w). Diode laser ZP thinning enhances 
the variation of ZP thickness in human embryos, allows 
natural ZP thinning, and significantly increases the rate 
of blastocyst hatching (26). Acceptable clinical pregnancy 
rates were obtained after transfer of frozen–thawed blas-
tocysts that underwent laser-assisted thinning at the 
day-3 cleaving stage before freezing (74). Laser partial ZP 
thinning has also been associated with higher implanta-
tion and pregnancy rates than total laser AH, especially 
in women who suffer from recurrent implantation failure 
(76,77). However, recent time-lapse studies in a mouse 
model suggest that laser ZP thinning procedures may not 
only fail to facilitate hatching, but may induce abnormal 
forms of hatching and prevent escape of the embryo from 
the ZP altogether (78).

The enzymatic action of pronase to thin the ZP of 
human early-cleaving embryos yields similar benefits to 
other AH methods (79). Nevertheless, ZP thinning for 
cryopreserved–thawed embryos using pronase action or 
laser methodology has failed to show an improvement in 
the implantation rate (80–83).

A new method for mechanical AH, inspired by the nat-
ural expanding effects of blastocysts on the ZP, has been 
described (84). This mechanical AH method expands/
stretches the ZP by injecting hydrostatic pressure into the 
perivitelline space using an ICSI injection needle and cul-
ture medium, inducing a short-term (≤30-second) ZP thin-
ning. Mechanically expanding the ZP of frozen–thawed 
day-3 human embryos with injected hydrostatic pressure 
has been shown to increase implantation and clinical preg-
nancy rates when compared with control embryos (84).

Blastocyst AH

Even though AH has been initially performed on early-
cleavage embryos (day 3, six- to eight-cell stage), it can also 
be applied to blastocysts to increase implantation rates. A 
monozygotic twin pregnancy was achieved after transfer of 
a frozen–thawed human blastocyst on which ZP rubbing 
was applied with a microneedle (85). The size of the hole 
made on the human blastocyst’s ZP during AH seems to be 
important to final hatching development. A large slit cre-
ated on the ZP of human blastocysts after mechanical AH 
with long zona dissection (LZD) significantly enhanced 
total blastocyst hatching in vitro compared to a moderately 
sized slit (two-fifths of the ZP diameter) (34). A ZP opening 
of small or moderate size induced the hatching blastocyst 
into a “figure of eight” shape and often trapped the ICM.

Fong et al. described a method for enzymatic treatment 
with pronase of the ZP of blastocysts (86). Just before com-
plete disappearance of the ZP, the blastocysts were placed 
in a fresh medium and washed twice. The ZP-manipulated 
blastocysts have shown a high implantation rate (33%), and 
therefore there is a need to limit the number of AH blas-
tocysts to be transferred to one or two in order to reduce 
multiple pregnancies.

Park et  al. reported the use of a 1.48 µm noncontact 
diode laser for AH of in vitro-matured/in vitro-fertilized/in 
vitro-cultured bovine blastocysts (87). Short irradiation 

exposure times (3–5 ms) were applied, and a significant 
increase in the hatching rate was observed.

We have described the use of a 1.48 µm diode laser for 
AH in human blastocysts (88). Even though no statisti-
cally significant differences were observed, a trend toward 
higher pregnancy and implantation rates was obtained 
when laser-drilled AH blastocysts were replaced, com-
pared with non-drilled blastocysts (44.4% vs. 23.8% and 
30.6% vs. 11.6%) (Figure 12.2).

Artificial opening of the ZP by 3D-PZD or by laser and 
total ZP removal after the warming of vitrified blastocysts 
significantly improved implantation and pregnancy rates 
(33,40,41). A recent study suggests that quarter ZP open-
ing by laser AH significantly improves the clinical out-
comes of vitrified–warmed blastocysts, especially of day-6 
vitrified blastocysts, developed from low-grade cleavage-
stage embryos (89). Conversely, a study performed on vit-
rified–warmed blastocyst transfer has shown that the site 
of AH has no influence on implantation, pregnancy, and 
live birth rates (90).

CONSIDERATIONS AND CONCLUSIONS
Several studies have been performed to demonstrate the 
usefulness and efficacy of AH in different groups of patients 
using the various methods described. Most of the studies 
have been done in patients with poor prognosis, including 
advanced-age patients, patients with elevated concentra-
tions of follicle-stimulating hormone (FSH), patients with 
previous implantation failures, or patients with embryos 
with thick ZPs, some of them showing contradictory 
results. One study included women with endometriosis not 
showing improvement after AH (91). AH has been applied 
to fresh, early cleavage-stage embryos and blastocysts and 
also to frozen–thawed embryos and vitrified–warmed 
blastocysts. Removal of necrotic blastomeres from par-
tially damaged cryopreserved–thawed embryos may help 
to maintain their development potential (22,92).

Tables 12.1 and 12.2 show the results reported by differ-
ent authors.

Figure 12.2 Laser-assisted hatching (Fertilase®, MTM, 
Mon treaux, Switzerland) in an expanded blastocyst. A troph-
ectoderm cell is protruding through the thin zona pellucida.
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The variability of methodologies, study designs, and 
groups of patients described in the published AH studies 
makes it very difficult to come to a definitive conclusion 
on the possible effect of AH on clinical outcomes. The last 
Cochrane review of this area concludes that even though 
live birth should be considered the primary outcome, the 
available data do not show any positive effect of AH on 

live birth rates (93). On the other hand, a recent systematic 
review and meta-analysis of the medical literature evalu-
ating the effect of AH on assisted reproduction outcomes 
concluded that AH was related to increased clinical preg-
nancy and multiple pregnancy rates in women with previous 
repeated failure or in frozen–thawed embryo transfer (94). 
Further, a retrospective study of children born after single 

Table 12.1 Assisted hatching results reported by different authors (1992–1999)

First author, year Study method Population Randomized
Pregnancy rate 

increase

Cohen, 1992 (8) AT Normal FSH
≥15 µm ZP

Yes 
Yes

Yes, NS 
Yes, sig.

Tucker, 1993 (73) AT All IVF Yes No
ZP thinning

Olivennes, 1994 (96) PZD Impl. failures No (no control) —
Day 3, FSH >15 mIU/mL Yes Yes, sig.

Obruca, 1994 (52)
Tucker, 1994 (97)
Schoolcraft, 1994 (47)

Er:YAG laser
AT, CC
AT

Impl. failures
Age ≥38 years, impl. failures
Elevated FSH, age ≥39 years

No
Yes (control: AT)
No

Yes, sig. 
Yes, sig. 
Yes, sig.

Schoolcraft, 1995 (98) AT
Impl. failures
Age ≥40 years No, retrosp. Yes, sig.

Stein, 1995 (99) PZD ≥3 impl. failures Yes Yes, sig. age >38 years
Hellebaut, 1996 (75) PZD First cycle Yes No
Antinori, 1996 (54) UV laser Impl. failures No Yes, sig.
Check, 1996 (100) AT Frozen ET No Yes, NS
Antinori, 1996 (66) Er:YAG laser First cycle Yes Yes, sig.

Tucker, 1996 (101) AT
Impl. failures 
ICSI, age ≥35 years

Yes 
No

Yes, sig. 
Yes, sig.

Bider, 1997 (102) AT Age ≥38 years No No
Chao, 1997 (103) PZD Impl. failures Yes Yes, IVF

No, TET
Hurst, 1998 (104)
Magli, 1998 (105)

AT 
AT

First cycle
Age ≥38 years
≥3 impl. failures

Yes 
No

No
Yes, sig. 
Yes, sig.

Lanzendorf, 1998 (106) AT
Both
Age ≥36 years

Yes
Yes

No
No

Meldrum, 1998 (107) AT Age ≥35 years No Yes, NS

Antinori, 1999 (67)
Er:YAG laser
PZD

First cycle
≥6 impl. failures

Yes 
Yes

Yes (?)
Yes (?)

Edirisinghe, 1999 (108) Age ≥38 years, ZP ≥15, 
≥1 µm impl. failure

No No

Baruffi, 1999 (62) Diode laser, ZP thinning Age <37 years, first cycle Yes No
Veiga, 1999 (88) Diode laser Impl. failure, CC Yes Yes, NS

First cycle Yes No (unpubl.)
Cieslak, 1999 (38) 3D-PZD All IVF Yes (control: conv. 

PZD)
Yes, NS

Alikani, 1999 (109) PZD + frag. removal ≥6% frag. No, retrosp. Yes, sig.
Nakayama, 1999 (110) Piezomicromanipulator ≥2 impl. failures Yes Yes, sig.

Abbreviations:  AT, acid Tyrode’s; blast., blastomere; CC, co-culture; conv., conventional; Er:YAG, erbium:yttrium–aluminum–garnet; ET, embryo 
transfer; frag., fragmented; FSH, follicle-stimulating hormone; ICSI, intracytoplasmic sperm injection; impl. implantation; IVF, in 
vitro fertilization; NS, not significant; PZD, partial zona pellucida dissection; retrosp., retrospective; sig., significant; TET, thawed 
embryo transfer; unpubl., unpublished; ZP, zona pellucida.
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assisted-hatched embryo transfer suggest that AH alone 
does not increase the risk of major congenital abnormali-
ties (95).

From the published results and taking into account the 
variability in methods and study designs, the conclusions 
concerning AH’s benefits are as follows:

 1. AH does not increase pregnancy and implantation rates 
in patients in their first IVF attempt.

 2. There is some evidence that AH increases pregnancy and 
implantation rates in patients with previous implanta-
tion failures.

Table 12.2 Assisted hatching results reported by different authors (2000–2010)

First author, year Study method Population Randomized
Pregnancy 

rate increase

Mansour, 2000 (111) ZP removal, AT First cycle Yes No
Age ≥40 years ≥2 impl. failures Yes Yes, sig.

Mantoudis, 2001 (112) Diode laser Poor responders aged ≥38 
years, ≥2

No Yes, sig.

Total AH, partial AH, ZP Impl. failures, frozen ET (for ZP thinning)
Malter, 2001 (113) Diode laser versus AT All IVF/ICSI Yes (control: AT) No
Balaban, 2002 (79) PZD All IVF/ICSI No, retrosp. No

AT No
Diode laser No
Pronase thinning No

Rienzi, 2002 (22) Diode laser Frozen ET Yes Yes, sig.
Necrotic blast. removal

Hsieh, 2002 (114) Diode laser versus AT Age ≥38 years Yes Yes, sig. (for 
laser)

Milki, 2002 (115) AH D + 3 versus CC Age 40–43 years No, retrosp. No
Vanderzwalmen, 2003 (33) PZD blastocysts Frozen (vitrif.) ET No, retrosp Yes, sig.
Gabrielsen, 2004 (116) AT Frozen ET Yes No
Petersen, 2005 (76) Diode laser, ZP thinning ≥2 impl. failures Yes Yes, NS
Ng, 2005 (81) Diode laser, ZP thinning Frozen ET Yes No
Nadir, 2005 (91) Diode laser, ZP thinning Endometriosis Yes No
Frydman, 2006 (117) Diode laser, ZP thinning Age ≥37 years Yes No
Balaban, 2006 (118) Diode laser Frozen ET Yes Yes, sig.
Sifer, 2006 (80) Pronase, ZP thinning Frozen ET Yes No
Petersen, 2006 (82) Diode laser, ZP thinning Frozen ET Yes Yes, NS

From OHSS IVF cycles
Sagoskin, 2007 (119) Diode laser Good prognosis Yes No
Hiraoka, 2007 (41) Diode laser versus AT ≥2 impl. failures No, retrosp. Yes, sig. (for total 

removal)
Total ZP removal versus 

partial drilling
Blastocyst AH

Frozen ET

Hiraoka, 2008 (40) Diode laser
ZP drilling
ET 50% versus 40 µm

≥2 impl. failures
Frozen ET

No, retrosp. Yes, sig. (for 
50%)

Hiraoka, 2009 (42) Diode laser, ZP thinning
D + 3 50% versus 25%

Frozen ET Yes Yes, sig. (for 
50%)

Valojerdi, 2010 (83) Diode laser, ZP thinning
D + 3 vitrified

Frozen ET Yes No (sig. 
decrease)

Fang, 2010 (84) Mechanical expansion
D + 3

Frozen ET Yes Yes, sig.

Abbreviations:  AT, acid Tyrode’s; AH, assisted hatching; blast., blastomere; CC, co-culture; D, day; ET, embryo transfer; FSH, follicle-stimulating 
hormone; ICSI, intracytoplasmic sperm injection; impl. implantation; IVF, in vitro fertilization; PZD, partial zona pellucida dissection; 
retrosp., retrospective; NS, not significant; sig., significant; OHSS, ovarian hyperstimulation syndrome; vitrif., vitrification; ZP, zona 
pellucida.
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 3. It is not clear whether AH enhance embryo implanta-
tion and pregnancy rates in patients undergoing fro-
zen–thawed embryo transfer, patients of an advanced 
age, or patients with thick ZP embryos.

 4. There is clear evidence that AH increase multiple preg-
nancy rates.

 5. Currently, there is insufficient evidence to recommend 
AH as a routine technique in patients undergoing 
assisted reproductive techniques.

The potential of AH in assisted conception makes it 
imperative that studies of adequate methodological qual-
ity (preferably multicenter trials with appropriate design, 
adequate power, and appropriate duration of follow-up) 
are undertaken to investigate the role of the various meth-
ods of AH when applied at different development stages 
and sites of the embryo and in different subgroups of the 
population—women undergoing frozen embryo transfers, 
women in older age groups, women following repeated 
implantation failure, women with high early proliferative 
phase serum FSH levels, and women with embryos with 
thick or hardened ZPs or poor-quality embryos—in order 
to provide urgently needed answers.

It is questionable whether different methods of AH yield 
similar outcomes. Large randomized studies comparing AH 
methods with regard to embryo implantation and live birth 
rates are needed, and follow-up of obstetric and post-natal 
outcomes is recommended. Mechanical hatching by PZD 
is limited by the difficulty of creating a hole of consistent 
size. The variability and possible embryotoxicity are poten-
tial problems with the use of AT for ZP drilling. Enzymatic 
methods to dissolve or thin the ZP seem to be effective and 
safe. Although the equipment may be expensive, the use of 
a 1.48 µm diode infrared laser system for ZP drilling offers 
low potential risk, is quick and relatively simple to perform 
with high consistency between operators, and appears to be 
the most suitable method for AH in the IVF laboratory.
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INTRODUCTION AND HISTORY OF EMBRYO BIOPSY
Embryo biopsy (EB) was developed out of the necessity for 
single-gene disorder testing and for the potential of sexing 
embryos. In 1967, Edwards and Gardner published their 
report on rabbit EB and sexing (1). Two decades passed 
before EB research began to lend itself to clinical applica-
tion and interest for human embryos. In 1989, Wilton et al. 
reported successful single-cell biopsy and cryopreserva-
tion in the mouse (2). That same year, Handyside et  al. 
reported the biopsy of human preimplantation embryos 
and sexing by DNA amplification for couples at risk of 
transmitting recessive X-linked diseases, as well as DNA 
analysis of human oocytes for cystic fibrosis diagnosis 
(3,4). The feasibility of single-cell polymerase chain reac-
tion (PCR) for the diagnosis of single-gene disorders was 
demonstrated by Coutelle et al. in 1989, where unfertilized 
oocytes were used as an example for single-cell PCR (3). 
The first pregnancies were reported in 1990 by Handyside 
et al., while Grifo et al. reported the first pregnancy after 
human EB and sexing in the U.S.A. in 1992 (5,6).

The plethora of data and the development of EB proce-
dures since these initial reports have been staggering. The 
development of various methodologies for the biopsy pro-
cedures at different stages of preimplantation development 
has been of significant interest in the last two decades. 
Different biopsy techniques have been investigated in 
animal and human studies and these include polar body 
biopsy, blastomere biopsy, trophectoderm (TE; blastocyst) 
biopsy, and, most recently, blastocoel fluid aspiration. In 
1988, TE biopsy was first reported in the marmoset mon-
key and remarkably showed normal in vivo development 
of these embryos (7).

The different biopsy techniques, their safety profiles, the 
actual performance of these techniques, and their current 
clinical applications will be the subjects of discussion of 
this chapter. Emphasis on safety and clinical outcome will 
be a unifying theme.

PRINCIPLES
The primary aim of EB is to remove a cell or sample of cells 
(i.e., genetic material) from the preimplantation embryo 
to allow for diagnosis of the chromosomal complement of 
the embryo. It is imperative that the procedure is carried 
out in such a way as to effect the least possible detriment 
to the developing embryo, that the diagnosis is accurate 
and representative of the entire embryo, and that analysis 
for monogenic diseases can be combined with aneuploidy 
screening.

TYPES OF BIOPSY
Polar body biopsy

Polar body biopsy in humans was first described in 1990 
(8). The procedure was developed in an effort to decrease 
the invasive nature of EB since the polar body(ies) is 
already separated from the embryo and will not contrib-
ute to the developing embryo. Removal of the first polar 
body (PB1) or both the first (PB1) and the second polar 
body (PB2) requires creating a hole in the zona pellucida 
(ZP) and removing the PB1 possibly prior to fertilization 
or the removal of both polar bodies after fertilization. The 
genetic material in PB1 is only representative of the DNA 
in the oocyte (maternal contributions) and specifically 
only maternal DNA that is not included in the embryo. 
For this reason, polar body biopsy is particularly useful 
for detecting maternally inherited monogenic diseases 
and for numerical/structural chromosomal aberrations in 
the oocyte (9).

Single-cell biopsy, such as polar body biopsy, however, 
raises legitimate concerns of reliability. Specifically, allele 
dropout (ADO) involving the biopsy of PB1 is of concern. 
The accuracy of polar body biopsy is improved if both PB1 
and PB2 are analyzed (10). Ideally, sequential biopsy on 
different days should be completed in order to be certain 
that you are obtaining and correctly identifying each polar 
body (11).

Polar body biopsy has gained increased interest recently 
due to the growing problem of mosaicism in embryos. 
Investigators have suggested that sequential polar body 
biopsy and subsequent analysis will allow the identifica-
tion of maternally derived mosaicism (12), and since more 
than 90% of human aneuploids are maternally derived, this 
is a means to detect a significant number of these without 
biopsying the embryo. However, the major limitation of 
the analysis of PB1 is that it focuses on only the maternal 
genome, whereas other forms of EB provide information 
on both the maternal and paternal genome. Many errors of 
meiosis are due to premature separation of sister chroma-
tids as opposed to nondisjunction, and in fact abnormal 
polar bodies may represent a normal embryo (11).

To date, there has been very little direct evaluation 
regarding the safety of polar body biopsy and the subse-
quent developmental capacity of embryos derived from 
these oocytes. In the small number of studies reported, 
methodologies were different and these were not random-
ized controlled trials. However, it seems intuitive that 
biopsy of the polar bodies should be less invasive than blas-
tomere or TE biopsy, since the polar bodies are by-products 
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of the meiotic division and not part of the embryo per se. 
Verlinsky et  al. in 1990 showed that removal and analy-
sis of the polar bodies did not affect subsequent fertiliza-
tion rates and embryonic development to the blastocyst 
stage (8). Hammoud et al. in 2010 compared ZP drilling 
of oocytes, ZP drilling, and polar body biopsy versus no 
intervention and found no difference between the three 
groups in respect to oocyte activation (achieved with cal-
cium ionophor) and in vitro development to the cleavage 
stage. However, these authors described the risk of cell 
lysis and found a 2% lysis rate with ZP drilling alone and 
a 4% lysis risk with drilling plus polar body biopsy (13). 
Another study found higher rates of cleavage arrest, frag-
mentation on day 2, lower rates of good-quality cleavage 
embryos, and lower blastomere cell numbers in embryos 
that had undergone polar body biopsy as opposed to a 
control group (14). As with any procedure, the benefits 
should be weighed against the risks and although in highly 
skilled hands polar body biopsy has been shown to have 
no deleterious effect on the developing embryo, it has been 
reported that the information obtained from polar body 
biopsy, even sequential biopsy of PB1 and PB2, is of limited 
value in identifying aneuploidies at later stages of develop-
ment (15–17).

Day-3 cleavage-stage (blastomere) biopsy

The intent of day-3 biopsy is to remove one blastomere 
from the embryo at the cleavage stage of development as 
a representative sample of the entire embryo. As with all 
other biopsy procedures, this requires creating a hole in 
the ZP followed by removal of one or possibly two blasto-
meres from the embryo. The question as to whether a single 
cell is sufficient to obtain reliable test results and whether 
it is representative of the entire embryo and resulting fetus 
still remains. Does the removal of one cell or more cells 
from the cleavage-stage embryo affect the development of 
that embryo?

Single-cell PCR in human gametes was demonstrated 
by Coutelle et  al. in 1988 with the use of unfertilized 
oocytes (3), although it was not until 1989 that a single 
blastomere was removed from a cleavage-stage embryo. 
The technology available at that time allowed for specific 
base pairs to match with a 3–4 kb repeat sequence within 
the Y chromosome. This allowed for the identification of 
the Y chromosome within the biopsied embryos and thus 
the ability to sex the embryos. This was a significant step 
forward for reducing the need for late-trimester abortions 
of X-linked recessive-affected male embryos (4).

There are, however, concerns with the biopsy of day-3 
embryos. Given that typically only one blastomere is 
removed for analysis, the problem of ADO leading to mis-
diagnosis in approximately 10% of cases is one that cannot 
be ignored (9). ADO occurs if only one of the two alleles 
is successfully amplified in a heterozygous cell (18). Van 
de Velde et  al. in 2000 considered the problem of ADO 
and compared one-cell versus two-cell blastomere biopsy 
and found that implantation rates and ongoing pregnancy 
rates were not significantly different between the two 

groups (19). The ability to compare the results of two blas-
tomeres and ensure the accuracy of the results decreased 
the incidence of ADO (19). Although this study reported 
no adverse effect on implantation rates of removing two 
cells versus one cell, the study was subject to criticism in 
that the group with two blastomeres removed had signifi-
cantly better and more advanced embryos based on mor-
phologic criteria prior to biopsy. In 2008, Goossens et al. 
reported that removal of two blastomeres from a cleavage-
stage embryo negatively impacted subsequent embryo 
development by day 5 (20). It stands to reason that removal 
of a considerable fraction of a cleavage-stage embryo on 
day 3 will compromise the developmental potential of that 
embryo and limit its ability for continued development, 
implantation, and pregnancy establishment.

Interestingly, the cavitation and hatching rates of 
embryos have not been shown to be significantly affected 
by micromanipulation of the embryo (21). However, 
recent data demonstrate that biopsied embryos show a 
significant decrease in implantation potential when biop-
sied on day 3 versus biopsy at the blastocyst stage (22). 
However, despite the inherent concerns with day-3 biopsy, 
according to the 13th annual European Society of Human 
Reproduction and Embryology (ESHRE) PGD consor-
tium data compiled from 2010 data, 80% (4526/5651) of 
EB cycles from 62 centers were still being conducted at the 
cleavage stage (23).

It is now widely accepted that day-3 biopsy can com-
promise the implantation potential of biopsied embryos as 
compared to day-5 biopsy (22,24). As discussed above, the 
problems with ADO seen with day-3 EB can be mitigated 
by removal of two cells. However, Goossens et al. showed 
that blastocyst formation was decreased with removal of 
two cells as opposed to one cell, although that same study 
reported that the implantation rates were not significantly 
different for two-cell versus one-cell cleavage-stage biopsy 
(20). Many cleavage-stage embryos lack the developmen-
tal competence to reach the blastocyst stage, irrespective 
of any impact of the biopsy. Unfortunately, there is a lack 
of randomized controlled data to compare one- and two-
cell blastomere biopsy techniques. However, a very elegant 
study in 2013 presented convincing data about the safety 
profile of day-3 versus day-5 biopsy (22), and these find-
ings have helped push the standard of care for EB to be 
exclusively day 5.

Blastocyst (TE) biopsy

The intent of TE biopsy is to remove and test 5–10 cells 
from the TE layer (a portion of the embryo that is des-
tined to become placental tissue) as a representative sam-
ple of the entire embryo and the resulting fetus. Again, 
the biopsy is facilitated by means of an opening created 
in the ZP through which cells are removed from the TE. 
The question as to whether these cells are sufficient to per-
form genetic testing and whether they are representative 
of the fetus that will form must be considered. Analysis of 
multiple cells is advantageous in ensuring that the DNA 
obtained is sufficient to obtain a diagnosis and to avoid 
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the problem of ADO. However, in some instances, cells 
from a single biopsy specimen may yield different genetic 
results as a result of mosaicism (25), which is caused by the 
presence of a mix of normal and abnormal cells or a mix 
of different abnormalities with no normal cells present. In 
addition, the question of whether the removal of multiple 
cells from the TE affects the further development or abil-
ity of the blastocyst to implant and establish a pregnancy 
needs to be considered.

In 1990, Dokras et  al. reported the successful biopsy 
of 47 human embryos at the blastocyst stage. The report 
examined the size of the slit and degree of herniation nec-
essary to achieve optimal biopsy conditions. They showed 
that development of the manipulated embryos did not 
appear to be impaired. Notably, they biopsied ∼10–30 cells 
on average, significantly more cells than would be consid-
ered standard today (26). One of the distinct benefits asso-
ciated with blastocyst biopsy is the ability to biopsy only 
those embryos that have demonstrated the potential for 
continued embryonic development. In this way it reduces 
the probability of selecting an aneuploid embryo since 
many of these embryos will arrest before they ever reach 
the blastocyst stage (27,28). Embryos arrested in develop-
ment at the cleavage stage showed increased aneuploidy 
involving chromosomes X, Y, 16, 18, and 21. In one study, 
TE biopsy of four to five cells led to a complete genotype in 
94.3% of cases (29).

Table 13.1 provides a summary of the pros and cons of 
the different biopsy methods available.

Given the data we have available to date, it is clear that 
day-5 biopsy provides more cells for genetic analysis while 
decreasing the invasiveness of the biopsy technique (as 
evidenced by the non-significant difference in implanta-
tion rates between biopsied embryos and non-biopsied 
controls). In our center, we currently perform EB at the 
blastocyst stage.

Blastocoel fluid aspiration

The objective of blastocoel fluid aspiration is to collect 
samples of the fluid that accumulates in the blastocoel 
cavity. Fragments of DNA shed from the embryo accu-
mulate in this fluid. Removal of this fluid thereby could 
allow for the collection and analysis of these DNA frag-
ments. If these fragments are determined to be a reliable 
and sufficient source of DNA for analysis and are found to 
be representative of the embryo and resulting fetus, this 
will obviate the need to physically separate cells from the 
embryo proper. Already, collapsing of the blastocyst and 
removal of the blastocoel fluid prior to vitrification has 
been shown to improve survival rates of cryopreserved 
embryos, indicating that removal of this fluid does not 
harm the developmental capacity of the blastocyst.

More recently, there have been efforts to determine if 
analysis of the fluid that accumulates inside the cavity of 
the developing blastocyst could offer a less invasive means 
to obtain ploidy information on the embryo. Following 
differentiation of the cells of the blastocyst into inner cell 
mass (ICM) and TE cells, sodium ions begin to accumulate, 

creating an osmotic gradient that pulls fluid in between 
these cell lineages, creating what is known as the blasto-
coel cavity. This fluid accumulation is facilitated by tight 
junctions between the adjoining cells in the TE that form a 
seal and prevent fluid leakage (30,31). Initial analysis of the 
blastocoel fluid involved metabolomic profiling in an effort 
to ascertain if the fluid could reveal information about the 
implantation potential of the embryo (32). The blastocoel 
fluid is sampled by means of inserting an intracytoplasmic 
sperm injection (ICSI) needle through the mural wall and 
into the cavity on the opposite side of the ICM to aspirate 
fluid. In 2013, the first report of the existence of embry-
onic DNA in the blastocoel fluid was published (33). DNA 
was isolated from blastocoel fluid from as many as 76.5% 
of the samples analyzed. Another study reported concor-
dance rates per chromosome of 93.5%, 94%, and 96.6% 
in polar bodies, blastomeres, and TE, respectively, when 
compared to blastocoel fluid (34). However, in another 
recent study involving array comparative genomic hybrid-
ization of blastocoel fluid, DNA was obtained in only 63% 
of blastocoel fluid samples. Discordancy rates were found 
to be 52% between blastocoel fluid and ICM–TE samples. 
Interestingly, blastomere analysis revealed that 70% of 
aneuploid cleavage-stage embryos normalized by day 5, 
and of these embryos, 86% had aneuploid nuclei within 
the blastocoel fluid cavity. The authors concluded that 
blastocoel fluid may be a mechanism by which the embryo 
partitions abnormal cells (35,36). Given the inconsisten-
cies reported in studies looking at blastocoel fluid analysis 
in predicting embryo ploidy, blastocoel fluid analysis for 
the purposes of genetic evaluation of a preimplantation 
embryo should still be considered experimental. Further 
studies are warranted to validate this methodology and 
confirm if it is sufficient for diagnostic purposes.

EQUIPMENT SET-UP FOR EB
The set-up and procedures described will focus on TE 
biopsy since this has become the standard of care for all EB 
procedures at our center unless there are extenuating cir-
cumstances or special cases requiring polar body biopsy 
or blastomere biopsy. For details of how to conduct a polar 
body biopsy, blastomere biopsy or aspiration, and analysis 
of blastocoel fluid, readers should refer to the papers refer-
enced in this chapter.

EB is a micromanipulation technique that requires a 
precise set-up and reliable equipment similar to an ICSI 
set-up. Micromanipulation techniques used in EB have 
evolved over the years as EB procedures have changed and 
improved. A variety of techniques for breaching the ZP 
and removing of a cell or cells from the egg, zygote, cleav-
age-stage embryo, or blastocyst have been employed and 
will be described. Special focus will be devoted to the use 
of laser technology and blastocyst biopsy since these tech-
niques have shown significantly superior results in terms 
of reducing impact on embryo development and clinical 
outcome (11,22). However, all egg or EB procedures have 
some common needs: (a) an inverted microscope that 
provides optimal magnification and optics to visualize 
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the egg or embryo being biopsied; (b) micromanipulation 
controls and mechanics to allow for smooth manipula-
tion; (c) appropriate microtools; (d) a suitable workstation 
with dissecting microscope to handle eggs, embryos, and 
biopsy samples; (e) an anti-vibration surface on which to 
support the microscope and micromanipulator, particu-
larly if TE biopsy is being performed; and (f) a laser system 
integrated into the inverted microscope (37–40).

Many IVF laboratories use an Olympus or Nikon 
inverted microscope with 4×, 10×, 20×, and 40× objec-
tives. There are a number of micromanipulation systems 
available including the Narishige, Research Instruments, 
or Eppendorf. The Narishige has traditionally been the 
most commonly used micromanipulation set-up in IVF 
labs. This system consists of coarse and fine manipulators 
allowing for a wide range of movement, yet precise con-
trol when working at the micrometer scale with eggs and 
embryos. The coarse manipulator may be driven either 
electrically or mechanically, while the fine manipulator is 
hydraulically driven. The joystick allows for comfortable 

hand movements of the embryologist while performing 
laser-assisted ZP ablation or TE biopsy.

Biopsy involves a two-step process:

 1. Breaching of the ZP
 2. Removal of genetic material (a cell, a number of cells, or 

DNA fragments) to test as a representative fraction of 
the entire embryo

Breaching of the ZP has been achieved in a number of 
ways, including mechanical means, chemical means, or by 
means of a laser. The earliest methods used to create an 
opening in the ZP were performed by mechanical means 
of partial ZP dissection in which the egg/embryo was held 
in place by suction on a holding pipette and the ZP tan-
gentially pierced through using a fine needle. The egg or 
embryo is then released from the holding pipette while still 
held on the needle and the ZP is breached by gently rub-
bing the holding pipette and needle together. Mechanical 
means of ZP breaching were subsequently replaced in 
most centers by chemical means using acid Tyrode’s 

Table 13.1 Advantages and disadvantage of various embryo biopsy techniques

Type of embryo 
biopsy Advantages Disadvantages

Polar body biopsy  1. Significantly less invasive
 2. Provides early information on egg genetic 

make-up
 3. Potential applications for monitoring egg 

quality in oocyte cryopreservation cycles

 1. Requires both polar bodies for accurate 
diagnosis

 2. Targets meiotic errors only and only considers 
the maternal genome

 3. Suffers from significant allele dropout
 4. Requires significant technical expertise
 5. Lack of randomized controlled trials to 

determine its potential use
 6. May falsely label an embryo aneuploid

Cleavage-stage 
biopsy

 1. Has been in use for >20 years and technically 
feasible for many in vitro fertilization centers

 2. Provides information on the whole embryo 
(maternal and paternal genome)

 3. There are studies suggesting its safety and 
universal applicability

 1. Most invasive form of embryo biopsy
 2. A randomized controlled trial has called into 

question the safety profile of removing an 
embryonic cell at this stage of development

 3. Requires significant technical skill
 4. Has significant non-detection and error rates
 5. Allele dropout is a consideration

Blastocyst-stage 
biopsy

 1. Current standard of care
 2. Technically feasible
 3. Provides information on the whole embryo 

(maternal and paternal genome)
 4. Safety profile has been proven

 1. Requires extended culture
 2. Requires investment in a laser system
 3. Technically challenging
 4. Lack of randomized controlled trials showing 

clinical benefit in younger population 
(although these studies are ongoing at this 
time)

Blastocoel fluid 
aspiration

 1. Significantly less invasive than direct 
embryonic cell biopsy

 2. Provides further information about the 
embryo

 3. May have use in discerning mosaicism

 1. May not provide accurate representation of 
embryonic ploidy status

 2. Has a low concordance rate with standard of 
care day-5 biopsy

 3. Lack of randomized controlled trials to 
determine its efficacy and safety

 4. As yet experimental
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solution (pH 2.2–2.4) to dissolve the ZP glycoproteins. 
The embryo is held in place using a holding pipette and an 
“assisted hatching” pipette attached to the manipulator on 
the right-hand side of the set-up filled with acid Tyrode’s 
solution and lowered into the drop close to the embryo. 
When positioned at an appropriate position close to the 
ZP but with the maximum perivitelline space between the 
ZP and the blastomeres, acid Tyrode’s solution is released 
so that a localized area of the ZP is dissolved. However, the 
use of acid Tyrode’s solution is not appropriate for breach-
ing the ZP prior to polar body biopsy since exposure of the 
oocyte to acid Tyrode’s solution has been shown to have an 
inhibitory effect on embryonic development.

The introduction of laser-assisted opening of the ZP 
has now largely replaced all other means of ZP breach-
ing for EB procedures. This dramatic shift is most likely 
due to ease of use, speed, reproducibility, and the advent 
of TE biopsy, which necessitates the use of a laser to sepa-
rate the cells of the TE. The laser in use in IVF labs is the 
near-infrared solid-state compact diode 1.48 µm laser. 
The most common systems in use include systems from 
Hamilton Thorne (ZILOS-tk® and the LYKOS®), Research 
Instruments (Saturn™), and MTG (OCTAX™). All of 
these laser systems use high-energy light and consequently 
heat to dissolve the targeted area of the ZP. When the laser 
beam comes into contact with the culture droplet, heat 
is dissipated through the medium, creating temperature 
gradients in concentric circles from the laser beam (41,42).

A laser has three different properties that determine 
its performance: (a) power (energy per unit time), which 
is measured in milliwatts (mW) and can range from 
<20 mW to 400 mW; (b) wavelength—all lasers used in 
IVF utilize near-infrared wavelengths (750–2500 nm); 
and (c) pulse duration, which is the length of time the laser 
beam is activated for. Pulse duration can range from 10 
µs to >10 ms. Longer pulse durations result in increased 
power and consequently increased temperature gradients 
within the medium. To illustrate, a laser with low energy 
and long pulse lengths will produce greater temperature 
gradients than a laser with high energy and shorter pulse 
lengths. Since smaller temperature gradients are less risky 
for embryos, lasers employed in IVF should use multiple 
pulses of short duration in preference to long-duration 
pulses. Care should always be taken to ensure that the 
laser is used properly.

When choosing a laser system for your lab, it is advisable 
to review the options available to ensure the best choice in 
your setting. The best-known systems are the ZILOS and 
LYKOS from Hamilton Thorne (http://hamiltonthorne.
com/index.php/products/clinical-lasers), the Saturn from 
Research Instruments (https://www.nikoninstruments.
com/Products/Light-Sources/Saturn-5-Lasers), and the 
OCTAX from MTG (http://www.mtg-de.com/products_
overview/#octax-lasers-imaging-systems/octax-laser-shot-
navilase-laser-systems). All companies provide installation 
and training. Factors to consider when choosing a system 
include adaptability for the microscope in use, access to 
technical support, simplicity and ease of use, and cost. Some 

systems have features such as having the laser fully inte-
grated into the objective with no additional cables or inter-
fering wires. Others include features such as the laser beam 
being movable, allowing the laser to be positioned on the 
target rather than the target positioned in the laser beam.

ZP breaching procedure

The ZP breaching procedure may be performed on day 3, 
day 4, or even day 5/6 once it has been determined that the 
embryos will be biopsied. At our center, we routinely per-
form the ablation procedure on day 4. All of the embryos 
are assessed and each developing embryo is then subjected 
to ZP ablation using laser treatment. The procedure is 
performed on the embryos in their original culture dish 
and does not require the transfer of the embryos to a sep-
arate dish. The procedure employed at our lab using the 
Research Instruments Saturn laser is as follows:

 1. The dish containing the embryos to be subjected to ZP 
ablation is positioned so that the drop containing the 
first embryo is in the center of the field of view.

 2. The inner layer of the ZP is brought into focus at an area 
of the embryo where there is maximum perivitelline 
space. It is important not to subject any of the cells of 
the embryo to the laser energy. The desired laser settings 
are selected based on the size of the opening the opera-
tor desires. We currently employ a setting of a “6.4 µm” 
opening for ZP breaching. Breaching is conducted from 
the outside layer of the ZP to the inside using multiple 
pulses of short duration, taking care to minimize the 
number of pulses to confirm that the ZP is breached.

 3. This procedure is repeated for each developing embryo 
in numerical order.

 4. Following ZP breaching, the embryos are returned to 
the incubator to resume culture.

Day 5: Assessment for biopsy readiness and biopsy 
procedure

 1. On day 5, all embryos are assessed and graded as per 
routine day-5 assessment.

 2. Each embryo is assessed for readiness for TE biopsy 
based on its developmental stage. TE biopsy can only 
be performed on blastocysts showing clear differentia-
tion of the ICM and TE cells and must be of a quality 
grade that is suitable for cryopreservation. For example, 
we grade blastocysts on a modified Gardner scale where 
“A” denotes excellent-quality ICM or TE, “B” denotes 
good-quality ICM or TE, “C” denotes moderate ICM or 
TE and “D” denotes non-viable cells. We require a grade 
C or better for both the ICM and TE cells to proceed 
with biopsy. Any embryo that does not meet these cri-
teria is replaced in the incubator for re-assessment later 
on during day 5 and again on day 6 if necessary. Day-7 
biopsy is generally not performed as the implantation 
potential of these embryos is significantly impaired, but 
consideration for day 7 biopsy is made if there are no 
blastocysts available for biopsy on days 5 or 6.

http://hamiltonthorne.com/index.php/products/clinical-lasers
http://hamiltonthorne.com/index.php/products/clinical-lasers
https://www.nikoninstruments.com/Products/Light-Sources/Saturn-5-Lasers
https://www.nikoninstruments.com/Products/Light-Sources/Saturn-5-Lasers
http://www.mtg-de.com/products_overview/#octax-lasers-imaging-systems/octax-laser-shot-navilase-laser-systems
http://www.mtg-de.com/products_overview/#octax-lasers-imaging-systems/octax-laser-shot-navilase-laser-systems
http://www.mtg-de.com/products_overview/#octax-lasers-imaging-systems/octax-laser-shot-navilase-laser-systems
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Biopsy dishes are prepared once it has been deter-
mined how many embryos are suitable for biopsy. Of 
utmost importance is embryo tracking and identifica-
tion at every step of the procedure. Care must be taken to 
ensure that the biopsy dishes are labeled with the patient 
name and the number of the embryo to be biopsied. The 
biopsy dish is prepared with a 10 µl drop of polyvinyl-
pyrrolidone (circled) and a 10 µl drop of buffered culture 
media for each embryo to be biopsied. At most, each dish 
will contain sufficient drops to perform biopsy on two 
embryos only. The drops are covered with pre-equili-
brated paraffin oil.

Setting up the micromanipulator

 1. Before starting biopsy, the manipulators are set so that 
the X, Y, and Z axes of both manipulators are at the 
middle ranges and have the maximum range of move-
ment in all direction.

 2. If hydraulic manipulators are being used, it is important 
to ensure that that oil levels in the holding syringe are at 
the top of the microtool holders by removing the collar 
and moving the oil with the syringes until it is at the top 
and free of bubbles.

 3. The holding pipette is set up on the microtool holder 
and checked to ensure that the level of oil and is allow-
ing for precise control of movement. The biopsy pipette 
is placed on the second tool holder. Using the 4× objec-
tive center, both microtools are brought into focus.

Once the set-up is complete, the laser objective is 
engaged.

TE biopsy (see Figures 13.1 through 13.3)

 1. At our facility, two embryologists are required to wit-
ness any procedure involving the transfer of gametes 
or embryos between dishes. As such, for all biopsy 
procedures, one embryologist performs the biopsy 
procedure and a second embryologist witnesses the 

transfer of each individual embryo from one dish to 
a second dish. The second embryologist also performs 
the vitrification procedure of the blastocyst immedi-
ately following biopsy.

 2. Avoidance of contamination is of crucial importance 
in any EB procedure, but is of even more importance 
when the analysis if for a genetic disease. To prevent 
contamination, all embryologists must wear personal 
protective equipment such as scrubs, gloves, a head 
cover, and a facemask. Gloves should be changed fre-
quently and always if there is a possibility of contami-
nants being introduced. If a contaminating cell from 
another individual is inadvertently introduced, this 
cell may be amplified and analyzed in place of the cells 
from the embryo.

 3. Each blastocyst is handled individually at all times. 
The blastocyst is placed into a HEPES-buffered 
medium culture drop in the biopsy dish and the bot-
tom of the dish is labeled with the embryo number 
and the cryo-letter assigned to that specific embryo 
number.

 4. The biopsy dish is placed on the heated stage of the 
inverted microscope and the blastocyst is brought into 
focus.

 5. Blastocysts that are already showing expansion may 
have cells herniating out through the hole created 
during ZP breaching. If the protruding cells are TE 
cells, the biopsy procedure may proceed. The blas-
tocyst is held in position so that the protruding TE 
cells are at the three o’ clock position. The laser beam 
and the TE cells to be separated are aligned so that 
the beam will target the junctions of the TE cells to 
be separated. Gentle suction on the TE cells is applied 
and, at the same time, two to three pulses of laser 
beam deliver are delivered to the target area to sepa-
rate the cells. Sometimes more pulses are required. It 
is important not to hit the same area over and over as 
the cells will become hardened and will not separate. 

(a) (b)

Figure 13.1 (a) Microscope fitted with Saturn laser (Research Instruments) system. (b) Microscope set-up showing laser objective 
in place.
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(a) (b) (c) (d)

Figure 13.2 (a) Initial positioning of the biopsy pipette on the extruding trophectoderm cells. (b) Trophectoderm cells gently 
aspirated into the biopsy pipette and laser targeted at junctions between cells. (c) A total of 5–10 trophectoderm cells are sepa-
rated from the remainder using gentle suction on the cells and laser pulses. (d) Cells are separated and aspirated into the biopsy 
pipette.

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 13.3 (a,b) Biopsied cells are washed through buffer drops and (c) loaded into a polymerase chain reaction (PCR) tube 
under the dissecting microscope. (d) The PCR tube containing the biopsied cells is clearly labeled with the embryo number on the 
top and side of the tube. (e) The PCR tubes containing the biopsied cells are placed in a rack for transport to the genetics lab. (f) 
Preparation for vitrification of the biopsied blastocyst requires accurate tracking and labeling of the cryo-device to ensure it is linked 
to the biopsied sample. (g) Two embryologists verify accurate tracking of every step of the procedure. (h) The biopsied blastocyst is 
vitrified immediately after the biopsy procedure and placed in cryostorage pending receipt of results.
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The protruding cells are aspirated until separation of 
about five to six TE cells is achieved.

 6. The cells that have been biopsied are expelled from the 
biopsy pipette and the blastocyst is moved to a loca-
tion in the drop away from the cells.

 7. Procedures provided by the genetics lab for handling 
the biopsied cells should be followed. These instruc-
tions usually involve washing the biopsied TE cells 
through several drops of non-stick wash buffer pro-
vided by the genetics lab.

 8. The biopsied cells are loaded into a PCR tube that 
must clearly be labeled top and side with the embryo 
number from which the TE cells were biopsied. The 
cells are placed into the bottom of the PCR tube in 
2.5 µl of buffer using a 100 µl pipette or stripper tip. 
Accurate labeling of the PCR tube is verified by two 
embryologists prior to placing in the provided kit. At 
a minimum, the kit must be clearly labeled with the 
patient’s name, a secondary identifier such as date of 
birth, the genetic test type, the date of procedure, and 
the embryo stage.

 9. Following TE biopsy, each blastocyst is individually 
vitrified by the second embryologist, taking extreme 
care to maintain embryo identification throughout 
all steps. This vitrification step is performed while 
the blastocyst remains collapsed following its biopsy 
procedure. The cryo-device should be appropriately 
labeled with patient name, date of birth, cryo-number, 
embryo stage, and, very importantly, embryo number. 
This device is again identified and verified by both 
embryologists working on the case. Once vitrified, the 
embryos are placed in cryostorage pending receipt of 
the genetic analyses.

 10. The biopsy procedure is repeated for each suitable 
embryo. All documentation is verified and the biopsy 
samples are transported per provided instructions 
to the genetics lab unless analysis is to be performed 
in-house.

 11. On day 6, all remaining embryos are reassessed for 
possible biopsy and any suitable embryos are biopsied 
at that stage.

 12. For those blastocysts that are of good quality on day 6 
but have not yet shown extrusion of cells through the 
ZP breach, TE biopsy may still be performed. In these 
instances, it is necessary to try to locate the existing 
breach in the ZP. If not possible, it may be necessary to 
create another breach in the ZP using the laser. Having 
located the opening or created a new one, the biopsy 
pipette is placed through the opening and gentle suc-
tion is applied to the TE in order to aspirate a few cells 
out of the ZP while at the same time using the laser to 
detach the cells from the blastocyst.

Receipt of results from the genetics laboratory

Once the genetic results are received from the laboratory, 
verify that all samples are reported upon and that the 
interpretation of the result is clear.
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14Assisted oocyte activation
Current understanding, practice, and 
future perspectives
JUNAID KASHIR and KARL SWANN

INTRODUCTION
A key technique in assisted reproductive technology 
(ART) is intracytoplasmic sperm injection (ICSI), whereby 
a sperm is microinjected directly into the oocyte cytosol. 
Predominantly used to treat male factor infertility follow-
ing the failure of conventional in vitro fertilization (IVF), 
ICSI remains a successful technique that results in normal 
fertilization in 70% of injected oocytes. However, a noted 
phenomenon associated with male infertility is the failure 
of some oocytes to activate, with embryos failing either 
to protrude the second polar body or to successfully pro-
ceed past the first cell division, even following ICSI. One 
approach to cases of failed oocyte activation after ICSI is to 
stimulate the oocyte artificially. So-called artificial oocyte 
activation (AOA) has already been attempted in many dif-
ferent clinics, to varying degrees of success. Herein, we 
discuss oocyte activation at mammalian fertilization and 
relate this fundamental biological process with the clinical 
phenomenon of oocyte activation deficiency. We also dis-
cuss the science behind the stimuli used to induce AOA, 
alongside future directions for treatment.

OOCYTE ACTIVATION AND THE ROLE OF Ca2+ AND  
PHOSPHOLIPASE C ZETA
IVF involves a series of concurrent events required to 
ensure that the mature sperm and oocyte are able to suc-
cessfully combine to produce a new individual. For com-
petent fertilization to occur, it is essential to alleviate 
meiotic arrest (at the second metaphase of meiosis [MII]) 
of the unfertilized oocyte. The most obvious indications 
of such meiotic resumption are second polar body extru-
sion and formation of the male and female pronuclei (1). 
Fertilization also involves cortical granule exocytosis 
and the initiation of the first cell cycle (1–5). These early 
biochemical and morphological events in the oocyte are 
collectively termed “oocyte activation.” It is important to 
appreciate that oocyte activation is a distinct and separable 
part of the fertilization process, in that oocyte activation 
can occur without sperm entry, and that sperm entry can 
occur without oocyte activation. It is this second scenario, 
where a sperm is clearly within the oocyte without the 
occurrence of activation events, which suggests one can 
induce activation via artificial means. Such methods have 
generally been based upon our fluctuating understanding 
of how the sperm causes physiological oocyte activation at 
fertilization.

The universal trigger for oocyte activation at fertil-
ization in all animals studied is an increase in cytosolic 
concentrations of free calcium (Ca2+) (6,7). Mammalian 
oocytes undergo a series of these Ca2+ transients, termed 
Ca2+ oscillations (4,5). Figure 14.1 shows the type of Ca2+ 
oscillations (also called repetitive Ca2+ spikes) that occur 
during fertilization in mouse oocytes, and are typical of 
the response in mammals. Ca2+ oscillations in mammalian 
oocytes are direct consequences of inositol trisphosphate 
(IP3)-mediated Ca2+ release (5,8–12). The significance of 
Ca2+ and IP3 in oocyte activation is illustrated by the fact 
that blocking Ca2+ transients by introducing Ca2+ chela-
tors into the oocyte blocks cortical granule exocytosis and 
meiotic resumption (2). Blocking or down-regulating IP3 
receptors that mediate Ca2+ release also eliminates Ca2+ 
oscillations in fertilized mouse oocytes (13–18). Increasing 
Ca2+ concentrations within the oocyte can lead to activa-
tion of development as judged by events such as second 
polar body protrusion and pronuclear formation (5,19). 
Increases in Ca2+ can also be induced within oocytes by 
treatment with Ca2+ ionophores, by electroporation, or 
by direct Ca2+ microinjection. In each case, oocytes were 
activated, supporting parthenogenetic development to the 
blastocyst stage (19–21).

Transients in intracellular Ca2+ stimulate meiotic 
resumption by stimulating calmodulin-dependent protein 
kinase II, inactivating a protein termed Emi2, leading to 
loss of a maturation protein factor (MPF) composed of 
cyclin B1 and cyclin-dependent kinase 1. Hence, Ca2+ is 
both necessary and sufficient for sperm-induced oocyte 
activation, and is mechanistically linked to key events of 
meiotic resumption at oocyte activation. Consequently, 
the Ca2+ increases during fertilization are not just an event 
accompanying oocyte activation, but are the root cause 
of physiological activation. In mammals, Ca2+ transients 
initiate during or immediately after sperm–oocyte mem-
brane fusion (22), suggesting that the sperm introduces a 
factor into the oolemma to cause Ca2+ release. Evidence for 
such a factor emerged from studies in hamsters and mice, 
where cytosolic sperm extract injection caused the same 
pattern of Ca2+ oscillations observed at fertilization (23). 
The sperm factor was eventually shown to be a protein that 
mediates its effects via IP3 generation. Intriguingly, the 
sperm extracts themselves exhibited high phospholipase 
C (PLC) activity (24,25), collectively suggesting that mam-
malian sperm introduces a sperm-specific PLC, generating 
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IP3 and Ca2+ release within the oocyte. The specific PLC 
isozyme responsible for Ca2+-releasing activity in oocytes 
was first identified using mouse express sequence tag data-
bases to describe a novel, testis-specific PLC, termed PLCζ, 
an approximately 74 kDa protein. Immunodepletion of 
PLCζ from soluble sperm extracts suppressed their ability 
to release Ca2+ in mouse oocytes or sea urchin egg homog-
enates (25). Most significantly, injection of recombinant 
PLCζ protein or cRNA into mouse oocytes causes Ca2+ 
oscillations that are similar in character to those observed 
at fertilization, supporting embryonic development to the 
blastocyst stage (25,26).

Quantification of PLCζ protein expressed in mouse 
oocytes following cRNA injection indicated that the pat-
tern of Ca2+ oscillations observed corresponded to the same 
range as the amount of PLCζ found in a single sperm (25–
35). Finally, transgenic mice with disrupted PLCζ expres-
sion in the testis through RNA interference exhibited sperm 
that induced prematurely ending Ca2+ oscillations. While 
these mice were not infertile, mating experiments yielded 
significantly reduced litter sizes (36). These data all provide 
very strong support for the idea that PLCζ is responsible for 
the Ca2+ oscillations that activate the oocyte at fertiliza-
tion (Figures 14.1 and 14.2). This is particularly relevant as 
numerous studies have presented biochemical and physio-
logical evidence to support PLCζ as the mammalian sperm 
factor (for more detailed reviews, see References 34,35,36).

Numerous cases of failed fertilization following the 
application of ART have been reported in humans, partic-
ularly following ICSI (whereby a single sperm in directly 
injected into the oolemma), which in turn is suggested 
to be due to a lack of an oocyte-activating sperm factor 
in many cases (39–41). Indeed, sperm involved in such 
cases of ICSI failure exhibit a reduced or absent capacity 
to cause Ca2+ oscillations, and are deficient with regards 

to PLCζ (31,42–45). Interestingly, the levels of PLCζ in 
sperm and the proportions of sperm exhibiting detectable 
PLCζ levels have recently been suggested to strongly cor-
relate to failed fertilization following ICSI (45,46).

Whilst we have focused on the role of PLCζ in oocyte 
activation, it is worth noting that another protein termed 
post-acrosomal WW binding protein (PAWP) has been 
suggested to be a sperm-borne oocyte-activating factor, 
and has been reported to cause Ca2+ oscillations in mouse 
and human oocytes (47). However, none of the data in this 
paper can be reproduced (48,49). We have tried injecting 
mouse or human PAWP, as protein or RNA, into mouse 
oocytes over a wide range of concentrations and failed to 
detect any Ca2+ increases (37). Furthermore, transgenic 
PAWP-knockout male mice, in which the PAWP gene 
is deleted, produced normal sperm completely lacking 
PAWP. These sperm were able to generate normal Ca2+ 
oscillations and oocyte activation following ICSI and IVF 
(50). Consequently, it seems unlikely that sperm-derived 
PAWP has any role in eliciting Ca2+ oscillations at oocyte 
activation.

FAILURE OF OOCYTE ACTIVATION AFTER ICSI
ICSI, an effective method for assisting reproduction in 
men with suboptimal semen parameters such as abnormal 
sperm concentration, motility, or morphology, is a sophis-
ticated technique involving the injection of a single sperm 
directly into the ooplasm via micromanipulation. Such 
methodology is also applied in cases experiencing low fer-
tilization success or complete fertilization failure follow-
ing conventional IVF. Following the occurrence of the first 
pregnancies using ICSI in the early 1990s (51), ICSI is now 
used to treat cases of almost any type of sperm abnormal-
ity, making it the most successful and widely used treat-
ment for male factor infertility.

However, despite relatively high rates of ICSI suc-
cess, total fertilization failure, of all oocytes collected 
in a cycle, still occurs in 1%–5% of all ICSI cycles. This 
is referred to as total fertilization failure as all oocytes 
collected in a cycle fail to fertilize, and can be a recur-
ring phenomenon in subsequent cycles (52,53). It is 
currently estimated that total fertilization failure follow-
ing ICSI would affect ∼1500 cases per year in the U.K. 
Furthermore, considering that ICSI is now widely used in 
conjunction with other ART methodologies and is rap-
idly becoming the dominant technique used worldwide, a 
significant number of patients would be affected. In addi-
tion to total fertilization failure, there is a more insidious 
problem with fertilization after ICSI. Even in cases where 
the sperm and oocyte appear normal (e.g., in many cases 
where treatment is for tubal blockage), the success rate of 
fertilization is still only around 70% (54). Hence, between 
one in three to one in four oocytes fail to fertilize despite 
being injected with a sperm. This may not be a major issue 
when there are ∼10 oocytes, but becomes a concern with 
lighter ovulation protocols where lower oocyte numbers 
are obtained, or more obviously with natural ovulation 
treatment cycles (55). There are many possible reasons 
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Figure 14.1 Ca2+ oscillations at fertilization in a mouse 
oocyte. The sperm was added (before the start of the trace) to 
an oocyte previously injected with a Ca2+-sensitive dye (Rhod 
dextran). The Ca2+ increases are seen as sharp spikes in the 
trace as monitored by the fluorescence of Rhod dextran. The 
F/F0 is the fluorescence divided by the resting fluorescence 
value. Further details on methods can be found in Saunders 
et al. (25) and Nomikos et al. (37).
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underlying failed fertilization, including failed sperm 
head decondensation, premature sperm chromatin con-
densation, oocyte spindle defects, and sperm aster defects 
(41,56). It is also possible to have the incorrect injection 
or expulsion of sperm, or low gamete quality (57,58). 
However, such factors are only considered to be causative 
in a minority of cases, with a failure of the oocyte activa-
tion mechanism considered the main contributory factor 
(39,41,52,59–61).

Ooplasmic component defects may also contribute to 
failed activation at fertilization (62,63). Indeed, human 
oocytes ovulated for ART purposes occasionally exhibit a 
significant lack of cytoplasmic maturity, despite synchrony 
in nuclear maturity (64). Apart from meiotic progression 
failure, sperm centrosomal dysfunction and a concomi-
tant lack of sperm aster formation may also lead to pronu-
clear arrest of human zygotes (65,66,67). However, while 
such cases are considered clinically as failed fertilization 
after ICSI, these should be distinguished from activation 
failure and MII arrest. Moreover, while some ooplasmic 
factors may represent occasional causative factors behind 
oocyte activation deficiency, they may only represent a 
minority of cases, as defects in such basic parameters as 
protein synthesis or metabolism would probably render 

an oocyte incapable of maturing to the MII-arrested stage. 
It seems to us more likely that sperm-related defects are 
the main causative factors behind oocyte activation defi-
ciency (41,68), as factors required by the sperm to activate 
the oocyte, such as PLCζ, do not seem essential for basic 
sperm function. In fact, PLCζ may need to be held inactive 
in the sperm prior to fertilization (38).

The mouse oocyte activation test (MOAT) was first used 
to examine the activation capacity of morphologically 
abnormal sperm, or sperm from patients experiencing 
recurrent failed ICSI, examining the ability of such sperm 
to cause pronuclear protrusion and early cell division 
(42,61,69–72). This test involves injecting patient sperm 
into mouse oocytes, in what is effectively a bioassay of 
the activation function of the sperm. Alongside previous 
indications of failed activation in human oocytes, such 
studies have shown that sperm that fails in clinical pro-
cedures is often poor in ability to activate mouse oocytes. 
Intriguingly, even morphologically normal sperm from 
several patients fails to activate mouse oocytes (42,61), 
indicating that perhaps such a phenomenon relates to the 
molecular players involved in Ca2+ release at oocyte acti-
vation. Indeed, examination of the Ca2+ oscillation pro-
files elicited by mouse oocytes following infertile human 
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sperm injection indicated a lack of Ca2+ oscillatory abil-
ity of such sperm in mouse oocytes (31,42). Intriguingly, 
artificial mechanisms of causing Ca2+ transients through 
AOA were able to “rescue” such cases, indicating that the 
underlying mechanism behind ICSI failure in the majority 
of cases relates to a defect in Ca2+ oscillatory ability.

AOA USING PHYSICAL STIMULI
At present, cases of ICSI failure are routinely resolved 
in the clinic through AOA, which involves the artifi-
cial induction of Ca2+ release following ICSI. This can 
be achieved through a wide range of various chemical, 
mechanical, or physical stimuli (73). The most popular 
physical stimulus is electrical activation, involving the use 
of a directly applied high voltage across the lipid bilayer 
proteins that form pores in the membrane, enabling extra-
cellular influx of Ca2+ into the oolemma from the medium 
(74–77). Understandably, the efficiency of such a method-
ology depends on various factors including formed pore 
size and ionic content of the surrounding medium. While 
such methods have successfully been applied on bovine 
and human oocytes (75,78), these procedures may induce 
reactive oxygen species within oocytes (79). Furthermore, 
a single electroporation pulse will only induce a single 
Ca2+ transient, with Ca2+ levels returning to basal limits 
without the induction of oscillations (3). Some studies in 
mouse and rabbit oocytes have used multiple electrical 
pulses to generate a series of Ca2+ increases that can mimic 
those seen at fertilization (21,80). However, such protocols 
require specialist equipment to allow rapid washing of 
oocytes after electrical stimulation to ensure their sur-
vival. Such specialized equipment is not readily available 
for either clinics, or even most research laboratories.

Another physical method of activation is the so-called 
“mechanical activation” of oocytes, relying on the prin-
ciple of oolemma piercing using micromanipulations to 
elicit a Ca2+ influx, following which ICSI is performed 
(68,81). This method of AOA includes the manual dis-
ruption of the plasma membrane, followed by vigorous 
cytoplasmic aspiration using a modified ICSI procedure 
(70,82), increasing oocyte Ca2+ load during injection and 
leading to higher fertilization rates. Such a methodol-
ogy has also been suggested to establish closer contact of 
the injected sperm with oocyte intracellular Ca2+ stores, 
enabling a more rapid diffusion of the physiological sig-
naling pathway (83). These ideas have no real support, 
and it is more likely that mechanical damage of internal 
organelles leads to Ca2+ leakage. Another related physi-
cal method for mechanical oocyte activation is the direct 
microinjection of Ca2+ into the oocyte (61,68). However, 
all these mechanical methods are likely to be difficult to 
standardize, and as with most other physical methods 
they will only induce a single Ca2+ increase (41).

OOCYTE ACTIVATION WITH Ca2+ IONOPHORES
Ca2+ ionophores are usually lipid-soluble molecules 
that transport Ca2+ across cell membranes by increas-
ing Ca2+ permeability. They can cause extracellular Ca2+ 

influx and also act on intracellular Ca2+ stores to release 
stored Ca2+ (84,85). Such agents have been shown to acti-
vate oocytes from all animals examined in studies dating 
back to the 1970s. Examples of well-used Ca2+ ionophores 
include ionomycin and A23187 (Figure 14.3). Ionomycin 
is the most specific Ca2+ ionophore and has value for 
some experimental studies in that it is non-fluorescent. 
However, A23187 is the most commonly used ionophore 
to artificially activate oocytes. These agents both result in 
a similar and single prolonged Ca2+ rise, and they do not 
elicit Ca2+ oscillations (41,85). Figure 14.4 shows an exam-
ple of a Ca2+ increase in a mouse oocyte exposed to the 
Ca2+ ionophore ionomycin (86).

The ionophore A23187 was first shown to activate human 
oocytes in the 1990s with activation rates of 50%–60% 
(87). However, some subsequent studies found that either 
A23187 or ionomycin was not effective at causing oocyte 
activation in unfertilized human oocytes, with activa-
tion rates ranging from 0% to 16% (88,89). Consequently, 
whilst Ca2+ ionophores can activate human oocytes under 
some conditions, the general effectiveness of ionomycin 
or A23187 in activating “unfertilized” human oocytes is 
unclear. In fact, those working on animal oocytes do not 
generally use ionophores alone to induce oocyte activation. 
Instead, most such studies use agents that cause Ca2+ oscil-
lations, or else a combination of an ionophore and another 
chemicals agent that we discuss later (3,90).

Despite inconsistencies in their effectiveness, there is 
little doubt that ionophores such as A23187 can cause a 
large intracellular Ca2+ increase and are also relatively 
simple to apply to oocytes. Thus, it is perhaps unsurpris-
ing to find that the earliest attempts at promoting oocyte 
activation after failed fertilization used such ionophores. 
One of the first reports on ICSI couples characterized 
by poor fertilization rates utilized Ca2+ ionophore treat-
ment post-ICSI and resulted in moderate proportions 
of zygote formation (83). A subsequent report involving 
patients with a history of inconsistent fertilization due to 
severe sperm morphological abnormalities used ionomy-
cin to enhance fertilization, but failed to generate good-
quality embryos (91). Separate studies examining cases 
of sperm defects and failed fertilization used oocytes that 
were treated with CaCl2 injection concurrent with ICSI, 
followed by sequential Ca2+ ionophore treatments. These 
showed increased fertilization rates and clinical pregnan-
cies and births (61,68,92,93). Numerous case reports now 
exist demonstrating that ICSI combined with AOA greatly 
increases fertilization and subsequent pregnancy rates 
(43,61,70–72,94–97).

Collectively, such studies may indicate that fertiliza-
tion and pregnancy rates following AOA are markedly 
improved in cases of previous fertilization failure (41). 
However, this is not necessarily true across the board for 
such patients, with many AOA studies indicating either 
small or no marked improvements in fertilization and 
pregnancy rates (68,98). Indeed, this corresponds with 
observations that sperm defective in morphology, motil-
ity, and overall concentration are at a significantly greater 
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risk of oocyte activation deficiency comparative to nor-
mozoospermic sperm (41). One such sperm defect is that 
of globozoospermia, a condition affecting 0.1% of  nfertile 
men in which acrosome formation is abnormal (56).

Sermondade et al. (99) recently demonstrated a success-
ful pregnancy and birth in the absence of AOA using sperm 
from a globozoospermic male exhibiting an acrosomal 
bud using motile sperm organelle morphology evaluation 
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(MSOME), a technique for classifying sperm morphology 
at high magnification. Furthermore, Vanden Meerschaut 
et  al. (100) indicated that AOA may not be beneficial for 
all patients experiencing oocyte activation deficiency, with 
fertilization history and sperm parameters seemingly play-
ing an important role (68,100,101). Furthermore, Vanden 
Meerschaut et al. (101) recently applied the MOAT to study 
the Ca2+ responses of sperm from a wide range of ICSI 
patients, and indicated that not only do sperm from vari-
ous groups of ICSI-failed patients elicit differential Ca2+ 
responses, but also that sperm cells from the same patient 
possess differential Ca2+ oscillatory abilities. Thus, it is pru-
dent to say that it is not yet clear what group of patients AOA 
would be most likely to benefit, apart from severe cases of 
oocyte activation deficiency, without further clinical inves-
tigations. Indeed, current opinion with regards to this is 
split within the literature. A recent prospective multicenter 
study concluded that Ca2+ ionophore treatment successfully 
increased clinical pregnancy and live birth rates in patients 
with low or failed fertilization (102). However, a systematic 
review and meta-analysis suggested that ICSI-AOA may not 
significantly improve fertilization rates in such patients (103).

In the published literature, reported fertilization and 
pregnancy rates following AOA are highly variable, most 
likely due to the heterogenic and low number of patients 
recruited in the vast majority of studies. Furthermore, 
differences in patient baseline characteristics coupled 
with the fact that different activating agents have been 
used make it hard to compare different reports (85,101). 
Remarkably, even AOA protocols used throughout the 
published literature diverge in the ionophore concentra-
tion used, duration of ionophore exposure, time of iono-
phore exposure following ICSI, and number of ionophore 
exposures (85). Thus, it appears likely that while AOA is 
a significantly effective method with which to resolve 
cases of extreme oocyte activation deficiency, current 
AOA protocols may not necessarily be effective for all 
groups of patients. Indeed, Ebner et  al. (102) suggested 
that success following ionophore treatment is related to 
fertilization rates in previous cycles, with AOA present-
ing with the best results in patients with a history of less 
than 30% fertilization in a previous ICSI cycle and with 
earlier studies providing a similar outlook (100,102).

It should be noted that ionophore use post-ICSI may not 
result in the same response in oocytes as when ionophore 
is applied to an “unfertilized” oocyte that has not been 
injected with a sperm. Studies injecting human sperm into 
mouse oocytes suggest that sperm from both fertile con-
trol men, as well as from men with poor ICSI outcomes, 
exhibit a wide variation in Ca2+ oscillatory ability. This 
implies that some sperm may contain a small amount of 
PLCζ, and that many cases of failed fertilization after ICSI 
may have occurred following sperm delivery of some PLCζ 
to the oocyte, but not enough to activate it. In these cases, 
the addition of Ca2+ ionophore may effectively enhance the 
activity of the suboptimal PLCζ already in the oocyte. In 
fact, addition of A23187 to some human oocytes that failed 
to activate after ICSI resulted in small high-frequency 

Ca2+ oscillations (104). Although these oscillations did not 
resemble those seen at normal fertilization, they do sug-
gest a synergy between Ca2+ and small amounts of PLCζ, 
which is consistent with the Ca2+-sensitive IP3 production 
observed with PLCζ in biochemical assays (28).

OTHER CHEMICAL MEANS OF OOCYTE ACTIVATION
One of the few chemical agents reported to produce oscil-
lations instead of single transients is strontium-containing 
medium (Sr2+). Sr2+ treatment of mouse oocytes leads to Ca2+ 
oscillations, accompanied by oocyte activation and efficient 
parthenogenesis (105,106). Sr2+ is widely used to activate 
mouse oocytes and rat oocytes, and has proved more effec-
tive at causing parthenogenetic activation than other Ca2+ 
ionophores. It is also a relatively simple matter to incubate 
oocytes in Sr2+-containing (but Ca2+-free) media for one or 
two hours. Figure 14.3 shows that Sr2+ is thought to cause 
Ca2+ release through stimulating the oocyte IP3R1 receptors 
and Sr2+ probably gains entry into the oocyte via the TRPV3 
channel (15,16,107). Early reports suggested that Sr2+ might 
be effective at activating human oocytes after failed fertil-
ization in ICSI (108). However, such studies lacked control 
groups, making it unclear whether Sr2+ was effective. There 
have been no further reports of the use of Sr2+ for activating 
human oocytes, which is surprising given the simplicity of 
the protocols. We have tried using Sr2+ to activate human 
oocytes using the same protocols and media that work 
highly effectively in mouse oocytes (109), but were unable to 
observe any Ca2+ oscillations or indication of oocyte activa-
tion. This lack of effect has been observed in two different 
laboratories using oocytes from separate clinics. Such lack of 
effect may not be specific to human oocytes since there are 
no reports of Sr2+ media causing Ca2+ oscillations in oocytes 
of domestic animals (cows, pigs, and sheep). The reasons 
underlying Sr2+ effectiveness in rodent oocytes but not those 
of other species are unclear, but it could involve influx mech-
anisms. All mammalian oocytes express the same type 1 IP3 
receptor, so there is no intrinsic reason why Sr2+ could not 
trigger Ca2+ release in all oocytes. However, the Ca2+ influx 
and hence Sr2+ influx pathways may vary between oocyte 
species (110), potentially causing Sr2+ entry to be less effec-
tive in human oocytes.

Some other activating agents that have been reported to 
cause monotonic or oscillatory Ca2+ increases in mamma-
lian oocytes include 7% ethanol, phorbol esters, or thimer-
osal (3,111–113). Phorbol esters or ethanol have not proved 
to be effective in human oocyte activation (88). Thimerosal 
does trigger Ca2+ oscillations in human oocytes, probably 
by stimulating InsP3 receptors (114), but it is a sulfhydryl 
reagent and is probably not suitable for triggering embryo 
development since it is non-specific. However, it has been 
used in an activation protocol in pig oocytes where it is 
applied first and then a reducing agent such as dithiothrei-
tol is added to reverse thimerosal’s effects (115). While this 
allows for subsequent development, the addition of reduc-
ing agents is applied just 10 minutes following thimero-
sal, stopping Ca2+ release, resulting in only one large Ca2+ 
transient rather than oscillations (113,115).
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Alternative AOA approaches have also been suggested 
by incubation of oocytes with inhibitors to reduce the 
level of MPF as opposed to eliciting Ca2+ transients in 
the oolemma (Figure 14.5). Such examples include pro-
tein synthesis or kinase inhibitors such as puromycin or 
6-dimethylaminopurine that block the synthesis of cyclin 
B or inhibit CDK1 activity, respectively (116). Another 
approach involves incubation of oocytes with N,N,N′,N′-
tetrakis(2-pyridylmethyl)ethane-1,2-diamine, a chemical 
that targets zinc ions (Zn2+) required for Emi2 activity, 
which inhibits destruction of cylcin B and hence MPF 
activity (117,118). However, such inhibitors are gener-
ally not very specific towards MPF, and although they do 
result in MPF degradation, they may also impact upon 
downstream signaling pathways. Furthermore, the high-
est rates of efficiency seem to be reached in conjunction 
with other methods of AOA. In fact, standard protocols 
for oocyte activation in domestic animals, particularly 
after nuclear transfer for cloning experiments, is to use 
a combination of Ca2+ ionophore followed by either a 
protein synthesis inhibitor or a protein kinases inhibitor 
(90,116). This  double treatment protocol is more effective 
than ionophore alone and is thought to work by provid-
ing a Ca2+ stimulus to initiate a decrease in MPF activity, 
and then keeping MPF activity low by inhibiting either 
its protein kinase activity or by stopping the re-synthesis 
of cyclin B (119). Puromycin, a similar chemical agent, is 
able to activate human oocytes (88,120), but has not been 
used as a clinical treatment, possibly due to a high pro-
portion of second polar body retention in human oocytes 
(121). Studies in cattle have also shown that activation 

protocols based  on  ionophore and protein synthesis or 
kinase  inhibitors increase the rates of aneuploidy com-
pared to IVF (90).

SAFETY OF AOA
Collectively, it is apparent that the advent of technologies 
such as ICSI combined with AOA has given much hope 
for the treatment of specific groups of patients presenting 
with severe forms of oocyte activation deficiency, particu-
larly those with sperm abnormalities such as globozoo-
spermia or oligoasthenozoospermia (41). However, despite 
such assertions, concerns have been raised with regards to 
the clinical safety of AOA use.

One concern is the non-physiological manner in which 
Ca2+ transients are induced within the oocyte. As previ-
ously detailed, mammalian oocyte activation involves a 
concerted profile of Ca2+ oscillations, with characteristic 
frequencies and amplitudes of each transient (38), released 
in an IP3-dependant manner. The main issue with most 
clinically used Ca2+ ionophores is that these agents cause 
a single large transient. Several studies in animals demon-
strated that the number and amplitude of Ca2+ transients 
not only affect activation efficiency, but can also influence 
subsequent embryonic development (80,122,123), blasto-
cyst quality (124), and the implantation potential of rabbit 
parthenogenotes (125) and mouse zygotes (80), resulting 
in altered embryonic gene expression (80). Nevertheless, 
some of these studies demonstrating post-implantation 
effects have involved extreme differences in Ca2+ pulses, 
comparing zygotes that underwent two to three sperm-
induced Ca2+ transients versus ones that received an 
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additional 20 large electric field-induced Ca2+ transients 
(80). This is a more dramatic difference than with iono-
phore use. In fact, controlled studies in mice have sug-
gested that ionomycin treatment does not have any clear 
detrimental effect. For example, mouse zygotes treated 
with ionomycin shortly after fertilization exhibited nor-
mal pre- and post-implantation development, resulting in 
normal development of fertile pups (126). A subsequent 
report showed no adverse effects following the application 
of ionomycin, electrical pulses, or Sr2+ in an activation-
deficient mouse model, resulting in normal development 
and fertile pups (101). These data suggest that the Ca2+ 
increase provided by ionophore does not have any clear 
detrimental effects upon later development.

More recent studies have also been performed in an 
attempt to examine the potential effects of AOA upon 
resultant children. Vanden Meerschaut et al. (77) exam-
ined 21 children aged 3–10 years born following ICSI 
combined with AOA, looking at the obstetric, neonatal, 
neurodevelopmental, and behavioral outcomes of such 
children, and did not observe any serious adverse effects. 
Similar observations have also been reported, albeit as 
posters at scientific meetings, with no observable differ-
ences in developmental characteristics in babies born as 
a result of treatment with or without AOA, also showing 
that AOA did not seemingly adversely affect the growth 
or health of babies (127–129). A further study reported 
no significant alteration in the language development 
capacity of children born as a result of ICSI-AOA as indi-
cated by general language scores (130), suggesting that 
development of cognitive abilities remain comparable to 
normal conception. However, the sample sizes of these 
studies were quite small, ranging from 10–25 children 
being examined. Thus, it would be helpful to repeat such 
studies in larger cohorts in order to obtain definitive 
conclusions.

FUTURE PROSPECTS
Considering concerns about the effectiveness or the 
long-term effects of some of the current AOA protocols, 
it is prudent to consider methods of AOA that elicit Ca2+ 
release in a more physiological manner. Thus, it would 
make sense that PLCζ is targeted as a potential replace-
ment for most current agents of AOA, since a lack of 
PLCζ may underlie the problems of oocyte activation. 
An increasing number of clinical reports have now linked 
defects in human PLCζ with cases of oocyte activation 
deficiency. Sperm of infertile men that routinely fail IVF 
and ICSI are unable to produce Ca2+ oscillations upon 
microinjection into mouse oocytes, or they produce those 
that are uncharacteristic of oscillations observed from 
microinjection of sperm from fertile men, being reduced 
in both frequency and amplitude (31,42). Importantly, 
immunofluorescence and immunoblot analysis indi-
cated that sperm from such ICSI-failed patients exhib-
ited reduced/absent levels of PLCζ within the sperm head 
(31,42,44). Identification of mutations from an ICSI-failed 
patient indicates that PLCζ may be contributing not only 

to male infertility, but also perhaps cases of male subfertil-
ity (42,131). Furthermore, Yelumalai et al. (46) suggested 
that levels of PLCζ in sperm and the proportion of sperm 
exhibiting detectable PLCζ positively correlated with ICSI 
success rates. Thus, the clinical potential of PLCζ is appar-
ent, both as a therapeutic intervention and as a prognostic 
indicator of oocyte activation deficiency.

Yoon et  al. (31) demonstrated that abnormalities in 
sperm PLCζ could be counteracted by co-injection with 
mouse PLCζ mRNA, while Rogers et al. (109) showed the 
parthenogenetic generation of blastocysts by injection of 
PLCζ cRNA into human oocytes. However, the therapeu-
tic use of PLCζ cRNA is not likely, as the amount of PLCζ 
expression is variable in human oocytes, with overexpres-
sion being detrimental to preimplantation development 
(109,132). Injecting RNA can also be considered to be intro-
ducing genetic material into the oocyte. Consequently, 
the use a purified and enzymatically active recombinant 
form of PLCζ is likely to be effective and acceptable. 
Significantly, Nomikos et al. (133) were able to demonstrate 
the production of stable, purified recombinant human 
PLCζ protein that can induce Ca2+ oscillations within a 
physiological range. This study also demonstrated that 
deleterious effects of mutant PLCζ may be efficiently over-
come by utilization of purified recombinant PLCζ protein. 
Figure 14.4 shows an example of a mouse oocyte injected 
with recombinant PLCζ and it can be seen that it triggers 
a prolonged series of Ca2+ oscillations.

A recent study utilizing a mouse model of ICSI failure, 
which used gentle heat treatment to inactivate the ability 
of sperm to cause Ca2+ oscillations, found that recombi-
nant PLCζ injection after ICSI failure was able to recuse 
embryo development to the blastocyst stage (86). The 
same study also found that if PLCζ protein was injected 
into oocytes after ICSI, with normal sperm this also lead 
to normal development to the blastocyst stage. This sug-
gests that PLCζ could be injected in a way that can rescue 
activation defects and yet not inhibit normal develop-
ment if such a rescue was not needed because the sperm 
still retained some PLCζ (86). However, further studies of 
PLCζ may be advisable in a clinical setting before its wide-
spread use in fertility clinics.

As previously discussed, AOA may not be entirely ben-
eficial for all groups of patients presenting with oocyte 
activation deficiency. Indeed, it seems that not all sperm 
possess the same capacity for oocyte activation, or not all 
cases would present with a sperm factor problem. Thus, 
an alternative approach to increase success rates for cases 
treated with AOA is to identify those patients who would 
most benefit from such protocols. To that extent, PLCζ 
may represent a powerful biomarker with which to exam-
ine sperm functional competency (131,134,135). Indeed, 
Kashir et  al. (136) examined the effects of cryopreserva-
tion upon sperm PLCζ from fertile males, showing that 
cryopreservation led to a decrease in total levels of PLCζ 
in such sperm. A further study utilizing PLCζ as a bio-
marker indicated that the MSOME methodology, relying 
on high-powered magnification analysis of human sperm 
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before a modified version of ICSI is applied (intracytoplas-
mic morphologically selected sperm injection), may select 
sperm with higher total levels of PLCζ, as well as select-
ing a higher proportion of sperm exhibiting the presence 
of PLCζ (135).

A diagnostic test based on human sperm microin-
jection into mouse oocytes (known as the MOAT) has 
previously been developed as a heterologous model to eval-
uate the activation capacity of human sperm (41,61,69,71). 
However, considering that human PLCζ is thought to be 
more potent in its activity compared to mouse PLCζ (9), 
the MOAT may only detect extreme cases of PLCζ defi-
ciency, where PLCζ is completely absent from sperm, and 
not where a more subtle reduction is present in a clinical 
setting. Coupled with animal facility requirements and 
specialized equipment and skills, the MOAT may not be 
considered a viable diagnostic assessment of oocyte activa-
tion capability (41). Indeed, the MOAT perhaps represents 
a procedure to identify the most probable underlying rea-
son for low or failed fertilization following ICSI (101), and 
may thus represent a more of a specialized research tool. 
Perhaps a more attractive option is direct examination of 
sperm PLCζ. Indeed, previous immunofluorescence stud-
ies of human sperm have demonstrated a pattern of PLCζ 
localization in the sperm head that is consistent with fer-
tile sperm (42,137), with abnormal patterns being evident 
in ICSI-failed sperm (31,42,44).

CONCLUSIONS
Oocyte activation is a fundamental component of mam-
malian fertilization and determines the efficacy of sub-
sequent elements of early embryogenesis. It is therefore 
prudent to suggest that alterations or aberrations in this 
process may profoundly influence the new embryo follow-
ing already-invasive procedures such as ART use. Indeed, 
reports increasingly suggest that alterations or aberra-
tions experienced by embryos during the initial phases of 
development correlate with an amplified risk of chronic 
disease, including obesity, diabetes, and cardiovascular 
disease (77,138). Considering such alarming implications, 
it is only common sense that ART should move towards 
minimal impact, but also that further technologies such as 
AOA should follow in line with such shifts.

It is evident that the current AOA protocols need con-
tinued monitoring to establish whether the non-physi-
ological manner of elicited Ca2+ increases is effective as 
well as having any longer-term effects upon the develop-
ing embryo and subsequent progeny. This is not to say 
that such treatment should be stopped outright. Indeed, 
the studies published thus far attempting to examine any 
obvious changes in offspring resultant from AOA seem 
encouraging, and it would not be prudent to dash all 
hopes of the groups of patients who stand to benefit from 
such treatment. Nevertheless, we suggest that alternative 
methods of AOA that mimic physiological patterns of 
Ca2+ oscillation events should be considered the priority. 
It seems likely to us that agents mimicking the sperm’s 
ability to cause Ca2+ oscillations will prove to be both 

more effective and reliable than current activation proto-
cols (17,139–198).
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INTRODUCTION
In vitro fertilization (IVF) and intracytoplasmic sperm 
injection (ICSI) cycles have shown that women have only a 
finite number of gametes out of a pool of collected oocytes 
that are viable for generating a term pregnancy. This dem-
onstrates the need for simple methods of preimplantation 
embryo assessment in the prediction of pregnancy rates. 
In this respect, intensive research has been done at the 
zygote stage on day 1 of preimplantation development.

Independently of the mode of fertilization, a sperm-borne 
enzyme called phospholipase C-ζ enters the oocyte and acti-
vates it via the inositol-3-phosphate pathway. In detail, this 
molecule binds to the corresponding receptor at the endo-
plasmic reticulum where it causes Ca2+ release in the form of 
oscillations. This Ca2+ response drives the extrusion of the 
second polar body and the formation of both pronuclei.

While conventional IVF more or less mimics natural 
fertilization, ICSI is a rather invasive procedure circum-
venting some of the major steps in the process of oocyte 
activation and fertilization. Consequently, the ICSI sched-
ule differs slightly from the IVF one (1). This delay is attrib-
uted to the time needed for the sperm to pass through 
the oocyte outer complex, particularly the cumulus and 
corona cells, as well as the zona pellucida. Fusion of the 
spermatozoon with the oolemma and incorporation into 
the oocyte plasma, on the other hand, seem to occur very 
rapidly (2). In ICSI, fertilization usually has to be assessed 
approximately two hours earlier (e.g., 16–18 hours post-
insemination) than in IVF (18–20 hours post-insemina-
tion) in order to find identical developmental stages (3).

TIMING OF FERTILIZATION EVENTS
Either active propulsion (conventional IVF) or direct 
deposition (ICSI) ensures presence of a spermatozoon in 
the cytoplasm. Original time-lapse video cinematography 
of ICSI gametes has proven that regular fertilization fol-
lows a definite course of events, though the timing of these 
events may vary between eggs (4). In the era of time-lapse 
imaging, additional information comes from morphoki-
netic analysis of developmental events.

Following an international consensus meeting, a time-
lapse user group proposed guidelines on the nomenclature 
of human embryo development, including the dynamic 
fertilization process (5). Per the definition, the time at 
which insemination occurs (IVF or ICSI) is called t0. 
Consequently, tPB2 marks the time at which the second 
polar body is extruded and tPN marks the time at which 

the fertilization status is confirmed. For proper analysis 
of the time period in which the two pronuclei are visible 
(VP), their appearance (tPNa) and fading (tPNf) should be 
documented. It is important to note the time of time-lapse 
pronuclear assessment (tZ) since the pronuclear pattern is 
a dynamic event and its morphology can change between 
tPNa and tPNf (6).

Approximately 90% of the oocytes showed circular 
waves of granulation within the cytoplasm after ICSI (peri-
odicity of 20–53 minutes). During this granulation phase, 
the head of the spermatozoon decondensed. Subsequently, 
the second polar body was extruded, which was followed 
by the central formation of the male pronucleus. At about 
the same time, the female counterpart formed and was 
drawn towards the male pronucleus until the two abutted. 
Data from the literature suggest (7) that during this process 
the male pronucleus rotates onto the female one, in which 
the chromatin condensates on the side facing the center 
of the egg, in order to also align its chromatin towards the 
spindle forming between both pronuclei. Both pronuclei 
then increase in size, and their nucleoli move around and 
arrange themselves near the common junction (4).

Within both nuclei, nucleoli form at sites on the DNA 
known as the “nucleolar organizing regions” located on 
the chromosomes where the ribosomal genes are situ-
ated (8). This means that the nucleoli are the active sites 
of rRNA synthesis. During the course of development, 
nucleoli tend to fuse due to an increase in protein syn-
thesis (4,9). It should be emphasized once again that IVF 
zygotes reach the final stage of nucleolar organization at a 
later time than ICSI zygotes.

The size and distribution patterns of the nucleoli may 
serve as prognostic parameters of the events of fertiliza-
tion, the completion of meiosis, and the cell cycle, leading 
to the first mitotic division, the normality of the chroma-
tin complement in the two nuclei, and the formation with 
chromosome attachment of the mitotic spindle (8).

In particular, asynchrony in formation and polariza-
tion of nucleoli (Figure 15.1a) may severely impair fur-
ther development of the preimplantation embryo (10–14). 
Consequently, good-quality embryos can arise from 
oocytes that had more uniform timing from injection to 
pronuclear abuttal (4).

PRONUCLEAR GRADING
According to the above-mentioned agreement (5), pro-
nuclear pattern assessment should be done immediately 
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before tPBf, particularly if time-lapse techniques are avail-
able. However, embryologists are faced with several pronu-
clear patterns at the time of fertilization assessment. Based 
on original data from Wright et al. (15), Scott and Smith 
(11) were the first to attribute zygote morphology with a 
certain prognostic value for subsequent implantation. In 
particular, the alignment of nucleoli at the junction of 
the two pronuclei was found to be a selection criterion for 
embryo transfer. Since this zygote score did not exclusively 
rely on the pronuclear pattern but also comprised multiple 
other parameters, including the appearance of cytoplasm 
and timing of nuclear membrane breakdown, the actual 
impact of pronuclear morphology on further outcomes 
remained unclear.

Thus, Tesarik and Greco (12) were the pioneers in 
predicting preimplantation development by focusing 
exclusively on the number and distribution of nucleoli 
(nucleolar precursor bodies [NPBs]) in each pronucleus. 
They considered inter-pronuclear synchrony, evaluated 
12–20 hours post-IVF/ICSI, as being more important than 
the actual NPB polarity at the site of pronuclear apposi-
tion since they presumed that polarization of nucleoli is 
not evident from the beginning of pronuclei formation, 
but rather appears progressively with time (9). According 
to Tesarik and Greco (12), the optimal synchronized pat-
tern 0 yields 37.3% good-quality embryos compared to all 
other patterns (27.8%). In addition, the frequency of devel-
opmental arrest of pattern 0 zygotes was only 8.5% as com-
pared with 25.6% in the other patterns.

Since all these previous reports were of retrospective 
character, particular importance must be assigned to a 
prospective multicenter study of Montag and Van der Ven 
(3). These authors highlighted that cycles with transfer of 
at least one embryo derived from pattern 0B (Figure 15.1b), 
but not pattern 0A, resulted in significantly higher rates 
of pregnancy (37.9%) and implantation (20.5%) than non-
pattern 0B cycles (26.4% and 15.7%). Similar results have 
been published by others (13) who found significantly 
increased pregnancy rates (44.8% vs. 30.2%) if embryos 
derived from zygotes with pattern 0 were transferred. 

Obviously, NPB polarization at the area of pronuclear con-
tact outdoes pronuclear symmetry.

Recently, Scott et al. (14,16) further refined their score 
by also creating a single observation zygote score. This so-
called Z-score was comparable with the score introduced 
by Tesarik and Greco (12), since patterns Z1 and Z2 resem-
ble patterns 0B and 0A. Several other authors successfully 
used the zygote scores of Scott et al. (11,13) and Tesarik and 
Greco (12) for prognostic purposes (3,13,17–20). Though 
the grading systems differ slightly in some of these papers, 
the conclusion is a common one. Zygotes showing pronu-
clei with approximately the same number and alignment 
of NPBs in the furrow between the nuclei had the best 
prognosis in terms of subsequent implantation.

It is noteworthy that Salumets et al. (21) failed to show 
any correlation between zygote score and pregnancy 
rate. This is of particular interest because this group only 
analyzed single-embryo transfers and, consequently, the 
actual implantation potential could be accurately esti-
mated. Though two different scores were applied (11,12), no 
correlation to treatment outcome could be demonstrated. 
This discrepancy in literature results may be explained by 
the use of different culture media and stimulation proto-
cols and differences in timing of fertilization assessments 
(e.g., the inclusion of early cleavage in the Scott and Smith 
[11] scoring system).

An increased incidence of subsequent blastocyst for-
mation in zygotes with optimal patterns of the pronuclei 
(14,19,22) seems to be consistent with the reported increase 
in terms of pregnancy rate. Theoretically, a lower blasto-
cyst formation rate in abnormal zygotes could be related to 
their chromosomal status since there is information from 
the literature that several pronuclear patterns seem to be 
associated with aneuploidy (23–26).

In detail, Kahraman and colleagues (25) found a 52.2% 
rate of chromosomal abnormality in biopsied embryos 
derived from suspicious zygotes (showing an asymmetric 
distribution of NPBs), which was significantly lower than 
the observed 37.6% in the normal control zygotes. Others 
(26) also confirmed that the position of pronuclei within 

(a) (b)

Figure 15.1 (a) Bad-prognosis zygote with an asymmetric pronuclear pattern corresponding to pattern 4 (12) or Z3 (14). 
(b) Zygote showing optimal pronuclear pattern 0B (12) or Z1 (14) and a clear halo.
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the cytoplasm, the size and distribution of nucleoli, and 
the orientation of polar bodies with respect to pronuclei 
were highly predictive of the presence of chromosomal 
abnormalities in the corresponding embryos. In this study 
(26), zygotes with abutted pronuclei, large-sized nucleoli, 
and polar bodies with small angles subtended by pronuclei 
and polar bodies were the configurations associated with 
the highest rates of euploidy. Using the Z-score, it could be 
shown (24) that Z1 patterns had a significantly higher rate 
of euploidy (71%) as compared to Z3 (35%) and Z4 (36%) 
patterns. The same also holds true for the score of Tesarik 
and Greco (12), since pattern 0 was associated with a mini-
mal rate of aneuploidy (26%), whereas patterns with poor 
prognosis showed higher rates of up to 83% (23).

It is important to note that not all studies published 
to date suggest complete reliance on zygote morphol-
ogy (21,27). One problem is that overall up to 14 differ-
ent zygote scoring systems have been published so far. On 
the basis of those papers that made their way into a recent 
meta-analysis (28), it can be concluded that there is a lack 
of conclusive data on the clinical efficacy of zygote scoring.

Further evidence on the limited potential of pronuclear 
scoring comes from time-lapse imaging since none of the 
tested scoring systems (16,29) were shown to predict the 
live birth outcome (6). On the other hand, tPNf occurred 
significantly later in embryos resulting in live birth and was 
never observed earlier than at 20 hours and 45 minutes (6).

A definite difference between IVF and ICSI cycles with 
regard to the frequency of good patterns (pattern 0 accord-
ing to Tesarik and Greco [12]) was reported (3). In partic-
ular, superior pronuclear patterns were observed in ICSI 
cycles. This phenomenon may be due to the above-men-
tioned accelerated course of development in ICSI (1,30). 
Zygotes showing this most advanced stage of nuclear 
polarization seem to reach that stage earlier after ICSI 
than after conventional IVF (3).

However, the study did not evaluate the position of the 
pronuclei relative to the presumed polar axis. This arrange-
ment has been reported to relate to embryo quality (31,32). 
Edwards and Beard (33) suggested that the oocyte may 
establish this polarity by either ooplasmic or pronuclear 
rotation towards the second polar body. Such a resetting 
of a new axis after fertilization is governed by cytoplasmic 
contraction waves organized by the sperm centrosome 
(33). Embryos unable to achieve optimal pronuclear orien-
tation, possibly due to shorter cytoplasmic waves (4), may 
exhibit poor morphology (e.g., uneven cleavage or frag-
mentation) (31).

ABNORMAL PRONUCLEAR FORMATION AND PATTERNS
Single-pronucleate (1PNs) zygotes can be obtained follow-
ing IVF and ICSI at frequencies ranging from 2% to 5% 
(34). They were reported to show a trend towards higher 
frequency in ICSI (34).

Karyotyping indicated that following IVF more than 
half of 1PN embryos are in fact diploid, but these studies 
(35,36) did not differentiate between diploidy produced by 
fusion of both pronuclei or fertilization by parthenogenetic 

activation. However, in further studies it could be demon-
strated that when embryos were diploid, approximately half 
of them were fertilized (37,38). Two mechanisms could be 
responsible for this observation: asynchronous appearance 
or fusion of both pronuclei (39). If there is no other choice, 
such IVF embryos could be considered for transfer, particu-
larly if the single pronucleus is larger than regular size.

Both studies dealing with 1PN zygotes generated by 
ICSI indicated that the vast majority of these were acti-
vated but not fertilized (38,39). Such embryos should not 
be replaced into the patient.

The presence of 3PN zygotes after IVF is the most com-
mon fertilization anomaly in humans. This is mostly 
caused by dispermy (3PN, two polar bodies), and the 
majority of the corresponding embryos will cleave but 
stop development at later stages (34). In ICSI, some 4% (34) 
of zygotes show digynic triploidy, meaning that a single 
sperm is present in the egg but the second polar body was 
not extruded (non-disjunction). In this case, the chro-
mosomes of the three pronuclei are organized in a single 
bipolar spindle at syngamy, indicating that only one cen-
trosome deriving from one sperm is active.

Within 3PN zygotes, a special case is the presence of 
2PNs with a third additional small nucleus (Figure 15.2). 
Since it was shown that this smaller nucleus may contain 
chromosomal material (unpublished data), it is particularly 
important not to transfer embryos or blastocysts stemming 
from such abnormal zygotes. Due to the sometimes small 
size of these additional nuclei, there is of course a high risk 
of missing them during routine fertilization checks, espe-
cially when using objectives of lower magnification.

Peripheral positioning of pronuclei

Regardless of the pronuclear pattern that the oocyte reflects, 
it is generally accepted that both pronuclei should be located 
in the center of the female gamete. Cytoplasmic inclusions, 

Figure 15.2 Zygote showing two pronuclei with an addi-
tional smaller nucleus (2 o’clock position) possibly containing 
chromosomal material.
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such as dense granularity, large refractile bodies, and/or 
vacuoles, may displace both pronuclei. However, this sce-
nario can also happen in zygotes with normal homogeneous 
ooplasm. Any deviation from the presumed optimal central 
arrangement (e.g., peripheral apposition of both pronuclei) 
(Figure 15.3) is most likely associated with reduced devel-
opmental capacity (31). Considering the fact that the first 
cleavage plane runs through the contact zone of both pro-
nuclei, it is a frequent phenomenon that the corresponding 
embryo will show uneven cleavage. This scenario is more 
frequent in conventional IVF than in ICSI (3.3% vs. 11.8%), 
probably due to varying sites of sperm entrance in IVF (32) 
(e.g., near-spindle penetration of the zona, which in turn 
could force eccentric formation of pronuclei [7]).

Missing alignment of pronuclei

Another problem occasionally arising during fertilization 
is a failure in alignment of both pronuclei (Figure 15.4), 
which is caused by an intrinsic defect of the cytoskeleton, 

or the parental centrosome may cause a complete failure 
in alignment (11). While it is quite uncommon in assisted 
reproduction technologies (approximately 1%), it is 
rather detrimental since the vast majority of zygotes with 
unaligned pronuclei fail to cleave or show developmental 
arrest at early stages (12) if not resulting in chromosomal 
aberrations at all (26).

Uneven size of pronuclei

Though the female pronucleus usually is smaller than its 
male counterpart (4), more extensive differences in size 
(>4 µm) may be observed in vitro (Figure 15.5). This 
divergence most likely is the result of problems arising 
during male pronucleus formation, since in vitro-matured 
oocytes from ICSI with labeled spermatozoa showed prox-
imity of the fluorescent sperm mid-piece remnant to the 
smaller pronucleus (40). Uneven pronuclear size severely 
affects the viability of the corresponding embryos since 
more than 87% were found to be aneuploid, mostly mosa-
ics (41,42). This fact probably led them to arrest at a signifi-
cantly higher rate than zygotes with pronuclear diameters 
showing no excessive differences. In addition, a higher 
incidence of day-2 multinucleation was observed (41).

Undocumented zygotes

Interestingly, 1% of all zygotes do not show pronuclei at 
all (34). Manor et al. (42) demonstrated that 57% of such 
undocumented zygotes are normal diploid. If two polar 
bodies were present on day 1, corresponding embryos may 
be considered for transfer in case insufficient bipronucle-
ated embryos are available. The most probable reason for 
this failure in detection is an abnormal developmental 
speed and/or inaccurate timing of fertilization control. It 
has also been reported that pronuclei may be hidden to 
extensive cytoplasmic granularity (34).

CYTOPLASMIC HALO
Immediately prior to pronuclear growth, a microtu-
bule-mediated withdrawal of mitochondria and other 

Figure 15.3 In vitro fertilization zygote showing peripheral 
apposition of both pronuclei.

Figure 15.4 Zygote with failure in alignment of both 
pronuclei. Figure 15.5 Zygote with uneven pronuclear size.
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cytoplasmic components contracts from the cortex towards 
the center of the oocyte, leaving a clear halo around the 
cortex (4). Since the presence of a halo effect (Figure 15.1b) 
within the ooplasm may be recognized in 65%–85% of all 
zygotes (19,21,43), it is less applicable for scoring purposes 
than the pronuclear pattern. Nevertheless, this particular 
morphism was found to be correlated with better embryo 
quality (16,21), increased blastocyst formation on day 5 
(44), and a higher pregnancy rate (43).

The physiological role of mitochondrial redistribution 
in zygotes is still unknown, but it has been speculated that 
clustering of mitochondria to perinuclear regions may be 
involved in cell cycle regulation (45–47) (e.g., by means 
of calcium mobilization and ATP liberation [48–50]). In 
addition, location of mitochondria next to the pronuclei 
would allow immature mitochondria, as seen in zygotes 
(51), to complete maturation, presuming that some input 
from the nucleus is needed (47).

There is a certain disagreement between most of the 
studies dealing with cytoplasmic appearance at zygote 
stage. Some did not distinguish between several types 
of haloes, thus pooling symmetrical and polar haloes 
(11,21), whereas others presuppose that symmetrical (43) 
or extreme haloes (44) are abnormal. In view of this lack 
of uniformity, our working group (19) set up a prospective 
trial to investigate the actual influence of certain subtypes 
of haloes on the preimplantation development of IVF and 
ICSI embryos. In this paper, haloes were measured accu-
rately in order to see if a light or extreme halo effect would 
have any impact on subsequent developmental stages. 
Based on our findings, it was concluded that any halo 
effect, irrespective of its grade and dimension, is of posi-
tive predictive power in terms of blastocyst quality and, 
consequently, clinical pregnancy rate (19). Neither the 
method used for insemination (IVF or ICSI) nor the pres-
ence of areas of dense cytoplasmic granulation or larger 
vacuoles affected the zygote in terms of halo performance. 
Furthermore, it was demonstrated that the pronuclear 
pattern and halo formation are two distinct parameters 
(19). In contrast to the pronuclear pattern, no association 
between halo formation and genetic status of the fertilized 
egg has been observed (52).

CONCLUSION
During evaluation of zygote morphology, it has to be con-
sidered that both halo and pronuclear formation follow 
a fixed schedule. Since direct ooplasmic placement of a 
viable spermatozoon is performed in ICSI, thus bypass-
ing most steps of fertilization (including acrosome reac-
tion and zona binding), the further course of development 
will be somewhat accelerated as compared to conventional 
IVF. It is of interest that more physiological sperm selected 
on the basis of its potential to bind to hyaluronic acid did 
not influence the pronuclear score (53).

Pronuclear morphology and halo characteristics turned 
out to be unstable independent factors within the dynamic 
process of fertilization. The degree and morphology of 
the halo per se have no influence on further outcome. 

However, the presence of such a halo had positive predic-
tive power. Consequently, halo formation in combination 
with optimal pronuclear patterns (e.g., those with align-
ment of fused nucleoli) will characterize a subgroup of 
oocytes showing a developmental advantage compared to 
zygotes lacking these positive predictors.

This is in line with recent findings indicating that during 
syngamy those zygotes with an accelerated breakdown of the 
pronuclear membranes at 22–25 hours post-insemination or 
post-injection implanted significantly more frequently than 
those with delayed dissolution (54). This is not to forget the 
reported positive correlation between the occurrence of the 
first mitotic division and the rates of implantation and clini-
cal pregnancy (55–57).

Recently, promising strategies have been published com-
bining the morphological information of zygote stage with 
other developmental stages (58–62). In detail, sequential 
assessment of cultured human embryos allowed for accu-
rate prognosis in terms of good-quality blastocyst develop-
ment (60,61). Others (58) found a relatively high outcome 
predictability after IVF using a combined score for zygote 
und embryo morphology and growth rate. Finally, day-3 
embryo transfer with combined evaluation at the pronu-
clear and cleavage stage compared favorably with day-5 
blastocyst transfer (59).

This suggests that zygote stage, although being an 
important developmental phase, should not be used soli-
tarily as a prognostic parameter, but rather morphologi-
cal information from day 1 should be pooled with that of 
earlier and/or later stages in order to maximize benefit and 
minimize the numbers of embryos transferred.
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Culture systems for the human embryo
DAVID K. GARDNER and MICHELLE LANE

INTRODUCTION
Embryo culture is frequently mistaken for a relatively 
simple procedure. In reality, it is a complex task, requiring 
proactive quality control and quality assurance programs 
to ensure the optimum performance of the laboratory 
and equipment, together with a high level of training 
for embryologists. Furthermore, a sufficient number of 
suitable incubation chambers are required to maintain 
a stable environment for development in vitro. Hence, 
embryo culture is far more involved than simply using the 
appropriate culture media formulations. Consequently, in 
order to optimize embryo development in vitro and main-
tain viability to ensure the delivery of a healthy baby, it 
is essential to consider embryo culture as a system in its 
entirety. The embryo culture system consists of the media, 
macromolecules, gas phase, type of medium overlay, the 
culture vessel, the incubation chamber, ambient air qual-
ity, and even the embryologists themselves. The concept 
of an embryo culture system successfully highlights the 
interactions that exist not only between the embryo and 
its physical surroundings, but also between all parameters 
within the laboratory (Figure 16.1). Only by taking such a 
holistic approach can one optimize embryo development 
in vitro and maintain success rates.

Working in vitro (literally “in glass”) means that 
stressors can be present in the culture system, which are 
not evident within the lumen of the female reproductive 
tract. Stressors identified in the embryology laboratory 
that can have a negative impact on gametes and embryos 
include: transient temperature shifts as gametes and 
embryos are manipulated; changes to the levels of car-
bon dioxide and hence changes in pH when embryos are 
taken in and out of an incubator; potential physical stress 
should pipetting be too vigorous; atmospheric oxygen; 
and the accumulation of ammonium from amino acids. 
Of concern is that these stressors have the capacity to 
interact with each other and create an even greater nega-
tive synergy (10).

Finally, it is also important to appreciate that it is not 
feasible to make a good embryo from poor-quality gam-
etes (the current investigations on oocyte rejuvenation 
through mitochondrial transfer have yet to be validated). 
Rather, the role of the laboratory is to maintain the inher-
ent viability of the oocyte and sperm from which the 
embryo is derived. Ultimately, the success of in vitro fer-
tilization (IVF) is also dependent on the quality of the 
ovarian stimulation decided by the physician and the 
preparation/development of a receptive endometrium, 
as well as on patient factors including the impact of their 
lifestyle choices (especially diet), hence emphasizing the 

need for a broader perspective of patient management as 
well as laboratory management. In order to ensure consis-
tent successful outcomes, it is paramount that appropriate 
communication pathways exist between physicians and 
scientists to ensure all variables are considered and dis-
cussed, and that action plans are in place so that changes 
can be rapidly implemented in response to any concerns.

THE HUMAN EMBRYO IN CULTURE
Serendipitously for the field of human IVF, the human 
embryo exhibits a considerable degree of plasticity, 
enabling it to develop under a wide variety of culture 
conditions. Indeed, it appears that the human preimplan-
tation embryo is the most resilient of all mammalian spe-
cies studied to date. However, this should be perceived as 
a reflection of the ability of the human embryo to adapt 
to its surroundings and not our ability to culture it. 
Undoubtedly, having to adapt to suboptimal collection 
and/or culture conditions comes at the cost of impaired 
viability and potentially compromised pregnancy out-
comes (11,12). Therefore, it is important to focus on the 
generation of healthy embryos, as it is clear that embryo 
development in culture, even to the blastocyst stage, 
does not necessarily equate to the development of a via-
ble embryo (13). Implantation rate (fetal heart rate, as 
opposed to fetal sac) is an important parameter to report, 
is extremely important in evaluating the performance of 
the IVF laboratory, and provides relatively quick infor-
mation on cycle performance. However, the definition of 
viability is best described as the ability of the embryo to 
implant successfully and give rise to a normal, healthy 
term baby. Subsequently, live birth rates should always be 
reported and considered, as they reflect the true efficacy of 
a given IVF system.

Today, clinics are not only faced with a multitude of 
embryo culture media to choose from and whether to 
employ a reduced oxygen concentration, but also with 
the decision of whether to transfer at the cleavage or the 
blastocyst stage. However, with the publication of an 
evidence-based Cochrane review (14) and meta-analysis 
(15) demonstrating a clear increase in pregnancy and 
implantation rates and reduced pregnancy loss following 
blastocyst culture, and with a move to performing pre-
implantation genetic screening through trophectoderm 
biopsy, there is an increasing awareness and demand for 
laboratories to be able to support extended culture (13). It 
is the aim of this chapter to discuss the types of media and 
culture systems currently available and to describe how 
they can be implemented in a clinical setting irrespective 
of the day of transfer.

16
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IMPACT OF SINGLE-EMBRYO TRANSFER ON THE 
LABORATORY
It is evident that with the development of enhanced cul-
ture systems and better methods for embryo selection 
(see Chapter 17) and cryopreservation (Chapters 22 and 
23), the move to single-embryo transfer (SET) for most 
patients is now a practical reality. Indeed, in several 
countries this is mandated. Far from being exceptional, 
SET (or single-blastocyst transfer) is now considered best 
practice for the majority of patients that seek IVF treat-
ment (16) (Chapter 58). One of the impacts of SET is the 
increased reliance on a successful cryopreservation pro-
gram. Therefore, an important consideration in assessing 
the efficacy of any culture system is its ability to produce 
high-quality embryos that can survive cryopreservation 

by either freezing and thawing, or by vitrification fol-
lowed by warming, as this has significant implications 
for cumulative pregnancy rates per retrieval. As we shall 
reveal, the culture conditions used to support embryo 
development have a profound effect on cryopreservation 
outcome.

DYNAMICS OF EMBRYO AND MATERNAL PHYSIOLOGY
Before attempting to culture any cell type, be it embryonic 
or somatic, it is important to consider the physiology of 
the cell in order to establish its nutrient requirements. The 
mammalian embryo represents an intriguing situation 
in that it undergoes significant changes in its physiology, 
molecular regulation, and metabolism during the preim-
plantation period. The preimplantation human embryo is 
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Figure 16.1 The relationship between patient stimulation, the laboratory, and transfer outcome in human in vitro fertilization 
(IVF). This figure serves to illustrate the complex and interdependent nature of human IVF treatment. For example, the stimulation 
regimen used not only impacts on oocyte quality (and hence embryo physiology and viability (1)), but can also affect subsequent 
endometrial receptivity (2–5). Furthermore, the health and dietary status of the patient can have a profound effect on the subse-
quent developmental capacity of the oocyte and embryo (6,7). The dietary status of patients attending the IVF clinic is typically not 
considered as a compounding variable, but growing data would indicate this should be otherwise. In the schematic, the laboratory 
has been broken down into its core components, only one of which is the culture system. The culture system has in turn been broken 
down into its components, only one of which is the culture media. Therefore, it would appear rather simplistic to assume that by 
changing only one part of the culture system (i.e., culture media) one is going to mimic the results of a given laboratory or clinic. One 
of the biggest impacts on the success of a laboratory and culture system is the level of QC and QA in place. For example, one should 
never assume that anything coming into the laboratory that has not been pretested with a relevant bioassay (e.g., mouse embryo 
assay [MEA]) is safe merely because a previous lot has performed satisfactorily. Only a small percentage of the contact supplies and 
tissue culture ware used in IVF comes suitably tested. Therefore, it is essential to assume that everything entering the IVF laboratory 
without a suitable pretest is embryotoxic until proven otherwise. In our programs, the one-cell MEA is employed to prescreen every 
lot of tissue culture ware that enters the program (i.e., plastics that are approved for tissue culture). Around 25% of all such material 
fails the one-cell MEA (in a simple medium lacking protein after the first 24 hours) (8). Therefore, if one does not perform QC to this 
level, one in four of all contact supplies used clinically will be embryotoxic. In reality, many programs cannot allocate the resources 
required for this level of QC and when embryo quality is compromised in the laboratory it is the media that are held responsible, 
when in fact the lab ware is often the culprit. Abbreviations: QA, quality assurance; QC, quality control. (Modified from Gardner DK, 
Lane M. Reprod Biomed Online 2003; 6: 470–81, with permission.) (9)
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a highly dynamic entity that changes its needs as develop-
ment proceeds. Indeed, it goes from being one of the most 
quiescent tissues in the body (the oocyte) to being amongst 
the most metabolically active (the blastocyst) within just 
four days (11,17,18). Interestingly, the pronucleate oocyte, 
like the metaphase II oocyte from which it was derived, 
exhibits relatively low levels of oxygen consumption and 
has a preference for the carboxylic acid pyruvate as its 
primary energy source (19,20). Lactate can be utilized as 
the sole substrate from the two-cell stage, but glucose is 
only consumed and utilized in relatively small amounts 
by the early embryo (21). The balance of mitochondrial 
and cytoplasmic metabolism is critical at these early 
stages of development for maintaining adequate levels of 
ATP production (22). However, despite the low levels of 
biosynthetic activity at these early stages of development, 
there is an increasing awareness of a significant amount of 
remodeling of the nucleus. For example, there are major 
changes in methylation and acetylation levels, with many 
of the processes involved still to be elucidated (23–25). 
Nevertheless, what is critical is that many key develop-
mental events, such as activation of the egg and regulation 
of methylation and acetylation, are regulated by proteins 
whose activities are dependent on metabolic regulation 
(26–29). Therefore, maintenance of metabolic homeosta-
sis at these early stages is paramount for the maintenance 
of viability. Consequently, the environment of the early 
embryo provided by the culture media continues to be a 
major focus of the culture system in the laboratory (11).

As development proceeds and energy demands increase 
with cell multiplication, transcription following activation 
of the embryonic genome, and the subsequent increase 
in protein synthesis, there is a concomitant increase in 
 glucose utilization. By the blastocyst stage, the embryo 
exhibits high oxygen utilization and an ability to readily 
utilize glucose, along with other energy sources. Table 16.1 
highlights some of the differences between the pre- and 
post-compacted embryo (17). In many ways, the physiol-
ogy of the cells of the embryo prior to compaction, and 
hence before the formation of a transporting epithelium, 
can be likened to unicellular organisms (30). This in part 
explains why those amino acids present at high levels in 
the oviduct and classified as “non-essential” for tissue cul-
ture purposes are beneficial to the cleavage-stage embryo, 
as they confer stability to several key cell functions, as 
described below.

Within the human female reproductive tract, the nutri-
ents available mirror the changing nutrient preference of 
the embryo. At the time when the embryo resides in the 
oviduct, the fluid within is characterized by relatively 
high concentrations of pyruvate (0.32 mM) and lactate 
(10.5 mM), and a relatively low concentration of glucose 
(0.5 mM) (31). In contrast, uterine fluid is characterized 
by relatively low levels of pyruvate (0.1 mM) and lac-
tate (5.87 mM), and a higher concentration of glucose 
(3.15 mM), consistent with the changes in embryo energy 
production. The significance of these nutrient gradients 
in regulating embryo development has been questioned 

(32). However, it remains the contention of the authors 
that these nutrient gradients provide not only appropri-
ate stage-specific energy substrates, but also provide stage-
specific signals not just for metabolism, but also for the 
control of molecular signaling (18,29,33,34).

SUSCEPTIBILITY OF THE PREIMPLANTATION EMBRYO 
TO STRESS
There is an increasing understanding in mammalian 
embryology that the early embryo is highly adaptive to 
its environment. The embryo appears to have the abil-
ity to continue development, even to the blastocyst stage, 
at the cost of normal cellular processes and checkpoints 
that may be essential for viability. Therefore, as a result 
many embryos can appear to be morphologically normal 
while at a cellular level are actually highly perturbed and 
unlikely to be viable (12,30). It is clear from animal mod-
els, where invasive assessments allow additional insight, 
that disruptions to molecular pathways, including stress 
response pathways, frequently occur in the absence of any 
changes to embryo morphology. Furthermore, frequently 
these perturbations are permissive of implantation, affect-
ing subsequent fetal growth (35–37). Consequently, a key 
focus of the embryology laboratory should be to ensure 
its gamete collection and culture system are able to main-
tain normal cellular development. Although the human 
embryo has a plasticity to adapt to its environment, as 
already highlighted, this is at a cost of cellular regulation 
either through metabolic adaptations or adaptations at a 
molecular level (12,30). Therefore, the laboratory should 
seek to employ systems that reduce these adaptations, 
thereby maintaining viability (10).

Cleavage-stage versus post-compaction embryos 
and stress

As a result of its more “primitive” physiology, the pre-
compaction-stage embryo is highly susceptible to stress 
compared to the post-compaction-stage embryo. A stress 

Table 16.1 Differences in embryo physiology pre- and 
post-compaction

Pre-compaction Post-compaction

Low biosynthetic activity High biosynthetic activity
Low QO2 High QO2

Pyruvate preferred nutrient Glucose preferred nutrient
Requirement for specific 

amino acids including 
alanine, aspartate, 
glutamate, glycine, proline, 
serine, and taurine

Requirement for a more 
comprehensive group of 
amino acids

Maternal genome Embryonic genome
Individual cells Transporting epithelium
One cell type Two distinct cell types: 

inner cell mass and 
trophectoderm
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applied in vitro at the pronucleate oocyte (2PN) to the eight-
cell stage can have devastating effects on the normal cel-
lular physiology and viability of the subsequent blastocyst 
and fetus (Figure 16.2) (30,38–40). At these early stages of 
development prior to activation of the embryonic genome, 
the embryo possesses only limited capacity at a molecular 
level to respond to a stress. In somatic cells, when a cell 
finds itself in a hostile environment it can activate a cas-
cade of molecular signaling pathways to engage systems 
for maintaining normal cell function. However, the pre-
compaction-stage embryo has a limited capacity for gene 
transcription (41) and therefore the human embryo prior 
to the eight-cell stage is highly vulnerable to any perturbed 
environment. At these early stages of embryo development 
prior to compaction, there is limited capacity to maintain 
normal cellular functions such as regulation of intracel-
lular pH (pHi), alleviation of oxidative stress, and ionic 
homeostasis (12,30). Therefore, a stress applied prior to 
compaction can result in major disruptions to subsequent 
viability. In contrast, the application of the same stress 
post-compaction and post-embryonic genome activation 
typically has limited negative impact on subsequent devel-
opmental competence (30,39,40).

Further, it is apparent that effects of a stress can be 
masked at the level of morphological assessment and may 
only become evident downstream of the stress itself. For 
example, it has been shown that the detrimental effects of 
a stress applied at the early stage of development during 
handling and culture of the oocyte and 2PN may not be 
evident until the blastocyst stage. Even then, the effects 
may only be at a subcellular level with the embryo hav-
ing reduced metabolic capacity, high levels of apoptosis, 
and an altered molecular profile, which ultimately result 
in a reduction in pregnancy rate (38–40). Therefore, the 
conditions employed for the collection and culture of the 
human cleavage-stage embryo directly affect the ability of 
the embryo to implant and form a viable pregnancy, inde-
pendent of morphological assessments within the labo-
ratory. The inability of morphology alone to distinguish 
viable and non-viable embryos highlights a major limita-
tion in the field and reaffirms the need for the development 

of more diagnostic procedures to quantitate normal devel-
opment (42) (see Chapter 17).

Composition of culture media

There are several extensive treatises on the composition 
of embryo culture media (20,43–50), and it is beyond 
the scope of this chapter to discuss in detail the role of 
individual medium components. However, two key com-
ponents—amino acids and macromolecules—will be 
considered briefly due to their significant impact on cycle 
outcome. Understanding their effects on embryo physi-
ology will greatly assist clinics to make a more informed 
decision regarding their choice of culture media.
Amino acids

It is certainly the case that the human embryo can grow in 
the absence of amino acids. The real question is: how well 
do they develop in their absence and how healthy are the 
resultant embryos? There are several reasons for the inclu-
sion of amino acids in embryo culture media. Oviduct and 
uterine fluids contain significant levels of free amino acids 
(51–56), while both oocytes and embryos possess specific 
transport systems for amino acids (57) to maintain an 
endogenous pool (58). Amino acids are readily taken up 
and metabolized by the embryo (59,60). Table 16.2 lists the 
roles amino acids fulfill during the pre- and peri-implan-
tation period of mammalian embryo development.

Oviduct and uterine fluids are characterized by high 
concentrations of the amino acids alanine, aspartate, glu-
tamate, glycine, proline, serine, and taurine (51–56). With 
the exception of taurine, the amino acids at high concen-
trations in oviduct fluid bear striking homology to those 
amino acids present in Eagle’s non-essential amino acids 
(71). Studies on the embryos of several mammalian spe-
cies, such as mouse (72–75), hamster (76,77), sheep (78,79), 
cow (80,81), and human (82,83), have all demonstrated 
that the inclusion of amino acids in the culture medium 
enhances embryo development to the blastocyst stage.

Significantly, it has been demonstrated that the 
 preimplantation embryo exhibits a switch in amino 
acid requirements as development proceeds. Up to the 

Relative impact
of chemical and

physical stress
on the embryo 

Preimplantation embryo development

Figure 16.2 Relative impact of chemical and physical stress on the preimplantation embryo (from oocyte to blastocyst stage), 
representing the stage-specific differences in the embryo’s response to stress. The fertilized oocyte is more sensitive than the cleav-
age-stage embryo, which in turn is more susceptible to stress than an embryo post-compaction. Of all stages, the blastocyst is least 
perturbed by such factors. (From Wale PL, Gardner DK. Hum Reprod Update 2016; 22: 2–22, with permission.)
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eight-cell stage, non-essential amino acids and glutamine 
increase cleavage rates (i.e., those amino acids present at 
the highest levels in oviduct fluid stimulate the cleavage-
stage embryo) (69,81,84). However, after compaction, 
non-essential amino acids and glutamine increase blas-
tocoel formation and hatching, while the essential amino 
acids stimulate cleavage rates and increase development 
of the inner cell mass (ICM) in the blastocyst (38,69). 
Recently, the essential amino acid threonine has been 
shown to be important in the maintenance of pluripo-
tency in mouse embryonic stem cells (85). Importantly, 
amino acids have been reported to increase the viability 
of cultured embryos from several species after transfer to 
recipients (43,69,79), as well as increasing embryo devel-
opment in culture. In the mouse, equivalent implanta-
tion rates to in vivo-developed blastocysts have been 
achieved when pronucleate oocytes were cultured with 
non-essential amino acids to the eight-cell stage followed 
by culture with all 20 amino acids from the eight-cell 
stage to the blastocyst (69).

The terms “non-essential” and “essential” have little 
meaning in terms of embryo development and differen-
tiation; rather, they reflect the requirements of certain 
somatic cells in vitro (71). More appropriate terminology 
would reflect the ability of the non-essential group to 
stimulate early cleavage (cleavage amino acids [CAAs]), 
while the essential group stimulate the development of 
the ICM. The reasons for this switch undoubtedly stem 
from the nature of the CAAs: they act as strong intra-
cellular buffers of pH due to their zwitterionic nature 
(76), and they are able to chelate toxins. As discussed, 
prior to compaction the blastomeres of the mammalian 
embryo appear to behave like unicellular organisms and 
therefore use exogenous amino acids to regulate their 
homeostasis. In contrast, the generation of a transport-
ing epithelium postcompaction, enables, the embryo to 
regulate its internal environment and is not as dependent 
on the non-essential amino acids to regulate intracellular 
function (64).

It has been shown that even a transient exposure (of 
about five minutes) of mouse zygotes to medium lacking 
amino acids impairs subsequent developmental potential, 

providing further evidence of the significance of amino 
acids (86). During this five-minute period in a simple 
medium the zygote loses its entire endogenous pool of 
amino acids, which takes several hours of transport to 
replenish after returning the embryo to medium with 
amino acids. This has direct implications for the collec-
tion of oocytes, and more importantly the manipulation of 
denuded oocytes during intracytoplasmic sperm injection 
(ICSI), where the inclusion of amino acids in the holding 
medium will decrease or prevent intracellular stress (see 
below).

Similarly, the work of Ho et  al. (87) on gene expres-
sion in mouse embryos goes some way to confirming this 
hypothesis, in that gene expression in mouse embryos 
cultured in the presence of amino acids was comparable 
to that of embryos developed in vivo. In contrast, mouse 
embryos cultured in the absence of amino acids (i.e., in a 
medium based on a simple salt solution) exhibited aber-
rant gene expression and altered imprinting of the H19 
gene (88). Hence, the clinical use of any medium lacking 
amino acids, whether it be for gametes or embryos, should 
no longer be considered appropriate.

Cautionary tale

Even though the formulations of embryo culture media 
have improved significantly over the years, and for the 
most part have become more physiological in their basis, 
there is nothing physiological about a polystyrene culture 
dish. Therefore, one has to be careful about in vitro arti-
facts induced by a static environment. A good example 
of this is the production of ammonium by both embryo 
metabolism of amino acids (89) and by the spontane-
ous breakdown of amino acids in the culture medium 
once incubated at 37°C (Figure 16.3a) (72). Ammonium 
build-up in culture medium not only has negative effects 
on embryo development and differentiation in culture 
(72,78,90), but can also affect subsequent fetal growth 
rates and normality at a concentration of around 300 µM 
(38,91). Furthermore, it has been shown that ammonium 
affects embryo metabolism, pHi regulation, and gene 
expression in both the mouse and human (92–94), and 
that perturbations induced by ammonium are further 
compromised by its interaction with atmospheric oxygen 
(discussed in more detail later) (95).

As amino acids are such important regulators of 
embryo development, it is essential to alleviate this in vitro 
problem. The immediate answer is to renew the culture 
medium, thereby bringing the ammonium concentration 
under control. A second and complementary solution is 
to replace the most labile amino acid, glutamine, with a 
dipeptide form such as alanyl-glutamine. This dipeptide 
has the advantage of not breaking down at 37°C. Therefore, 
media containing this stable form of glutamine produce 
significantly lower levels of ammonium.

Although there is some debate as to the level of con-
cern one should place on ammonium toxicity in cul-
ture medium (96,97), there are growing data to support 
the appearance of ammonium in the culture medium 

Table 16.2 Functions of amino acids during 
preimplantation mammalian embryo development

Role Reference

Biosynthetic precursors (61)
Energy source (62)
Regulators of energy metabolism (11,22)
Osmolytes (63)
Buffers of intracellular pH (64)
Antioxidants (65)
Chelators (66)
Signaling (67,68)
Regulation of differentiation (69,70)
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over time (72,90,98,99) (Figure 16.3a) and its toxicity to 
embryos, including those of humans (90,93). Indeed, an 
analysis of the impact of culture media composition on 
live birth rates and the subsequent development of the 
children conceived has been reported by Dumoulin and 

colleagues (100,101). In their studies, the effects of two 
commercial media were analyzed in a day-2 transfer 
program, and it was determined that differences existed 
in embryo growth kinetics and subsequent birth weight, 
which persisted through the first two years of life. Only 
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Figure 16.3 (a) Production of ammonium in the culture medium (lacking embryos) by the spontaneous breakdown of amino 
acids in culture media. Solid circles, KSOMAA; open circles, G1/G2. The media were placed in the incubator at 4 p.m. the day before 
culture for equilibration purposes. The line at time zero represents when embryos would be placed into culture (although these 
measurements were taken in the absence of embryos). Medium KSOMAA contains 1 mM glutamine and therefore releases signifi-
cant levels of ammonium into the culture medium. Media G1/G2 do not contain glutamine, but rather the stable dipeptide form, 
alanyl-glutamine, and therefore these media do not release significant levels of ammonium. At a concentration of just 75 µmol/L, 
ammonium can induce a 24 hour developmental delay in mouse fetal development by day 15 and induces the neural tube defect 
exencephaly in 20% of all fetuses. (b) Ammonium significantly reduces the development of the cleavage-stage human embryo. 
Pronucleate oocytes were exposed to an increasing ammonium gradient (93). Control media (open bars), presence of ammonium 
(red bars); significantly different from no ammonium, p < 0.05. (c) Ammonium significantly compromises human embryo metabo-
lism. Pyruvate uptake was significantly reduced by ammonium at 24 and 48 hours of culture. Control media (open bars), presence of 
ammonium (red bars); significantly different from no ammonium, p < 0.05. (d) Ammonium significantly impairs human blastocyst 
gene expression. Heat map representation with hierarchical clustering of altered genes in human blastocysts following ammonium 
exposure and separation of control (green lines) and three ammonium (red lines) samples into distinct branches. Gene expression is 
related to color, with red representing the highest levels of gene up-regulation and blue representing down-regulation. ([b,c,d] From 
Gardner DK et al. Reproduction 2013; 146: 49–61, with permission.)
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one of the two culture media used contained free gluta-
mine, and it was culture in this medium that resulted in 
delays in development and reduced birth weight, likely 
because the embryos were exposed to levels of ammonium 
known to adversely effect human embryo development 
and physiology (Figure 16.3b through 16.3d).

Notably, exposure of gametes and embryos to increas-
ing concentrations of ammonium in vivo is not consis-
tent with maintained embryo viability (6,102,103). It is, 
therefore, the authors’ opinion that one should err on 
the side of caution, consider the data from animal and 
human in vitro and in vivo studies, and take appropriate 
action; for example, one can renew the culture medium 
at least every 48 hours, or one can refresh the medium 
by adding more volume to dilute out the ammonium 
present.

Macromolecules

Most culture media for the human embryo contain serum 
albumin as the protein source. Historically, serum was 
employed worldwide; however, the use of serum is no lon-
ger condoned due its extensive documented detrimental 
effects on embryos (79,104–107).

Although serum albumin is a relatively pure fraction of 
blood, it is still contaminated with fatty acids and other 
small molecules. The latter have been shown to include 
an embryotrophic factor, citrate, which stimulates 
cleavage and growth in rabbit morulae and blastocysts 
(108). There are significant differences not only between 
sources of serum albumin (109,110), but also between 
batches from the same source (109,111,112). Therefore, 
when using serum albumin preparations, it is essential 
that each batch is screened for its ability to adequately 
support mouse embryo development and human sperm 
survival prior to clinical use. Furthermore, new con-
cerns with regards to the use of human serum albumin 
have been raised since it has been revealed that serum 
albumin, added as the protein supplement, is the source 
of  detectable levels of di(2-ethylhexyl)phthalate and 
mono(2-ethylhexyl)phthalate, as well as polybrominated 
diphenyl ethers in human embryo culture media (113,114). 
In addition to these compounds, serum albumin prepa-
rations also contain variable levels of contaminants that 
include carbohydrates, amino acids, transition metals, 
growth factors and miRNAs. These contaminants will 
modify the compositions of the base media in a way  that 
is variable between batches and is  uncontrolled  (115). 
Such data imply that the use of serum albumin in clinical 
IVF warrants renewed consideration.

To this end, recombinant human albumin is avail-
able, which eliminates the problems inherent with using 
blood-derived products and can lead to the standard-
ization of media formulations. Recombinant human 
albumin has now been shown to be as effective as blood-
derived albumin in supporting fertilization (116) and 
embryo development, and its efficacy has been proven 
in a prospective randomized trial (117). Significantly, 
embryos cultured in the presence of recombinant 

albumin exhibit an increased tolerance to cryopreserva-
tion (118). Historically, its clinical use has been restricted 
by price; however, with costs of such recombinant prod-
ucts falling, it makes this an appropriate time to re-eval-
uate its clinical use.

A further macromolecule present in the female repro-
ductive tract is hyaluronan, which in the mouse uterus 
increases at the time of implantation (119). Hyaluronan 
is a high-molecular-mass polysaccharide that can be 
obtained endotoxin- and prion-free from a yeast fer-
mentation procedure. Not only can hyaluronan improve 
mouse and bovine embryo culture systems (120,121), but 
its use for embryo transfer results in a significant increase 
in embryo implantation (120,122,123). In the largest pro-
spective trial to date, which enrolled 1282 cycles of IVF, 
it was determined that the use of hyaluronan-enriched 
medium was associated with significant increases in clini-
cal pregnancy rates and implantation rates, both for day-3 
and day-5 embryo transfers. The beneficial effect was most 
evident in women who were >35 years of age, women who 
had only poor-quality embryos available for transfer, and 
women who had previous implantation failures (123,124). 
A recent Cochrane report confirmed improved pregnancy 
and take-home baby rates when hyaluronan was included 
in the transfer medium (125).

Notably, another highly significant effect of the inclu-
sion of hyaluronan in the culture medium is its beneficial 
effects on cryosurvivability of cultured embryos from a 
number of species, including the human, mouse, sheep, 
and cow (118,122,126–128). As IVF programs are moving 
to transfer fewer embryos, there is an increasing need to be 
able to cryopreserve supernumerary embryos. The ability 
of culture systems to increase cryosurvival and therefore 
increase cumulative pregnancy outcomes is an important 
factor in deciding which culture system to use in the labo-
ratory. In Figure 16.4, the effects of culture medium com-
position on the cryosurvival and subsequent implantation 
of human embryos is shown. Embryos were cultured in 
media with or without hyaluronan prior to slow freez-
ing at the cleavage stage. Both survival and viability were 
higher if the embryos had been cultured in the presence of 
hyaluronan.

Monoculture or sequential media: one size fits all or a 
tailored approach?

It was established in the 1960s that it was feasible to cul-
ture the one-cell mouse embryo to the blastocyst stage in 
medium lacking amino acids. In the intervening decades, 
it has become apparent that amino acids have a significant 
role to play during embryo development (discussed above), 
and that medium should ideally be renewed/replenished 
at least every 48 hours to ensure minimal accumula-
tion of embryotoxic ammonium (129). From a practical 
point of view, therefore, the amount of work and embryo 
manipulations required are the same whether one is work-
ing with sequential media or a monophasic system (i.e., 
one medium formulation for the entire preimplantation 
period).
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However, the two approaches to embryo culture do have 
some fundamental differences. Specifically, monoculture 
is based on the principle of letting the embryo choose what 
it wants during development. In contrast, sequential media 
were developed to accommodate the dynamics of embryo 
nutrition and to mirror the environment of the female 
reproductive tract (in which the embryo is exposed to a 
gradient of nutrients as it passes along the oviduct into the 
uterus) (31,55,56). The significance of these nutrient gra-
dients to the embryo in culture warrants further research 
as existing data on the mouse indicate that such gradients 
in vitro do impact embryo viability following transfer. For 
example, when the mouse zygote is cultured to the eight-
cell stage and then transferred, embryo viability is highest 
after exposure of the embryo to a high lactate concentra-
tion (>20 mM D/L-lactate), while when the embryo is cul-
tured post-compaction to the blastocyst stage, viability is 
highest after exposure to lower levels of lactate (<5 mM 
D/L-lactate) (130). These data support the hypothesis that 
the physiology of the developing conceptus is regulated by 
the concentrations of nutrients available at specific stages 
of development (33).

With the advent of time-lapse microscopy, we have 
seen the emergence of media designed specifically for the 
purpose of uninterrupted embryo culture, with the aim 
of minimizing the build-up of ammonium (131). These 
media have been shown to be effective, but further work is 
warranted in this area, such as the development of sequen-
tial media in situ, upon which existing media drops are not 
renewed but supplemented with a second formulation to 
give rise to a modified culture environment.

How far behind embryo development in vivo is 
development in vitro?

Historically, embryos cultured in vitro lag behind their 
in vivo-developed counterparts (132,133). However, with 
the development of sequential media based on the prem-
ise of meeting the changing requirements of the embryo 
and minimizing trauma, coupled with the use of reduced 
oxygen concentrations in the gas phase, in vivo rates of 
embryo development can now be attained in vitro in the 
mouse (11,134). The one proviso is that each laboratory 
must have sufficient-quality systems in place to ensure 
the optimum operation of a given culture system. Such 
advances in culture systems represent a significant devel-
opment for the laboratory, for now there exists a means 
of producing blastocysts at the same time and with the 
same cell number and allocation to the ICM as embryos 
developed in the female tract (9,50). Using culture media 
in a highly controlled environment, as detailed through-
out this book, it is possible to attain high rates of human 
embryo development to the blastocyst stage. Using an 
oocyte donor model to evaluate the efficacy of culture 
approaches, where the age of the oocyte is typically 
under 30 years, it is possible not only to obtain a blas-
tocyst formation rate of 65%, but the resultant viability 
(as determined by fetal heart beat following transfer) is 
>65% (Table 16.3) (129). As such, oocyte donors repre-
sent as close to a human “gold standard” as one can have 
in an infertility clinic. With this in mind, ensuring one 
can attain blastocyst development of greater than 50% 
and implantation rates of over 50% when using donated 
oocytes is a good potential starting point for introducing 
blastocyst culture clinically, or for patients under 35 years 
of age.

Culture systems

Several key components of the culture system are reviewed 
here, none of which should be considered in isolation as all 
directly impact upon media performance.

Incubation chamber

Whatever incubation chamber is chosen, a key to success-
ful embryo culture is to minimize perturbations in the 
atmosphere around the embryo. The two key perturbations 
to avoid are pH and temperature changes. This means that 
ideally the environment in which the embryo is placed is 
not disturbed during the culture period. Practically, this is 

Table 16.3 Viability of human embryos conceived 
in vitro using an oocyte donor model

Mean blastocyst development (%) 65.1
Mean number of blastocysts transferred 2.05
Mean age of recipient (years) 40.3
Fetal heart beat (per blastocyst transferred) (%) 68.0
Clinical pregnancy rate (per retrieval) (%) 85.2
Twins (%) 59.9
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Figure 16.4 Effect of culture medium on the subsequent 
cryosurvival of cleavage-stage human embryos. Embryos 
were cultured either in medium without (n = 1235) or with ele-
vated hyaluronan (n = 1351). Solid bars represent survival rate 
assessed as greater than or equal to 50% of blastomeres being 
intact. Open bars represent implantation rates as assessed by 
fetal heart beat at the eight-week scan. * Significantly different, 
p < 0.05.
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difficult to achieve in a busy clinical laboratory. The use of 
an individual incubation chamber, such as a modular incu-
bator chamber or glass desiccator (such as that used to grow 
Louise Brown), which can be purged with the  appropriate 
gas mix, can alleviate such concerns. Using such incubator 
chambers, each patient’s embryos can be completely iso-
lated within an incubator, with the gas phase and, for the 
most part, temperature being unaffected when the incuba-
tor door is opened. We like to consider such chambers as “a 
womb with a view.” However, a downside of this approach 
is that only three modular chambers can be placed in one 
incubator, thereby necessitating the acquisition of suf-
ficient incubators. An alternative to the use of modular 
chambers is the use of inner doors within an incubator to 
significantly reduce fluctuations in the gaseous environ-
ment upon opening the incubator door. Several incuba-
tor manufacturers make incubators with inner doors. A 
more recent move has been the production of incubators 
with a greatly reduced working volume, such that rather 
than two double stacks of conventional incubators (giv-
ing four working chambers), one can now have three rows 
of smaller incubators, stacked three high, giving a total of 
nine chambers. This approach allows the successful alloca-
tion of one chamber to just one or two patients, thereby 
stabilizing the culture environment.

Incubators with infrared (IR) as opposed to thermocouple 
CO2 sensors are quicker at regulating the internal environ-
ment of the chamber and are less sensitive to environmen-
tal factors and subsequently are better able to maintain a 
constant CO2 level in the incubator. Therefore, incubators 
equipped with IR sensors will provide a more stable environ-
ment for embryo development. With regards to temperature 
changes, incubators with an air jacket are less susceptible 
to large temperature fluctuations than those with a water 
jacket. Again, the use of inner doors will aid in minimizing 
environmental fluctuations within the chamber.

Alternatives to classic tissue culture incubators are 
bench top mini-incubators with constant flow chambers, 
which allow for direct heat transfer between the chamber 
and culture vessel. Such chambers also allow for a direct 
flow of premixed gas, therefore minimizing changes in 
pH. More recently, such chambers have seen the inclusion 
of time-lapse capability, facilitating the constant monitor-
ing of embryos without the need to remove them from 
their culture environment. Consequently, this approach 
has been shown to have inherent advantages for embryo 
development by minimizing handling and variations in 
temperature and pH (10,135).

What is evident is that it is imperative to have sufficient 
numbers of incubator chambers to match the caseload. 
This is especially true when performing extended culture. 
It is important to consider the number of times an incu-
bator will be opened in a day and to keep this to a mini-
mum. It is advisable to have separate incubators for media 
equilibration and for embryo culture, thereby minimizing 
the amount of access to incubators containing embryos. It 
can also be useful to have a mixture of incubator chambers 
for overnight or longer-term cultures, as well as benchtop 

models that recover quickly for manipulations such as 
denuding and ICSI. Consistent high rates of implanta-
tion are achieved if an incubation chamber is used for just 
two to three patients per week. Space can be optimized 
through the use of smaller incubation chambers.

pH and carbon dioxide

When discussing pH, it is worth considering that the pHi 
of the embryo is around 7.2 (136–138), while the pH of the 
media routinely range from 7.25 to 7.4. Specific media com-
ponents, such as lactic and amino acids, directly affect and 
buffer pHi, respectively. Of the two isomers of lactate, D- 
and L-lactate, only the L-lactate form is biologically active. 
However, both the D- and L-lactate forms decrease pHi of 
the embryo (138). Therefore, it is advisable to use only the 
L-isomer of lactate and not a medium containing both the 
D- and L-lactate forms. While high concentrations of lac-
tate in the culture medium can drive pHi down (138), amino 
acids increase the intracellular buffering capacity and help 
maintain the pHi at around 7.2 (64). As the embryo has to 
maintain pHi against a gradient when incubated at pH 7.4, 
it would seem prudent to culture embryos at a lower exter-
nal pH. The pH of a CO2/bicarbonate-buffered medium is 
not easy to quantitate. A pH electrode can be used, but one 
must be quick, and the same technician must take all read-
ings to ensure consistency. A preferred and more accurate 
approach is to take samples of medium and measure the 
pH with a blood-gas analyzer. A final method necessitates 
the presence of phenol red in the culture medium and the 
use of Sorenson’s phosphate buffer standards. This method 
allows visual inspection of a medium’s pH with a tube in 
the incubator and is accurate to 0.2 pH units (20,46).

When using bicarbonate-buffered media, the concen-
tration of CO2 has a direct impact on the medium’s pH 
(46). Although most media work over a wide range of pH 
(7.2–7.4), it is preferable to ensure that pH does not go over 
7.4. Therefore, it is advisable to use a CO2 concentration of 
between 6% and 7% to yield a medium pH of around 7.3. 
The amount of CO2 in the incubation chamber can be cali-
brated with a Fyrite® (Bacharach, New Kensington, PA, 
USA), although such an approach is only accurate to ±1%. 
A more suitable method is to use a handheld IR metering 
system, such as that made by Vaisalla, which can be cali-
brated and are accurate to around 0.2%.

When using a CO2/bicarbonate-buffered medium, it 
is essential to minimize the amount of time the culture 
dish is out of a CO2 environment to prevent increases in 
pH. To facilitate this, modified pediatric isolettes designed 
to maintain temperature, humidity, and CO2 concentra-
tion can be used. However, should it not be feasible to 
use an isolette, then the media used can be buffered with 
either 20–23 mM 4-(2-hydroxyet4hyl)-1-piperazineethane 
sulfonic acid (HEPES) (139) or 3-(N-morpholino)pro-
panesulfonic acid (MOPS) (140) together with 5–2 mM 
bicarbonate (141). Such buffering systems do not require a 
CO2 environment, and can be used for short term incuba-
tion of <10 mins. An oil overlay also reduces the speed of 
CO2 loss and the associated increase in pH.
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Oxygen

The concentration of oxygen in the lumen of the rabbit 
oviduct is reported to be 2%–6% (142,143), whereas the 
oxygen concentration in the oviduct of the hamster and 
rhesus monkey is ∼8% (144). Interestingly, the oxygen 
concentration in the uterus is lower than in the oviduct, 
ranging from 5% in the hamster and rabbit to 1.5% in the 
rhesus monkey (144).

Importantly, it has been demonstrated that optimum 
embryo development of all non-human mammalian 
species occurs at an oxygen concentration below 10% 
(109,145,146). The fact that human embryos can grow 
at atmospheric oxygen concentration (∼20%) and give 
rise to viable pregnancies has led to some confusion 
regarding the optimal concentration for embryo culture. 
Consequently, the validity of having to use a reduced 
oxygen concentration for human embryo culture is con-
tinually challenged. The continued use of 20% oxygen in 
a human IVF culture system is a good example of some-
thing that has been used for over three decades and does 
give results; however, the question remains: does 20% 
oxygen adversely affect the physiology of the developing 
embryo before implantation?

It was initially established in the mouse model that 20% 
oxygen impacts embryo development by as early as the 
first cleavage (Figure 16.5) (147). Interestingly, it was deter-
mined that 20% oxygen is detrimental to embryo develop-
ment at all stages, but with the greatest detrimental effects 
being imparted at the cleavage stages (147). These findings 
have now been evaluated clinically, and it has been deter-
mined that 20% oxygen reduces developmental rates and 
delays completion of the third cell cycle (148), indicating a 
heightened sensitivity to oxidative stress during the cleav-
age stages. Furthermore, it has been established in animal 
models that embryos cultured to the blastocyst stage in the 
presence of 20% oxygen have altered gene expression and 
perturbed proteomes compared to embryos developed in 
vivo (30,149,150). In contrast, culture in 5% oxygen had 
significantly less effect on both embryonic gene expres-
sion and proteome. Similarly, 20% oxygen has been shown 
to adversely affect embryonic metabolism (12). Recent 
data have revealed that not only does 20% oxygen com-
promise the utilization of both carbohydrates and amino 
acids throughout the preimplantation period (94), but that 
atmospheric oxygen also impairs the ability of the embryo 
to regulate against an ammonium stress (95). Therefore, 
not only does oxygen induce its own trauma on the 
embryo, but it also increases the embryo’s susceptibility 
to other stressors present in the culture system or labora-
tory (10). Furthermore, atmospheric oxygen has recently 
been linked to changes to the embryonic epigenome (for 
reviews, see [10,151]).

Clinical data, including a randomized controlled trial, 
support this move to more physiological conditions in show-
ing that lower oxygen concentrations increase both implan-
tation and live birth rates (152–155). However, in spite of the 
animal and clinical data describing the detrimental effects 

of atmospheric oxygen, it has been reported in a recent 
online survey in which 265 clinics from 54 different coun-
tries participated that <25% of IVF human embryo culture 
is performed exclusively under physiological (∼5%) oxygen 
(156). Although this survey represents only a small fraction 
of the world’s IVF clinics, what is notable from an extensive 
literature review of the past 10 years is a clear geographic 
difference with regard to the use of 5% oxygen. The authors 
of this chapter presented a case for the clinical introduction 
of physiological oxygen in human IVF over 25 years ago 
(46). In the intervening two decades, the rationale for the 
discontinuation of atmospheric oxygen has become com-
pelling. Here, we therefore make a further plea for the ces-
sation of embryonic stress through the exposure of human 
embryos to 20% oxygen.

Incubation vessel and the embryo:volume ratio

Culture of embryos in drops of culture medium under an 
oil overlay is the preferred and effective method of cultur-
ing embryos. Within the lumen of the female reproduc-
tive tract the developing embryo is exposed to microliter 
volumes of fluid (157). In contrast, the embryo grown in 
vitro is subject to relatively large volumes of medium of 
up to 1 mL. Consequently, any autocrine factor(s) pro-
duced by the developing embryo will be diluted and may 
therefore become ineffectual. It has been demonstrated 
in the mouse that cleavage rate and blastocyst formation 
increase when embryos are grown in groups (of up to 10) 
or reduced volumes (around 20 µL) (158–160). Of greatest 
significance is the observation that decreasing the incuba-
tion volume significantly increases embryo viability (160) 
due to an increase in ICM development. Similar results 
have been obtained with sheep (78) and cow embryos (161). 
It is therefore apparent that the preimplantation mam-
malian embryo produces a factor(s) capable of stimulat-
ing development of both itself and surrounding embryos. 
Furthermore, embryos of one species can be used to pro-
mote the development and differentiation of another (162).

In order to culture in such reduced volumes (of 
20–50 µL), an oil overlay is required. Although the use of 
an oil overlay is time-consuming, it prevents the evapo-
ration of media, thereby reducing the harmful effects of 
increases in osmolality, and reduces changes in pH caused 
by a loss of CO2 from the medium when culture dishes are 
taken out of the incubator for embryo examination. An 
embryo-tested paraffin oil is highly recommended. Such 
an overlay also serves another purpose in being able to 
trap a number of volatile organic compounds.

The benefits of using drops of medium under oil would 
obviously be negated should the oil be embryotoxic. 
Therefore, care must be taken in selecting and storing oil, 
which if done incorrectly will lead to it becoming toxic. 
Oil should be stored in the dark and in glass. It should not 
be stored for extended periods in the incubator. Oil should 
never be aliquoted into tissue culture flasks as these are 
styrene based and oils are able to leach styrene from such 
containers at high rates over time. Always use a batch of oil 
prescreened with an appropriate mouse embryo bioassay 
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before clinical use. Oil toxicity may not necessarily show 
up by simply culturing mouse embryos to the blastocyst 
stage. Rather, one should also look for signs of necrosis, 
which is most evident at the blastocyst stage, and perform 
cell counts on the blastocysts developed.

Medium storage

Commercially available culture media have several labile 
components and it is therefore important to know how 

to handle and store such solutions. Two of the most labile 
components are amino acids and vitamins. Glutamine is 
the most labile amino acid and produces the highest lev-
els of ammonium of any amino acid. Therefore, it is para-
mount when using culture media containing amino acids 
that they are placed in the incubator for the minimum 
time required for equilibration, and they should certainly 
never be stored in the incubator. Fortunately, glutamine 
can be replaced with alanyl-glutamine, a dipeptide that 
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Figure 16.5 Distribution of cleavage timing for the (a) first, (b) second, and (c) third cleavage divisions of mouse pronucleate 
oocytes cultured in either 5% or 20% oxygen. White bars represent 5% oxygen concentration and black bars represent 20% oxygen 
concentration. As development progresses, one can see a significant cumulative delay in embryo development induced by 20% 
oxygen. Abbreviation: hCG, human chorionic gonadotropin. (From Wale PL, Gardner DK. Reprod Biomed Online 2010; 21: 402–10, with 
permission.)
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is stable at 37°C. Vitamins are light sensitive and there-
fore care should be taken to minimize exposure to light by 
storing the culture media in the dark.

Quality control

Establishing an appropriate quality control system for the 
IVF laboratory is a prerequisite in the establishment of a 
successful laboratory (Chapter 2). The types of bioassays 
conducted for this have been the focus of much discussion 
(8). In reality, there is no perfect model for the human, save 
for the very patients we treat. Consequently, it is impor-
tant to understand the limitations of the assays performed 
and to use data obtained from bioassays in an appropriate 
fashion. Quality control should not be limited to the cul-
ture media used, but should include all contact supplies 
and gases used in an IVF procedure. The bioassay we favor 
is the culture of pronucleate mouse oocytes in protein-free 
media. There has been a lot of conflicting data regarding 
the use of the mouse embryo bioassay, but by adjusting 
conditions, one can not only increase the sensitivity of the 
assay, but also quantitate quality with it.

First of all, the stage at which the embryo is cultured 
has an impact on development. Mouse embryos collected 
at the pronucleate stage do not tend to fare as well in cul-
ture as those collected at the two-cell stage. Second, the 
strain of mice is important. Embryos from hybrid parents 
have a decided advantage in culture and do not represent 
the diverse genetic background one is dealing with in an 
infertility clinic. Therefore, a random-bred strain of mice 
provides greater genetic diversity (163). Third, the embryo 
cultures should be performed in the absence of protein, as 
protein has the ability to mask the effects of any potential 
toxins present. Reports that mouse embryos can develop 
in culture in medium prepared using tap water (164,165) 
should be interpreted carefully after taking into account 
the strain of mouse, types of media used, and supplemen-
tation of medium with protein. Silverman et al. (164) used 
Ham’s F-10. This medium contains amino acids, which 
can chelate any possible toxins present in the tap water 
(e.g., heavy metals). George et al. (165) included high levels 
of bovine serum albumin in their zygote cultures to the 
blastocyst. Albumin can chelate potential embryotoxins 
and thereby mask the effects of any present in the culture 
medium (166,167). Furthermore, all such studies used 
blastocyst development as the sole criterion for assessing 
embryo development. Blastocyst development is a poor 
indicator of embryo quality and does not accurately reflect 
developmental potential (69). Therefore, rates of develop-
ment should be determined by scoring the embryos at 
specific times during culture. Key times to examine the 
embryos include the morning of day 3 to determine the 
extent of compaction, the afternoon of day 4 to determine 
the degree of blastocyst formation, and the morning of day 
5 to assess the initiation of hatching. This latter approach 
can now be readily applied through the utilization of time-
lapse microscopy (168).

Finally, the embryos that form blastocysts in a given 
time, typically on the morning of day 5, should have their 

cell numbers determined, as blastocyst cell number is a 
good indicator of subsequent developmental potential. 
When new components of certain culture media can 
affect the development of the ICM directly, such as essen-
tial amino acids, a differential nuclear stain should be 
performed in order to determine the extent of ICM devel-
opment. By using such an approach, it is possible to iden-
tify potential problems in culture media before they are 
used clinically. In our experience, around 25% of all con-
tact supplies fail such prescreening (8). Although some of 
the contact supplies that fail the bioassay are not outright 
lethal, they do compromise embryo development. If unde-
tected, this would result in reduced clinical pregnancy 
rates. Consequently, this helps to explain periodic changes 
in clinical pregnancy rates and emphasizes the signifi-
cance of an ongoing quality control program. There are an 
increasing number of products on the market that are pre-
screened for embryo toxicity. However, it is worth noting 
that not all testing is the same and that it is worth under-
standing the sensitivity of the assay used before introduc-
tion of an item into the laboratory. However, irrespective 
of the testing, all supplies should be tracked as they enter 
the laboratory to confirm efficacy for human embryos.

On what day should embryo transfer be performed?

For the past three decades, the majority of embryos con-
ceived through IVF have been transferred between days 1 
and 3 at either the pronucleate or cleavage stages. The 
reason for this stems primarily from the inability of past 
culture systems to support the development of viable blas-
tocysts at acceptable rates. However, with the advent of 
sequential culture media (13), it became feasible to per-
form day-5 blastocyst transfers as a matter of routine in 
an IVF clinic (169,170). This now facilitates an answer to 
the question: on which day of embryo development should 
embryos be transferred? Before answering this question, 
the potential advantages and disadvantages of blastocyst 
culture and transfer are considered.

Blastocyst transfer: advantages and disadvantages

The potential advantages of blastocyst culture and transfer 
have been well documented (171–174). Advantages include:

 1. Synchronizing embryonic stage with the female tract. 
This is important as the levels of nutrients within the 
fallopian tube and uterus do differ, and therefore the 
premature transfer of the cleavage-stage embryo to the 
uterus could result in metabolic stress (11). Furthermore, 
the uterine environment during a stimulated cycle can-
not be considered normal. Certainly, it is known from 
animal studies that the hyperstimulated female tract 
is a less-than-optimal environment for the developing 
embryo, resulting in impaired embryo and fetal devel-
opment (2,175,176). Therefore, it would seem prudent to 
shorten the length of time an embryo is exposed to such 
an environment before implantation.

 2. When embryos are selected for transfer at the two- to 
eight-cell stage, the embryonic genome has only just 
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begun to be transcribed (41,177), and therefore it is not 
possible to identify from within a given cohort those 
embryos with the highest developmental potential. 
Only by culturing embryos past the maternal/embry-
onic genome transition and up to the blastocyst does it 
become realistic to identify those embryos with limited 
or no developmental potential. Assessment of pronu-
cleate-stage oocytes in order to select embryos for trans-
fer (178) has reportedly increased implantation rates, 
while others (179) have used a scoring system on day 3 
to increase implantation rates. However, assessment of 
the embryos at either the pronucleate oocyte or cleav-
age stages can at best be considered as an assessment 
of the oocyte. The quality of the oocyte is important, 
as the quality of the developing embryo is ultimately 
dependent on the quality of gametes from which it is 
derived, but it provides limited information regarding 
true embryo developmental potential and eliminates 
the impact of the male gamete on development.

 3. Not all fertilized oocytes are normal, and therefore a 
percentage always exists that is not destined to estab-
lish a pregnancy or go to term. Factors contributing to 
embryonic attrition include an insufficiency of stored 
oocyte-coded gene products and a failure to activate the 
embryonic genome (180). The culmination of this is that 
many abnormal embryos arrest during development in 
vitro. So by culturing embryos to the blastocyst stage, one 
has already selected against those embryos with little if 
any developmental potential. Sandalinas and colleagues 
(181) have confirmed that some chromosomally abnor-
mal human embryos can reach the blastocyst stage in 
vitro. However, even though aneuploid embryos form 
blastocysts at lower rates than their euploid counterparts, 
this means blastocyst culture cannot be used as the sole 
means of identifying chromosomally abnormal embryos.

 4. Uterine contractions have been negatively correlated 
with embryo transfer outcome, possibly by the expul-
sion of embryos from the uterine cavity (182). Uterine 
junctional zone contractions have been quantitated 
and found to be strongest on the day of oocyte retrieval 
(183). All patients exhibited such contractions on days 2 
and 3 after retrieval, but contractility decreased and was 
barely evident on day 4. It is therefore feasible that the 
transfer of blastocysts on day 5 is, by default, associated 
with reduced uterine contractions and therefore there is 
less chance for embryonic expulsion and loss (184).

 5. Cryopreservation of embryos at the blastocyst stage 
appears more successful than at earlier stages (185).

 6. Trophectoderm biopsy and analysis enable the removal 
of more cells compared to cleavage-stage embryos, 
which facilitates the use of newer technologies such 
as next-generation sequencing (186,187). There is also 
some suggestion that trophectoderm biopsy is less inva-
sive than using cleavage-stage embryos for preimplanta-
tion genetic screening (188).

The potential disadvantage of extended embryo culture 
in a program where only blastocyst culture and transfer is 

offered is the possibility that a patient will not have a mor-
ula or blastocyst for transfer. Certainly, there has been an 
increase in the percentage of patients who do not have an 
embryo transfer from 2.9% on day 3 to 6.7% on day 5 in 
one clinic (170), and from 1.3% on day 3 to 2.8% on day 5 
in another (169). Interestingly, in spite of the increase in 
patients not having an embryo transfer, there was a signifi-
cant increase in pregnancy rate per retrieval with blastocyst 
culture, due to a significant increase in implantation rates.

There is significant evidence to show that in many 
laboratories blastocyst transfer can be more successful 
than cleavage-stage transfer. However, this has not been 
universal and is likely due to the interactions of all of the 
components that we have described above from ovarian 
stimulation, culture media and system, oxygen levels, 
training levels, and numbers of embryologists, as well as 
quality control (Figure 16.1).

In a meta-analysis of prospective trials in which equal 
numbers of embryos were transferred, it was concluded 
that, “The best available evidence suggests that the prob-
ability of live birth after fresh IVF is significantly higher 
after blastocyst-stage embryo transfer as compared to 
cleavage-stage embryo transfer when equal number of 
embryos are transferred…” (15). Additionally, in the most 
recent Cochrane report on blastocyst transfer, there was a 
significant difference in live birth rate per couple favoring 
blastocyst transfer (14).

In support of such analyses, from a model previously 
developed to determine which patients should have SET, it 
was determined that pregnancy outcome was more favor-
able with day 5 than day 3 transfer (189). As well as the 
published prospective randomized trials, there are retro-
spective studies that have concluded that day 5 transfer 
exhibits significant benefits for human ART in both non-
selected and specific patient populations (169,170,190).

For patients receiving oocyte donation, blastocyst cul-
ture and transfer is the most effective course of treatment. 
Oocytes from donors generally represent a more viable 
cohort of gametes, as they tend to come from young, fer-
tile women. Embryos derived from oocyte donors tend 
to reach the blastocyst stage at a higher frequency than 
those from IVF patients, and tend to be of higher quality. 
It is possible to attain an implantation rate of >65% when 
transferring blastocysts to recipients whose mean age is 
over 40 (Table 16.3) (191). Such data not only reflect the 
competency of modern embryo culture systems, but also 
emphasize the need to move to SETs, especially when per-
forming day 5 transfers (192).

Toward SET

Several reviews have discussed the development of scor-
ing systems used in clinical IVF and their significance in 
identifying the most viable embryo(s) for transfer (193–
195) (see also Chapter 17). Certainly with newer types of 
embryo culture media, implantation rates are increasing 
whether embryos are transferred at the cleavage stage or 
blastocyst. It is envisaged that for most patients, blastocyst 
culture and transfer will be the most effective means of 
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being able to transfer a single embryo while maintain-
ing high pregnancy rates, as it is evident that blastocyst 
score is highly predictive of implantation potential. A pro-
spective randomized trial of one versus two blastocysts 
transferred in patients with 10 or more follicles has been 
performed. The data in Figure 16.6 indicate that it is pos-
sible to transfer a single blastocyst and obtain an ongoing 
pregnancy rate of 60% (192). Subsequent trials of single-
blastocyst transfer versus cleavage-stage embryo transfer 
have confirmed the higher implantation rate of the later-
stage embryo. It has also been established that fetal loss is 
significantly less following blastocyst transfer (196).

Cumulative pregnancy rates per retrieval: The 
significance of cryopreservation

The introduction of blastocyst culture was met with much 
speculation as not all laboratories were able to cryopreserve 
blastocysts that were not transferred. However, with the 
development of more suitable slow-freezing procedures, it 
is now possible to obtain implantation and ongoing preg-
nancy rates of greater than 30% and 60%, respectively, 
using frozen–thawed blastocysts (185). Furthermore, clin-
ical data following blastocyst vitrification are even more 
encouraging. It has now been demonstrated that the move 
to blastocyst vitrification is associated with a significant 
increase in clinical pregnancy (50% increase) and live birth 
rates (40% increase) compared with those obtained with 
slow freezing (197). Consequently, cumulative pregnancy 
data for cleavage- and blastocyst-stage embryos must be 
re-examined and be based upon cycles where vitrified 
blastocysts were utilized. The latter has been reported to 

result in pregnancy rates and outcomes equivalent to, or 
even greater than, fresh transferred blastocysts (197–199). 
Furthermore, the ability of a given culture system to sup-
port embryo cryosurvival is of utmost significance, with 
media containing hyaluronan conferring great advantage 
in this regard (50,126).

FUTURE DEVELOPMENTS IN EMBRYO CULTURE 
SYSTEMS
A subject already touched upon in this chapter is the tox-
icity of oxygen, plausibly through the induction of reac-
tive oxygen species. As a result of the growing data on the 
pathologies induced by atmospheric oxygen, there has 
been a resurgence of interest in the role of antioxidants in 
facilitating embryo development (200,201). When pres-
ent as a group, specific antioxidants have been shown to 
improve transfer outcome in the mouse model (201). An 
area not discussed in this text has been the role of growth 
factors in regulating embryo development in culture and 
subsequent fetal development. Although such factors are 
abundant in the fluids of the human female reproductive 
tract (202) and have effects on animal embryo viability 
(203), they are conspicuously absent from clinical embryo 
culture media. An exception to this is a study on the effects 
of granulocyte-macrophage colony-stimulating factor 
(GM-CSF) (204). However, it was reported that GM-CSF 
only had a beneficial effect when the levels of human 
serum albumin were reduced in the medium, an observa-
tion also previously reported in the mouse model (205). 
Therefore, further research on the effects of such factors 
at the physiological, genomic, and proteomic levels is 
required in order to lead to a better understanding of their 
roles in human IVF media (206–208).

As discussed previously, there is nothing physiological 
about the physical conditions in which embryos are cul-
tured. Rather than a static drop of medium, the future may 
engage perfusion culture systems, enabling the embryo to 
be exposed to a flux of nutrients and factors (Figure 16.7) 
(43,209,210) (see Chapter 31). This latter approach has 
the advantage of being able to expose embryos to numer-
ous gradients and fresh media throughout development. 
Furthermore, samples of medium can be taken and ana-
lyzed for carbohydrates (211), amino acids (212), and other 
factors related to implantation potential post-transfer 
(213) (see Chapter 17). Research in this area is growing, 
and the application of novel elastomers together with soft 
lithography is starting to produce new generations of chips 
capable of moving sub-microliter volumes accurately for 
both culture and analysis (209,210,214).

CONCLUSIONS
The culture system in the clinical laboratory is one part of 
the overall treatment cycle. Good oocytes, derived from 
appropriate stimulation regimes, are able to give rise to 
good embryos. However, it is not feasible to obtain good 
embryos from poor oocytes. After culture, the embryo 
transfer technique and subsequent luteal support admin-
istered have an impact on cycle outcome.
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Figure 16.6 In vitro fertilization outcomes following the 
transfer of either one or two blastocysts. Blue bars represent 
the transfer of a single blastocyst (group I); yellow bars repre-
sent the transfer of two blastocysts (group II). Implantation and 
pregnancy rates were not statistically different between the 
two groups of patients. There were no twins in group I in con-
trast to 47.4% twins in group II. (From Gardner DK et al.  Fertil 
Steril 2004; 81: 551–5, with permission.)



214 Culture systems for the human embryo

Significant improvements in culture media formula-
tions and embryo culture systems have conclusively pro-
vided better conditions for the human embryo to develop 
in the laboratory. The ability to culture embryos to the 
blastocyst stage has facilitated the introduction of the 
safer practice of SETs for an increasing number of patients, 
including those undergoing oocyte donation or who are 
<38 years of age and in their first cycle, and increasingly in 
conjunction with preimplantation genetic screening.

It is evident that culture conditions affect the ability of 
embryos to survive cryopreservation. As we move closer to 
the day when single-embryo/blastocyst transfer is consid-
ered the standard of care, it becomes more important than 
ever to ensure embryos are given the best chance of being 
cryopreserved for transfer at a later date, thereby increas-
ing the efficiency of each oocyte retrieval procedure.

In this chapter, we have outlined how human embryos 
can be successfully cultured. Ongoing investment in qual-
ity management and quality control ensures that an IVF 
laboratory will run at its highest level of performance and 
that results will remain consistent over time.

Embryo culture

In order to perform oocyte isolation, preparation for ICSI, 
or embryo manipulation outside a CO2 incubator, there 
are two distinct approaches: one can use media that have 
a second buffer system in them, such as MOPS or HEPES 
(both of which will keep the pH of the medium relatively 
constant in air); or one can employ a pediatric isolette-type 
system. The latter maintains both temperature and CO2 
and negates the use of buffer systems other than bicarbon-
ate. Both approaches can be made to work effectively.

Embryo culture should be performed in a reduced O2 
environment (typically 5%, but the optimum value below 

10% is yet to be determined) and 5%–7% CO2 depending 
on the media system chosen and altitude. It is advisable 
to minimize the number of observations made outside the 
incubator during embryo development and to minimize 
the number of cases per incubator. It is also essential that 
all contact supplies, media, oil, and so on are prescreened 
with a suitable test (8).

Pronucleate oocytes to day-3 culture

Embryo manipulation (following fertilization 
assessment)

Once the cumulus is removed, then all manipulations 
should be performed using a glass capillary-style pipette 
or a displacement pipette. Fine control can be attained 
with both approaches. It is important to use a pipette 
with the appropriate-sized tip (days 1–3; around 200 µM). 
Using the appropriate-sized tip minimizes the volumes 
of culture medium moved with each embryo, which typi-
cally should be less than 1 µL. Such volume manipulation 
is a prerequisite for successful culture.

Setting up culture dishes (day 1 to day 3)

At around 4 p.m. on the day of oocyte retrieval, label pre-
tested 60 mm dishes with the patient’s name. Using a single-
wrapped tip, rinse the tip once first, then place 6 × 25 µL 
drops of phase 1 medium onto the plate. Four drops should 
be at the 3, 6, 9, and 12 o’clock positions (for embryo cul-
ture), and the fifth and sixth drops should be in the middle 
of the dish (wash drops). Immediately cover drops with 
9 mL of prescreened paraffin oil. Prepare no more than two 
plates at one time. Using a new tip for each drop, first rinse 
the tip and then add a further 25 µL of medium to each 
original drop. Immediately place the dish in the incubator. 

Medium introduced:

Changing metabolite pool,
introduction of stage specific
factors etc.

Medium expelled:

Analysis of
metabolites/biomarkers

Channel or micro chamber created
in biologically compatible, gas
permeable and transparent
material, such as PDMS

Embryos cultured individually or in
groups in volumes ranging from
nano to microlitres

Embryos imaged within a time-
lapse incubation system

Figure 16.7 Schematic of an embryo perfusion culture system. Culture media are continuously passed over the embryo(s). The 
composition of the culture media can be changed according to the specific requirements of each stage of embryonic development. 
Toxins such as ammonium are not able to build up and impair embryo development, while more labile components of the culture 
system are not denatured. Further, media can be sampled in real time to quantitate embryo physiology. (Modified from Gardner DK. 
Cell Biol Int 1994; 18: 1163–79.)
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Figure 16.8 Human embryos on the morning of day 5 (four days of culture from the pronucleate oocyte stage). Embryos were 
cultured from the pronucleate oocyte until midday on day 3 in medium G1.3. Cleavage-stage embryos were then washed in medium 
G2.3 and culture in G2.3 for a further 48 hours. (a) 0—morula or lesser stage (no blastocoel cavity seen); (b) 1—early blastocyst 
(blastocoel less than half the volume of the embryo); (c) 2—blastocyst (blastocoel greater than or equal to half of the volume of 
the embryo); (d) 3—full blastocyst (blastocoel completely fills the embryo); (e) 4—expanded blastocyst (zona thinning and overall 
increase in size); (f) 5—hatching blastocyst (trophectoderm has started to herniate through the zona); (g) 6—hatched blastocyst 
(blastocyst has completely escaped from the zona).
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Gently remove the lid of the dish and set at an angle on 
the side of the plate. Dishes must gas in the incubator for 
a minimum of four hours (this is the minimal measured 
time for the media to reach correct pH under oil).

For each patient, set up a wash dish at the same time 
as the culture dishes. Place 1 mL of phase 1 medium into 
the center of an organ well dish. Place 2 mL of medium 
into the outer well. Place immediately into the incubator. 
If working outside an isolette, use HEPES/MOPS-buffered 
medium with amino acids. This should not be placed in a 
CO2 incubator, but rather warmed on a heated stage.

Morning of day 1

Culture in phase 1 medium

Following removal of the cumulus cells, embryos are 
transferred to the organ well dish and washed in the center 
well drop of medium in the culture dish. Washing entails 
picking up the embryo two to three times and moving it 
around within the well. Embryos should then be washed 
in the two center drops in the culture dish and up to four 
embryos placed in each drop of the culture medium. Four 
is the maximum number of embryos that can be cultured 
in each drop due to their nutrient requirements. More than 
four embryos may result in a significant depletion of the 
nutrient pool by the embryos. This will result in no more 
than 16 embryos per dish. Return the dish to the incubator 
immediately. It is advisable to culture embryos in at least 
groups of two. Therefore, for example, for a patient with 
six embryos it is best to culture in two groups of three and 
not four and two or five and one. On day 3, embryos can 
be transferred to the uterus in an appropriate hyaluronan-
enriched transfer medium.

Day-3 embryos to the blastocyst

Setting up culture dishes (day 3 to day 5)

On day 3 before 8:30 a.m., label a 60 mm dish with the 
patient’s name. Using a single-wrapped tip, rinse the tip 
once first, then place 6 × 25 µL drops of phase 2 medium 
onto the plate as described for Phase I. Immediately cover 
with 9 mL of oil. Never prepare more than two plates 
at one time. Using a new tip for each drop, rinse the tip 
and then add a further 25 µL of medium to each original 
drop. Immediately place the dish in the incubator. Gently 
remove the lid and set on the side of the plate.

For each patient, set up one wash dish per 10 embryos. 
Place 1 mL of phase 2 medium into the center of an organ 
well dish. Place 2 mL of medium into the outer well. Place 
immediately into the incubator. Dishes must gas in the 
incubator for a minimum of four hours. If working out-
side an isolette, use HEPES/MOPS-buffered medium with 
amino acids. This should not be placed in a CO2 incubator, 
but rather warmed on a heated stage.

For each patient, set up one sorting dish before 8:30 a.m. 
Place 1 mL of phase 2 medium into the center of an organ 
well dish. Place 2 mL of medium into the outer well. Place 
immediately into the incubator. If working outside an iso-
lette, use HEPES/MOPS-buffered medium with amino 

acids. This should not be placed in a CO2 incubator, but 
rather warmed on a heated stage.

Culture in phase 2 medium

Moving embryos from phase 1 to phase 2 media should 
occur between 9 a.m. and midday. Wash embryos in the 
organ well thoroughly. Washing entails picking up the 
embryo two to three times and moving it around within 
the well.

Transfer embryos to the sorting dish and group like 
embryos together. Rinse through the wash drops of 
medium and again place up to four embryos in each drop 
of phase 2 medium. This will result in no more than 16 
embryos per dish. Return the dish to the low-O2 incubator 
immediately. If working outside an isolette, use HEPES/
MOPS-buffered medium with amino acids in the sorting 
dish. This should not be placed in a CO2 incubator, but 
rather warmed on a heated stage.

An alternative strategy for sequential culture is to sup-
plement the phase 1 medium directly with the phase 2 
medium, making this sequential media in situ. The phase 
2 medium can be formulated to give the desired concen-
tration of nutrients upon direct addition to the phase 1 
medium, while concomitantly facilitating the dilution of 
end products of metabolism, such as ammonium.

On the morning of day 5, embryos should be scored 
(Figure 16.8) (215) (see Chapter 17) and the two top scor-
ing embryos selected for transfer. Transfers should be 
performed in a medium enriched with hyaluronan. Any 
blastocysts not transferred can be cryopreserved. Should 
an embryo not have formed a blastocyst by day 5, then it 
should be cultured in a fresh drop of the phase 2 medium 
for 24 hours and assessed on day 6. Embryos at differ-
ent stages of development are shown in Figure 16.8. For 
more details on blastocyst grading, see Chapter 17 and 
References 216, 217.
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17Evaluation of embryo quality
Analysis of morphology and physiology
DENNY SAKKAS and DAVID K. GARDNER

INTRODUCTION
Worldwide, the utilization of assisted reproduction tech-
nologies (ARTs) continues to increase annually. In 2006, 
over 1 million cycles were registered in the international 
report on ART monitoring (1). Subsequently, by 2011, it 
was reported that 1.5 million ART cycles were being per-
formed each year, with an estimated 350,000 babies born 
worldwide (2). Well over half a million treatment cycles 
are initiated annually in the U.S.A., Europe, Australia, and 
New Zealand alone (3–5). This increasing trend of ART 
utilization has been driven by the steady improvement 
in delivery rates, improved access to care in many areas, 
and the relative ineffectiveness of other treatment options. 
The proportion of infants born after ART in Europe now 
ranges from 0.1% to 3.9% of all live-born children (6,7).

Historically, acceptable success rates through in vitro 
fertilization (IVF) were attained, in many cases, only 
through the simultaneous transfer of multiple embryos. 
However, over the past decade, this trend has changed dra-
matically. In the U.S.A., an average of 2.8 embryos were 
transferred in women <38 years of age in 2003 compared 
to 1.9 embryos per patient in 2013 (8). A further trend has 
been a shift to transferring embryos after cryostorage into 
a more receptive uterine environment, which has also led 
to lower numbers of embryos transferred (8).

The risks to both mother and baby related to multiple 
gestations are well documented and include maternal 
hypertension, preterm delivery, low birth weight, and a 
dramatic increase in the relative risk for cerebral palsy 
(reviewed in [9–12]). These complications lead to a higher 
incidence of medical, perinatal, and neonatal complica-
tions and a 10-fold increase in healthcare costs compared 
to a singleton delivery (13). Decreasing the prevalence of 
multiple gestations in IVF can only be achieved by the 
transfer of a single embryo.

In many countries including Norway, Sweden, 
Denmark, Belgium, England, Italy, and Germany, legal 
restrictions have been implemented governing the num-
ber of embryos that can be transferred in a given IVF 
cycle. For example, in most Scandinavian countries and 
Belgium, governments have set a legal limit of single-
embryo transfer (i.e., only one embryo to be transferred 
per cycle) for specific patient groups, while many other 
European countries have restricted the number of trans-
ferred embryos to a maximum of two. In other parts of 
the world, where no legal restrictions exist, the onus is 
on the individual clinic (as well as the patient) to decrease 
the number of embryos transferred so that an acceptable 

balance can be achieved between the risks associated with 
multiple gestations and “acceptable” pregnancy rates. In 
Australia and New Zealand, this was achieved by clini-
cians and patients willingly shifting to single-embryo 
transfer, with the proportion increasing from 69.7% in 
2009 to 79.2% in 2013 (14). A similar achievement was 
obtained in Quebec, Canada (15). Notably, in the U.S.A., 
the Practice Committee of the American Society for 
Reproductive Medicine and the Practice Committee of 
the Society for Assisted Reproductive Technology have 
now stipulated under what circumstances single-embryo 
transfer should take place (16). The current indications are 
that in the future all countries currently lacking legislation 
will be compelled via legal, financial, and/or moral obliga-
tion to restrict the number of embryos transferred in order 
to minimize the risk of multiple gestations.

A major issue in limiting the number of embryos trans-
ferred remains the apparent inability to accurately esti-
mate the reproductive potential of individual embryos 
within a cohort of embryos using the existing selection 
techniques, which largely depend upon morphological 
evaluation. Faced with the scenario that we, the worldwide 
IVF community, will in the future have to select only one 
or at most two embryos for transfer, we will be forced to 
make certain choices. The first may be to rely on milder 
stimulation protocols, hence generating a lower number 
of eggs at collection. Paradoxically, the generation of a 
smaller number of oocytes could lead to a greater percent-
age of viable embryos within a given cohort (17,18) and a 
more receptive endometrium (19–23). The second choice 
(which is not exclusive from the first) is to improve the 
selection process for defining the quality of individual 
embryos so that the ones we choose for transfer are more 
likely to implant, thereby significantly decreasing the time 
to pregnancy. This chapter will discuss several strategies in 
selection criteria that will help us with this second choice.

MORPHOLOGY AS AN ASSESSMENT TOOL
For over 30 years, morphological assessment has been the 
primary means of the embryologist for selecting which 
embryo(s) to replace. From the early years of IVF, it was 
noted that embryos cleaving faster and those of better 
morphological appearance were more likely to lead to a 
pregnancy (24,25). Morphological assessment systems 
have subsequently evolved over the past three decades and, 
in addition to the classical parameters of cell number and 
fragmentation, numerous other characteristics have been 
examined, including: pronucleate oocyte morphology; 
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early cleavage to the two-cell stage; top-quality embryos 
on successive days; and various forms of sequential assess-
ment of embryos (see reviews in [26–28]). Further, the 
ability to culture and assess blastocyst-stage embryos has 
significantly improved embryo selection on the basis of 
morphology (29). Concomitantly, in the past few years, 
we have seen the advent of commercially available video 
imaging technologies that shed new light on how we inter-
pret and use the morphological features of the embryo (see 
Chapter 18 and [30]). Here, we briefly describe some of the 
historical papers that examined key morphogenic events 
and the key times at which they should take place in the 
laboratory.

THE PRONUCLEATE OOCYTE
The many transformations that take place during the fer-
tilization process make this a highly dynamic stage to 
assess. The oocyte contains the majority of the develop-
mental materials and maternal mRNA, for ensuring that 
the embryo reaches the four- to eight-cell stage. In human 
embryos, embryonic genome activation has been shown to 
occur between the four- to eight-cell stages (31). The qual-
ity of the oocyte therefore plays the lead role in determin-
ing embryo development and subsequent viability.

A number of studies postulated that embryo quality can 
be predicted at the pronucleate oocyte stage. Separate stud-
ies by Tesarik and Scott (32,33) concentrated on the predic-
tive value of the nucleoli. Tesarik and Greco (32) proposed 
that the normal and abnormal morphology of the pronuclei 
were related to the developmental fate of human embryos. 
They retrospectively assessed the number and distribution 
of nucleolar precursor bodies (NPBs) in each pronucleus 
of fertilized oocytes that led to embryos that implanted. 
The characteristics of these pronucleate oocytes were then 
compared to those that led to failures in implantation. The 

features that were shared by pronucleate oocytes that had 
100% implantation success were: (i) the number of NPBs in 
both pronuclei never differed by more than three; and (ii) 
the NPBs were always polarized or not polarized in both 
pronuclei, but never polarized in one pronucleus and not 
in the other. Pronucleate oocytes not showing the above 
criteria were more likely to develop into preimplantation 
embryos that had poor morphology and/or experienced 
cleavage arrest. The presence of at least one embryo which 
had shown the above criteria at the pronuclear stage in 
those transferred, led to a pregnancy rate of 22/44 (50%) 
compared to only 2/23 (9%) when none were present.

A further criterion of pronucleate oocytes that may 
affect embryo morphology is the orientation of pronuclei 
relative to the polar bodies. Oocyte polarity is clearly evi-
dent in non-mammalian species. In mammals, the ani-
mal pole of the oocyte may be estimated by the location 
of the first polar body, whereas after fertilization, the sec-
ond polar body marks the embryonic pole (34). In human 
oocytes, a differential distribution of various factors 
within the oocyte has been described and anomalies in the 
distribution of these factors, in particular the side of the 
oocyte believed to contain the animal pole, are thought 
to affect embryo development and possibly fetal growth 
(35,36). Following from this hypothesis, Garello et al. (37) 
examined pronuclear orientation, polar body placement, 
and embryo quality to ascertain if a link existed between 
a plausible polarity of oocytes at the pronuclear stage and 
further development. The most interesting observation 
involved the calculation of angle β (Figure 17.1), which 
represented the angle between a line drawn through the 
axis of the pronuclei and the position of the furthest polar 
body. It was determined that as the angle β increased there 
was a concurrent decrease in the morphological quality 
of preimplantation-stage human embryos. Hence it was 



18–19 hrs post insemination/injection

(i) the number of nucleolar precursor
bodies (NPBs) in both pronuclei never
di�ered by more than three

(ii) the NPBs are always polarized or
nonpolarized in both pronuclei but never
polarized in one pronucleus and not in
the other

(iii) the angle  from the axis of the
pronuclei and the furthest polar body is
less than 50°

Ideal features shared by pronucleate oocytes
that have high viability:

Figure 17.1 Ideal features shared by pronucleate oocytes that have high viability as described by Tesarik and Greco (32), Garello 
et al. (37), and Scott and Smith (39). At 18-19 hours post-insemination/injection: (i) the number of NPBs in both pronuclei never dif-
fered by more than three; (ii) the NPBs are always polarized or not polarized in both pronuclei, but never polarized in one pronucleus 
and not in the other; and (iii) the angle from the axis of the pronuclei and the furthest polar body is less than 50°. Abbreviation: NPB, 
nucleolar precursor body.
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postulated that the misalignment of the polar body might 
be linked to cytoplasmic turbulence, thereby disturbing 
the delicate polarity of the zygote. To this day, the question 
about polarity in the oocyte and its importance in influ-
encing embryo viability is still not well understood (38).

In a further study, Scott and Smith (39) devised an 
embryo score on day 1 on the basis of alignment of pronu-
clei and nucleoli, the appearance of the cytoplasm, nuclear 
membrane breakdown, and cleavage to the two-cell stage. 
Patients who had an overall high embryo score (>15) had 
pregnancy and implantation rates of 34/48 (71%) and 49/175 
(28%), respectively, compared to only 4/49 (8%) and 4/178 
(2%) in the low-embryo score group. The use of pronuclear 
scoring has been reviewed by Scott (40). A report by Wong 
et al. (41) has also shown that success in progression to the 
blastocyst stage can be predicted with >93% sensitivity 
and specificity by measuring three dynamic, noninvasive 
imaging parameters to the four-cell stage. Furthermore, 
the timing of pronuclear events has been confirmed to be 
correlative to implantation potential by video imaging. 
Aguilar et al. (42) showed that the timings at which second 
polar body extrusion (3.3–10.6 hours), pronuclear fading 
(22.2–25.9 hours), and length of S-phase (5.7–13.8 hours) 
occurred were all linked successfully to embryo implan-
tation. The same group also confirmed that the method 
of fertilization—intracytoplasmic sperm injection (ICSI) 
or routine IVF—was also important in determining how 
these parameters should be evaluated (43).

CLEAVAGE STAGE EMBRYOS
Historically, the most widely used criteria for selecting the 
best embryos for transfer have been based on cell number 
and morphology (24). A vast number of variations on this 
theme have been published. Some of the key studies have 
been presented by Gerris et  al. (44) and Van Royen et  al. 
(45), who employed strict embryo criteria to select single 
embryos for transfer. These did not, however, differ greatly 
from a paper published in the 1980s by Cummins et al. (24), 
who also described key cleavage events linked with viability. 
What constitutes a “top-quality” embryo? These “top-qual-
ity” embryos had the following characteristics: four or five 
blastomeres on day 2 and at least seven blastomeres on day 
3 after fertilization, absence of multinucleated blastomeres, 
and <20% of fragments on day 2 and day 3 after fertilization. 
When these criteria were utilized in a prospective random-
ized clinical trial comparing single- and double-embryo 
transfers, it was found that in 26 single-embryo transfers 
where a top-quality embryo was available, an implantation 
rate of 42.3% and an ongoing pregnancy rate of 38.5% were 
obtained. In 27 double-embryo transfers, an implantation 
rate of 48.1% and an ongoing pregnancy rate of 74% were 
obtained. A larger study analyzing the outcomes of 370 
consecutive single top-quality embryo transfers in patients 
younger than 38 years showed that the pregnancy rate after 
single top-quality embryo transfer was 51.9% (46). The same 
group of authors also provided evidence of the importance 
of multinucleation as part of the equation in selecting top-
quality embryos (47).

The majority of studies that have used and reported 
embryo selection criteria on the basis of cell number and 
morphology do so by stating that embryos were selected 
on day 2 or day 3. As discussed by Bavister (48), one of the 
most critical factors in determining selection criteria was 
to ascertain strict time points to compare the embryos. 
Sakkas and colleagues therefore used cleavage to the 2-cell 
stage at 25 hours post-insemination or  microinjection as 
the critical time point for selecting embryos (49–51). In a 
larger series of patients, it was found that 45% of patients 
undergoing IVF or ICSI have early-cleaving 2-cell embryos. 
Patients who have early-cleaving 2-cell embryos allocated 
for transfer on days 2 or 3 have significantly higher implan-
tation and pregnancy rates (51). Furthermore, nearly 50% 
of the patients who have two early-cleaving 2-cell embryos 
transferred achieve a clinical pregnancy (Figure 17.2). The 
most convincing data supporting the usefulness of early-
cleaving 2-cell embryos is that provided by single-embryo 
transfer (52,53). In one study, Salumets et al. (52) showed 
that when transferring single embryos, a significantly 
higher clinical pregnancy rate was observed after trans-
fer of early-cleaving (50%) rather than non early cleaving 
(26.4%) embryos. The embryos that cleave early to the 2-cell 
stage have also been reported to have a significantly higher 
blastocyst formation rate (54,55). Another study by Guerif 
et al. (55) reported the sequential growth of 4042 embryos 
individually cultured from day 1 to days 5–6. Pronuclear 
morphology on day 1 and early cleavage, cell number, 
and fragmentation rate on day 2 were evaluated for each 
zygote. Interestingly, early cleavage and cell number on day 
2 were the most powerful parameters to predict the devel-
opment of a good-morphology blastocyst on day 5. Video 
imaging has aided in refining these timing events and now 
numerous algorithms exist (41,56) that help incorporate 
both cleavage and timing in predicting both blastocyst 
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development and implantation potential (57,58). Although 
some of these selection methodologies have shown prom-
ise (59–61), the jury is still out on how they may improve 
the move to single-embryo transfer. One well-conducted 
randomized trial has indicated that the addition of time-
lapse morphokinetic data may not significantly improve 
clinical reproductive outcomes in all patients and in those 
with blastocyst transfers (62). Interestingly, this study and 
another by Ergin et al. (63) found that the time-lapse sys-
tems may provide extra information about multinucleation 
in embryos that could improve embryo selection.

MORULA STAGE EMBRYOS
One somewhat overlooked stage has been the morula stage. 
Why this has not been used as an assessment tool is inter-
esting, but mostly stems from a need to not over-observe 
embryos and a lack of definitive historical morphological 
assessment during this stage. With the introduction of 
time-lapse analysis, we can now readily visualize and ana-
lyze key morphogenic events around the time at which the 
first epithelium of the conceptus is formed. Studies now 
indicate that a day 4 scoring system could be successfully 
adopted and implemented (64) and provide single-embryo 
transfer rates similar to day 5 single-embryo transfers (65). 
The adoption of such a strategy has, however, not been 
broadly accepted.

BLASTOCYST STAGE EMBRYOS
Blastocyst transfer is increasing in utilization due to: the 
increased efficacy of culture systems (see Chapter 16); the 
commercial availability of sequential, one-step, and time-
lapse culture media; improvements in blastocyst cryo-
preservation made possible through vitrification (66–68); 
the continued reports of increased success rates after blas-
tocyst transfer compared to cleavage stage (69–71); and the 
move to the biopsy of the trophectoderm for preimplanta-
tion genetic screening (30,72–75).

The type of blastocyst obtained is, however, of critical 
importance. As with the scoring of embryos during the 
cleavage stages, time and morphology are key in selecting 
the best blastocyst. The scoring assessment for blastocysts 
devised by Gardner and Schoolcraft (76) is one of the most 
widely adopted. In effect, even the Alpha Scoring System is 
a numerical interpretation of the Gardner scale (77,78). The 
Gardner scoring system is based on the expansion state of 
the blastocyst and on the consistency of the inner cell mass 
(ICM) and trophectoderm cells (Figure 17.3). Examples of 
high-quality blastocysts and an explanation of the alpha-
numeric grading system are shown in Figure 17.4. Using 
such a grading system, it was determined that when two 
high-scoring blastocysts (>3AA; i.e., expanded blastocoel 
with compacted ICM and cohesive trophectoderm epithe-
lium) are transferred, a clinical pregnancy and implanta-
tion rate of >80% and 69%, respectively, can be attained 
(79). When two blastocysts not achieving these scores 
(<3AA) are transferred, the clinical pregnancy and implan-
tation rate are significantly lower: 50% and 33%, respec-
tively (80). Although reduced from the values obtained with 

top-scoring blastocysts, it is evident that early blastocysts 
on day 5 still have high developmental potential.

Recently, a more detailed analysis of whether the ICM 
or trophectoderm provides greater predictive weight for 
embryo selection concluded that the predictive strength 
of the trophectoderm grade was greater compared to the 
ICM for selecting the best blastocyst for embryo replace-
ment (81). It has been suggested that even though ICM is 
important, a competent trophectoderm is essential at this 
stage of embryo development, allowing successful hatch-
ing and implantation. This has subsequently been vali-
dated by a number of studies (82–86) that all highlighted 
the need for high trophectoderm grading in relation to 
pregnancy. Interestingly, one study found that a poor ICM 
grading was also related to higher miscarriage rates (87).

The time of blastocyst formation is also crucial. When 
cases where only day 5 and day 6 frozen blastocysts were 
compared to those frozen on or after day 7 and transferred, 
the pregnancy rates were 7/18 (38.9%) and 1/16 (6.2%), 
respectively (88). In these cases, expanded blastocysts with 
a definable ICM and trophectoderm were frozen. These 
results show that even though blastocysts can be obtained, 
a crucial factor is when they form blastocysts. When taking 
this into account, the best blastocysts would be those that 
develop by day 5. Selecting the fastest blastocysts has histori-
cally caused concerns about creating a bias in sex selection, 
as Menezo et  al. (89) reported that blastocysts transferred 
after development in co-culture gave rise to the birth of 
more male offspring. Milki et  al. (90) also reported that 
combined data from the literature show a male-to-female 
ratio of 57.3%:42.7% in blastocyst transfer compared to 
51.2%:48.8% in day 3 embryo transfer (p = 0.001). Recently, 
the Australian and New Zealand registry was used to show 
that blastocyst culture may skew the male outcome to 54.1% 
(91). Other evidence also now indicates that faster-growing 
blastocysts could be preferentially male (92). Ebner et al. (93) 
presented a correlation between trophectoderm quality and 
not only live birth outcome, but also that male blastocysts 
had a 2.53-times higher chance of exhibiting better troph-
ectoderm quality. Significantly, Meintjes and colleagues (94) 
observed skewing in the sex ratio of babies following embryo 
culture at atmospheric oxygen and blastocyst transfer, with 
significantly more males (58.5%) being born. However, 
when human embryos were cultured in the presence of 5% 
oxygen, the sex ratio at birth was restored to 51.9% males. 
Consequently, any differences in sex ratio during culture 
may be attributed to the presence of one or more stressors in 
the culture system, such as atmospheric oxygen.

Some groups have attempted to correlate blastocyst 
rates not only with gender, but also the overall ploidy sta-
tus of the embryo. This has been a particular goal of time-
lapse systems, but has not been conclusive. In one study, 
Campbell and colleagues reported that the timing of for-
mation of the blastocoel was delayed in aneuploid embryos 
(95). Time to the start of blastulation of <100 hours after 
insemination and the morphokinetic scoring system 
used in the time lapse morphokinetics group were inde-
pendently associated with implantation. The association 
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between cleavage parameters and prediction of aneu-
ploidy, however, remains controversial (96). Recently, one 
study has shed more light on this relationship, indicating 
that aneuploidy correlates with significant differences in 
the duration of the first mitotic phase when compared 
with euploid embryos (97). This, however, was on a small 
set of embryos and needs subsequent validation.

A STRATEGY FOR SELECTING THE BEST EMBRYO 
BY MORPHOLOGY
The above selection criteria have all shown that 
they generate some benefit in identifying individual 
embryos that have high viability. Curiously, one thing 
that video imaging seems to be teaching us is to not 
only investigate the things that go right, but also the 

1

2

3

4

Early blastocyst–blastocoel being less than
half the volume of the embryo

Blastocyst–blastocoel being greater than half
the volume of the embryo

Full blastocyst–blastocoel completely �lls
embryo

Expanded blastocyst–blastocoel volume is now larger than that of early embryo and zona is thinning

A
Tightly packed and

many cells

B
Loosely grouped
and several cells

C
Very few cells

ICM
grading

A
Many cells forming

cohesive epithelium

B
Few cells forming
loose epithelium

C
Very few

large cells

Trophectoderm
grading

Figure 17.3 The blastocyst grading system. Abbreviation: ICM, inner cell mass. (Modified from Gardner DK, Schoolcraft WB. In 
vitro culture of human blastocysts. In: Towards Reproductive Certainty: Infertility and Genetics Beyond. Jansen R, Mortimer D (eds). 
Carnforth, U.K.: Parthenon Press, 1999, p. 378.)
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things that go wrong. Although video imaging has 
aimed to develop selection algorithms looking for posi-
tive selection features related to embryo implantation 
potential, it has also shown us that numerous events 
can be used to deselect embryos from the transfer pool. 
One of the most evident deselection events seems to be 
direct cleavage to the three-cell stage (59).

How do we implement a strategy for selecting a single 
embryo when we have many embryos to choose from? 
A few schools of thought are now being adopted for 
embryo selection. The first is a multiple-step scoring 
system that encompasses all the above criteria. The use 
of sequential scoring systems has been shown to be ben-
eficial by a number of authors (45,54,98). However, one 
analysis by Racowsky et al. (99) reported that multiple 
analysis for day 3 embryos was not beneficial. Here, 
we propose scenarios for sequential embryo assess-
ment. A modification of the options available to per-
form sequential embryo assessment is considered below 
using the following criteria:

18–19 hours post-insemination/ICSI (Figure 17.1):

Identification of pronucleate oocytes

The pronuclei are examined for:

 a. Symmetry
 b. The presence of even numbers of NPBs
 c. The positioning of the polar bodies

25–26 hours post-insemination/ICSI (Figure 17.5):

 a. Embryos that have already cleaved to the two-cell 
stage

 b. Zygotes that have progressed to nuclear membrane 
breakdown

42–44 hours post-insemination/ICSI (Figure 17.5):

 a. Number of blastomeres should be greater than or equal 
to four

 b. Fragmentation of less than 20%
 c. No multinucleated blastomeres

(a) (b) (c)

Figure 17.4 Day 5 human blastocysts using the grading system reported by Gardner and Schoolcraft (76). Blastocysts in (a) and 
(b) would both score 4AA, but the embryo in (c) would only score 4CA due to the apparent absence of an inner cell mass, in spite of 
the development of an excellent trophectoderm. See Figure 17.3 for an explanation of the embryo score.

(a)

(b)

(c)

25–26 h post-insemination/injection –
embryo should be at the 2-cell stage
with equal blastomeres and no
fragmentation

42–44 h post-insemination/injection –
embryo should have 4 or more
blastomeres and less than 20%
fragmentation

66–68 h post-insemination/injection –
embryo should have 8 or more
blastomeres and less than 20%
fragmentation

Figure 17.5 Ideal features of embryos scored at  25–26 
hours, 42–44 hours, and 66–68 hours post-insemination/
intracytoplasmic sperm injection. For more detail on the scor-
ing criteria, see Sakkas et  al. (27), Shoukir et  al. (49), and Van 
Royen et  al. (45). (a) 25–26 hours post-insemination/injec-
tion—embryo should be at the two-cell stage with equal 
blastomeres and no fragmentation. (b) 42–44 hours post-
insemination/injection—embryo should have four or more 
blastomeres and less than 20% fragmentation. (c) 66–68 hours 
post-insemination/injection—embryo should have eight or 
more blastomeres and less than 20% fragmentation.
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66–68 hours post-insemination/ICSI (Figure 17.5):

 a. Number of blastomeres should be greater than or equal 
to eight

 b. Fragmentation of less than 20%
 c. No multinucleated blastomeres

106–108 hours post-insemination/ICSI (Figures 17.3 
and 17.4):

 a. The blastocoel cavity should be full
 b. ICM should be numerous and tightly packed
 c. Trophectoderm cells should be numerous and cohesive

Which of the above criteria would be the most impor-
tant? If sequential embryo assessment is used to select the 
best embryos, we could envisage a fluid selection process 
that would mark embryos as they develop. The above cri-
teria would therefore be seen as ideal hurdles of develop-
ment. At every step an embryo would be given a positive 
mark when it reached the ideal criteria of a certain stage. It 
would, however, be possible that an embryo may not pass 
one step, but would pass the hurdle at a following step. 
The embryo or embryos attaining the best criteria at each 
step would therefore be the ones that would be selected 
for transfer. For example, if we are attempting to transfer 
a single embryo to a patient, the following scenario could 
be envisaged: an embryo may not pass any of the earlier 
hurdles, but still form a high-grade blastocyst on day 5. 
If this were the most successful of the cohort of embryos, 
then this would be the one selected. If, however, six blas-
tocysts were observed on day 5, all of equally high grade, 
then the blastocyst that had achieved the most positive 
scores at each of the previous hurdles could be transferred. 
If the shortened protocol was used and only day 2 was the 
previous score, then the best-looking day 2 embryos would 
be ranked as better. Furthermore, patients who have low 
numbers of embryos and have transfer on days 2 or 3 could 
be assessed using the initial criteria, and the embryo that 
passed the initial hurdles would be selected. Proposed 
schedules of embryo selection are given in Figure 17.6, tak-
ing into account different strategies or assessment criteria. 
It is important to note that to date the strongest criteria of 
selection appear to be the selection of a high-quality blas-
tocyst on day 5 of development (55,79). Since we first devel-
oped and advocated this approach to embryo selection (27) 
and then developed it further to include a weighted score 
for each stage (100), such data have been incorporated into 
many algorithms for use with time-lapse microscopy to 
facilitate both embryo deselection and selection.

So as well as the choice of cleavage versus blastocyst 
transfer, we are now also confronted with the choice of 
assessing multiple stages by either repeated manual or 
time-lapse assessments. Interestingly, many groups have 
looked at minimizing their assessment of embryos and cul-
turing all embryos to the blastocyst stage, where the blasto-
cyst morphology can potentially provide stronger evidence 
of viability (81). This would possibly involve scoring fertil-
ization on day 1, assessment of embryos on day 2, and then 
leaving embryos in culture until days 5 and 6 when they 

are assessed for transfer or cryopreservation at the blasto-
cyst stage. Observing embryos on day 2 may allow some 
patients to be transferred earlier if the clinic chooses. For 
example, the clinic may want to set a limit on how many 
four-cell embryos they need to continue blastocyst culture 
(Table 17.1). Data from Boston IVF indicate that a patient 
of any age with at least three good four-cell embryos on day 
2 has over an 80% chance of having a blastocyst for transfer 
or cryopreservation.

A practical issue for performing such a selection pro-
cess is that embryos need to be cultured in individual 
drops. This may remove any necessary benefits of cultur-
ing embryos in groups (101–103). A further practical issue 
when working without a time-lapse system is that embryos 
will need to be observed more often. However, using a drop 
culture system under oil with adequate heating control of 
all microscope stages will greatly reduce pH and tempera-
ture fluctuations (104). In prolonged culture, pronuclear 
assessment, changeover into new media on day 3, and 
assessment of the blastocyst are already performed. The 
extra assessment periods would be the checking of early-
cleaving two-cell embryos and assessment of embryos on 
day 2. An optional observation could also include that of 
the polar body placement, as described by Garello et  al. 
(37). A further observation would be to determine the 
degree of blastulation on the afternoon of day 4, with this 
reflecting the speed at which a given embryo is develop-
ing. Fortuitously, the move to commercialize real-time 
imaging of embryos has now placed the above sequential 
assessment procedure closer to a practical reality, remov-
ing any concerns related to constant visualization of the 
embryos away from the incubator (41,56,104). The further 
development of this type of imaging system is covered in 
Chapter 18. However, the scoring regimens described in 
detail in this chapter will serve all those clinical laborato-
ries that do not have access to time-lapse analysis.

So it is evident that with improved culture conditions, 
together with suitable grading systems, it is possible to 
dramatically increase implantation rates, decrease the 
number of embryos transferred, and increase the live 
birth rate. However, this approach raises two issues: firstly, 
if the laboratory in question is not performing blastocyst 
transfer, then it cannot rely on advanced grading sys-
tems; and secondly, morphology will only tell us a limited 
amount about the physiological status of the embryo. The 
rest of this chapter is therefore devoted to the application 
of novel tests of embryonic function. It is assumed that 
such tests must be noninvasive for adoption into clinical 
use. Therefore, methods that can be considered as semi-
invasive (i.e., those that involve embryo biopsy prior to 
cell analysis) are not considered here and are discussed in 
other chapters within this book.

BEYOND EMBRYO MORPHOLOGY: THE NONINVASIVE 
QUANTIFICATION OF EMBRYO PHYSIOLOGY
The inherent ease for the laboratory to assess various 
morphological markers makes it the preferred assess-
ment technique to transfer embryos. However, its overall 
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effectiveness has been questioned, and there are numer-
ous reports of irregular morphological and morphoki-
netic parameters at early stages of in  vitro development 
leading to live births (105). The fact remains that even 
with the adoption of more complex forms of assessment, 
morphology will remain a very practical means of embryo 
assessment. A number of quantitative techniques have 
been trialed that attempt to monitor the uptake of specific 
nutrients by the embryo from the surrounding medium, 
and to detect the secretion of specific metabolites and fac-
tors into the medium (Figure 17.7). Such approaches have 
strived to measure such changes in culture media and to 
fulfill three key criteria below so that they can be appli-
cable in IVF clinics:

 1. They must have the ability to measure the change with-
out damaging the embryo.

 2. They must have the ability to measure the change 
quickly (this requirement may, however, be lower, as 
the success of vitrification and possible move away from 
fresh transfers [106] may circumvent the need for a 
rapid test).

 3. They must have the ability to measure the change con-
sistently and accurately.

The analysis of metabolite levels within spent embryo 
culture media fulfills the above criteria, and has been one 
method examined to augment the analysis of embryo mor-
phology as a means of embryo selection. Three approaches 
have been evaluated: analysis of carbohydrate utiliza-
tion; the turnover of amino acids; and the analysis of the 
embryonic metabolome. The first two approaches could 
be considered analyses of the activity of specific metabolic 
pathways, whereas analysis of the metabolome should be 
considered as the systematic analysis of the inventory of 

metabolites that represent the functional phenotype at the 
cellular level. Depending upon the technology employed 
to analyze the metabolome, one does not necessarily 
obtain identification of specific metabolites, but rather one 
is able to create an algorithm that relates to cell function 
and hence to potential viability.

Analysis of carbohydrate utilization

A relationship between metabolic activity and embryo 
development and viability has been established over sev-
eral decades (107). As early as 1970, Menke and McLaren 
revealed that mouse blastocysts, developed in basic culture 
conditions, lost their ability to oxidize glucose (108). This 
initial observation was followed by several studies that 
elucidated changes in embryo metabolism associated with 
loss of developmental capacity in vitro (reviewed in [109]). 
In 1980, Renard et  al. (110) observed that day 10 cattle 
blastocysts that had an elevated glucose uptake developed 
better, both in culture and in vivo after transfer than those 
blastocysts with a low glucose uptake. In 1987, using the 
then relatively new technique of noninvasive microfluores-
cence, Gardner and Leese (111) measured glucose uptake 
by individual day 4 mouse blastocysts prior to transfer to 
recipient females. Those embryos that went to term had a 
significantly higher glucose uptake in culture than those 
embryos that failed to develop after transfer. This work was 
then built on by Lane and Gardner (112), who showed that 
the glycolytic rate of mouse blastocysts could be used to 
select embryos for transfer prospectively. Morphologically 
identical mouse blastocysts with equivalent diameters 
were identified using metabolic criteria as “viable” prior to 
transfer and had a fetal development of 80%. In contrast, 
those embryos that exhibited an abnormal metabolic pro-
file (compared to in vivo-developed controls) developed at 

Table 17.1 The probability of obtaining at least 1–6 blastocysts for transfer or cryopreservation in relation to having three, 
four, five, or six good four-cell embryos on day 2.

 Age 
(years)

Number of 
four-cell embryos 

on day 2

At least

One 
blastocyst

Two 
blastocysts

Three 
blastocysts

Four 
blastocysts

Five 
blastocysts

Six 
blastocysts

<35 6 99.8% 97.8% 88.6% 65.4% 32.6% 7.8%
5 99.4% 94.7% 77.0% 43.5% 11.9%
4 98.6% 87.7% 57.0% 18.3%
3 95.8% 72.3% 27.9%

35–37 6 99.6% 95.8% 81.8% 54.0% 23.0% 4.6%
5 98.9% 91.1% 67.9% 33.3% 7.6%
4 97.4% 81.9% 47.2% 12.8%
3 93.5% 64.5% 21.4%

38–40 6 99.3% 94.8% 79.1% 50.2% 20.3% 3.8%
5 98.7% 89.7% 64.8% 30.4% 6.6%
4 96.9% 79.7% 44.1% 11.3%
3 92.6% 61.9% 19.5%

The data are from an analysis of over 15,000 fertilized embryos left for culture to the blastocyst stage. The darker shade shows when the chance is 
>80% and lighter shade shows when the chance is between 70% and 80%.
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a rate of only 6%. Clearly, such data provide dramatic evi-
dence that metabolic function is linked to embryo viabil-
ity (Figures 17.8 and 17.9), and that perturbations in the 
relative activity of metabolic pathways is associated with 
loss of cell function, leading to compromised development 
post-transfer (113).

Analysis of the relationship between human embryo 
nutrition and subsequent development in vitro (114,115) 
has been undertaken. Gardner et al. (114), determined that 
glucose consumption on day 4 by human embryos was 
twice as high in those embryos that went on to form blasto-
cysts. Subsequently, Gardner and colleagues (116) went on 
to confirm a positive relationship between glucose uptake 
and human embryo viability on day 4 and day 5 of devel-
opment (Figure 17.10). Furthermore, the data generated 
indicate that nutrient utilization differs between male and 
female embryos, a phenomenon previously documented 
in other mammalian species (117,118). Currently, perform-
ing an accurate analysis of nutrient uptake by individual 
embryos is achieved using non-commercial fluorescence 
assays, which are limited to just a few laboratories world-
wide. The widespread implementation and subsequent vali-
dation of this approach should be made possible through 

the development of chip-based devices capable of accurately 
quantitating sub-microliter volumes of medium (119–121).

Analysis of amino acid utilization

In studies on amino acid turnover by human embryos, 
Houghton et al. (115) determined that alanine release into 
the surrounding medium on day 2 and day 3 was highest in 
those embryos that did not form blastocysts. Subsequently, 
Brison et  al. (122) reported changes in concentration of 
amino acids in the spent medium of human zygotes cul-
tured for 24 hours in an embryo culture medium contain-
ing a mixture of amino acids using high-performance liquid 
chromatography. It was found that asparagine, glycine, and 
leucine utilized in the 24 hours following fertilization were 
significantly associated with clinical pregnancy and live 
birth following day 2 embryo transfer. Further analysis 
also revealed an association of aneuploidy and embryonic 
sex with amino acid turnover (123). Ongoing studies in this 
area have been slow, but could still help to identify the group 
of amino acids at each stage of development whose usage 
is linked with subsequent viability. Recent animal studies 
have revealed how dynamic the use of amino acids is and 
how uptake can be affected by other aspects of the culture 
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system, such as oxygen and the accumulation of ammo-
nium through the spontaneous breakdown and metabolism 
of amino acids (124,125). Consequently, data on the use of 
nutrients need to be carefully interpreted with regard to the 
conditions under which the embryos were developed.

Metabolomics

Evolving metabolomics technologies may allow us in the 
future to measure multiple factors in embryo culture 

media. Initial and encouraging metabolic studies indi-
cated that embryos that result in pregnancy are different 
in their metabolomic profile compared to embryos that do 
not lead to pregnancies (126). Investigation of the metab-
olome of embryos, as detected in the culture media they 
grow in using targeted spectroscopic analysis and bioin-
formatics, revealed differences in some initial proof-of-
principle studies (126).

Although a series of preliminary studies (127–131) showed 
a benefit of metabolomics-related techniques, they were 
largely based on retrospective studies and performed in 
a single research laboratory as distinct from a real clinical 
setting. The subsequent randomized clinical trials failed to 
show compelling benefits when comparing standard mor-
phological techniques for embryo selection versus using the 
near-infrared (NIR) system to rank embryos within a cohort 
that had good morphology and were being selected for either 
transfer or cryopreservation (92,96–98). Similarly, although 
Katz-Jaffe et al. (132,133) revealed that the proteome of indi-
vidual human blastocysts of the same grade differed between 
embryos, and also identified a number of secreted protein 
markers that could be used to identify the best embryo 
(133–135), a relationship between such biomarkers and sub-
sequent viability has yet to be validated prospectively.

Although the use of metabolomic and proteomic plat-
forms has yet to be proven and employed clinically, analysis 
of embryo function for its own sake can greatly enhance our 
understanding of development, and hence such approaches 
could ultimately assist in defining parameters that can be 
used in embryo selection. To this end, an analysis of the 
relationship between the morphokinetic development of 
embryos and their metabolic activity has been undertaken.

When morphometrics and metabolic analysis collide

By using a mouse model to analyze the relationship between 
key morphometric and metabolic data from individual 
IVF-derived embryos, Lee and colleagues determined 
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from Lane M, Gardner DK. Hum Reprod 1996; 11(9): 1975–8.)
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that blastocysts developing from those embryos exhibit-
ing early cleavage (and hence presumed to have a higher 
viability) possessed a metabolic profile of increased glucose 
uptake and reduced rates of glycolysis (and hence exhibit-
ing metabolic characteristics of enhanced viability) (136). 
Furthermore, it was observed that blastocysts developed 
from embryos with early cleavage also consumed more 
aspartate, potentially reflecting a more active malate–
aspartate shuttle, which has been implicated in the regu-
lation of blastocyst metabolism and viability (137,138). 
Together, such data generate renewed excitement regard-
ing the potential for noninvasive quantification of embryo 
physiology to assist in the selection of the most viable 
embryo for transfer, and the potential for combining two 
independent means of assessing the preimplantation 
embryo in order to improve the accuracy of selection.

Other specific factors

Other techniques have also been reported to measure met-
abolic parameters in culture media; however, they have 
yet to be tested in a clinical IVF setting. These include the 
self-referencing electrophysiological technique, which is a 
noninvasive measurement of the physiology of individual 
cells and monitors the movement of ions and molecules 
between the cell and the surrounding media (139,140). 
Another technique using a probe was initially developed 
by Unisense to noninvasively measure the oxygen con-
sumption of developing embryos. Interestingly, although 

this technology was shown to correlate with bovine blas-
tocyst development, it was less successful at predicting 
mouse embryo development (141,142).

A number of studies have also investigated the assess-
ment of secreted factors in the embryo culture media 
(Figure 17.7) and correlated them with better embryo 
development and pregnancy rates. One such factor is 
soluble HLA-G (143,144), which is believed to protect 
the developing embryo from destruction by the mater-
nal immune response. Soluble HLA-G has been found 
in media surrounding the early embryo and a number 
of papers have also reported that its presence correlates 
with the improved pregnancy potential of an embryo 
(145–147). However, some studies have raised some seri-
ous concerns regarding the use of HLA-G production as 
a marker of further developmental potential (148–150), 
and prospective clinical trials are needed to further evalu-
ate this parameter. Included in the studies examining the 
secretion of factors in the media by embryos are numerous 
papers examining the secretion of platelet-activating fac-
tor (PAF). The clinical utility of PAF in an IVF setting has 
also yet to be stringently examined (see review in [151]). 
Other factors are currently under investigation, includ-
ing one called the preimplantation factor, which has been 
reported to provide some indication of embryo viability 
when measured and to possibly improve embryo quality 
when placed in embryo culture media (152). Numerous 
other candidates have also been postulated and tested, 
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Figure 17.10 Relationship between glucose consumption on day 4 of development and human embryo viability and embryo 
sex. (a) Glucose uptake on day 4 of embryonic development and pregnancy outcome (positive fetal heart beat). Notches represent 
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including human chorionic gonadotropin (153,154) and 
interleukin–6 (155).

It is beyond question that markers do exist in the spent 
embryo culture media that are indicative of viability. The 
major benefits of a noninvasive type of technology is the 
fact that the technology can be used on spent media and 
the time taken to assess the samples is very short, mak-
ing it possible to perform the analysis just prior to embryo 
transfer. Many research groups around the world are 
still attempting to make this a reality for the IVF clinic. 
Advances in microscopy may further increase our under-
standing regarding metabolic function through technolo-
gies such as hyperspectral analysis (156).

SUMMARY
Analysis of embryo morphology and the development of 
suitable grading systems have greatly assisted in the selec-
tion of human embryos for transfer. However, it is pro-
posed that in the near future embryo selection will also be 
significantly aided by the noninvasive analysis of embryo 
physiology and function by using approaches that better 
quantify embryo metabolism. The addition of such tech-
nologies will be of immense value in helping both clini-
cians and embryologists to select more confidently the 
most viable embryos within a cohort, facilitating the move 
to single-embryo transfer.
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Time-lapse imaging to assess embryo 
morphokinesis
NATALIA BASILE, ANDREA RODRIGO CARBAJOSA, and MARCOS MESEGUER

INTRODUCTION
In vitro fertilization (IVF) programs are coming closer 
every day to the goal of reducing multiple pregnancies 
while maintaining good clinical results. The transfer of 
a single embryo is progressively becoming a reality, and 
this is the result of major improvements in different areas. 
From a clinical point of view, two major achievements are 
worth mentioning: first, physicians have learned to handle 
the stimulation drugs that are more pure, more power-
ful, and more comfortable for the patient; and second, 
an increased knowledge of the pathophysiology of ovar-
ian hyperstimulation syndrome has made the frequency 
of this syndrome almost anecdotal. On the other hand, 
concerns about the “epidemic” of multiple gestations have 
raised awareness of the risks not only to the mother (gesta-
tional diabetes, hypertension, and anemia), but also to the 
babies—extreme prematurity, low birth weight, children 
with neurological damage, and so on—not to mention the 
psychological burden and suffering of the parents and the 
tremendous health costs that it entails. From the labora-
tory point of view, several achievements are worth men-
tioning as well: studies on embryo metabolism have led 
to the formulation of suitable culture media. In the early 
1990s, the introduction of intracytoplasmic sperm injec-
tion (ICSI) revolutionized the treatment of male infertil-
ity and genetic screening became the gold standard for the 
selection of aneuploid embryos. Vitrification came along, 
and preservation of fertility was no longer a utopia for 
modern women; the wave of the “omics” initiated an era 
of noninvasiveness for studying human embryos in the 
laboratory, and most recently, the introduction of imaging 
systems allowed us to assess embryos in a different way: 
through their morphokinetics.

TIME-LAPSE TECHNOLOGY
Traditional embryo assessment is based on time-point 
evaluations. Through this approach, embryo categories 
are normally based on the number of blastomeres and 
nuclei, the percentage of fragments, cell symmetry, and 
the quality of the inner cell mass (ICM) and trophec-
toderm (TE). Even though great knowledge has been 
achieved through this approach, it has been demon-
strated that embryo status can markedly change within 
a few hours (1–4). In addition, inter- and intra-observer 
variability are commonly described problems (5), 

probably due to the subjective nature surrounding tra-
ditional morphological assessment (3,6–10). In theory, 
increasing the number of observations could provide 
better information on the development of the embryo 
and therefore improve its assessment (3,11,12). However, 
increased handling and higher evaluation frequencies 
will expose the embryo to undesirable changes in tem-
perature, humidity, and gas composition (11–13).

Time-lapse systems (TMS) represent a solution to this 
problem. In 1997, Payne et  al. (14) developed time-lapse 
cinematography to manage intermittent observation of 
the process of oocyte fertilization. Later on, the observa-
tion period was augmented while maintaining optimal 
culture conditions (2) and nowadays TMS allow the com-
plete observation of the entire process of embryo develop-
ment in the IVF laboratory. The two main advantages of 
these systems are: (1) improved and stable culture condi-
tions; and (2) the determination of objective and accurate 
markers, both quantitative and qualitative (3). In addition, 
we should mention that there is: reduced handling and 
human risk; minimization of culture media, gas, and oil; 
detection of abnormal events that would normally occur 
between observations; reduced inter- and intra-observer 
variability; and reduced numbers of hours needed by the 
embryologist in the laboratory (15).

Morphokinetics, defined as the combination of the 
embryo appearance (morphology) and the timing in 
which cellular events occur, has been introduced as a 
new concept to improve embryo selection. The use of this 
strategy could allow single-embryo transfers (SETs) with-
out jeopardizing the overall IVF success (16), becoming 
very attractive especially in European countries in which 
legislation is stricter about the number of embryos trans-
ferred (15).

Models on the market

There are different options of TMS available on the mar-
ket. Some of them present all the items integrated into one 
single piece of equipment (e.g., EmbryoScope® [Vitrolife], 
Geri® [Genea Biomedx], and Miri® TL [Esco Medical]). 
Others offer the option of introducing a microscope inside 
an available incubator (e.g., Primo Vision® [Vitrolife] and 
The Eeva™ Test [Merck-Serono]). Tables 18.1 and 18.2 
describe the clinical and technical features of all the TMS 
available on the market.
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Kinetic parameters (individual plus calculated)

As described in the proposed guidelines on the nomencla-
ture and annotation of dynamic human embryo monitor-
ing by a time-lapse user group, we can define the following 
morphokinetic “individual” variables (17):

Additionally, we can define “calculated” variables that 
represent a certain cell stage or cycle duration (Figure 18.1):

Table 18.1 Technical features compared between the time-lapse systems available on the market

Technical feature EmbryoScope® Primovision™ Eeva™ test Geri® Miri® TL

Microscopy Phase contrast Phase contrast Dark field Phase contrast Phase contrast
Image capture frequency Every 10 minutes Every 10 minutes Every 5 minutes Every 5 minutes Every 5 minutes
Focusing levels 7 Several 1 Several Several
Patients per system 6 1 1 6 6
Embryos per dish 12 16 12 16 14
Integrated incubator Yes No No Yes Yes
Data analysis Manual Manual Real time Manual Manual

t0 Time of IVF or mid-time of microinjection (ICSI/
intracytoplasmic morphologically selected sperm 
injection)

tPB2 The second polar body completely detached from 
the oolemma

tPN Fertilization is confirmed
tPNa Appearance of individual pronuclei; tPN1a, tPN2a; 

tPN3a, etc.
tPNf Time of pronuclei disappearance; tPN1f; tPN2f, etc.
tZ Time of PN scoring
t2 to t9 Time to two to nine discrete cells
tSC First evidence of compaction
tMf/p End of compaction

“f” corresponds to full compaction;
“p” corresponds to partial compaction

tSB Initiation of blastulation
tByz Full blastocyst

“y” corresponds to morphology of ICM
“z” corresponds to morphology of TE cells

tEyz Initiation of expansion; first frame of zona thinning
tHNyz Herniation; end of expansion phase and initiation 

of hatching
tHDyz Fully hatched blastocyst

Table 18.2 Clinical features compared between the time-lapse systems available on the market

Clinical feature EmbryoScope® Primovision™ Eeva™ test Geri® Miri® TL

Automatic assessment No No Yes No No
Worker dependent Yes Yes No Yes Yes
Time consuming Yes Yes No/automatic Yes Yes
Selection algorithm Set by the user Set by the user Preset Set by the user Set by the user
Blastocyst formation 

prediction by day 3
No No Yes No No

Implantation prediction 
by day 3

Yes Yes Yes No No

Prospective validated Yes No Yes No No

VP tPNf – tPNa Pronucleous (PN) 
duration

ECC1 t2 – tPB2 Duration of first cell 
cycle

ECC2 t4 – t2 Duration of second cell 
cycle

Duration of single 
blastomere cycle:

cc2a = t3 – t2; cc2b = 
t4 – t2

ECC3 t8–t4 Duration of third cell 
cycle

Duration of single 
blastomere cell cycle:

cc3a = t5 – t4; cc3b = 
t6 – t4; cc3c = t7 – t4;

 cc3d = t8 – t4
s2 t4 – t3 Synchronization of cell 

divisions
s3 t8 – t5 Synchronization of 

cleavage pattern
dcom Duration of compaction

tMf – tSC (full 
compaction); tMp – tSC 
(partial compaction)

(Continued )
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BLASTOCYST DEVELOPMENT STUDIES
Kinetic markers have been associated with good-qual-
ity embryos and the prediction of blastocyst formation 
(Table 18.3).

In 2010, Wong et al. analyzed kinetic parameters of 100 
embryos that were cultured up to days 5 or 6 of develop-
ment (18). Three parameters were founded to be predictors 
of blastocyst formation: P1—duration of the first cytoki-
nesis (14.3 ± 6.0 minutes); P2—interval between the end 
of the first mitosis and the initiation of the second mito-
sis (11.1 ± 2.2 hours); and P3—the synchrony between the 
second and third mitosis (1.0 ± 1.6 hours). The authors 
concluded that embryo development to the blastocyst stage 
could be predicted with 94% sensitivity and 93% specific-
ity after using those parameters. Embryos with one or 
more values outside these ranges were expected to arrest. 
The time of completion of the second and third mitosis 
was also analyzed by Hashimoto et al., who observed that 
high-scoring blastocysts took significantly shorter times 
for these divisions (19).

Hlinka et  al. (20) analyzed 180 embryos that resulted 
in 28 pregnancies. After calculating the average duration 
of the interphases and cleavages of a subset of implant-
ing embryos, the authors established a uniform time-pat-
terning of cleavage clusters (c) and interphases (i); more 

specifically: i2 = 11 ± 1, i3 = 15 ± 1, i4 = 23 ± 1 hours; 
c2 = 15 ± 5, c3 = 40 ± 10, c4 = 55 ± 15 hours. Embryos 
falling within these values showed a higher rate of blas-
tocyst development than those falling outside this range 
(88.2% vs. 13.3%). In addition, higher morphological 
abnormality rates were observed in embryos falling out-
side the optimal ranges.

In a retrospective cohort study, Cruz et al. (21) moni-
tored 834 embryos. Mean timings for the variables t2, 
t3, t4, t5, tM, cc2, and s2 were calculated for embryos 
that developed to blastocyst and for those that did not. 
Quartiles were defined for each parameter in association 
with the proportions of good- and poor-morphology blas-
tocysts. Finally, optimal ranges were proposed as follows: 
t2, 24.3–27.9 hours; t3, 35.4–40.3 hours; t5, 48.8–56.6 
hours; s2, <0.76 hours; cc2, <11.9 hours. The following de-
selection criteria were also recorded: uneven blastomere 
size at the two-cell stage and abrupt division from zygote 
to a three-blastomere embryo. In general, it was observed 
that embryos performing earlier cleavages had signifi-
cantly higher developmental potential to day 5. Therefore, 
the capability of reaching the blastocyst stage seemed to be 
related to early embryo division kinetics.

In 2013, Chamayou et  al. (22) reported time intervals 
of morphokinetic parameters identified as predictors of 
embryo competence. In this retrospective study, embryos 
were divided into three groups: implanted (n = 72), non-
implanted (n = 106), and arrested (n = 66). Each kinetic 
parameter for every single embryo was compared and 
significant differences were found. The authors concluded 
that day-3 embryos develop into viable blastocysts when 
their kinetic parameters met the following ranges: t1 
(18.4–30.9 hpi [hours post insemination]), t2 (21.4–34.8 
hpi), t4 (33.1–57.2 hpi), t7 (46.1–82.5 hpi), t8 (46.4–97.8 
hpi), tC – tF (7.7–22.9 hpi), and s3 (0.7–30.8 hpi).

A couple of prospective studies were performed in 2013. 
Kirkegaard et al. (23) analyzed 571 embryos from good-
prognosis patients and reported three markers linked to 
high-quality blastocysts: duration of the first cytokinesis; 
duration of the three-cell stage; and direct cleavage to the 

cc2b = t4–t2

cc3c = t7–t4

cc3d = t8–t4

cc3a = t5–t4
ICSI 2PB PNA PNF t2 t3 t4 t5 t6 t7 t8

cc3b = t6–t4

cc2a = t3–t2

Figure 18.1 Graphical representation of kinetic variables up to the eight-cell stage. Abbreviations: ICSI, intracytoplasmic sperm 
injection; 2PB, 2 polar bodies; PNa, pronucleaous appereance; PNF, pronuecleous fading.

dB tB – tSB Duration of blastulation
dexp tHN – tE Duration of blastocyst 

expansion
dcol tBCend(n) 

– tBCi(n)
Duration of blastocyst 

collapse
“n” is number of 

episodes of collapse 
and re-expansion

dre – exp tre 
– exp end(n) 
– tre – expi(n) 

Duration of re-expansion

dHN tHN – tHD Duration of herniation
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three-cell, all of which had comparable predictive values 
but no connection to implantation results. Conaghan et al. 
(24) conducted a two-phase multicenter study to develop 
and validate an algorithm to predict blastocyst formation. 
A total of 1727 embryos were monitored by automatic cell 
tracking software. The time between cytokinesis 1 and 2 
(P2) and the time between cytokinesis 2 and 3 (P3) turned 
out to be the strongest parameters in the prediction model. 
The results indicated a higher probability of usable blas-
tocyst formation when both P2 and P3 were within spe-
cific cell division timing ranges (P2, 9.33–11.45 hours; P3, 
0–1.73 hours) and a lower probability when either P2 or P3 
were outside the specific cell timing ranges. Through this 
model, the authors observed that usable blastocysts could 
be predicted with a specificity of 84.2% (95% CI = 78.7%–
88.5%), a sensitivity of 58.8% (95% CI = 47.0%–69.7%), a 
positive predictive value (PPV) of 54.1% (95% CI = 42.8%–
64.9%), and a negative predictive value (NPV) of 86.6% 

(95% CI = 81.3%–90.6%). By comparison, the same pre-
diction based on morphology alone was achieved with a 
specificity of 52.1% (95% CI = 39.7%–64.6%), a sensitivity 
of 81.8% (95% CI = 70.6%–92.9%), a PPV of 34.5% (95% 
CI = 31.5%–37.5%), and a NPV of 90.9% (95% CI = 87.3%–
94.5%). The authors concluded that the use of this algo-
rithm significantly improved the specificity (84.2% vs. 
52.1%; p < 0.0001) and PPV (54.1% vs. 34.5%; p < 0.01) 
of usable blastocyst predictions, enabling embryologists 
to better discriminate which embryos would be unlikely 
to develop to blastocyst. Therefore, they recommend 
the adjunctive use of this algorithm to improve embryo 
selection.

The Conaghan model was tested retrospectively by a dif-
ferent group using a set of 1519 transferred embryos with 
known clinical outcome (25). According to the algorithm, 
embryos were classified as usable or non-usable. The dif-
ference in implantation rate between the usable group and 

Table 18.3 Studies associating blastocyst formation with kinetic markers

Author Study design Embryos (n) Embryo origin Time-lapse system
Predictive marker 

identified

Wong et al. (18) Retrospective study 100 Supernumerary 
frozen2PN

Modified Olympus 
IX-70/71; 
CKX-40/41

First cytokinesis, 
P2 and P3

Hashimoto et al. 
(19)

Experimental study 80 Donated human 
embryos for research

Biostation CT Durations of 
second (t4 – t3) 
and third mitotic 
divisions (t8 – t5)

Hlinka et al. (20) Retrospective study 180 Clinical IVF routine Primovision c2, c3, and c4; i2, 
i3, and i4

Cruz et al. (21) Retrospective cohort 
study

834 Oocyte donation 
cycles

EmbryoScope t4, s2, DC3 cells, 
and tM; UN2 cells

Chamayou et al. 
(22)

Retrospective study 224 Fresh oocyte ICSI 
treatments

EmbryoScope t1, t2, t4, t7, t8, 
tC–tF, and s3

Kirkegaard et al. 
(23)

Prospective cohort 
study

571 Fresh oocyte ICSI 
treatments

EmbryoScope First cytokinesis, 
t3, and DC3 cells

Conaghan et al. 
(24)

Prospective 
multicenter cohort 
study

233 Fresh oocyte ICSI 
treatments

Eeva P2 and P3

Kirkegaard et al. 
(25)

Retrospective 
multicenter study

1519 Fresh oocyte ICSI 
treatments

EmbryoScope P2 and P3

Cetinkaya et al. 
(26)

Retrospective 
observational cohort 
study

3354 Clinical IVF routine EmbryoScope CS2

Yang et al. (27) Prospective 
observational study

345 Metaphase I donated 
for research

Primovision Cleavage patterns

Milewski et al. (28) Retrospective 
observational study

432 Fresh oocyte ICSI 
treatments

EmbryoScope t2, t5, cc2, and SC

Storr et al. (29) Prospective cohort 
study

380 Fresh oocyte ICSI 
treatments

EmbryoScope s3, t8, and tEB

Motato et al. (30) Retrospective study 7483 Clinical IVF routine EmbryoScope tM; t8 – t5

 Abbreviations: ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
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the whole cohort was 30%, indicating that implantation 
rates could increase using this model. In addition, the per-
centage of non-usable embryos that resulted in implanta-
tion was 50.6%, raising concerns regarding the discarding 
of viable embryos. Even though the Conaghan model was 
developed for blastocyst formation and the end point of 
this study was clinical outcome, the authors expressed that 
implanted embryos should derive from the usable embryo 
group and not from the non-usable group (or at least not in 
such high proportions). The possible explanation for these 
findings, according to the authors, could be that the model 
is based on narrow time intervals.

In 2015, Cetinkaya et al. (26) studied 17 kinetic mark-
ers in 3354 embryos cultured up to day 5. The param-
eters t8 – t5, cleavage synchronicity from four to eight 
cells (CS4–8), and cleavage synchronicity from two to 
eight cells (CS2–8) were found to be good indicators. 
In particular, CS2–8, defined as ([t3 – t2] + [t5 – t4])/
(t8 – t2), was selected as the best predictor on day 3 for 
blastocyst formation and quality (area under the curve 
[AUC] = 0.786). The authors concluded that relative tim-
ings (time intervals and relative ratios) were better indi-
cators of development than absolute time points that 
cannot be standardized for general applicability in dif-
ferent laboratories.

Yang et al. (27) took a different approach and developed 
a study to describe different types of abnormal divisions 
and how they may affect the developmental potential 
of the embryo. Seven types of divisions within two cat-
egories were defined according to the impact caused on 
blastocyst development. Category 1 consisted of divisions 
with low impact on the development potential: normal 
division, uneven blastomere formation, and appearance 
of big fragments. Category 2 consisted of divisions with 
high impact on embryo development: direct cleavage, 
fragmentation, developmental arrest, and disordered 
division. By taking this into consideration, a hierarchical 
classification model was developed based on the division 
patterns during the three initial embryo cleavages rather 
than on morphokinetic parameters as in previous stud-
ies. Day-3 embryos were then classified into six catego-
ries of A–F according to the number and category of the 
abnormal cleavages they had presented. More specifically: 
(A) embryos that had normal cleavage in the initial three 
cleavages; (B) embryos that had category 1 behaviors in 
all three cleavages; (C) embryos undergoing category 
1 behaviors in the initial two cleavages and category 2 
behaviors in the third cleavage; (D) embryos that showed 
category 1 behaviors in the first cleavage and one of the 
two blastomeres (partial) showed category 2 behaviors in 
the second cleavage; (E) embryos that showed category 1 
behaviors in the first cleavage and two blastomeres (all) 
showed category 2 behaviors in the second cleavage; and 
(F) embryos that showed category 2 behaviors in the first 
cleavage. The model was validated in a prospective obser-
vational study in which images from 345 embryos were 
acquired. The study revealed that 72.2% of the embryos 
presented at least one abnormal division. According to 

the model, the blastocyst formation rate decreases from 
94.8% to 21.2%, the good-quality blastocyst formation 
rate decreases from 70.8% to 3.8%, and the implantation 
rate (for those that were transferred) decreases from 67% 
to 0% as we proceed from A to F.

In a study by Milewski et  al., the parameters t2, t3, 
t4, t5, cc2, and s2 were measured and differences were 
observed between embryos that reached the blastocyst 
stage and embryos that arrested. A total of 432 embryos 
were analyzed. The resultant data for each parameter were 
divided into four intervals (C1–C4) and score values were 
assigned in order to find out which parameter values cor-
responded to the highest blastocyst development rate. The 
highest ones generally belonged to compartments C3 and 
C2. The extreme compartments—C1 and C4—had the 
lowest rates. A univariate logistic regression analysis con-
cluded that all the studied parameters were significantly 
associated with blastocyst development. However, after 
multivariate logistic regression, only the t2, t5, and cc2 
parameters were taken into account and combined into a 
new parameter (SC), defined as the predictor of develop-
ment to blastocyst (28).

Storr et al. recorded the timings of 380 blastocysts and 
found eight significant prediction markers of top-qual-
ity blastocysts: s3, t6, t7, t8, tM, tSB, tB, and tEB. Out of 
these potential predictors, s3 was identified as the one 
with the best individual discriminatory capacity before 
compaction (AUC = 0.585, 95% CI = 0.534–0.635), and 
tEB was identified as the best predictor regardless of 
embryo stage (AUC = 0.727, 95% CI = 0.675–0.775). By 
combining ts3, tEB, and t8, a model with higher dis-
criminatory capacity for predicting top-quality embryos 
was proposed (29).

Finally, the most recent study on blastocyst prediction 
was published by Motato et  al. in 2016 (30). This was a 
three-phase observational, retrospective, single-center 
clinical study in which the authors describe the events 
associated with blastocyst formation and implantation 
based on the largest sample size ever described with time-
lapse monitoring.

Phase 1 consisted of embryo scoring based on a classi-
fication tree to select embryos with higher blastocyst for-
mation probabilities. The observed correlations between 
morphokinetic parameters and blastocyst formation 
were the basis for a proposed hierarchical classification 
procedure to select viable embryos with a high blastocyst 
formation potential. A detailed retrospective analysis of 
cleavage times was made for 7483 zygotes. A total of 17 
parameters were studied and several were significantly 
correlated with blastocyst formation and implantation. 
The most predictive parameters for blastocyst formation 
were time of morula formation, tM (81.28–96.0 hours 
after ICSI), and t8 – t5 (≤8.78 hours) or time of transition 
of five-blastomere embryos to eight-blastomere embryos 
with a receiver operating characteristic curve (ROC) 
value = 0.849 (95% CI = 0.835–0.854). These parameters 
were less predictive of implantation, with a ROC value of 
0.546 (95% CI = 0.507–0.585).
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 Phase 2 focused on the blastocysts transferred and 
implantation rate. Owing to a lack of a relationship 
between the previously described variables and implan-
tation potential, the authors identified new variables 
by comparing transferred blastocysts (n = 383) that 
implanted with those that did not implant (n = 449). 
Once again they analyzed 17 morphokinetic parameters 
and identified the variables time for expansion blastocyst, 
tEB (107.9–112.9 hours after ICSI), and t8 – t5 (5.67 hours 
after ICSI) as predicting blastocyst implantation, with a 
ROC value of 0.591 (95% CI = 0.552–0.630). Using these 
data, a hierarchical model representing a classification 
tree was proposed. The model subdivided blastocysts into 
four categories from A to D with higher or lower implan-
tation rates (i.e., from 72.2% in category A to 39.7% in 
category D).

Phase 3 consisted of validation of the implantation 
model. After the conclusion of phase 2, the created model 
was validated on an independent data set composed of 
257 embryos and 123 blastocysts with known implanta-
tion rates (known implantation data [KID] embryos), giv-
ing a ROC of 0.596 (95% CI = 0.526–0.666; p = 0.008).

The authors concluded that the inclusion of kinetic 
parameters into score evaluations could improve blasto-
cyst selection criteria as well as predict blastocyst forma-
tion with high accuracy. In addition, the proposed models 
classify embryos according to their probabilities of blasto-
cyst stage and implantation.

IMPLANTATION STUDIES
In addition to blastocyst formation, the scientific com-
munity has also correlated kinetic markers to embryo 
implantation as an end point (Table 18.4).

Starting in 2008, Lemmen et al. (31) retrospectively com-
pared time-lapse recordings of a small group of embryos 
transferred at the four-cell stage that resulted in eight 
pregnancies. In this case, the authors observed that nuclei 
appearance in the first blastomere following the first cleav-
age was faster in embryos that implanted versus those that 
did not, and that nuclei appearance in the first two blasto-
meres was significantly more synchronous (p < 0.05).

Three years later, Meseguer et al. (1) published a study 
where several parameters were correlated with embryo 
implantation. The study was based on 247 KID embryos 
and it developed a hierarchical model that subdivided 
embryos into six categories from A to F. Four of these cat-
egories (A–D) were further subdivided into two sub-cate-
gories: (+) or (–). The hierarchical classification procedure 
starts with a morphological screening of all embryos in 
a cohort to eliminate those embryos that are clearly not 
viable (i.e., highly abnormal, atresia, or clearly arrested 
embryos). Those embryos that are clearly not viable are 
discarded and not considered for transfer (category F). The 
next step in the model is to exclude embryos that fulfill any 
of the three exclusion criteria: (i) uneven blastomere size at 
the two-cell stage; (ii) abrupt division from one to three or 
more cells; or (iii) multi-nucleation at the four-cell stage 
(category E). The subsequent levels in the model follow a 

strict hierarchy based on the binary timing variables t5, 
s2, and cc2. First, if the value of t5 falls inside the optimal 
range (48.8–56.6 hours), the embryo is categorized as A or 
B. If the value of t5 falls outside the optimal range (or if t5 
has not yet been observed at 64 hours), the embryo is cat-
egorized as C or D. If the value of s2 falls inside the opti-
mal range (≤0.76 hours), the embryo is categorized as A or 
C depending on t5; similarly, if the value of s2 falls outside 
the optimal range, the embryo is categorized as B or D 
depending on t5. Finally, the embryo is categorized with 
the extra plus (+) if the value for cc2 is inside the optimal 
range (≤11.9 hours; A+, B+, C+, or D+) and is categorized 
with a minus (–) as A–, B–, C–, or D– if the value for cc2 is 
outside the optimal range (Figure 18.2).

In 2012, Azzarello et  al. (32) performed a prospective 
study transferring 159 embryos and proposed the variable 
“time of pronuclear breakdown” as a predictor of preg-
nancy. In this study, the pronuclear breakdown of embryos 
resulting in live births occurred significantly later than 
those that did not. In fact, the authors proposed the limit 
of 20 hours and 45 minutes and recommended to avoid 
transferring embryos presenting pronuclear breakdowns 
at earlier times.

In the same year, Hlinka et  al. (20) proposed a novel 
method to predict implantation. The model relied on 
cleavage ratings of the embryos; more specifically, time-
patterning of cleavage clusters and interphases were used 
to select the highest-quality embryos. The diagnostic rela-
tion between blastocyst implantation and cleavage suc-
cess was 100% specific for all the embryos analyzed (n = 
180) and all the pregnancies resulted from timely cleaved 
embryos.

Direct cleavage is another parameter that has been 
correlated with implantation. Meseguer et al. (1) initially 
observed this phenomenon based on 247 KID embryos. 
Later on, these findings were confirmed by a multicenter 
retrospective study performed by Rubio et al. (33). In this 
case, the number of embryos analyzed was much higher 
(n = 5225) and embryo implantation for embryos pre-
senting direct cleavage from two to three cells (DC2–3 <5 
hours) was statistically lower than for those with a normal 
cleavage pattern. Only 1 out of 109 embryos with DC2–3 
resulted in clinical pregnancy.

The impact of extrinsic factors on embryo kinetics 
and their relation with implantation has been studied as 
well. In 2013, Freour et  al. (34) focused on women who 
smoked, and the authors observed that embryo divisions 
occurred later in smokers than in non-smokers, resulting 
in worse outcomes for the first group. The authors ana-
lyzed 191 embryos and indicated t4 and s3 as the most 
relevant kinetic parameters with respect to implantation. 
According to the distributions of these two variables, 
implantation was significantly higher in the first two 
quartiles. Embryos were graded as A or B depending on 
the optimal range defined for t4 (A = inside the range and 
B = outside the range). In addition, embryos were given 
a “+” or “–” value according to the optimal range of s3 
(“+” = inside the range and “–” = outside the range). The 
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authors validated this classification model in a database 
including all transferred embryos, observing implantation 
rates of 38.7%, 33.3%, 30.7%, and 15.3% for A+, A–, B+, 
and B– categories, respectively. The proportions of A+ and 
A– embryos were higher in non-smoker patients.

Chamayou et  al. (22) retrospectively compared mor-
phokinetic parameters of 72 implanted and 106 non- 
implanted embryos. No differences were found for PN 
appearance, PN disappearance, t1, t2, t4, t7, t8, tC–tF, and 
s3 parameters. The authors concluded that these markers 
were not predictors of implantation, but that they could 
predict embryo development to the blastocyst stage. In 
this study, the only predictor marker of implantation and 
production of a viable pregnancy was cc3. Embryos with 
cc3 between 9.7 and 21 hours seemed to have the highest 
probability of implantation and clinical pregnancy.

As opposed to many authors, Kirkegaard et  al. (23) 
showed no differences in the timings of cellular division or 
embryonic stage between implanted and non-implanted 
embryos. The study was based on the observation of 84 
SETs. The author identified the duration of first cytokine-
sis, duration of the three-cell stage, and direct cleavage to 
three cells as predictors of high-quality embryo develop-
ment but not of implantation or pregnancy. Therefore, this 
group concluded that a universal algorithm for optimal 
timing might not be feasible.

Validation of Meseguer et  al.’s algorithm from 2001 
(1) came along with a triple-blind randomized prospec-
tive controlled trial published by Rubio et al. (35). In this 
study, 405 patients were included in the control group in 
which embryos were selected based purely on morphol-
ogy and 438 patients were included in the study group 

in which embryos were selected based on the algorithm. 
Implantation rates were significantly higher in the study 
group (44.9%; 95% CI = 41.4%–48.4%) versus the control 
group (37.1%; 95% CI = 33.6%–40.7%). In addition, the 
ongoing pregnancy rate was also higher in the study group 
versus the control group (54.5%; 95% CI = 49.6%–59.2% 
vs. 45.3%; 95% CI = 40.3%–50.4%). The authors concluded 
that morphokinetic variables allow us to reject embryos 
with lower implantation probabilities while distinguish-
ing those with higher implantation probabilities. Selecting 
embryos through kinetic markers may therefore improve 
reproductive outcomes (35).

A second randomized control trial published by a dif-
ferent group reached similar results, although they were 
not able to achieve statistical significance (36). As opposed 
to Rubio et  al.’s study (35), in which both study groups 
had different culture conditions (standard incubator vs. 
EmbryoScope), one of the strengths of this study was that 
it was the first one to evaluate all embryos cultured within 
identical culture conditions and to demonstrate whether 
the addition of continuously monitored morphokinetic 
parameters improved clinical outcomes compared with 
conventional once-daily morphologic assessment. The 
study anticipated a 10% increase and although it did not 
reach statistical significance, there were increased clini-
cal pregnancy and implantation rates with the use of the 
additional parameters. In addition, the time of the start 
of blastulation, the absence of multinucleation, and the 
use of a score based on morphology and kinetics were sig-
nificant predictors of implantation. The authors concluded 
that in this dynamic and evolving field, larger studies were 
needed to confirm their findings.
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Figure 18.2 Original embryo categorization algorithm. (From  Meseguer M et al. Hum Reprod 2011; 26: 2658–71, reproduced with 
permission.)
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In 2014, Aguilar et al. (37) studied the human’s first cell 
cycle and its impact on implantation based on morpho-
kinetics. To this aim, the authors conducted a retrospec-
tive analysis of 1448 transferred embryos and compared 
the timings of second polar extrusion, first and second 
pronuclear appearance, pronuclear abuttal, pronuclear 
fading, and length of S-phase between implanted and non-
implanted embryos. The time ranges successfully linked 
to implantation were 3.3–10.6 hours for second polar body 
extrusion, 22.2–25.9 hours for pronuclear fading, and 5.7–
13.8 hours for the length of S-phase.

In 2015, Basile et al. (38) continued the study by Meseguer 
et al. (1) and published an improved version of the algorithm 
by studying a larger data set of embryos from four different 
IVF clinics. To that aim, a sequential approach was adopted 
by the authors. During phase 1 of the study, an algorithm 
was developed taking into consideration morphokinetic 
data of 754 KID embryos that were selected for transfer 
based only on conventional morphological criteria. The new 
algorithm included the variables t3, cc2, and t5 in combi-
nation with morphology and exclusion criteria (direct clev-
eage [DC], uneven blastomere [UBS], and multinucleation at 
day 4 [MN]) and classified embryos from A to E according 
to their implantation potential (Figure 18.3). Subsequently, 
during phase 2 of the study, the predictive ability of this new 
algorithm was tested by applying it to embryo classification 
in a different group of IVF patients (885 cycles). Considering 
only cycles with known implantation (100% or 0% implan-
tation, n = 1137), a significant decrease in implantation rate 
(IR) was observed as embryo categories decreased from A 
to E. More specifically: A = 32%, B = 28%, C = 26.25%, D = 
20.19%, and E = 17% (p < 0.001).

Another study by VerMilyea et al. (39) established the 
relationship between implantation and three embryo cate-
gories derived from a computer-automated TMS. The sys-
tem classified embryos into the categories high, medium, 
or low based on the variables P2 and P3. According to this 
multicenter study (205 patients), implantation rates were 
significantly linked to the three categories; more spe-
cifically: 37%, 35%, and 15% for high, medium, and low, 
respectively. In addition, the clinical pregnancy rate for 
patients that had one or more “high” transferred embryos 
was significantly higher (51% vs. 34%; p = 0.02).

A most recent study published by Adamson et  al. in 
2016 (40) tested the same technology in a prospective way. 
The aim of the study was to prove if an automatic time-
lapse test (TL-test) combined with traditional morphol-
ogy improves day-3 implantation rates compared with 
morphology alone. Two concurrently collected groups 
of patients were compared: those who received a day-3 
transfer with the use of the TL-test together with mor-
phology (test group); and those who received a day-3 
transfer with the use of morphology alone (control group). 
To further assess the impact of the automated TL-test 
score, the authors evaluated the implantation potential 
of embryos assigned by the TL-test as categories TL-high 
versus TL-low among all transferred embryos (TL-high: 
duration of two-cell stage within 9.33–11.45 hours and 
duration of three-cell stage within 0–1.73 hours; TL-low: 
outside the TL-high ranges) and among those with only 
good morphology. Analysis of the study’s primary end 
point—implantation rate—showed a significantly higher 
implantation rate for day-3 transfer among the test group 
(30.2%, 58/192) than the control group (19.0%, 84/442; 
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p = 0.003). The clinical pregnancy rate was also signifi-
cantly higher among the test group (46.0%, 45/98) than 
the control group (32.1%, 71/ 221; p = 0.02). Within the 
test group, patients receiving at least one TL-high embryo 
had significantly higher implantation rates than patients 
receiving only TL-low embryos (36.8% vs. 20.6%). TL-high 
compared with TL-low embryos had significantly higher 
implantation rates (44.7% vs. 20.5%). Among morphologi-
cally good embryos, TL-high embryos were more likely 
to implant than TL-low embryos (44.1% vs. 20.6%). The 
authors concluded that the noninvasive TL-test adds valu-
able information to traditional morphologic grading and 
that it should be used to increase clinicians’ confidence in 
recommending elective SET with day-3 transfer, and that 
we would expect higher implantation rates and higher 
clinical pregnancy rates, as well as reduced multiple preg-
nancy rates, compared with patients with embryos not 
assessed by the TL-test.

Limitations on the external performance and the uni-
versal use of published algorithms have been addressed 
(41). In a study published by Freour et al. (34), an external 
validation of Meseguer et al.’s algorithm (1) was performed 
in an unselected patient population. The model was 
applied showing a heterogeneous distribution of implan-
tation rates in the resultant categories. In addition, corre-
lation coefficients were significantly lower than the ones in 
the originally study. However, a simplified version of the 
model (in which only the two main morphokinetic vari-
ables—t5 and s2—were consider and not cc2) performed 
acceptably. The authors explained that the differences 
could be the result of variations in oxygen culture condi-
tions, oocyte source (donor cycles vs. autologous cycles), 
restrictions in the studied population, and/or the stimula-
tion protocols used. The conclusion was that a hierarchical 

prediction model should not be used universally in an 
unselected population; it should be center specific.

The combination of technologies may be the key 
to improving results in the future. Dominguez et  al. 
(42) combined proteomics and time-lapse analysis of 
implanted (n = 16) and non-implanted (n = 12) embryos. 
After logistic regression analysis, the model identified the 
presence or absence of protein interleukin-6 and the dura-
tion of cc2 as the most relevant embryo features. Based on 
these results, the authors developed a hierarchical model 
(Figure 18.4) based on these two variables, classifying 
embryos into four categories of A–D. Implantation rates 
are expected to decrease as we move on from A to D as 
observed in this study (A = 88.8%, B = 66.6%, C = 57%, 
and D = 33%) (40).

ANEUPLOIDY STUDIES
The correlation between euploidy and embryo kinetics has 
been studied as well (Table 18.5).

In 2010, Wong et  al. (18) collected single embryos for 
gene expression analysis and revealed that embryos 
with P1, P2, and P3 outside of the optimal ranges exhib-
ited abnormal RNA patterns for embryo cytokinesis, 
microRNA biogenesis, and maternal mRNA reserve, sug-
gesting that embryo fate may be predetermined and inher-
ited very early in development (by the four-cell stage).

Chavez et  al. (43) subsequently observed that euploid 
embryos clustered tightly in the P1, P2, or P3 window, 
which was predictive of blastocyst formation according 
to Wong et  al.’s study (18). Performing further molecu-
lar analysis, the authors discovered that fragmentation 
dynamics, together with P1, P2, and P3, could poten-
tially distinguish euploid from aneuploid embryos at the 
four-cell stage, considering that the fragments contained 
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nuclear DNA, kinetochore proteins, and whole chromo-
somes as detected by fluorescence in situ hybridization.

In 2013, Campbell et  al. (44) elaborated an aneuploidy 
risk model based on the differences of tSB and tB between 
euploid and aneuploid embryos that had undergone TE 
biopsy. The model included three categories: low risk, tB 
<122.9 hpi and tSB <96.2 hpi; medium risk, tB <122.9 hpi 
and tSB 96.2 hpi; and high risk, tB 122.9 hpi (34). The same 
group in a different study (45) applied this model to evaluate 
its effectiveness and potential clinical impact for unselected 
IVF patients without undergoing preimplantation genetic 
screening after analyzing KID embryos. The study revealed 
significant differences in fetal heart rate (72.7, 25.5, and 0 
beats per minute) and live birth rate (61.1%, 19.2%, and 0%) 
between the three categories low, medium, and high, respec-
tively. This demonstrates that time-lapse imaging using 
defined morphokinetic data classify human preimplanta-
tion embryos according to their risk of aneuploidy without 

performing biopsy and preimplantation genetic screening, 
and that this correlates well with clinical outcomes.

In the following year, Basile et  al. (46) also correlated 
morphokinetics with embryo aneuploidy based on 77 
patients undergoing genetic screening due to recurrent 
miscarriage or implantation failure. In this case, embryo 
biopsy was performed on day 3 of development and the 
total number of embryos analyzed was 504. A logistic 
regression analysis was used to select and organize which 
observed timing events (expressed as binary variables 
inside or outside the optimal range) were most relevant 
to selecting embryos with higher probabilities of being 
chromosomally normal. The model identified t5 – t2 (odds 
ratio [OR] = 2.853, 95% CI = 1.763–4.616) followed by 
cc3 (OR = 2.095, 95% CI = 1.356–3.238) as the most rel-
evant variables related to normal chromosomal content. 
An algorithm for embryo selection based on these two 
variables classified embryos from A to D (Figure 18.5) 
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Figure 18.5 Embryo selection algorithm. (From  Basile N et al. Fertil Steril 2014; 101: 699–704, reproduced with permission.)

Table 18.5 Studies correlating euploidy and embryo kinetics

Author Study design N TL system
Biopsy 

day
PDG 

technology
Parameters with significantly 

differences founded

Chavez (2012) Prospective 
observational

75 Custom-built 
microscope

D3 aCGH P1, P2, P3 and fragmentation

Campbell (2013a) Retrospective 
cohort

98 Embryoscope  D5  aCGh/SNP array tSB and tB

Basile (2014) Retrospective 
cohort

504 Embryoscope  D3  aCGH t5 – t2 and cc3 

Rienzi (2015) Longitudinal 
cohort

455 Embryoscope  D5 CCS None

Chawla (2015) Retrospective 
cohort

460 Embryoscope  D3 aCGH tPNf, t2, t5, cc2, cc3, t5 – t2

Vera-Rodriguez (2015) Prospective 
observational

85 Eeva  D3 aCGH Time between PN 
disappearance and the start of 
1st cytokinesis; 3 to 4 cell
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with significant differences in the percentages of normal 
embryos as we move on from A to D. More specifically, A 
= 35.9%, B = 26.4%, C = 12.1%, and D = 9.8% (p < 0.001).

As opposed to the previous studies, Rienzi et  al. (47) 
reported no correlation at all between 16 commonly 
detected morphokinetic parameters and embryo ploidy. 
This was a longitudinal cohort study conducted using 455 
blastocysts from 138 patients at increased risk of aneu-
ploidy because of advance maternal age, history of unsuc-
cessful IVF treatments, or both. The analyzed parameters 
included t2, t3, t4, t5, t8, cc1, cc2, s2, s3, cc3, cc3/cc2, t5-t2, 
syngamy, tSB, tSC, and tB.

Finally, in 2015, two studies observed correlations 
between embryo kinetics and euploidy. The first one, 
reported by Chawla et al. (48), identified tPNf, t2, t5, cc2, 
cc3, and t5 – t2 as parameters that significantly differed 
between chromosomally normal and abnormal embryos. 
The second one by Vera-Rodriguez et  al. (49) combined 
chromosomal assessment and single-cell quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) 
to simultaneously obtain information from all the blasto-
meres of human embryos until approximately the eight-cell 
stage (n = 85). According to their results, the chromosomal 
status of aneuploid embryos (n = 26) correlates with signifi-
cant differences in the duration of the first mitotic phase 
when compared with euploid embryos (n = 28). Moreover, 
gene expression profiling in this study suggested that a sub-
set of genes is differentially expressed in aneuploid embryos 
during the first 30 hours of development.

CONCLUSION
Static observations obtained from standard microscopes 
have contributed significantly to our knowledge of embryo 
development; however, it is becoming more challenging to 
identify embryos with the highest implantation potential due 
to the static and notoriously subjective character of this type 
of morphological evaluation. The study of embryo kinetics 
through time-lapse technology has given rise to new markers 
for embryo selection, representing a new and excitingly pow-
erful tool for viewing cellular activity and embryogenesis in 
a coherent and uninterrupted manner that is otherwise not 
available through standard microscopy. The current chapter 
presents an overview of the most recent studies that describe 
the use of this new technology in the IVF laboratory. It is 
our opinion that standard morphological assessment should 
remain the gold standard when initiating embryo evalua-
tion; however, if possible, it should be complemented with 
the detection of kinetic markers known to improve clini-
cal results. This new approach will allow the embryologist 
to perform a more accurate and objective embryo selection, 
and therefore the goal of SET slowly becomes more tangible.
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MANDY KATZ-JAFFE

INTRODUCTION
Unlike the human genome that is relatively fixed and steady 
throughout the human body, the human proteome (protein 
complement to the genome) is by several orders of magni-
tude more complex, diverse, and dynamic. Any single gene 
can produce a heterogeneous population of proteins that 
can be further modified by post-translational modifications 
such as phosphorylation. The result is a human proteome 
estimated at considerably over a million proteins to only 
∼25,000 human genes (1). Several studies have indicated 
that the genome’s transcriptome (mRNA expression levels) 
does not necessarily predict the abundance or functional 
activity of proteins (2,3). Rather, it is the human proteome 
that significantly contributes to physiological homeosta-
sis in any cell or tissue (4). Various biological conditions 
including age, gender, diet, lifestyle, medication, and dis-
ease, among others, directly impact the composition of the 
human proteome in any particular cell or tissue, generating 
a unique proteomic signature (5). The characterization of 
protein signatures during embryonic development has the 
potential to address a variety of unresolved topics, with the 
ultimate goal of expanding our knowledge of embryonic 
cellular processes and the evolution of viability assays.

Relatively little is known regarding the proteome of the 
human preimplantation embryo, particularly the protein 
production of the blastocyst just prior to implantation. 
The task begins with identifying the proteins expressed, 
including those proteins changing in response to internal 
and external stimuli. These individual proteins can then 
be quantified and characterized, at the same time exam-
ining their interactions during embryonic development. 
In order to elucidate embryonic cellular architecture and 
function, a detailed understanding of the complexity at 
the protein level is essential. Of particular interest is the 
cell surface proteome, as it may pinpoint key molecules 
associated with implantation including cell surface recep-
tors as well as the protein–protein interactions occurring 
between the developing embryo and the surrounding 
maternal environment (6).

The preimplantation embryonic stage represents the most 
difficult challenge due to the combined effect of limited 
numbers of cells and minimal protein expression, resulting 
in extremely low levels of total protein available for analy-
sis—only 27 ng of protein in a single mouse embryo (7).

THE EMBRYONIC PROTEOME
Two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) is at present the standard technique for 

separation of total protein. This technology separates pro-
teins in the horizontal dimension by isoelectric focusing 
(a pH gradient range of typically 3–10) and in the vertical 
dimension by molecular weight in a polyacrylamide gel 
gradient (8). 2D-PAGE is efficient at differential protein 
quantitation and detecting post-translational modifica-
tions with starting amounts of total protein isolated from 
typically 106 cells. Limitations to this technology include a 
long processing time, weak detection of low-concentration 
proteins, and the inability to capture or resolve very acidic 
or basic proteins, membrane proteins, as well as very 
small- or large-molecular-weight proteins (8).

Protein databases involving 2D-PAGE that represent the 
entire mouse preimplantation period from fertilization to 
the blastocyst stage have been constructed to provide a 
means of studying protein synthesis and characterizing 
protein changes (9,10). 2D-PAGE was performed through 
the analysis of radiolabeled proteins after embryos were 
exposed to one to three hours of incubation in a high con-
centration of radiolabeled amino acids. After protein reso-
lution, spots were detected by fluorography and a software 
program assembled the images into protein databases (9). 
Comparison of the proteins between the eight-cell mouse 
embryo and the fully expanded mouse blastocyst database 
identified a total of 43 spots, approximately 3% of all total 
spots, which were only detected at the eight-cell stage, and 
75 spots identified solely at the blastocyst stage (10).

2D-PAGE use in the field of embryology has been lim-
ited due to the requirement for larger amounts of starting 
template as well as the lack of robustness and degree of 
labor intensity. Consequently, protein-based studies have 
concentrated on identifying and localizing individual pro-
teins by western blot analysis. Two insulin-responsive glu-
cose transporter isoforms (GLUT4 and GLUT8) and the 
insulin receptor proteins were confirmed by western blot 
analysis as being present in rabbit blastocysts (11). Another 
study observed the expression of stress-activated protein 
kinase/Jun kinase (SAPK/JNK) phosphoproteins and p38 
mitogen-activated protein kinases (MAPKs) by western 
blotting from groups of over 100 mouse embryos (12). A 
limitation of this approach is that proteins do not function 
individually, but within pathways, thus the analysis of the 
embryonic proteome as a whole is critical.

Mass spectrometry (MS) has rapidly become the key 
technology in proteomics, allowing for rapid identifica-
tion and quantitation of proteins, including low-expres-
sion proteins. An array of templates can be applied, 
including tissues, cells, and biological fluids. MS involves 
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an ion source for the production of charged species in the 
gas phase and the analyzer, which separates ions by their 
mass-to-charge (m/z) ratio. The commonly used ionization 
methods include electrospray ionization, matrix-assisted 
laser desorption/ionization (MALDI), and surface-
enhanced laser desorption/ionization (SELDI) and are 
most commonly coupled to time-of-flight (TOF), ion trap, 
or quadrupole analyzers. Post-translational modifications 
are also identifiable since the modification will change the 
m/z ratio of a protein. Protein identification can then be 
performed by protease digestion to generate specific frag-
ments from well-characterized cleavage products. These 
fragments are identifiable following tandem MS (MS/MS) 
analysis and protein database searching (13).

A comprehensive proteomics approach has been applied 
to study the mammalian oocyte; however, in these stud-
ies, the starting template is still considerable. In one study, 
approximately 200 porcine oocytes were used to sepa-
rate and visualize proteins of interest by 2D-PAGE, with 
an even larger starting template used for peptide profil-
ing by MALDI-TOF MS and peptide sequencing by liquid 
chromatography (LC)–MS/MS (14). More recently, Vitale 
et  al. (15) used 2D-PAGE and MS to identify differen-
tially expressed proteins during murine oocyte matura-
tion. Five hundred germinal vesicle (GV) and metaphase 
II (MII) oocytes were extracted and resolved on 2D gels 
stained with silver. A total of 12 proteins were observed 
to be differentially expressed between the GV and MII 
stages. These proteins were then characterized by MS with 
the identification of nucleoplasmin 2 (Npm2), an oocyte-
restricted protein (15). Another study investigated mature 
mouse cumulus–oocyte complexes, identifying 156 indi-
vidual proteins following 2D-PAGE and MS. Several pro-
tein families were discovered that may play important 
roles in ovarian follicular development (16).

With further advances in proteomic technologies, the 
identification and quantitation of very small quantities 
of proteins has become more of a reality. SELDI-TOF MS 
involves the application of small sample volumes (in the 
microliter range) and enables detection of both the low- 
and higher-molecular-weight proteins, with the optimal 
range for the technology being at <20 kDa. The sensitivity 
is stated to be in the picomole to femtomole range, mak-
ing proteomic profiling of diverse and limited biological 
samples possible. This technology is also capable of study-
ing samples based on activated surfaces for pre-selec-
tion including hydrophobic interaction, anion or cation 
exchange, and metal affinity capture (17). Bound proteins 
are laser activated, thereby liberating gaseous ions by 
desorption/ionization. The TOF tube is under a vacuum, 
which causes smaller ions to travel faster towards the detec-
tor, thereby allowing for separation of these ions according 
to the mass-to-charge ratio (m/z). The technology has been 
applied to a variety of biological sources including serum 
(18) and cell lysates (19), with specific focus on oncopro-
teomics and the early detection, metastatic ability, and 
therapeutic outcome of an assortment of different cancers 
through associated biomarkers (20). Biomarkers can be 

defined as candidate proteins or peptides that are either 
down- or up-regulated in response to different physi-
ological states. Pregnancy-related problems have also been 
the subject of SELDI-TOF MS studies searching for early 
detection of conditions including ectopic pregnancy (21) 
and neonatal sepsis (22). Some concerns regarding this 
technology involve the dynamic and sensitive nature of 
the proteome to variables during sample collection, han-
dling, processing, and storage as well as peaks prejudiced 
by MS calibration and instrument drift (23).

The development of a zeptoproteomics approach using 
SELDI-TOF MS has led to the characterization of pro-
tein profiles representing individual murine and human 
embryos across all stages of preimplantation development 
(24,25). Due to the multifactorial nature of mammalian 
embryonic development, panels of proteins specific to 
each of the individual stages were successfully identified, 
allowing for the possibility of utilizing these panels to 
accurately gauge the level of perturbation of a biological 
system and effectively diagnose developmental compe-
tence (Figure 19.1) (24). The individual human embryonic 
proteome demonstrated that human blastocysts with sim-
ilar morphologies do not typically have identical protein 
signatures (25). These data are consistent with the obser-
vations that human blastocysts from the same patient 
with similar morphologies vary greatly in their metabolic 
fingerprint (26). Furthermore, specific blastocyst devel-
opmental stages displayed differential protein expression 
profiles, as shown by the significant up- and down-regu-
lation of biomarkers in expanded blastocysts compared to 
early blastocysts (25). Taken as a whole, human blastocyst 
morphology could be recognized according to specific 
individual protein signatures with significant differences 
in protein expression related to specific blastocyst devel-
opmental time points and/or degeneration (Figure 19.2) 
(25). A panel of upregulated biomarkers distinguished 
arrested embryos from developing blastocysts (Figure 
19.3). Candidate identification implicated both apoptotic 
and growth-inhibiting pathways (25). It is also probable 
that some of these differential proteins or peptides are 
secreted by the embryo, reflecting a signature of develop-
mental competence.

THE EMBRYONIC SECRETOME
With the knowledge that blastocyst morphology could be 
recognized according to specific protein expression (25), 
it is proposed that developmentally viable embryos will 
also possess a unique proteome profile, with some of these 
expressed proteins secreted into the surrounding environ-
ment (secretome). Analysis of the embryonic proteome, 
as described in the above section, represents a destructive 
approach. On the other hand, analysis of the embryonic 
secretome is a noninvasive method suitable for clinical 
application.

Currently, the selection of embryos for transfer is 
based on morphological indices (27). Though successful, 
the field of assisted reproduction technology would ben-
efit from more quantitative and noninvasive methods of 
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viability determination to run alongside morphological 
assessment. These quantitative methods hold the prom-
ise of improving in vitro fertilization (IVF) success rates 
as well as optimizing single-embryo transfer (28). There 
have been several studies that have shown the existence 
of soluble factors secreted by human embryos that could 
impact either or both developmental competence and 
implantation. The initial studies of the human embry-
onic secretome involved targeted analysis of individual 
proteins and molecules. The soluble factor 1-o-alkyl-
2-acetyl-sn-glycero-3-phosphocholine (PAF) has been 
identified as one of the first targeted molecules. PAF 
was shown to be produced and secreted by mamma-
lian embryos during preimplantation development (29). 
Secreted PAF could be working in an autocrine fash-
ion as a survival factor, as well as influencing maternal 
physiology alterations including platelet activation and 
immune function (29).

Leptin, a 16 kDa small pleotrophic peptide, was also 
observed to be secreted by human blastocysts during the 
interaction between the embryo and endometrial epi-
thelial cells (EECs) (30). In this study, competent human 
blastocysts secreted higher leptin concentrations into the 
surrounding medium than arrested embryos. Leptin has 
been hypothesized to interact with leptin receptors in the 

maternal endometrium during the window of implanta-
tion (31).

In another study by Sakkas et  al., a soluble molecule 
secreted by human blastocysts that modulates regulation 
of HOXA10 expression in an epithelial endometrial cell 
line was identified (32). This form of reciprocal embryo–
endometrial interaction could transform the local uterine 
environment, directly impacting the implantation pro-
cess. More recently, the presence of soluble human leuko-
cyte antigen G (sHLA-G) in embryo spent culture media 
has been linked to successful pregnancy outcome and has 
been suggested as a noninvasive marker to predict embryo 
quality and implantation success, especially when used in 
conjunction with current morphological embryo assess-
ment methods. These results, however, have not been 
absolute, with pregnancies having been established from 
sHLA-G-negative embryos (33,34), as well as data reveal-
ing the inability to measure sHLA-G production in some 
supernatants (35).

It is more than likely that the multifactorial nature of 
embryonic development will dictate a panel of molecules 
to assess developmental competence and/or implanta-
tion potential rather than just the single variable. The 
SELDI-TOF MS analysis of proteins in the secretome 
of mammalian embryos throughout preimplantation 
development highlighted distinctive protein signatures 
at each 24-hour developmental stage (Table 19.1) (36). 
These signatures uniquely identified an embryo, inde-
pendent of morphology. Comparison of mouse and 
human secretomes across preimplantation development 
revealed similar patterns and few differences between 
species (36).

Subsequent analysis revealed protein expression only at 
specific 24-hour developmental time points, while other 
proteins were observed through several embryonic stages, 
particularly occurring either before or after the activation 
of the embryonic genome (36). Examples are shown in 
Figure 19.4; the light gray boxes highlight the profiles of 
several biomarkers only secreted during the first 24 hours 
from day 1 to day 2 of mouse embryonic development 
(p < 0.05). Other biomarkers were observed to be secreted 
at all stages of embryonic development with increasing 
expression towards the blastocyst stage, as shown in Figure 
19.4 (dark gray box; p < 0.05). In addition, the expres-
sion of numerous biomarkers was only observed after the 
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Table 19.1 Each stage of mammalian embryonic development revealed a panel of significant 
biomarkers that were only detected in the drops of spent in vitro fertilization culture media at 
specific stages of development (p < 0.05)

Stage of embryonic 
development

No. of proteins/
biomarkers Description of events

Day 1–2 ∼20 candidate peaks Maternal control of early embryonic development
Day 2–3 ∼12 candidate peaks Embryonic genome activated
Day 3–4 ∼20 candidate peaks Embryonic proteins translated
Day 4–5 ∼20 candidate peaks Initiation of blastocyst implantation
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activation of the embryonic genome (Figure 19.4; black 
boxes). The transition from maternal inherited transcripts 
and proteins to the activation of the embryonic genome 
and the expression of key embryonic proteins must occur 
for continued embryonic development (37). Thus, embryos 
with a correctly activated embryonic genome, and hence a 
fully functional embryonic proteome, may have a higher 
potential of developmental competence.

Secretome analysis on day 5 was directly correlated with 
continuing blastocyst development, including the identifi-
cation of differentially expressed biomarkers. The profile of 
an 8.5 kDa protein that was secreted every 24 hours from 
day 2 to day 5 of human embryonic development, with sig-
nificantly increasing intensity towards the blastocyst stage, 
was also directly associated with ongoing development 
(Figure 19.5). The near lack of expression of this 8.5 kDa 
protein/biomarker from degenerating embryos, in con-
junction with its high expression in developing blastocysts, 
potentially indicates an association between this biomarker 

and ongoing blastocyst development (Figure 19.5; p < 0.05) 
(36). Initial identification of this 8.5 kDa biomarker involv-
ing reverse-phase chromatography, sodium dodecylsul-
fate PAGE, trypsin digest, MS/MS, and database peptide 
sequence searching indicated that the best candidate was 
ubiquitin. Ubiquitin is a component of the ubiquitin-
dependent proteasome system that is involved in a number 
of physiological processes including proliferation and apop-
tosis. Secreted ubiquitin has been shown to be up-regulated 
in body fluids in certain disease states, providing evidence 
for an increase in protein turnover (38,39). In addition, 
ubiquitin has been implicated in playing a crucial role dur-
ing mammalian implantation by directing the activities and 
turnover of key signaling molecules (40).

Protein microarrays have also been utilized to gener-
ate human secretome protein profiles (41). In a retrospec-
tive study, 120 antibody targets were used to compare 
implanted versus non-implanted blastocyst-conditioned 
media. Due to the requirement of at least 10 pg/mL of 
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protein, samples were pooled following single-embryo 
transfer after classification of pregnancy outcome. An 
increased expression of the soluble TNF receptor 1 and 
interleukin-10 (IL-10) and a decreased expression of MSP-
α, SCF, CXCL13, TRAILR3, and MIP-1β were observed in 
the conditioned media compared to the control media (41). 
In addition, the presence of two significantly decreased 
proteins, CXCL13 and granulocyte-macrophage colony-
stimulating factor (GM-CSF), was observed in the pooled 
implanted blastocyst-conditioned media compared to 
non-implantation. These results reflect other studies 
showing that GM-CSF may promote embryo development 
and implantation when present in both human and mice 
blastocyst culture media (42).

In a follow-up study conducted by the same lab, the pro-
tein secretome profiles of an EEC co-culture system were 
compared with a sequential microdrop culture media sys-
tem, revealing differential protein secretome profiles (43). 
Several molecules were increased in the EEC co-culture 
profile including IL-6, PLGF, and BCL (CXCL13), while 
other proteins were decreased (consumed), such as FGF-4, 
IL-12p40, VEGF, and uPAR. IL-6 was the most secreted 
protein by the EEC co-culture system and in subsequent 
experiments using an IL-6 enzyme-linked immunosor-
bent assay (ELISA) the sequential culture media secre-
tome of viable blastocysts displayed an increased uptake 
compared to non-implanting blastocysts, suggesting a 
potential role for IL-6 in blastocyst development and 
implantation (43).

An essential requirement for healthy embryo and fetal 
development is the presence of all 23 pairs of human chro-
mosomes (euploidy). Typically, embryos produced from 
aneuploid embryos (incorrect number of chromosomes) 
have little potential of forming a viable pregnancy. Indeed, 
over 60% of first trimester miscarriages are associated 
with chromosomal aneuploidy (44). To date, only invasive 
biopsy techniques that potentially could compromise out-
come are able to screen for chromosomal aneuploidies in 
IVF embryos.

Using an LC–MS/MS platform, the protein secretome 
profile of pooled euploid blastocysts was notably different 

from the protein secretome profile of pooled aneuploid 
blastocysts (45). Nine potential candidate biomarkers 
characteristically classified chromosome aneuploidy 
with the most significant differentially expressed pro-
tein, lipocalin-1. Lipocalin-1 was shown to be increased 
in expression in the aneuploid protein secretome and was 
confirmed in individual samples with a commercially 
available lipocalin-1 ELISA kit (Uscn, Life Science, Inc.) 
(Figure 19.6). Further MS/MS experiments that included 
the analysis of the secretome from euploid blastocysts 
resulting in negative implantation showed the same 
expression profile of lipocalin-1 in spent IVF culture 
media from euploid blastocyst resulting in pregnancy 
(45). This suggests that the altered expression levels of 
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lipocalin-1 are related to aneuploidy and not to failed 
implantation, revealing its potential as a biomarker for 
noninvasive aneuploidy screening. In these experiments, 
protein secretome analysis clearly discriminated between 
euploid and aneuploid blastocysts (45).

Human chorionic gonadotropin (hCG) is produced 
by trophoblast cells throughout pregnancy and is one 
of the most studied markers of embryonic development. 
Gene expression studies have revealed expression of hCG 
isoforms as early as the cleavage-stage embryo, leading 
Butler et al. to investigate the presence of hCG isoforms 
in preimplantation embryo culture media (46). A total of 
118 embryos from 16 patients undergoing routine infer-
tility treatment were analyzed using a highly sensitive 
and qualitative approach including commercial and “in-
house” immunoassays, as well as a MALDI-TOF MS plat-
form. Their results revealed hCG-β subunit expression in 
spent culture media from the pronuclear stage through 
to the blastocyst, with suggestion of potential correlation 
with quality in early preimplantation embryos (46).

Another strategy being investigated in the development 
of a diagnostic tool for embryo viability is combining pro-
tein secretome analysis with other embryo selection tech-
niques, specifically time-lapse technology (47). Dominguez 
et al. examined embryonic morphokinetic data and ana-
lyzed seven proteins by multiplex immunoassay in the 
spent media of 16 embryos that implanted and 12 embryos 
that did not implant. Logistic regression analysis was per-
formed revealing that the presence/absence of IL–6 and 
the duration of the second cycle (cc2) were the most rel-
evant features for embryo selection (47). Combining these 
two parameters into a hierarchical model showed a rela-
tionship with the presence of IL-6 and 5–12-hour cc2 asso-
ciated with significantly higher implantation rates (47). It 
is important to note that the sample size in this study was 
very small and therefore further clinical corroboration 
with a larger sample size is obligatory to confirm the valid-
ity of these results.

Protein identification and association of biomarkers 
with embryonic developmental competence, IVF out-
come, and chromosome constitution is a promising area 
under investigation. An important variable that requires 
consideration when interpreting protein secretome data is 
the protein supplement either included or added into com-
mercial embryo culture media. These non-declared pro-
teins vary from batch to batch, with well over 100 having 
been identified, and can be problematic when attempting 
to identify potential biomarkers to distinguish normal and 
abnormal embryo development (48). Nevertheless, with 
appropriate controls and experimental design, protein 
secretome data provide insight into the unique molecular 
events occurring during embryonic development, includ-
ing revealing some of the complex dialogs between the 
developing embryo and its maternal environment. This 
research could also translate into a cost-effective, high-
throughput, and reliable assay for assessment of human 
embryonic viability. From a clinical perspective, non-
invasive quantification of human embryonic viability, 

incorporating or in conjunction with comprehensive 
chromosome screening, will lead to routine implemen-
tation of single-embryo transfers, with higher implanta-
tion rates, reductions in pregnancy losses, and increased 
singleton deliveries.

CONCLUSIONS AND FUTURE PERSPECTIVES
Continuing advances in proteomic technologies have 
instigated novel studies to characterize the proteins 
expressed, as well as secreted, by the mammalian embryo 
during all stages of preimplantation development. This 
information has the potential to provide insight into the 
cellular function and biological processes during embry-
onic development and the implantation process. In addi-
tion, this technology could be of value in the development 
of noninvasive viability assays that, in conjunction with 
current morphologically based selection methods and 
perhaps other “omics” technologies, may increase IVF 
success rates whilst reducing the number of embryos 
transferred.

Looking towards the future, the emergence of nano-
technologies will be fundamental to the detection of low-
abundance biomarkers in complex biological systems. 
Advances incorporating nanofluidics, nanoparticles, and 
nanostructures promise microscopic-volume liquid han-
dling and the monitoring of concentration changes that 
have never before been detectable, as well as the potential 
for separation- and label-free protein analysis (49). The 
advent of the field of nanoproteomics will offer exciting 
opportunities to discover diagnostic biomarkers of pre-
implantation embryonic development and viability.
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20The human oocyte
Controlled-rate cooling
CARLOTTA ZACÀ and ANDREA BORINI

INTRODUCTION
Thanks to the new protocols that have been developed, 
which have improved the application of oocyte cryo-
preservation, this procedure is today one of the techniques 
that can be used in clinical practice and is an important 
option for women planning to undergo in vitro fertiliza-
tion (IVF) treatment (1–9).

This technique may be used to rescue cycles at high 
risk of ovarian hyperstimulation syndrome, for failure to 
obtain sperm, in oocyte donation programs, in the treat-
ment of congenital infertility disorders or premature ovar-
ian failure (POF), as an alternative to embryo freezing, or, 
for fertile women, as an alternative to electively delay in 
childbearing.

Supernumerary oocyte freezing is the best way to opti-
mize stimulation cycles and cumulative results. Oocyte 
cryopreservation also represents an option for single 
women about to undergo gonadotoxic treatments that may 
compromise their chances to conceive (10–12).

The initial attempts to freeze oocytes were published 
about 40 years ago using mouse oocytes (13), but the 
first pregnancies obtained with the use of human fro-
zen oocytes were reported in the 1980s by Chen (14) and 
Al-Hasani et al. (15). Cryopreservation of human oocytes, 
because of the characteristics of that kind of cell, has sev-
eral technical difficulties associated with the unique prop-
erties of the human mature oocyte (size, sensitivity to low 
temperature, high water content, low surface-to-volume 
ratio, and suboptimal plasma membrane permeability).

As a consequence of these typical features, human 
oocytes risk retaining more water and are more likely to 
encounter ice formation. Over the years, there have been 
several changes to cryopreservation methods (2,16–18) 
to ensure adequate dehydration and to avoid damage to 
chromosomes and the meiotic spindle, the cytoskeleton, 
and cortical granules (19,20).

Egg freezing has been considered for a long period to 
be an experimental procedure, mainly due to the charac-
teristics of this particular cell and because of considerable 
concerns about egg freezing itself, due to the lack of cryo-
biological data.

BIOPHYSICAL PRINCIPLES OF CONTROLLED-RATE 
COOLING AND METHODOLOGY
Cryobiology is the branch of biology that studies the 
effects of low temperatures on living systems. The basic 
principles of cryobiology must be well known in order to 
get good results. Cryopreservation requires the biological 

sample to be brought to cryogenic temperature (−196°C) 
at which biological, chemical, and physical activities come 
to a stop. The factors playing a fundamental role in cryo-
preservation are biophysical—such as cryoprotectant and 
speed—and morphological—such as dimensions and 
quality of sample. For these reasons, cryopreservation of 
human oocytes, because of their unique features of size 
and physiology, experiences several difficulties.

The high water content (75%–85%), related to the large 
cell size, can convert into ice crystals at low temperatures, 
generating significant and irreversible damage to the cel-
lular ultrastructure. In addition to this, the cytoplasmic 
oocyte is also characterized by a high sensitivity of the 
cytoskeleton to low temperatures (21). These elements lead 
to relevant difficulties in the successful application of the 
technique.

Over the years, changes have been made to cryopreser-
vation methods with the aim of reducing intracellular 
ice crystal formation and improving results in terms of 
biological and clinical outcomes. To obtain those results, 
reaching a sufficient dehydration is mandatory, and this 
can be done thanks to specific molecules called cryo-
protectant agents (CPAs) that can be differently mixed 
in order to maximize the outcome. A common feature 
among these compounds is their ability to interact with 
water via hydrogen bonding; prior to slow cooling, they 
lower the freezing point of the solution and allow greater 
cell dehydration without excessive shrinkage (22).

Cryoprotectants can be divided into two groups accord-
ing to their characteristics and their ability to pass through 
the cell membrane:

• Permeating agents: Substances chemically character-
ized as having a relatively low molecular weight and 
able to penetrate the lipid bilayer of the cell, but more 
slowly than water. This group of agents includes glyc-
erol, ethylene glycol (EG), dimethyl sulfoxide (DMSO), 
and 1,2-propanediol (PROH). Permeating cryoprotec-
tants are able to penetrate the cell membrane during 
cooling. They replace intracellular water through an 
osmotic process, decrease the formation of intracellular 
ice crystals, lower the freezing point of the solution, and 
support enhanced cellular dehydration during freezing.

• Non-permeating agents: These have a high molecu-
lar weight so they remain in the extracellular solu-
tion because of their size, and they include sugars and 
other macromolecules such as sucrose, raffinose, and 
trehalose. Non-permeating cryoprotectants, which 
are unable to cross the cell membrane because of their 
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molecular size, generate an osmotic gradient that causes 
cell dehydration and decreases the intracellular water 
content; consequently, there is a lower likelihood of 
intracellular ice crystal formation as the temperature 
drops. The most frequently used non-permeating agents 
are trehalose and sucrose.

Permeating and non-permeating agents are usually 
used in association; their capability to replace water, which 
is so important at low temperatures, also means that they 
are characterized by an innate toxicity if they are used on 
cells at physiological temperatures. Toxicity is propor-
tional to exposure time and concentration. The basic task 
of the CPAs is to reduce possible damage due to ice crystal 
formation inside the cell, which is the principal cause of 
cryopreservation damage.

During the procedure, they are added and removed 
gradually in order to reduce excessive osmotic gradients 
that may arise during the process. It is also essential to bal-
ance the benefit of the slow addition of the cryoprotectants 
with the detrimental effects caused by the consequent 
increase in exposure time.

Ice formation is affected by the characteristics of the 
permeability of the cell, by the surface/volume relation-
ship of the cell, and by the cooling rate, so for each type of 
cell, a specific curve of cooling must be identified to obtain 
an optimal survival.

An important aspect that plays a key role in biological 
and medical procedures is reproducibility: in this case, it is 
related to the temperature at which dehydration/rehydra-
tion solutions are used.

In controlled-rate cooling, thanks to automated 
machines, the decrease in temperature is finely regulated 
and recorded; indeed, it is achieved using a computerized 
freezing system consisting of a computer and freezing cham-
ber connected by a pump to a cylinder from which liquid 

nitrogen is extracted in gaseous form. The temperature 
reduction curve to be achieved is saved on the computer; 
according to the temperature detected by the temperature 
sensor, the computer opens and closes the solenoid valve 
and regulates the introduction of gaseous nitrogen into the 
freezing chamber, thus permitting controlled temperature 
lowering.

An example of the reproducibility of this protocol is 
provided by the comparison of four studies that were car-
ried out with large numbers of patients using the same 
slow-freezing method (Table 20.1). From these data, it 
is possible to observe that survival, fertilization, cleav-
age, and implantation rates were rather similar, despite 
the fact that the four studies were conducted in different 
centers.

In slow-freezing protocols, two-step dehydration is 
normally carried out before cooling the cell to subzero 
temperatures. In the first phase of dehydration, concentra-
tions of permeating CPAs (1.0–1.5 mol/L) are utilized to 
remove water from the cell, preventing ice formation. The 
most widely used cryoprotectants in this phase are PROH, 
DMSO, or EG. The presence of permeating CPA in the 
extracellular media creates an osmotic gradient that draws 
water out of the cell. The oocyte, once dehydrated and 
shrunk, returns to near the original volume as the cryo-
protectant enters the cell, replacing the water. This causes 
a double flux across the membrane (the water exits the cell 
while the CPA enters) that influences both the intracellu-
lar solute concentration and the cell volume (Figure 20.1). 
The extreme extent of shrinkage and swelling can cause 
damage or even cell death because of the osmotic stress 
acting on the oocyte membrane.

In the second phase, a non-permeating CPA is usually 
added to minimize the phenomenon of shrinkage. The 
most common agents successfully applied are sucrose and 
trehalose (22,29,30). This new agent creates a second-phase 

Table 20.1 Oocyte cryopreservation outcomes generated in four different studies adopting the same freezing protocol

 Borini et al. (23) Levi Setti et al. (24) De Santis et al. (25) Parmegiani et al. (26)

Patients 146 120 66 75
Thaws 201 159 68 93
Oocytes:
 Thawed 927 1087 396 437
 Survived (%) 687 (74) 760 (69) 282 (71.2) 328 (75.1)
 Microinjected 589 687 194 264
 2PN 448 (76) 464 (67) 156 (80.4) 227 (86)
Embryos:
 Cleaved 404 (90) 413 (89) 142 (91) 198 (87.2)
 Mean transferred 2.1 ± 0.8 – – –
Pregnancies (% per ET) 18 (9.7) 18 (12.4) 6 (9.5) 16 (19.3)
Implantations (%) 21 (5.2) 19 (5.7) 7 (5.7) (9.6)
Implantation efficiency 

per thawed oocyte
2.6% 1.9% 2.6% –

Abbreviations: 2PN, two pronuclei; ET, embryo transfer.
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dehydration in which the shrinkage rate is faster with a 
higher reduction of the cell volume before freezing  (Video 
20.1). This phenomenon decreases the later likelihood of 
intracellular ice crystal formation.

Afterwards, the sample is slowly cooled, and once the 
sample temperature has been lowered to −6 to −8°C, 
ice nucleation (seeding) is induced to provoke ice forma-
tion in extracellular water. Controlled ice formation dur-
ing freezing is recognized as a key factor in determining 
oocyte viability as the ice crystals do not enter the cell 
because of the marginally higher osmolarity (lower freez-
ing point) of the intracellular environment. Following the 
seeding, the concentration of the solutes in the non-frozen 
fraction gradually increases as water is incorporated into 
the extracellular ice crystals. The increasing concentration 
in the solutes generates an osmotic gradient across the 
cell membrane, which draws out more water, causing the 
dehydration of the cell. At this point, the samples can be 
plunged directly into liquid nitrogen.

During thawing, cell rehydration is usually obtained 
by its exposure to decreasing concentrations of the per-
meating cryoprotectant in order to return to a physiologi-
cal condition; in this phase, rapid temperature transition 
is preferred to prevent the recrystallization of water, with 
the potential for ice crystal damage. Cell rehydration is 
usually performed by a stepwise dilution of the intracel-
lular CPA present in the freezing media, together with 

a high concentration of the extracellular CPA, such as 
sugar, which acts as an osmotic buffer. As the permeat-
ing cryoprotectant gradually diffuses out of the oocyte, 
the concentration of the non-permeating cryoprotectant 
gradually decreases, until the oocyte goes back to stan-
dard culture medium (Video 20.2).

An optimal exposure should aim to minimize osmotic 
stress while avoiding chemical toxicity and allowing 
sufficient permeation and dehydration to achieve protec-
tion from freezing injury.

PREPARATION AND SELECTION OF FREEZABLE 
OOCYTES
Cryopreservation of human oocytes, contrary to sperm 
cryopreservation, has faced greater technical difficulties 
arising directly from the nature of this particular cell.

The cryopreservation of female gametes faces many dif-
ficulties due to morphological features such as their size 
and physiology: the human female gamete is the largest 
cell in the human body, with a low surface/volume ratio 
and with a high cytoplasmic water content (75%–85%). At 
the same time, it only has a small amount of water-perme-
able membrane itself; water tends to remain inside the cell 
during cooling procedures, leading to the formation of ice 
crystals that are lethal because they can cause mechani-
cal damage to the cytoplasmic organelles and result in 
degeneration of the cell. The selection of freezable eggs 
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is certainly a difficult choice for embryologists. Just after 
retrieval, the oocyte is surrounded by two types of somatic 
granulosa cells: cumulus oophorus cells, which are more 
dispersed, and corona radiata cells, which are in con-
tact with the zona pellucida. The cumulus oophorus and 
corona radiata cells, together with the oocyte, constitute 
the cumulus–corona–oocyte complex. During the collec-
tion of the oocytes of a stimulated cycle, the embryologist, 
using a stereomicroscope, can observe and evaluate the 
complexes that have typical morphological characteristics 
related to the stage of maturation. The cumulus–corona–
oocyte complex of a human mature oocyte (metaphase 
II) is characterized by expanded cells that form a charac-
teristic radiating structure. The presence of the cumulus 
might influence the exchange of water and CPAs during 
dehydration and rehydration of the oocytes, and that 
ultimately has an effect on the cryopreservation proce-
dure. Few studies are available in the literature about the 
influence of the cumulus on the freezing outcome. One of 
the first papers in this area was published by Gook et al. 
(31); it analyzed intact cumulus or totally decumulated 
oocytes frozen using the protocol initially described by 
Lassalle et al. for embryo cryopreservation (32). A higher 
survival rate was observed in the group without cumulus 
compared with the cumulus-enclosed complexes (69% vs. 
48%, respectively).

When choosing suitable oocytes for cryopreservation 
it is important to assess oocyte maturity and quality, so 
the complete denudation of the cumulus–corona com-
plex using hyaluronidase enzyme and mechanical pipet-
ting before freezing is recommended, since the presence 
of cumulus cells does not allow us to effectively evaluate 
nuclear maturity and cytoplasm characteristics.

It is generally accepted that a “morphologically nor-
mal” human mature oocyte should have a round, clear 
zona pellucida, a reduced perivitelline space containing a 
single and non-fragmented first polar body, and a uniform 
or moderately granular cytoplasm, with no inclusions. 
There are several different cytoplasmic and extracytoplas-
mic abnormalities; in fact, after ovarian hyperstimulation, 
some of the retrieved oocytes exhibit one or more mor-
phological cytoplasmic or extracytoplasmic abnormalities 
(33–35).

The cytoplasm can be dark, homogenously granulous, 
or located in the middle; it can also have vacuoles, various 
formations that are formed from endoplasmic reticulum. 
It is also possible to find oocytes with a larger diameter 
termed “giant” that are generally discarded because of 
their abnormal chromosomes (36). Also, the extracyto-
plasmic abnormalities seem to be associated with oocyte 
function and embryo development. Abnormalities of the 
zona pellucida, perivitelline space, and first polar body 
are part of this category. It is preferable to cryopreserve 
only “morphologically normal” oocytes since cytoplas-
mic and extracytoplasmic abnormalities seem to affect 
oocyte competence. Unfortunately, methods to assess 
the quality of the oocytes are usually invasive and thus 
non-conservative.

TIME OF CRYOPRESERVATION
During the routine procedure, eggs are cultured for sev-
eral hours following retrieval before insemination. The 
interval time is about 40 hours after human chorionic 
gonadotropin (hCG) administration; this is the time 
required for the oocytes to undergo nuclear and cytoplas-
mic maturation.

With oocyte cryopreservation, one of the concerns is 
the risk of creating a discontinuity in life during the criti-
cal period between recovery and fertilization. The ideal 
interval time in which the oocyte should be frozen is still 
under discussion.

In our unpublished study of 213 cycles on the total cul-
ture time (pre-freezing and post-thawing), we found a total 
time of less than seven hours compared to seven to eight 
hours and up eight hours of total culture is associated with 
greater clinical results in terms of pregnancy rate (31.8%, 
27.8%, and 16.1%, respectively) and implantation rate 
(21.3%, 15.7%, and 10.4%, respectively) (Table 20.2).

In a clinical retrospective study involving 75 patients 
and 93 oocyte thawings, Parmegiani et  al. (26) achieved 
significantly improved embryo quality and clinical out-
come when oocyte cryopreservation was performed within 
two hours from retrieval. Lappi et  al. confirmed these 
results (37) in a retrospective study on 311 thawing cycles 
using a slow-freezing protocol with 1.5 M PROH and 0.3 M 
sucrose. Oocytes frozen within 40 hours of hCG adminis-
tration showed significantly higher pregnancy and implan-
tation rates compared with eggs cryopreserved more than 
40 hours after hCG administration (22% vs. 12% preg-
nancy/transfer, p < 0.05; and 13% vs. 7% implantation, 
p < 0.05). No difference was found in the time between 
end of thawing and microinjection. These studies show 
that the timing of oocyte cryopreservation seems to play a 
key role in determining the clinical outcome after thawing. 
In particular, the time post-hCG administration at which 
freezing is carried out is very important to determine the 
potential development of oocytes from the frozen cycles.

METHODOLOGY
Slow-freezing procedure

The oocytes are decumulated mechanically and enzy-
matically two hours after transvaginal retrieval to detect 
the metaphase II oocytes suitable for the slow-freezing 
procedure.

 1. The solutions are placed at room temperature (RT; 
22°C–24°C) before use. Just before starting, the cryo-
freezer is turned on. It is necessary to print a label with 
the name, surname, freezing date, couple code, and 
numbers of the oocytes and put it on the straw. One 
to a maximum of three oocytes per straw are loaded. 
Then, an adapted syringe is connected to each straw, a 
weighted ID rod is prepared, and a 170 µm denuding 
pipette is set up.

 2. For each oocyte or group of oocytes, 0.6 mL of the 
equilibration solution (ES; 1.5 M PROH) is dispensed in 
well 1 and 0.6 mL of loading solution (LS; 1.5 M PROH 



270 The human oocyte

+ 0.2 M sucrose) is dispensed in well 2 of a four-well 
plate labeled with the patient’s surname, name, and cou-
ple code.

 3. The denuded mature oocytes are transferred from their 
culture media to the ES and incubated for 10 min-
utes. After this time, the oocytes are moved to the LS 
beginning with the first incubated oocyte. The passage 
between one solution and the other is carried out by 
collecting the oocytes with a 170 µm denuding pipette 
in a small amount of solution. Within five minutes of 
the first oocytes having been incubated in the LS, it is 
necessary to proceed with loading the oocyte into the 
straw.

 4. First, a small amount of LS and then an air bubble is 
loaded, and subsequently LS containing the oocyte is 
loaded into the middle of the liquid. Then, another air 
bubble and, at the end, another small amount of the 
same solution are loaded.

 5. The straw is then separated from the adapted syringe. 
Each weighted ID rod is inserted into the straw and it is 
sealed on both sides. The straws are placed into the auto-
mated cryo-freezer when the temperature is around 20°C.

 6. The sample is slowly cooled from +20°C to −7°C at a 
rate of −2°C/minute. Manual seeding is performed at 
−7°C (temperature maintained for 10 minutes). During 
this time, the straws are removed rapidly but not com-
pletely to induce ice crystals by touching the straw with 
very cold metal forceps in proximity to the first small 
amount of LS nearby the filter. Then, the temperature 
decreases to −30°C at a rate of −0.3°C/minute and then 
rapidly decreases to −150°C at a rate of −50°C/min-
ute. An acoustic and visual signal indicates the end of 
the freezing program. Finally, the straws are directly 
plunged into a goblet of liquid nitrogen and finally 
stored into the dewar at −196°C.

Rapid-thawing procedure

 1. Thawing solutions (TSs) are at room temperature 
(22°C–24°C). In this phase, it is necessary to prepare the 
sterile gauze, sterile scissors, adjustor syringe, 170 µm 
denuding pipette, timer, 30°C water bath, Petri dish, 
and a four-well plate for each straw to thaw labeled with 
patient’s surname, name, and couple code.

 2. The TSs are dispensed into individual wells of the four-
well plate: 0.5 mL of TS1 (1 M PROH + 0.3 M sucrose) 
in well 1, 0.5 mL of TS2 (0.5 M PROH + 0.3 M sucrose) 
in well 2, 0.5 mL of TS3 (0.3 M sucrose) in well 3, and 
finally 0.5 mL of TS4 (phosphate-buffered saline) in 
well 4.

 3. The samples are removed from the liquid nitrogen. The 
straw is taken out from the liquid nitrogen and kept 
in air for 30 seconds (at RT). Immediately after this, 
the straw is put for 40 seconds in a 30°C water bath. 
Subsequently, the straw is dried gently with surgical 
gauze and is cut at one end with the small sterile scis-
sors and attached to the adapted syringe.

 4. The other extremity is cut and the solution containing 
oocytes is emptied into a Petri dish under the stereo-
zoom microscope to immediately visualize the oocytes. 
As soon as the oocytes are seen, they are moved into 
TS1 and incubated for five minutes. After this time, the 
oocytes are moved into TS2 and incubated for five min-
utes, then into TS3 and TS4 for 10 minutes each. At the 
end of the thawing procedure, oocyte integrity is evalu-
ated with the inverted microscope. The thawed and sur-
viving oocytes are cultured until insemination time.

All the steps of slow-freezing and rapid-thawing pro-
cedures are carried out by two people: the operator and 
a second person who assists the operator during the 
procedure.

Table 20.2 Unpublished data on the effects of total culture time (pre-freezing and post-thawing) on clinical results

 

Pre-freeze + post-thaw culture time

<7 hours 7–8 hours >8 hours

Mean age (years) 36.0 35.3 35.4
Cycles 22 54 137
Thawed oocytes 108 266 686
Survival rate (%) 88/108 (81.5) 210/266 (78.9) 539/686 (78.6)
Fertilization rate (%) 49/62 (79.0) 129/155 (83.2) 330/402 (82.1)
Cleavage rate (%) 47/49 (95.9) 127/129 (98.4) 310/330 (93.9)
ET 22 54 137
Pregnancy rate/cycle (%) 7/22 (31.8) 15/54 (27.8) 22/137 (16.1)
Pregnancy rate/ET (%) 7/22 (31.8) 15/54 (27.8) 22/137 (16.1)
Implantation rate (%) 10/47 (21.3) 20/127 (15.7) 32/309 (10.4)
Implantation rate/thawed oocytes (%) 10/108 (9.3) 20/266 (7.5) 32/686 (4.7)

Abbreviation: ET, embryo transfer.
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CRYODAMAGE
The oocyte, in addition to surviving the cryopreservation, 
needs to develop into a viable embryo to be able to result 
in a pregnancy. Survival after thawing is certainly crucial, 
but does not necessarily coincide with cell integrity. It has 
been widely demonstrated that there are several structures 
that must be preserved in order to consider the oocyte 
functional and suitable to progress towards generation, 
because low temperatures may induce sublethal damage 
or alteration to different organelles and structures, such as 
the zona pellucida, cortical granules, mitochondria, and 
meiotic spindle.

The zona pellucida is a trilaminar structure consisting 
of glycoproteins that can be damaged by cryopreservation. 
This structure has the function of controlling fertiliza-
tion in physiological conditions, binding the male gam-
ete, and initiating the acrosome reaction of the sperm. If 
this structure is damaged during freezing, an abnormal or 
failed fertilization can be the outcome. There is evidence 
that cryopreservation, irrespective of the adopted method, 
causes hardening of the zona pellucida through premature 
cortical granule release, which then acts as a barrier to fer-
tilization (38–40). If standard insemination techniques are 
used, a reduction of normal fertilization rates (41) would 
occur. Supplementation of the solutions of cryopreserva-
tion with a protein component has allowed us to reduce 
the phenomenon of zona hardening (40), despite equal 
premature release of the granules taking place. After the 
introduction in 1992 of the intracytoplasmic sperm injec-
tion (ICSI) by Palermo et al. (41), it was possible to bypass 
the hardened zona, leading to improved fertilization and 
live birth rates (8,42,43).

Another structure that can be damaged by cryopreser-
vation is the meiotic spindle, which is composed of micro-
tubules and is important for chromosome segregation. 
At the time of fertilization, upturn of meiosis takes place, 
separating the chromatids attached to the meiotic spindle, 
expelling one set into the second polar body and the other 
into the female pronucleus (44). The meiotic spindle appa-
ratus is a dynamic structure and it has been demonstrated 
to depolymerize when exposed to low temperatures (45). 
Nevertheless, after a return to normal conditions, the 
spindle is able to significantly reassemble (21,46,47). This 
structure must work correctly to achieve accurate chro-
mosome segregation; subsequent impaired repolymeriza-
tion at warming may lead to misaggregation of chromatids 
and aneuploidy (48).

During the slow-freezing procedure, the oocyte experi-
ences a drastic change in temperature that can be detri-
mental for the spindle; on the other hand, CPAs play an 
important role in protecting the spindle. Unfortunately, in 
order to have accurate information, cytogenetic or confo-
cal analyses should be performed on oocytes after thaw-
ing, with a consequent loss of viability.

The introduction of the PolScope (orientation-indepen-
dent polarized light microscope) has enabled the study 

of the dynamic behavior of the meiotic spindle, permit-
ting repetitive observations in vivo (49). Microtubules are 
responsible for spindle birefringence and their density is 
measured by retardance. With this noninvasive alterna-
tive technique that allows us to preserve oocyte viability, 
it has been demonstrated that microtubule depolymeriza-
tion starts at about 32°C and that a complete breakdown 
is reached within a few minutes of the start of cooling 
(50), confirming results previously achieved by invasive 
techniques that focused on the relationship between tem-
perature and spindle behavior. In addition to this, further 
studies showed that the meiotic spindles of thawed oocytes 
derive from “de novo” reconstruction (51).

Several authors attempted to visualize the reappearance 
of the spindle after rewarming by applying different slow-
freezing protocols. Rienzi et al. (51) used a 1.5 M PROH 
plus 0.1 M sucrose mixture and showed recovery in 37% 
of the oocytes immediately after thawing; after a transient 
disappearance, the spindle was present in all the eggs that 
survived within three hours of incubation at 37°C. Similar 
data were published by our group (52) using a compara-
ble freezing protocol with a higher sucrose concentration 
(0.3 M). Immediately after thawing, only 22.9% of oocytes 
showed a weak birefringence signal, while only 1.2% of 
oocytes displayed a high signal. After three hours of cul-
ture, 49.4% of the oocytes showed a weak birefringence 
while 18.1% showed a high-intensity signal. There was a 
statistically significant increase in signal restoration after 
three hours of culture (p < 0.001). We (53) studied a larger 
cohort of eggs and demonstrated a 90% signal restoration 
after one hour of culture. The authors stated that post-
thaw culture could be considerably shortened to one hour. 
Furthermore, they speculated that a short culture time 
could be beneficial to the whole cryopreservation proce-
dure, making the risk of aging in vitro less likely, which 
may occur after thawing if the oocytes are incubated for 
longer periods in preparation for insemination.

A further demonstration was obtained by confocal 
microscopy (54), where fresh control oocytes were com-
pared with frozen eggs fixed at different times after thaw-
ing (zero, one, two, or three hours). All the control oocytes 
displayed normal bipolar spindles. Directly after thawing 
at T = 0, a significant reduction of oocytes with bipolar 
spindles (59.1%) was observed, while after one hour of cul-
ture (T1), 85.7% regained bipolar spindles. Oocytes cul-
tured for a longer period (two or three hours) displayed 
73.7% and 72.7% bipolar spindles, respectively.

Unfortunately, Coticchio et  al. (55) demonstrated that 
while the PolScope is useful for showing the presence and 
the dynamics of the spindle, the morphometric evaluation 
of the spindle through the PolScope is not consistent with 
confocal analysis.

Another set of structures that are sensitive to freezing 
are the mitochondria. It was displayed (with transmis-
sion electron microscopy [TEM]) long since a dam-
age of these structures in response to a lowering of the 
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temperature to 0°C in the presence or absence of DMSO 
(56). Nottola et  al. revealed the presence of mitochon-
drial damage by comparing fresh with frozen oocytes 
using PROH and different concentrations of sucrose 
(0.1 and 0.3 M), while areas of microvacuolation have 
been described in the presence of high concentrations 
of sucrose (0.3 M). These areas may be correlated with a 
reduced potential of embryonic development after thaw-
ing (57).

In 2009, Gualtieri et  al. (58) confirmed these data by 
TEM, detecting a decrease in cortical granules and micro-
vacuolation in oocytes cryopreserved with PROH and 
0.3 M sucrose.

In fresh samples, mitochondria had a regular shape with 
few short cristae, whereas in the frozen–thawed group, a 
high percentage of oocytes (72%) showed a variable and, 
in some cases, very high fraction of mitochondria with 
decreased electron density of the matrix or ruptures of the 
outer and inner membranes. Moreover, in those oocytes, 
the mitochondrial damage was associated with smooth 
endoplasmic reticulum swelling.

It is possible to speculate that the damage caused by the 
freezing of mitochondria and endoplasmic reticulum may 
be reflected in the altered regulation of calcium homeosta-
sis. This might partially explain the low implantation rates 
obtained with this protocol (5,23).

Our recent study by transmission electron microscopy 
(59) has shown that vacuolation appears as a form of cell 
damage during slow freezing and, to a lesser extent, dur-
ing vitrification. The data published in 2011 by Gualtieri 
et al. (60) demonstrate and confirm that cryopreservation 
may generally induce a number of such damages: intracy-
toplasmic microvacuolation, exocytosis of cortical gran-
ules, and degeneration of mitochondria.

SURVIVED OOCYTES AND INSEMINATION
The survival rate is important, especially when a lim-
ited number of cells are available for cryopreservation. 
Intracellular water is essential, and equally relevant is its 
shift across the cell membrane to equalize the vapor pres-
sure gradient as a result of ice formation in the external 
solute with reduced temperature (61).

The importance of the rate of outward flow of water 
and the surface area/volume ratio of the cell was clearly 
demonstrated by the different survival rates observed in 
oocytes cryopreserved in the same conditions at differ-
ent developmental stages. Movement of water out of the 
oocyte is achieved by use of a cryoprotectant (61), provid-
ing an osmotic gradient and, in the case of permeating 
cryoprotectants, limiting shrinkage by replacing the lost 
water. The rate at which a permeating cryoprotectant dif-
fuses into the oocyte differs between cryoprotectants and 
is temperature dependent (27).

A relevant indicator of the efficiency of the oocyte cryo-
preservation process is the survival rate. The most evident 
cryodamage is the lysis of the cell membrane as a result 
of intracellular ice. Over the years, improvements of pro-
tocols for human oocyte cryopreservation have led to an 

increase in the survival rate. Initial oocyte cryopreserva-
tion with DMSO was associated with survival rates that 
ranged between 20% and 30% (62–65). Substituting the 
permeating cryoprotectant with PROH and adding 0.1 M 
sucrose have doubled the survival rate. The evolution of 
the protocols has also led to increasing the sucrose con-
centration from 0.1 to 0.2 or 0.3 M during dehydration, 
increasing the survival rate up to 60%–80% (5,23,25,66–
68). These changes have led survival rates of around 70% 
when performing the protocol with 0.2 M sucrose (18,69–
71) and slightly higher (74%) when using 0.3 M sucrose 
(23,66,67,72).

Morphologically, a mature human egg surviving after 
cryopreservation should look like a fresh human egg; how-
ever, survival does not mean capacity for fertilization. In 
order to identify the right time for the microinjection after 
thawing, it is important to balance carefully the recovery 
time that oocytes need in order to restore the meiotic spin-
dle with oocyte aging, which must be avoided.

In our study (73) on 375 thawing cycles, evidence has 
shown that the time before freezing does not compromise 
the final outcome. Instead, a more important role is played 
by the post-thawing culture time. This result can prob-
ably be associated with the protective effect that cumulus 
cells exert on the oocyte, limiting its aging; thus, denuded 
oocytes might be more sensitive to damage.

The insemination of surviving oocytes takes place not 
earlier than one hour or at maximum two hours after the 
end of the thawing procedure in order to avoid exceeding 
the total culture time and to recover the meiotic spindle 
after thawing.

DEVELOPMENTAL PERFORMANCE OF FROZEN–
THAWED OOCYTES
Much information is available in the literature about the 
relationship between different freezing conditions and the 
embryo’s ability to resume the mitotic cycle. This factor 
can help predict the implantation potential of frozen–
thawed embryos (74). By contrast, little is known about 
the early developmental competence of embryos coming 
from frozen eggs.

Development rate, which is correlated with implanta-
tion potential, seems to be compromised after cryopreser-
vation with high sucrose concentrations (0.3 M). A study 
published by Konc et al. in 2008 (68) showed a significant 
delay in development on day 2 (four-cell stage) in embryos 
derived by oocytes cryopreserved using the 0.3 M sucrose 
procedure when compared to embryos from fresh oocytes 
(17% vs. 66%).

Additional evidence of this trend is reported in a 
study conducted by our group (75) where we compared 
the frequency of early cleavage, cell number, and degree 
of fragmentation in embryos derived from sibling fresh 
and frozen–thawed oocytes of patients undergoing IVF 
treatment in order to determine potential differences. We 
observed that very few embryos (7%) had undergone early 
cleavage at 25 hours post-insemination compared with 
most of the embryos resulting from fresh oocytes (59%). 
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These data are consistent with the hypothesis that, to some 
extent, the implantation potential of embryos developed 
from frozen oocytes may be affected by freezing with high 
sucrose concentrations.

This trend has been confirmed by a study (76) that ana-
lyzed the impact of high sucrose concentrations on embryo 
development. The data show different oocyte development 
and growth after cryopreservation in comparison with the 
corresponding sibling fresh oocytes. This gives an estima-
tion of the effects caused by freezing and thawing and, 
indirectly, of the expectations related to oocyte cryobank-
ing. The differences were independent of age, suggesting 
that the mechanisms regulating oocyte activation and 
the first cleavage divisions are especially sensitive to low 
temperatures.

By contrast oocytes cryopreserved in 0.2 M sucrose 
generated 50% of embryos with at least four cells on day 
2 (18), indicating no impact on embryo development with 
this protocol.

In any case, it has been remarked by different authors 
that high cleavage rates are not necessarily related to 
high implantation potential (23,24,68). In these publica-
tions, high rates of cleavage (90%–93%) resulted in scarce 
implantation rates (5%–6%).

Conversely, when our group (77) compared the develop-
mental ability of embryos derived from sibling fresh and 
frozen–thawed oocytes using a protocol with differential 
sucrose concentrations (0.2 M freezing stage and 0.3 M 
thawing stage), the outcomes were different. Embryos 
from fresh and frozen oocytes were assessed by comparing 
fertilization rate, cleavage rate, and the number of blas-
tomeres at 42–44 hours after microinjection. In 85 fresh 
cycles, 244 oocytes were inseminated, while in 104 frozen 
cycles, 357 out of 525 oocytes survived after thawing (68%) 
and 248 were microinjected. Normal fertilization rates 
were comparable and high in both fresh and frozen groups 
(81.9% and 81.4%, respectively). Cleavage rates were 96.5% 
and 93.1% and the rates of four-cell embryos were 47.0% 
and 47.2% in fresh and frozen groups, respectively. The 
overall implantation rate of embryos developed from fro-
zen oocytes was 15.7%, while this frequency increased to 
26.9% in cases in which at least two four-cell embryos were 
transferred.

Following cryopreservation, the early developmen-
tal ability of frozen–thawed oocytes does not appear to 
be affected in comparison to that of sibling non-frozen 
oocytes. Moreover, from these preliminary studies, it 
is possible to affirm that the timing of the first cleavage 
gives some understanding of the implantation potential of 
embryos coming from cryopreserved eggs.

CLINICAL RESULTS OF OOCYTE CRYOPRESERVATION
The first pregnancy achieved with cryopreserved human 
oocytes was obtained by Chen in 1986 (14). The author, 
on the basis of the high survival rates obtained with cryo-
preserved mouse oocytes, adopted the same technique 
to cryopreserve human eggs, mechanically reducing the 
cumulus oophorus and using DMSO as the cryoprotectant.

From this event onwards, several steps forward have 
been taken, leading to numerous studies validating the 
technique (3,31,78). The first approach applied to oocytes 
was the same as for the freezing of embryos developed 
by Lassalle et al. (32), based on the use of solutions 1.5 M 
PROH plus 0.1 M sucrose (loading) for freezing and 
progressive dilutions of PROH (1.0 and 0.5 M) with an 
unchanged concentration of sucrose (0.2 M) for thawing. 
Unfortunately, the results were not comparable with the 
embryo outcomes.

The first preliminary results regarding survival, fertil-
ization, and embryonic development using human eggs 
were provided by Gook and colleagues (31,79), but the first 
pregnancy and subsequent live birth with this protocol 
combined with ICSI as a method of insemination dates 
back to 1997 (8).

In 2004, our group (4) provided the first data on a sig-
nificant number of patients (68 pairs), showing an implan-
tation rate of 16.4% and a good percentage of pregnancies 
per transfer (25.4%), despite the low survival and fertiliza-
tion rates (37% and 45.4%, respectively). Over the years, 
with the aim of improving biological and clinical results, 
the freezing protocol has therefore undergone several 
changes.

The turning point arrived in 2001 when Fabbri et  al. 
(2) increased the concentration of sucrose to 0.1 M (34%), 
0.2 M (60%), and 0.3 M (82%) in the solutions of both 
freezing and thawing, reported higher percentages of 
recovery after thawing. The exposure times were main-
tained unchanged, and so was the lowering temperature 
curve. Consequently, the increase in survival could be 
directly correlated with greater dehydration of the oocyte. 
The reduced amount of water inside the cell avoided ice 
crystal formation, improving post-thaw recovery.

The increase of non-permeating cryoprotectants led to 
greater dehydration of the oocyte and, consequently, a 
higher survival rate. Several authors (80–82) subsequently 
confirmed the improvement provided by these variations; 
Chen (82) obtained survival (75%) and fertilization rates 
(67%) comparable to those described by Fabbri et  al. (2) 
and satisfactory pregnancy and implantation rates (33% 
and 11%, respectively).

Later, due to a change in Italian law (40/2004), oocyte 
cryopreservation became an important tool in the IVF 
routine. Since just three eggs could be inseminated and 
embryo freezing was not allowed, oocyte cryopreservation 
was the only option available to avoid repeated stimula-
tion cycles. As a consequence, several reports have been 
published since then. In 2006, Chamayou et al. (72) com-
pared results arising from fresh cycles and cycles of freez-
ing (0.3 M sucrose) within the same cohort of oocytes. 
There were no significant differences in terms of fertiliza-
tion between the two groups, while embryos derived from 
frozen oocytes showed a reduced rate of cleavage and sig-
nificantly reduced embryo quality.

In 2006, by applying the same protocol to 146 patients 
and 201 cycles of freezing oocytes, our group (23) obtained 
satisfactory data in terms of survival and fertilization 
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rates (74% and 76%, respectively), but low pregnancy and 
implantation rates per patient (12.3% and 5.2%, respec-
tively). Further confirmation of these data came from 
other groups (5,83).

In 2007, in a retrospective study, De Santis et  al. (25) 
compared the first protocol (0.1 M sucrose) with the one 
introduced by Fabbri et al. in 2001 (0.3 M sucrose) (2); the 
results showed significant improvements in survival and 
fertilization rates in the presence of high concentrations of 
sucrose, but higher pregnancy and implantation rates with 
0.1 M sucrose. This study has allowed us to speculate that 
excessive dehydration of the oocyte could, to some extent, 
affect embryonic development.

Following this observation and the review of the initial 
protocol, in 2007, our group (18) introduced a fundamen-
tal change that has resulted in the maintenance of good 
survival (75.9%) and fertilization rates (76.2%) and, simul-
taneously, an improvement in pregnancy (21.8%) and 
implantation rates per patient (13.5%). The results obtained 
by this protocol have been confirmed in a further study 
published in 2012 (84). Bianchi et al. (18) tried to modulate 
sucrose concentrations during freezing–thawing in order 
to optimize the dehydration–rehydration conditions and 
to avoid excess shrinkage. In previous osmotic response 
experiments (85), it emerged that after around three 

minutes of exposure to 1.5 M PROH in the presence of 
0.3 M sucrose, oocyte volume decreases rapidly, reaching 
values below the 30% threshold excursion, which may be 
detrimental to cell viability. With a reduced sucrose con-
centration (0.2 M), the 30% volume change is not reached 
until after 10 minutes of exposure. Therefore, dehydration 
may be achieved more slowly and less traumatically.

The employed procedure resumes in general the origi-
nal idea of Lassalle et  al. (32) while maintaining a dif-
ference in sucrose concentration between the freezing 
solution (0.2 M) and the thawing solution (0.3 M) (Table 
20.3). On the one hand, this allows us to avoid excessive 
dehydration of the egg cell at the time of freezing and, on 
the other hand, to foster a more controlled rehydration 
during thawing.

In 2010, Borini et al. (86) published a final and homo-
geneous analysis of data that were derived from the com-
parison between fresh and oocyte freezing–thawing cycles 
offered by a multicenter observational study relating to 
eight IVF centers with a high number of patients. The pro-
tocol used a two-step PROH–sucrose-based solution and, 
out of 2046 patients, the overall survival rate was 55.8%. 
An overall pregnancy rate above 14% was achieved with a 
good degree of reproducibility in all the clinics. Regardless 
of the variability of the different clinics analyzed, the 

Table 20.3 Schematic description of a slow cooling rate protocol involving the use of 0.2 and 
0.3 mol/L sucrose for dehydration and rehydration, respectively

Dehydration
Solution Time Temperature

1.5 mol/L PROH 10 minutes 24°C
1.5 mol/L PROH, 0.2 mol/L sucrose 5 minutes 24°C

Controlled-rate cooling
Ramp Thermal interval
1 −20 to −8°C, −2.0°C/minute
2 −8°C, hold for 10 minutes; seed at about 30% of ramp
3 −8°C to −30°C, −0.3°C/minute
4 −30°C to −150°C, −50.0°C/minute
5 −150°C, hold for 10 minute, then plunge into LN2

Thawing
Time Temperature
30 seconds 24°C
40 seconds 30°C, water bath

Rehydration
Solution Time Temperature
1.0 mol/L PROH, 0.3 mol/L sucrose 5 minutes 24°C
0.5 mol/l PROH, 0.3 mol/L sucrose 5 minutes 24°C
0.3 mol/L sucrose 10 minutes 24°C
Buffer 10 minutes 24°C

Note: Solutions are prepared in phosphate-buffered saline media and supplemented with 10 mg/mL of human 
serum albumin.

Abbreviations: LN2, liquid nitrogen; PROH, 1,2-propanediol.
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percentage of success is greater in fresh cycles, but it is 
equally clear the additional result that oocyte cryopreser-
vation brings to cumulative result for stimulating cycle. 
Considered the additional results obtained by thawing of 
cryopreserved oocytes, the probability per patients to get a 
live birth in a single ovarian stimulation cycle is increased 
compared to the probability given only by a fresh cycle.

In fact, if embryo cryopreservation is not possible or 
the risk of hyperstimulation syndrome is present, oocyte 
freezing should be offered to patients.

In 2014, Parmegiani et al. (87) evaluated and proposed 
the application of rapid warming in oocytes cryopreserved 
by the slow-freezing technique protocol (0.3 M sucrose). 
Following the warming, a group of oocytes were parthe-
nogenetically activated and the other group was assigned 
for evaluation of the configuration of the meiotic spindle. 
Warmed oocytes show increased survival (90.2% vs. 74.6%; 
p = 0.005) and a greater number of blastomeres (p = 0.042) 
than those on which standard thawing had been applied.

It is possible to argue that, to date, oocyte cryopreserva-
tion has been one of the biggest steps forward in the opti-
mization of clinical practice; indeed, improving the results 
arising from freezing gave us the chance to obtain a more 
satisfactory cumulative pregnancy rate.

SAFETY OF OOCYTE CRYOPRESERVATION
Another important aspect, besides the outcome, is the safety 
of oocyte cryopreservation. The first report that analyzed 
this issue was published by Porcu et  al. in 2000 (88). The 
paper shows the results of obstetric complications, perinatal 
outcomes, and children’s follow-up regarding 17 pregnan-
cies from cryopreserved oocytes. These initial observations 
reported reassuring data about the children: no malforma-
tions have been reported and the follow-up showed normal 
physical and cognitive development in all of newborns.

These reassuring observations were confirmed in sub-
sequent studies carried out on 70 children (88) and 105 

babies (89). In the latter, a mean gestational age at birth of 
38.9 weeks and a mean birth weight of 3353 g in singletons 
(73 babies) and 2599 g in twins (32 babies) were reported.

In 2009, Noyes et al. (90) published a report with more 
data on 963 babies born from cryopreserved oocytes using 
slow-freezing or vitrification techniques between 1986 
and 2008. The number of babies born was almost the same 
using slow freezing and vitrification (308 from slow freez-
ing, 289 from vitrification, and 12 from a combination of 
both protocols). The rate of single pregnancies was 81% 
compared to 19% for multiples. The rate of birth anomalies 
(1.3%) was found to be comparable with that of spontane-
ous pregnancy. The birth anomalies observed were three 
ventricular septal cardiac defects, one choanal atresia, one 
biliary atresia, one Rubinstein–Taybi syndrome, one club-
foot, and one skin hemangioma.

Another review published in 2009 by Wennerholm et al. 
(91) reported data concerning children born from oocyte 
cryopreservation (148 from slow freezing and 221 from vit-
rification). Even though the data were limited, the weight 
at birth of newborns was within the normal range. These 
studies confirm that babies born from frozen oocytes have 
no significant differences in abnormalities compared with 
naturally conceived children.

In addition to this, information on the duration of 
storage (92) shows that there are no differences between 
oocytes cryopreserved with slow freezing and thawed after 
up to 48 months compared to earlier thaws in terms of sur-
vival, fertilization, cleavage, embryo quality, implantation, 
and live birth rates (Table 20.4).

A recent study published in 2015 (93) demonstrate that 
embryos that survived to cultures to the blastocyst stages 
after long-term oocyte cryopreservation display equivalent 
rates of aneuploidy, implantation, and live birth compared 
with blastocysts derived from fresh oocytes. The dura-
tion of oocyte cryostorage (3.5 years) suggests that long-
term storage has no detrimental effect on chromosomal 

Table 20.4 Recently reported rates of survival, fertilization, cleavage, and implantation following oocyte cryopreservation

Reference Method
No. of thawed 

oocytes
Survival 

(%)
2PN 
(%)

Cleavage 
(%)

Implantation 
(%)

Borini et al. (23) PROH/0.3–0.3 mmol/L sucrose 927 74.1 76.1 90.2 5.2
Boldt et al. (6) PROH/Na-depleted 190 59.5 67.9 n.r. 15.9
Chamayou et al. (72) PROH/0.3–0.3 mmol/L sucrose 337 78.0 67.9 77.3 5.6
Levi Setti et al. (24) PROH/0.3–0.3 mmol/L sucrose 1087 69.0 67.5 89.1 5.7
Bianchi et al. (18) PROH/0.2–0.3 mmol/L sucrose 325 75.1 77.3 93.0 16.7
De Santis et al. (25) PROH/0.3–0.3 mmol/L sucrose 396 71.2 80.4 91.0 5.7
Parmegiani et al. (26) PROH/0.3–0.3 mmol/L sucrose 437 75.1 86.0 87.2 9.6
Konc et al. (68) PROH/0.3–0.3 mmol/L sucrose 110 76.0 76.0 86.0 15.4
Magli et al. (76) PROH/0.3–0.3 mmol/L sucrose 997 72.8 73.0 88.0 n.r.
Borini et al. (86) PROH/0.2–0.3 mmol/L sucrose 5093 55.8 73.8 n.r. 10.1
Gook et al. (12) PROH/0.2–0.2 mmol/L sucrose 289 75.8 67.6 90.5 18.2
Bianchi et al. (84) PROH/0.2–0.3 mmol/L sucrose 2458 71.8 77.9 94.5 13.5

Abbreviations: 2PN, two pronuclei; PROH, 1,2-propanediol; n.r., not recorded.
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competence or live birth outcomes, further supporting 
the safety and efficacy of this rapidly growing technology. 
Consequently, oocyte cryopreservation techniques should 
no longer be considered experimental (94).

SUMMARY
Cryopreservation of human oocytes is an important 
tool used in the IVF routine, as it deals successfully 
with legal, ethical, and moral issues related to embryo 
cryopreservation.

This technique may be used in different situations: to 
rescue cycles complicated by ovarian hyperstimulation 
syndrome; when there is failure to obtain sperm; in oocyte 
donation programs; in the treatment of congenital infertil-
ity disorders or POF; as an alternative to embryo freezing; 
or, for fertile women, as an alternative to electively delays 
of childbearing. Freezing of supernumerary oocytes is the 
best way to optimize stimulation cycles and cumulative 
results. Oocyte cryopreservation also provides an option 
for single women to undergo gonadotoxic treatments that 
may compromise their chances to conceive. The structural 
features of mature human oocytes mean that their cryo-
preservation is fraught with complex difficulties; indeed, 
after the initial disappointment due to the low survival 
rate, several changes have been made over the years to 
cryopreservation methods in order to improve results in 
terms of biological and clinical outcomes. The fertiliza-
tion and cleavage performance levels of frozen–thawed 
oocytes are now not so different from those of fresh sibling 
oocytes. What now becomes clear is the fact that certain 
oocyte cryopreservation protocols may affect cell division 
and have thus been associated with low implantation rates. 
Other freezing methods instead seem not to affect the 
post-implantation development and are going to be used 
in laboratories as alternatives to embryo freezing.

Some studies that have also analyzed the safety of 
oocyte cryopreservation demonstrate that live birth 
rates from cryopreserved eggs do not significantly differ 
in terms of abnormalities compared with naturally con-
ceived children.

VIDEOS

Video 20.1 Oocyte slow freezing. The video shows the first 
freezing step in which the oocytes are exposed to the equili-
bration solution and subsequently to the loading solution. In 
this last one is visible as, with the addition of non-permeating 
cryoprotectant (sucrose), greater shrinkage with a stronger 
reduction of the cell volume takes place. https://youtu.be/
tTjl4K0NANc 

Video 20.2 Oocyte thawing. The video shows exposure to 
solutions with decreasing concentrations of cryoprotectants 
during thawing procedures, leading to gradual oocyte rehy-
dration. https://youtu.be/O2v7_bapYIY
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INTRODUCTION
The past 50 years have yielded impressive breakthroughs 
in cryopreservation as applied to the discipline of repro-
ductive biology. Techniques were usually derived in exper-
imental and domestic animals and subsequently applied to 
humans. The first success in freezing cells was achieved in 
spermatozoa (1), followed by successful cryopreservation 
of preimplantation embryos at different stages of devel-
opment (2–4). Since the first report in 1972 of the cryo-
preservation of mammalian embryos resulting in the birth 
of live mice offspring (2), attempts to cryopreserve human 
oocytes, similar to the results with oocytes of domestic 
animals, mostly failed for many years. However, the devel-
opment of an ultra-rapid vitrification method now means 
that oocytes can be cryopreserved without loss of their 
viability, and such oocytes may be used clinically (5).

The reasons to cryopreserve human oocytes are widely 
known and were summarized recently (6,7). Common 
indications for this procedure include diseases and their 
treatments (i.e., to preserve the reproductive compe-
tence of young cancer patients who need irradiation of 
the pelvic region or chemotherapy, or who require surgi-
cal intervention before or during their reproductive age 
that may involve removal of ovaries). Another reason for 
cryopreservation is when patients have problems result-
ing from ovarian malfunction, including premature 
menopause, ovarian hyperstimulation syndrome, or poor 
response to ovarian stimulation. There are also legal, ethi-
cal, social, and practical problems that may require oocyte 
cryopreservation: some countries restrict or prohibit 
embryo cryopreservation, which only leaves the option to 
preserve oocytes; women may wish to delay motherhood 
for various reasons, such as career priorities; and there 
may be cases where there is no semen available after a suc-
cessful oocyte retrieval, to mention a few examples.

However, as discussed in detail recently (6–9), in broader 
terms, oocyte cryopreservation is also needed to compen-
sate for the unique situation of women in regards to repro-
duction. As in most mammalian species, women suffer 
more and sacrifice more for their offspring both physically 
and emotionally. Yet a woman’s reproductive capabil-
ity is restricted in terms of quantity and duration. Males 
produce millions of sperm in a single ejaculation, while 
females ovulate only one or two mature oocytes every 
28 days. From the time that he reaches puberty, a man’s 
reproductive capability is almost unlimited, while that of 
a woman (without considering special treatments) is lim-
ited to a period of just 15–20 years. Assisted reproductive 

techniques did not eliminate this difference. In fact, with 
the introduction of the procedure of intracytoplasmic 
sperm injection (ICSI) and successful cryopreservation of 
sperm, the gap has widened considerably. Apart from the 
practical goals, our moral duty is to help develop an effi-
cient and safe oocyte cryopreservation method to enhance 
the reproductive capability of women.

Unfortunately, the task is rather demanding. Although 
the first pregnancy from a cryopreserved oocyte was 
achieved about 30 years ago (10), advances until recently 
were very slow. Generally, inefficiency and lack of consis-
tency were the two main problems (11). Oocytes are unique 
cells; their large size, spherical shape, single cell number, 
and general fragility explain many of the difficulties that 
occur during cryopreservation.

Oocytes are often described as the largest cells of the 
mammalian body, and this represents a real challenge in 
cryopreservation. Cell volume is known to be a crucial 
parameter that determines the likelihood of success when 
a cell is cryopreserved. Viruses and bacteria, which have 
a very tiny volume, may survive deep freezing without 
any special treatment, such as use of cryoprotectants or 
controlled-rate cooling. Freezing of fibroblasts or epider-
mal cells is usually an easy and efficient routine task in 
tissue culture laboratories, and does not need any special 
instruments. Sperm cryopreservation can be efficiently 
performed with the use of a controlled-rate freezer. Early 
cleavage-stage embryos with individual blastomeres hav-
ing 50% to as little as 10% of the original size of oocytes 
survive traditional slow-rate freezing very well, and their 
developmental competence is usually well preserved. 
Preantral and primary follicles can also be frozen success-
fully, in contrast to the large, fully developed, metaphase 
II (MII)-stage oocytes.

The near-spherical shape of the oocyte does not confer 
an advantage from the point of view of cryopreservation. 
During equilibration and dilution before and after cool-
ing and warming, permeable cryoprotectants must be dis-
tributed rapidly and uniformly throughout the ooplasm. 
A large spherical object, such as an oocyte, has the low-
est surface area/volume ratio of any geometric shape. An 
irregular object, such as a fibroblast or lymphocyte, has a 
much larger surface area/volume ratio and will equilibrate 
osmotically much faster than an oocyte.

The one-cell stage of an oocyte also severely limits 
options, as there is no margin for error. The single cell sur-
vives or it does not. Multicellular embryos may survive and 
develop even if more than 50% of their cells are damaged. 
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(This fact is clearly demonstrated by successful births 
resulting from bisected embryos of domestic animals.)

However, apart from the size, shape, and cell number, 
other factors may also play important roles in limiting suc-
cessful oocyte cryopreservation. Germinal vesicle (GV)-
stage oocytes and fertilized zygotes have almost exactly the 
same characteristics. However, zygotes are considerably 
more resistant to cryoinjuries, while GV-stage oocytes are 
even more sensitive than MII-stage oocytes. Factors that 
are known to influence their sensitivity include chilling 
injury, serious deformation of shape during exposure to 
and/or removal of cryoprotectants, and hardening of the 
zona pellucida.

Chilling injury is probably one of the least understood 
types of injuries during cryopreservation, involving damage 
to lipid droplets, lipid-rich membranes, and microtubules. 
The temperature zone at which such injury occurs is rather 
high, between +15°C (in some biological objects +20°C) and 
−5°C (12). The damage to lipids is irreversible and causes 
death of the oocytes. Compared to other species, the lipid 
content of human oocytes is relatively low. Yet, their sensitiv-
ity to chilling is still considerable, probably caused by mem-
brane damage and depolymerization of microtubules, with 
all of the subsequent consequences, including misalignment 
of chromosomes and aneuploidy (13–17); however, the latter 
effect may be less detrimental than previously supposed (18). 
Chilling damage of membranes in human mature oocytes 
seems to be much more serious than at later developmen-
tal stages (e.g., zygotes), a possible cause for the well-known 
stage-dependent sensitivity (19).

As a result of osmotic effects, serious deformation 
of their shape may occur when oocytes are exposed to 
cryoprotectant solutions. However, in spite of the some-
what peculiar morphology that oocytes may exhibit dur-
ing exposure to cryoprotectants, they do seem to tolerate 
these deformations rather well. Careful addition of cryo-
protectants may minimize the deleterious effects of such 
morphological alterations. An alternative strategy, such 
as addition of cytoskeleton relaxants used with porcine 
embryos (20), may not be required in the human. On the 
other hand, during removal of the cryoprotectant, the 
spherical shape of the oocyte may allow only a minimal 
expansion; accordingly, the inrushing water may disrupt 
the cell membrane.

VITRIFICATION VERSUS TRADITIONAL FREEZING
During the past four decades, two major strategies for 
the cryopreservation of oocytes and embryos in mam-
malian species have been developed (21). Traditional 
slow-rate freezing establishes a delicate balance between 
various sources of injuries, while the principal goal of 
vitrification is to eliminate ice crystal formation entirely 
in the whole solution containing the embryos and 
oocytes. To achieve this ice-free, glass-like solidification 
of solutions, which may also be defined as an extremely 
increased viscosity, high cryoprotectant concentra-
tions and/or very high cooling rates are required. To 
decrease the potential osmotic and toxic damage caused 

by cryoprotectants, recent vitrification methods have 
focused on increasing the cooling and warming rates 
(22–25). Most successful vitrification methods are based 
on use of extremely small volumes of solution contain-
ing the specimens and direct contact between this solu-
tion and liquid nitrogen.

One of these approaches—the minimum drop size 
method—was first applied by Arav (26), and further modi-
fied by Hamawaki et al. (27). Based on these earlier results, 
a novel method, called the Cryotop vitrification technique, 
was developed for the cryopreservation of oocytes and 
embryos (28). The Cryotop method has been used suc-
cessfully to cryopreserve embryos from a wide variety of 
mammalian species, and has resulted in a considerable 
increase in the overall efficiency of the cryopreservation 
of human oocytes and embryos (29–32). More recently, 
based on these huge results and experiences using the 
Cryotop method for over 2 million clinical cases for 12 
years in 65 countries, a noninvasive, 100% survival vitrifi-
cation method called the Cryotec method was established 
by Dr. Kuwayama, again for the standard clinical protocol 
for human oocytes and embryos (7,33).

USE OF THE CRYOTEC VITRIFICATION METHOD TO 
CRYOPRESERVE HUMAN MII–PHASE OOCYTES
The following is a description of the steps that should be 
followed carefully to utilize the Cryotec method to its full 
capability.

Timing

Oocytes can be vitrified between one and six hours after 
ovum pick-up, and immediately after denudation (cumu-
lus cell removal). ICSI can be performed within two to 
four hours after the oocytes have been warmed. This short 
time of culture is required to allow the oocytes to recover 
the plasticity of their membranes during the puncture by 
the ICSI needle.

Device

The Cryotec consists of a 1.0-mm wide, 20-mm long, 
0.075-mm thick flexible filmstrip attached to a rigid plas-
tic handle (Figure 21.1a). To protect the filmstrip and the 
sample cryopreserved on it, a 30-mm long transparent 
plastic cap is also provided to cover this part during stor-
age in liquid nitrogen (Figure 21.1b). The device is steril-
ized, and should be handled under aseptic conditions and 
only for one cycle of vitrification.

Solutions

Media for all phases of vitrification are listed in Table 21.1. 
All solutions are serum and protein free.

(a)

(b)

Figure 21.1 Cryotec vitrification container (a) without and 
(b) with cover cap.
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Working environment and preparation steps

The vitrification procedure has to be performed in a well-
ventilated laboratory at room temperature of 25°C–27°C. 
Because all equilibration and dilution parameters 
described below were adjusted for this temperature, it is 
very important to warm media that have been stored in the 
refrigerator to 25°C–27°C. This is easily achieved by plac-
ing all the solutions and vials on a clean bench for more 
than one hour, preferably inside a laminar-flow hood. The 
only exception is the thawing solution (TS), which should 
be warmed to 37°C to obtain the highest warming rate 
of the vitrified oocytes. Note that the basic solution con-
tains HEPES buffer as well as bicarbonate buffer, and has 
been adjusted to maintain the appropriate pH even when 
exposed to air. Therefore, a carbon dioxide incubator is not 
required for warming of solutions in closed vials.

Additional tools

Vitrification has to be performed in 300–µL volume 
three-well plates (Vitri-Plate, REPROLIFE, Tokyo, Japan; 
Figure 21.2). To obtain the optimum gradual change of 
osmolality of the extracellular solutions for the best post-
thaw survival of the oocytes, it is very important that 
precise proportions of the volume of each solution and 
transferred solution be used. For practical reasons, a rela-
tively small, thick-walled Styrofoam box (approximately 
250 × 150 × 200 cm for length, width, and height) with a 
minimum of 3-cm thick walls and bottom is suggested, 
preferably with an appropriate Styrofoam cover. The box 
should be placed on a stable surface within easy reach but 
with little risk of accidentally spilling it or pouring off the 
liquid nitrogen. All safety instructions related to work 
with liquid nitrogen should be strictly followed. Points for 
selection of optimal sources and possible pre-treatment of 
liquid nitrogen will be discussed later. The Styrofoam box 
should also contain plastic racks for temporary storage of 
the device.

Cryotec vitrification requires adept handling of oocytes 
and embryos. For vitrification and warming, a relatively 
simple stereomicroscope equipped with a zoom lens and 
capable of providing sharp contrast images is appropriate. 

Except for special purposes, there is no need for an 
upright or inverted compound microscope or for fluores-
cent equipment. There is no need to restrict illumination 
if light sources are filtered for UV lights. Use microscope 
lights only when required.

Equilibration and cooling

Gently mix vials of pre-warmed equilibration solution 
(ES) and vitrification solution (VS) (one vial of each). Pour 
300 µL of ES into well 1 and 300 µL of VS into wells 2 and 
3 in the proper Vitri-Plate (Figure 21.2).

Before starting a vitrification procedure, check the qual-
ity and perivitelline space of the oocytes, compare it to the 
thickness of the zona pellucida, and record any character-
istics that might affect oocyte survival. The equilibration 
and vitrification procedure consists of the following steps.

 1. Place the oocytes in the center of the surface of the ES. 
The oocytes will begin to contract osmotically and they 
will sink by their own density to the bottom of the well 
(Figure 21.3).

 2. Contraction of the oocytes should occur at the latest 
within 90 seconds after placing them into the ES. Wait 
for 12 minutes and observe the recovery of the oocytes. 
If full re-expansion of oocytes occurs (the perivitel-
line space should be the same as before equilibration), 
oocytes should be picked up for the next step. If the 
volumetric recovery of the oocytes is incomplete, con-
tinue the equilibration until 15 minutes all together. The 
recovery period can be used to prepare the liquid nitro-
gen container and to label the Cryotecs.

Table 21.1 Solutions used for Cryotec vitrification

Name Basic medium Permeable cryoprotectants
Non-permeable 
cryoprotectants

Washing solution m-MEM + HPC – –
Equlibration solution m-MEM + HPC 7% EG, 7% DMSO –
Vitrification solution m-MEM + HPC 14.5% EG, 14.5% DMSO 0.5 M trehalose (endotoxin free)
Thawing solution m-MEM + HPC – 1.0 M trehalose (endotoxin free)
Dilution solution m-MEM + HPC – 0.5 M trehalose (endotoxin free)

Note: All chemicals except for those otherwise indicated are derived from Sigma Chemical Co. (St. Louis, MO).
Abbreviations:  m-MEM, HEPES-buffered minimal essential medium; +HPC, maximum concentration of hydroxypropyl cellulose; EG, ethylene 

glycol; DMSO, dimethyl sulfoxide.

Figure 21.2 Vitrification plate.
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 3. Pick up oocytes with the pipette and expel the oocytes 
at the middle depth of VS1 with ES. The oocytes will 
immediately float to the surface of VS1. Expel and wash 
the inside of the pipette with fresh VS, and pick up the 
oocytes and expel them again at the bottom of the VS. 
The oocytes will then very slowly float to the middle and 
stop. When the oocytes stop, it is the end of the equili-
bration step as the weight will have become the same 
inside and outside of the oocytes. Aspirate the oocytes 
at the tip of pipette to move to VS2 (Figure 21.4).

 4. Expel the oocytes into the middle depth of VS2. Expel 
and aspirate fresh VS from the edge of the surface, 
and expel it outside of the well. Aspirate fresh VS2 
again from the surface and mix the solution around 
the oocyte to confirm the oocytes to be shrunk in 3D 
(Figure 21.5). Expel and wash the inside of the pipette 
with fresh VS, and aspirate the oocytes at the tip of the 
pipette to put the oocytes onto the Cryotec set on the slit 
of the Vitri-Plate.

 5. Pick up the oocytes with the pipette in the smallest pos-
sible amount of VS and place them on the strip of the 

Cryotec on the Vitri-Plate near the black triangle mark 
(Figure 21.6).

 6. Immerse the Cryotec directly in the liquid nitrogen in 
the Styrofoam box and rapidly stir the Cryotec in the 
liquid nitrogen to obtain the maximum cooling rate 
(23,000°C/minute). While keeping the Cryotec sub-
merged in liquid nitrogen, cover the strip of the Cryotec 
with the plastic cap using tweezers and then the fingers 
to ensure it is tightly closed (Figure 21.7).

Warming and dilution

An unopened vial of TS and a warming plate (Figure 21.8) 
should be pre-warmed to 37°C in an incubator for at least 
one hour. All other solutions should be kept at room tem-
perature (i.e., 25°C–27°C).

Gently mix pre-warmed diluent solution (DS) and TS 
vials with an up-and-down movement. Pour 300 µL of DS 
into well 2 and 1.8 mL of 37°C TS into square well 1 of the 
warming plate.

The warming and dilution procedures consist of the fol-
lowing steps (dilution is also shown in Figure 21.8):

 1. Using tweezers, remove the plastic cap of the Cryotec 
while it is still submerged in liquid nitrogen. This 
manipulation can be performed easily if the Styrofoam 
box is filled almost entirely with liquid nitrogen. The 
container should be positioned close to the micro-
scope to avoid delay when transferring the Cryotec. The 
microscope should be focused at the center of the TS of 
the warming plate with low magnification.

 2. Hold the Cryotec and look for the black mark while main-
taining the tip submerged in liquid nitrogen. Remove the 

ES

Figure 21.3 Equilibration of oocytes in ES. Abbreviation: 
ES, equilibration solution.

VS1

Step 2Step 1 Step 3 Step 4

2

4

1 3

Figure 21.4 Equilibration of oocytes in VS1. Abbreviation: VS1, vitrification solution 1.

VS2

Step 6Step 5 Step 7 Step 8

2

1 3

Figure 21.5 Confirmation of oocyte shrinkage in VS2. Abbreviation: VS2, vitrification solution 2.
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Cryotec with a rapid movement from the liquid nitro-
gen and place the tip immediately into the middle of the 
square TS well of the warming plate (Figure 21.9).

 3. Find the oocytes by adjusting the focus on the Cryotec 
sheet. One minute after immersing into TS, while keep-
ing the Cryotec sheet in the middle of the TS, oocytes 
will separate themselves from the Cryotec sheet and 
will begin to float. Follow all movements of the oocytes 
continuously, as they will become transparent at this 
phase of the procedure and it is easy to lose them. Later, 
they will regain their normal appearance.

 4. Gently pick up the oocytes in the pipette and aspirate 
an additional 3-mm long TS column to the tip of the 
pipette. Transfer the pipette to the bottom of the DS well 
and expel the contents gently to the center of the bot-
tom (deepest place): first the TS media, allowing it to 
form a small “mountain” of fluid, then the oocytes at the 
bottom of this mountain. Then do nothing and wait for 
3 minutes (Figure 21.10).

Figure 21.6 Easy loading of oocytes using Vitri-Plate.

Figure 21.7 Vitrified oocytes on Cryotec in liquid nitrogen 
with tightly closed cover cap.

Step 1/

TS DS WS1 WS2

1 Step 3/ 1

Step 1/

1 min 3 min 5 min 1 min

2 Step 2/ 1 Step 3/ 2

Step 3/ 3

Figure 21.8 Warming plate and warming procedure of the Cryotec method. Abbreviations: DS, dilution solution; TS, thawing 
solution; WS1, washing solution 1; WS2, washing solution 2.

Figure 21.9 Warming: oocyte on Cryotec sheet in thawing 
solution in the warming plate.
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 5. Subsequently, the same method of transfer should be 
applied but with different solutions: oocytes will be 
placed at the bottom of the mountain formed from DS 
medium in the WS1 dish for 5 minutes, without any 
stirring or mixing of the media.

 6. Place the oocytes onto the surface of WS2 and wait for 
1 minute.

 7. Finally, transfer the oocytes into the culture dish and 
examine their morphology under the stereomicroscope. 
ICSI can be performed after a recovery period of at least 
one hour.

The danger of liquid nitrogen-mediated disease 
transmission

Safety issues regarding open methods of vitrification have 
been discussed recently in detail (5,21,34). Liquid nitrogen 
may become contaminated with pathogenic agents and 
can transmit these agents to other samples stored in the 
same tank of liquid nitrogen. Under experimental condi-
tions, transmission has also been demonstrated between 
embryological samples (35,36). Although no disease trans-
mission related to liquid nitrogen-mediated contamina-
tion and embryo transfer has been reported for humans or 
for animals during the past 40 years, a theoretical danger 
exists and should be minimized with rational measures. 
According to most observations, hermetical isolation of 
samples from liquid nitrogen or medium during cooling 
and thawing considerably decreases cooling and warm-
ing rates and, as a consequence, also reduces survival of 
oocytes. One reasonable solution to this problem is to sepa-
rate cooling and thawing of oocytes from their storage. 
Cooling can be performed in liquid nitrogen that is directly 
provided from the factory, has not been in contact with any 
other biological samples, and has been filtered before use 
(37,38). For storage, samples may be sealed in a pre-cooled, 
hermetically isolated container (e.g., 1-mL diameter cryo-
biosystem [CBS] straw; IMV, L’Aigle, France). An analog 
of the system has been used for open pulled straw (OPS) 
vitrification (36) and the required instrument is commer-
cially available (VitSet, Minitüb, Landshut, Germany). At 
warming, the end of the 1-mL straw may be cut with sterile 
scissors while the rest of the straw is still submerged in liq-
uid nitrogen, and the Cryotec can be quickly removed with 
narrow forceps for immersion into the proper medium. 
However, high post-warm survival rates of oocytes have 
not been obtained in these partially closed or fully closed 

systems, possibly because of the lower cooling and warming 
rates than those in ultra-rapid vitrification. The fact is that 
no viral transmission problems have occurred after more 
than 2.5 million cases of clinical applications of the Cryotop 
and Cryotec method for 16 years in 65 countries. This pro-
vides the best practical evidence to indicate the safety of this 
method with respect to possible liquid nitrogen-mediated 
disease transmission.

RESULTS ACHIEVED WITH CRYOTOP AND CRYOTEC 
VITRIFICATION OF HUMAN OOCYTES
The first baby born after human oocyte vitrification was 
achieved with the OPS technique (39). However, the sur-
vival rate was not very high and no replicate results have 
been reported. This is similar to the first success of human 
oocyte freezing in 1986 (10). The OPS method may briefly 
expose the VS to liquid nitrogen, and it contains more 
than 1 µL of VS, which may cause a lower cooling rate. 
Nevertheless, this technique does work very well for mam-
malian embryos, even if less efficiently for oocytes.

Before being cryopreserved, the potential development 
rate of oocytes is 100%. If some oocytes undergo serious 
damage during cryopreservation, those oocytes die, result-
ing in a lower overall survival rate. A lower survival rate 
is evidence of increasing damage caused by cryopreserva-
tion. Therefore, especially in clinical applications of vitri-
fication, it is very important that the highest survival be 
attained not only for the efficiency of the treatment, but 
also to ensure the likelihood of producing normal, healthy 
babies. Such high post-warming survival of oocytes can be 
obtained using an ultra-rapid vitrification method.

In 2000, Kuwayama and Kato obtained the first preg-
nancy derived from vitrified oocytes using a minimal- 
volume cooling method (28). The protocol of this 
vitrification was improved and made easier for everyone’s 
use, and named it the Cryotop method (28).

After the first successful report of oocyte vitrification 
with the Cryotop vitrification method in 2000 (28), the 
protocol has gradually become used around the world, 
being adapted for various clinical needs in each country.

In Japan, using this method, a 91% post-thaw survival 
rate, 90% fertilization rate, and 50% blastocyst forma-
tion rate after ICSI and in vitro culture were first reported 
(30). After embryo transfer, a pregnancy rate of 41% was 
achieved. The ultimate birth rate of those embryos that 
implanted was 83%. A total of 20 healthy babies were 
delivered in this clinical trial. This ultra-rapid vitrifica-
tion method was used to establish the first oocyte bank for 
unmarried cancer patients in 2001. More than 600 oocytes 
from 112 patients have been cryopreserved for their future 
in vitro fertilization (IVF) treatment use.

In the U.S.A., Katayama et al. (29) repeatedly used the 
Cryotop method and achieved a post-thaw survival rate 
for oocytes of 97%, and they obtained the first live baby 
from a vitrified oocyte in the U.S.A. They also established 
an oocyte bank for unmarried cancer patients and for 
healthy women to preserve their fertility for social reasons 
in 2003.

2 31

3 mm

Figure 21.10 Gradual replacement of the solutions (thaw-
ing solution to dilution solution/dilution solution to washing 
solution).



286 The human oocyte

In Spain, Cobo et al. (38) reported that the survival rate 
of 231 oocytes that were thawed after vitrification was 
97%; the respective fertilization, cleavage, and blastocyst 
rates were 76%, 94%, and 49%. Embryo transfer performed 
on 23 patients resulted in a 65% pregnancy rate, although 
with a miscarriage rate of 20%. The Spanish team is the 
largest IVF unit in Europe and has used oocyte vitrifica-
tion for an egg donation program (40). More than 1000 
healthy babies have been born from oocytes that were vit-
rified by this team alone.

Recently, based on the wide-ranging experience of 
Cryotop vitrification, the reasons for lethal damage to the 
oocytes during the vitrification process became clear. These 
reasons are the lower viscosity of the solutions, the difficulty 
of judging completion of oocyte equilibration in VS, the dif-
ficulty of loading oocytes onto vitrification container sheets 
within a limited time, and the sticking of oocytes to the 
sheet at warming in TS, among others. These problems in 
the method were eliminated by using new finding additives: 
hydroxypropyl cellulose, improvement of equilibration using 
specific gravity difference, and improvements of vitrification 
and warming plates. For this purpose, Dr. Kuwayama, devel-
oper of the Cryotop method created and improved vitrifica-
tion method named the Cryotec method (7).

As a result of personal communications with col-
leagues in over 40 countries, I estimate that more than 
20,000 oocytes have been vitrified by the Cryotec method, 
and in most of the centers, the survival rates of vitrified 
oocytes after warming were 100%, and more than 2000 
such healthy babies have been delivered thus far. The fact 
that such results have been reported by so many indepen-
dent clinical groups in different countries with no direct 
or commercial connection for the past four years may 
indicate that a reliable clinical procedure to cryopreserve 
human oocytes has been obtained.

CONCLUSION
Cryopreservation of oocytes is regarded as one of the most 
demanding tasks of human assisted reproduction. With 
scrupulous attention to numerous details and proper appli-
cation of the latest vitrification techniques, the efficiency of 
the procedure has been substantially improved. The Cryotec 
vitrification method has resulted in an almost 100% survival 
rate followed by excellent fertilization, blastocyst develop-
ment, pregnancy, and births after embryo transfers (ETs), 
comparable to those achieved with non-vitrified control 
oocytes. The technique can be useful in diverse situations 
where oocyte storage is required or considered.
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Slow freezing
MARIUS MEINTJES

INTRODUCTION
Blastocyst culture and transfer are strongly desired, as they 
allow for increased embryo selection and consequently 
lead to significantly improved implantation and live birth 
rates (1). In contrast, cleavage-stage transfer programs 
are now more often finding themselves at a disadvantage. 
Transferring at the cleavage stage mostly necessitates the 
transfer of multiple embryos to be competitive and, as a 
result, is plagued with multiple implantations. Furthermore, 
the practice of transferring multiple cleavage-stage embryos 
does not easily lead to higher live birth rates anymore.

Even so, blastocyst culture for all patients has gained 
slow acceptance due to the intolerance of suboptimum 
culture systems and air quality, the increased utilization 
of low-O2 culture, and, most importantly, the perceived 
inability to reliably cryopreserve supernumerary blasto-
cysts for later use. Historically, the slow freezing of blas-
tocysts was plagued with low survival rates, high rates of 
biochemical pregnancies, and frequent early miscarriages. 
Only a very few programs could consistently claim accept-
able frozen–thawed blastocyst outcomes.

With the advent of blastocyst vitrification, consistently 
good cryopreservation outcomes became the norm for 
more clinics. Even the few programs with good slow-freez-
ing results are now able to further improve their outcomes. 
Blastocyst vitrification contributed significantly to the 
movement towards not transferring during the fresh cycle 
and the liberal use of preimplantation genetic screening 
after trophoblast biopsy. For the first time, routine single-
embryo transfers are becoming a reality, without losing 
a competitive advantage over day-2 and day-3 embryo 
transfer programs. Today, blastocyst culture and transfer 
is increasingly becoming the method of choice and, at least 
in some countries, has become the mainstream approach. 
For this reason, this chapter will focus on blastocysts, 
rather than on pronuclear or cleavage-stage embryos.

The question then is: why still talk about slow blastocyst 
freezing? Firstly, some lessons can be learned from slow 
freezing that may assist in optimizing current vitrification 
methods. Secondly, thousands of slow-frozen embryos 
will be presented for thawing in the foreseeable future, 
either as follow-up cycles or as donated embryos to infer-
tile couples. It is proposed that the thawing rather than 
the freezing of slow-frozen blastocysts is the most critical 
step to ensuring a good outcome. Regardless of the slow-
freezing technique applied in the past, careful attention 
to sound slow thawing will prove critical and allow good 
clinical outcomes years after these blastocysts were frozen.

THE ROLE OF PRE-FREEZE BLASTOCYST QUALITY
Regardless of the method of cryopreservation, the quality 
of the blastocyst before cryopreservation is paramount to 
a successful outcome. The quality of the pre-freeze blasto-
cyst may be affected by the patient, culture conditions, and/
or culture media. A small problem in the culture conditions 
or environment will be exacerbated with an additional two 
to four days of in vitro culture to the blastocyst stage. As an 
example, culture and cryopreservation of blastocysts should 
not be attempted without a reduced O2 culture environment. 
It has been shown repeatedly that the implantation poten-
tial of blastocysts is disproportionately compromised by 
atmospheric O2 culture when compared with cleavage-stage 
embryos (2). Similarly, the cryosurvivability of blastocysts is 
directly affected by the pre-freeze culture conditions such as 
the addition of hyaluronan to the culture medium (3).

POST-THAW INNER CELL MASS SURVIVAL
Timing of freezing and blastocyst selection 
before freezing

Unlike in the case of vitrification where the developmen-
tal stage or absolute quality of the blastocyst have little 
impact on warming outcomes, slow freezing appears to be 
temperamental regarding which blastocysts to freeze and, 
importantly, when to freeze them. With vitrification, an 
all-or-none rule seems to apply, where all of the blastocysts 
survive or, alternatively, there is no survival after warm-
ing. Frequently, post-thaw blastocysts after slow freezing 
may exhibit partial survival with preferential damage 
to the inner cell mass (ICM) cells. Therefore, best slow-
freeze outcomes are observed if the biomass going into 
the freeze is optimized, meaning that one should freeze 
fully expanded blastocysts with compact ICMs (Figure 
22.1). This allows for partial loss of cells after thawing with 
enough viable cells remaining to support implantation, 
hence the importance of paying attention to ICM quality 
(biomass), even before committing to slow freezing.

Earlier blastocysts, which are not fully expanded, or 
expanded blastocysts where individual ICM cells can 
still be counted tend to yield less than desired outcomes. 
Similarly, poor-quality blastocysts have a very low chance 
of surviving slow freezing and thawing (Figure 22.2). This 
is in stark contrast to current vitrification techniques 
where what goes in at the front end tends to come out after 
warming, regardless of quality. Furthermore, unlike in the 
case of vitrification, hatched blastocysts do not freeze well 
when slow-frozen. The resultant poor survival of partially 
hatched, slow-frozen blastocysts after biopsy is partly 
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responsible for trophoblast biopsy not having been viable 
before the advent of reliable vitrification. Vitrification 
after trophoblast biopsy almost guarantees the survival of 
biopsied blastocysts.

ICM and trophoblast act different

Blastocysts consist of two distinct cell types: the ICM and 
trophoblast cells. These two cell types act differently dur-
ing slow freezing and thawing, with ICM cells being the 
most sensitive. It is not uncommon for trophoblast cells to 
routinely survive thawing with compromised ICM cell sur-
vival or no ICM survival at all. In the human, unlike most 

other species, implantation is provisionally allowed in the 
absence of a viable ICM. This facilitation of implantation 
without a functional ICM and the preferential damage to 
ICM cells after thawing are frequently manifested as high 
biochemical pregnancy rates (a positive β-human chorionic 
gonadotropin [β-hCG] result failing to progress to a clinical 
pregnancy) and, commonly, first-trimester miscarriages. 
Several healthy post-thaw trophoblasts with no discernible 
ICMs were transferred, which resulted in clinical pregnan-
cies, shortly followed by early miscarriages (Figure 22.3).

When considering the quality of the post-thaw ICM, 
patients with only poor-quality ICMs at the time of trans-
fer had high rates of biochemical pregnancies or early 
miscarriages (4). However, ongoing pregnancies and live 
births are still possible, albeit at significantly lower rates. 
As illustrated in Figure 22.4, the observed clinical out-
comes directly relate to ICM quality (4). Similarly, weak 
and/or damaged ICMs in the poor-quality ICM group may 
explain the high rate of biochemical pregnancies and the 
clinical pregnancy losses observed.

Efforts to optimize the recovery of slow-frozen blasto-
cysts should focus, in part, on ICM survival. ICM survival 
may be improved by proper selection of blastocysts before 
cryopreservation (5), an optimal culture environment (low 
O2 and proper macromolecule supplementation), and, spe-
cifically, the optimization of thaw solutions (6).

Modification of the thaw process to optimize 
ICM survival

Even though IVF programs today would likely not slow-
freeze blastocysts anymore, thawing some of the thou-
sands of blastocysts in the worldwide frozen inventory is 
still a reality. Therefore, paying attention to- and adapting 

Figure 22.3 A hatching blastocyst 14 hours post-thaw with 
no discernable inner cell mass (ICM) and a healthy trophoblast. 
This blastocyst was frozen with a quality ICM. It is not uncom-
mon for trophoblast cells to routinely survive thawing alongside 
compromised ICM cell survival or no ICM survival at all. After 
transfer, this blastocyst resulted in a biochemical pregnancy.

Figure 22.2 Examples of early blastocysts that are not yet 
fully expanded and, in addition, do not have a coherent inner cell 
mass. Slow-freezing blastocysts at this stage and with these qual-
ity inner cell masses seldom result in a good clinical outcome.

Figure 22.1 A fully expanded blastocyst with a compact 
inner cell mass containing many cells. This is an example of a 
blastocyst at the right stage for a slow freeze with an excel-
lent chance of surviving the subsequent thaw. This blastocyst 
resulted in a live birth.
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to known cryobiological principles can ensure the best 
possible outcome when thawing slow-frozen blastocysts. 
When slow-freezing and thawing human blastocysts, cry-
oinjury can be incurred in at least three different ways (7). 
These may include organelle damage due to intracellular 
hyperosmosis during freezing, cell lysis during thawing, 
and physical ice crystal-induced damage to membranes 
and organelles during freezing and/or thawing.

During the freezing process, the blastomeres are dehy-
drated to reduce the chance of intracellular ice forma-
tion. The risk during freezing then pertains to extended 
intracellular hyperosmosis, resulting in organelle damage 
(Figure 22.5). This type of damage during freezing, there-
fore, may vary due to the extent and duration of the intra-
cellular hyperosmotic state.

Damage during thawing relates to the rehydration of the 
thawing blastomeres. Water rushes into the cell faster than 
the permeable cryoprotectant (usually glycerol) can get out. 
The result is a temporary swelling and overextension of the 
blastomere (Figure 22.6). It appears that trophoblast cells 
can tolerate swelling better than ICM cells. Overextension 
of the blastomere will lead to cell lysis, which is by nature 
irreversible. In contrast, for slow freezing, there exists a 
possible spectrum of hyperosmotic freeze damage; damage 
incurred during thawing will either be absent (full recov-
ery after temporary swelling) or result in lysis and complete 
blastomere death. However, in a given blastocyst, some cells 
may survive (more robust cells such as trophoblast cells) 
and others may undergo lysis (e.g., some ICM cells), hence 
the importance of designing the thaw protocol towards 
ICM survival and the importance of maximizing the ICM 
biomass before freezing. The presence of numerous cells 
in the ICM will increase the chance of a viable implanta-
tion even after losing some of the ICM cells during the 
thaw process. Lastly, intracellular ice crystal formation can 
damage the cell organelles during freezing and/or thawing 

when the rate of freezing is too fast (not allowing for timely 
dehydration) or the rate of thawing is too slow (refreezing 
of water that enters the hyperosmotic thawing cells).

Blastocyst freezing

Human blastocysts were first frozen using glycerol-based 
protocols developed for domestic animal blastocysts, with-
out much use of non-permeable cryoprotectants such as 
sucrose. These protocols originally proved to be success-
ful in the sheep (8) and the cow (9). When thawing these 
blastocysts, they were placed in a series of decreasing glyc-
erol solutions with a total exposure to glycerol for as long 
as 110 minutes at room temperature (10). Later on, the 
survival rates were somewhat improved with pre-freeze 
co-culture and the addition of sucrose to the freezing and 
thawing steps, but still with a total glycerol exposure time 
of at least 31 minutes (11). Interestingly, cow embryos that 
were neither co-cultured nor exposed to hyaluronan before 
freezing did not survive slow-freeze protocols very well, 
confirming what we know today that pre-freeze culture 
conditions can have a significant impact on cryosurvivabil-
ity (3). However, by lowering the freeze start temperature 
and slightly increasing the freeze rate, cryosurvivability of 
human blastocysts was further increased (12).

Blastocyst thawing

From this followed a perception that this long exposure 
to glycerol at room temperature was toxic to the embryos, 
as well as cumbersome and impractical. To resolve this 
perceived problem, the seven to eight thawing steps were 
reduced to only two (13). Although the glycerol expo-
sure time and lengthiness of the thaw procedure were 
addressed, this approach created another unforeseen 
complication: ICM cells now frequently did not survive 
in adequate numbers, giving rise to reasonably positive 
β-hCG rates, but unacceptably high rates of biochemical 
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Figure 22.4 Clinical, ongoing, and biochemical (not resulting in a clinical pregnancy) pregnancies observed for slow-frozen, 
thawed blastocysts with poor- and good-quality ICMs. Abbreviation: ICM, inner cell mass.
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Cryopreservation solution

Single step

Shrink

(hyperosmotic shock)

Recover

(equilibrium)

= Flow of water

= Sucrose (non-permeable)

= Glycerol (permeable)

Figure 22.5 Illustration of the osmotic response of a single blastomere during a single freeze-dilution step. In general, water 
moves across the blastomere membrane faster than the permeable (glycerol) cryoprotectant. When the blastocyst is immersed in 
the first cryopreservation solution, water will rush out of the blastomere from a relatively high concentration to a lower concentra-
tion of water outside to attempt to achieve osmotic equilibrium. Water moving out will cause an initial shrinkage, resulting in a 
temporary hyperosmotic state inside the blastomere. During this hyperosmotic state, the blastomere is vulnerable to organelle 
damage. Next, glycerol will start to move into the blastomere from a high concentration outside to a low concentration inside to 
work towards glycerol equilibrium. Finally, water will follow the glycerol back into the blastomere to reach a final state of equilibrium. 
The blastomere now will be the same size as what it was before being immersed into the cryoprotectant solution. This sequence of 
events is repeated for each freeze step through increasing concentrations of cryoprotectants.

Thaw solution

Single step

Swelling
(Lysis)

Recover
(equilibrium)

= Flow of water

= Sucrose (non-permeable)

= Glycerol (permeable)

Figure 22.6 Illustration of the osmotic response of a single blastomere during a single thaw-dilution step. In general, water 
moves across the blastomere membrane faster than the permeable (glycerol) cryoprotectant. When the blastocyst is immersed 
in the first thaw solution, water will rush into the blastomere from a relatively high concentration outside to a lower concentration 
inside to attempt to achieve osmotic equilibrium. Water moving in will cause an initial swelling of the blastomere. If overextended 
at this stage, the blastomere will lyse, with irreversible damage leading to cell death. Next, glycerol will start to move out of the 
blastomere from a high concentration inside to a low concentration outside to work towards glycerol equilibrium. Finally, water will 
follow the glycerol back out of the blastomere to reach a final state of equilibrium. The blastomere now will be the same size as what 
it was before being immersed into the thaw solution. This sequence of events is repeated for each thaw step through decreasing 
concentrations of cryoprotectants.



292 The human embryo

pregnancies and miscarriages. When passing the thawing 
blastocyst through five or more steps of decreasing glyc-
erol solutions, the initial swelling of the blastomere, when 
water rushes into the cell in response to the high intracel-
lular concentration of glycerol, is mild (Figure 22.7). More 
thawing dilution steps follow the sound cryobiological 
principle of low rates of change in concentration (7). In 
contrast, when using only two steps in the thawing pro-
cedure, the amount of water rushing into the blastomere 
can overextend the blastomere plasma membrane, lead-
ing to lysis. The presence of impermeable solutes (such as 
sucrose) in the extracellular environment has proven to 
be critical to slowing down the initial rush of water into 
the blastomere, acting as an osmotic buffer (7). Knowing 
that at 37°C glycerol crosses the blastomere membrane 
and reaches transmembrane equilibrium in less than 60 
seconds, it becomes clear that the historical long glycerol 
exposure times were unnecessary (14–16). The way to 
reduce the potential of glycerol toxicity is not to reduce the 
number of steps during thawing, but rather to reduce the 
time in each step, honoring the cryobiological principle of 
low rates of change in the glycerol concentration.

Applying these discussed principles, high ICM survival 
rates can be obtained as manifested by good clinical preg-
nancy rates, but importantly, without high miscarriage rates 
(Figure 22.8). Provided that embryos were properly cultured 
before cryopreservation (low O2 concentration and opti-
mum macromolecular supplementation), a live birth rate 
for day-5 frozen blastocysts of 54.6% was achieved (17). The 
optimized thawing protocols used to consistently achieve 
live birth rates over 50% are summarized in Table 22.1. 
Importantly, all solutions throughout the thawing protocol 
were supplemented with 12 mg/mL human serum albumin 
(HSA) or 20% serum substitute supplement (SSS) (v/v) and 
buffered with HEPES or MOPS. Thawing was conducted at 
37°C and blastocysts were allowed to recover in the post-
thaw recovery medium (regular culture medium supple-
mented with 12 mg/mL HSA or 20% SSS) for a minimum of 
four hours before transfer.

A PLACE FOR ASSISTED HATCHING OF 
 FROZEN  – THAWED BLASTOCYSTS?
In the 1980s and early 1990s, assisted hatching was pro-
posed as a tool to assist implantation in embryos with a 
thick or tough zona pellucida (18). It later became clear 
that some of these observations might have resulted from 
inadequate media composition, specifically as a result of 
prolonged high glucose/phosphate exposure and/or a lack 
of specific amino acids, vitamins, or ethylenediamine-
tetraacetic acid (19). Regardless, it was also verified that 
the composition and function of the zona pellucida may 
change due to freezing and thawing (20,21). Therefore, it is 
tempting to speculate that assisted hatching may improve 
frozen–thawed blastocyst transfer outcomes.

A randomized prospective study (22) compared assisted-
hatched (n = 76) and non-hatched (n = 76) frozen–thawed 
blastocyst transfer cycles. It was observed that implantations 
improved with hatching. However, these assisted implanta-
tions did not last, with no continued improvement in the 
ongoing pregnancy/live birth rate (Figure 22.9). It appears, 
then, that in this case assisted hatching allowed blastocysts 
to implant that should not otherwise have implanted and, 

Figure 22.8 A fully hatched blastocyst after thawing and 
overnight culture. The inner cell mass can be clearly discerned 
with a healthy trophoblast, containing many cells. This transfer 
resulted in a live birth.

Two steps

Four steps

Thawing

Figure 22.7 When passing the thawing blastocyst through 
four or more steps of decreasing glycerol solutions, the initial 
swelling of the blastomere is mild. In contrast, when using only 
two steps in the thawing procedure, swelling of the blasto-
mere is more extreme, frequently leading to lysis.

Table 22.1 Optimized thawing protocol for slow-frozen 
blastocysts

Step
Glycerol 

concentration
Sucrose 

concentration
Time in 

solution

1 5% 0.4 M 90 seconds
2 4% 0.2 M 90 seconds
3 3% 0.2 M 90 seconds
4 2% 0.2 M 90 seconds
5 1% 0.2 M 90 seconds
6 – 0.2 M 90 seconds
7 – 0.1 M 90 seconds
8 – – 5 minutes
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consequently, did not have the ability to result in a live 
birth. These results further suggest that assisted hatching 
may not contribute to increased live birth rates for slow-fro-
zen blastocysts, but rather allow for miscarriages in patients 
that otherwise would have had a negative pregnancy.

DAY-5 AND DAY-6 CRYOPRESERVED BLASTOCYSTS
The exact timing and the blastocyst developmental stage 
at the time of slow-freezing may be imperative to opti-
mizing frozen–thawed blastocyst pregnancy outcomes. 
Embryologists frequently face decisions in freezing expand-
ing blastocysts with reduced cell numbers on day 5 or freez-
ing them early the next day with increased cell numbers. 
However, when freezing too late, one risks ICM degeneration 
or in vitro hatching, which is not optimal for slow freezing.

It was observed that blastocysts frozen late on day 5 
(n = 270) resulted in higher implantation and ongoing 
pregnancy/live birth rates than blastocysts frozen early on 
day 6 (n = 261) (Figure 22.10) (17). This same trend seems 
to hold true also for vitrified blastocysts, with a day-5 vitri-
fied implantation rate of 62.3% (n = 73) and a day-6 vitri-
fied implantation rate of 47.4% (n = 59). Interestingly, the 
euploidy rate was not different between day-5 (48%) and 
day-6 (53%) vitrified blastocysts (23). It is not possible to 
say if this observed difference was due to the day of freeze 
per se, or rather was a consequence of slower-developing 
embryos resulting in lower post-thaw pregnancy rates. 
The practical application of this information is to prefer-
entially thaw day-5 embryos if given the opportunity to 
choose between day-5 frozen or day-6 frozen blastocysts.

DAY OF FREEZE AND SEX RATIO
It has been observed repeatedly that fresh blastocyst trans-
fers may result in an increased male:female sex ratio in 
certain laboratories (24), especially under suboptimum 
culture conditions (25). Freezing the slower blastocysts 

(not selected for fresh transfer) may theoretically result 
in a normalization of the sex ratio in frozen–thawed 
blastocyst pregnancies. Indeed, the male:female sex ratio 
(57:43) of babies born from blastocysts frozen on day 5 
(n = 150) was significantly skewed and similar to that 
reported for fresh blastocyst transfers (17). Interestingly, 
the male:female sex ratio (54:46) was not different and 
less pronounced for blastocysts frozen on day 6 (n = 151), 
similar to that seen after cleavage-stage transfer. All efforts 
should be made to optimize the pre-freeze culture condi-
tions with appropriate macromolecule supplementation 
(such as hyaluronic acid) (3) and low-O2 culture (2).

EXPECTATIONS FROM AN OPTIMIZED BLASTOCYST 
CRYOPRESERVATION PROGRAM
Even with the limitations of slow-rate blastocyst freezing, 
live birth rates close to those of fresh blastocyst trans-
fers can be achieved. The optimization of a blastocyst 
cryopreservation program mandates a comprehensive 
approach. On the front end, a sound embryo culture sys-
tem with special attention to the protein supplement and a 
low-O2 environment has been shown to increase the num-
ber of blastocysts available for  cryopreservation, improve 
the ICM quality, and increase blastocyst cryosurvivability. 
Critical timing of cryopreservation seems essential, as the 
success of slow-rate blastocyst cryopreservation appears to 
be developmental-stage specific. Freezing and thawing pro-
tocols/solutions are crucial; however, they are only a part of 
the overall cryopreservation program.

Table 22.2 summarizes age-specific results from our pro-
gram that can be expected with slow-rate cryopreservation 
and thawing of blastocysts when attention is given to the 
factors mentioned. It is important to note that as patients 
are getting older, a smaller percentage of fertilized oocytes 
are frozen and fewer patients have any blastocysts to freeze. 
Not only the patient age, but also the number of oocytes 
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Figure 22.9 Implantation and pregnancy outcomes for frozen–thawed blastocyst transfers after assisted hatching.
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retrieved per patient have direct effects on the number of 
blastocysts frozen for each patient. Significantly more blas-
tocysts were frozen if more than 10 oocytes were recovered, 
regardless of the age group (26). However, as long as the 
same morphological-quality blastocysts are consistently 
frozen for all patient ages, fewer transfers for older patients 
may result, but ongoing pregnancy rates per transfer will 
not be significantly affected by the age of the patient.

CONCLUSIONS
It appears that the success of blastocyst cryopreservation 
and thawing depends on the ability to protect and recover 
a viable ICM. At the front end, the culture system should 
be optimized to produce a cryopreservation-resilient ICM. 
For slow freezing, the timing of the freeze is important in 
order to strike a balance between an optimum biomass 
to freeze and later ICM degeneration or in vitro hatch-
ing. In our experience, freezing of fully expanded but not 
hatched blastocysts before 118 hours post-insemination 
results in the best clinical outcomes. Assisted hatching 
seems to be of little value if optimum culture conditions 
are established in the laboratory (22). Assisted hatching 

may even be detrimental in that blastocysts may implant 
that are not capable of producing a live baby. In general, as 
patients are getting older, a smaller percentage of fertilized 
oocytes are frozen and fewer patients have any blastocysts 
to freeze. However, as long as the same morphological-
quality blastocysts are consistently frozen, pregnancy 
rates per transfer will not be significantly affected by the 
age of the patient (26).

Regardless of the method of slow freezing, respectable 
live birth rates can be obtained with an optimized thaw 
protocol. The thawing protocol should protect the ICM, 
which is most sensitive to thawing. When concerned about 
long glycerol exposure times, one should not reduce the 
number of steps during thawing, but rather reduce the time 
in each step, honoring the principle of low rates of change 
of permeable and non-permeable cryoprotectants. When 
laboratories today are presented with the thaw of a slow-
frozen blastocyst, they should refrain from using two-step 
protocols. When using only a two-step thawing protocol 
(with or without glycerol), a post-thaw injury may com-
monly result, with lysis of some or all of the ICM cells. Since 
trophoblast cells commonly survive even when using these 
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Figure 22.10 Day-5 and day-6 implantation and pregnancy outcomes for frozen–thawed blastocyst transfers.

Table 22.2 Ongoing pregnancy/live birth outcomes for age-specific frozen–thawed blastocyst transfers

Patient age (years) Number of transfers Blastocysts/transfer Implantations (%) Ongoing/live births (%)

≤34 94 1.7 45.1 54
35–37 41 1.7 39.4 42
38–40 25 1.7 53.5 60
>40 6 1.7 50 67
Donor oocytes 47 1.9 40.9 60
Total 213 1.8 44.2 54

Source: Ward D et al. Fertil Steril 2005; 84(Suppl 1): S184 (abstr.).
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suboptimum thawing protocols, implantation is still pos-
sible. Implantation of these compromised blastocysts fre-
quently results in biochemical pregnancies or miscarriages.

When laboratories are presented with a blastocyst for slow 
thawing, the pre-freeze culture conditions, timing of cryo-
preservation, developmental stage, and other selection crite-
ria for cryopreservation are not always known. However, 
even with the limitations of slow-rate blastocyst freezing, 
live birth rates close to those of fresh blastocyst transfers 
can still be achieved if attention is given to proper thawing.
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23The human embryo
Vitrification
ZSOLT PETER NAGY, CHING-CHIEN CHANG, and GÁBOR VAJTA

INTRODUCTION
Decades ago, most assisted reproductive technologies 
including in vitro fertilization (IVF) and cryopreservation 
of embryos by traditional freezing were applied to humans 
almost immediately after the first successes in some exper-
imental or domestic species. However, there are some 
techniques where efforts to adopt a new approach were 
insufficient and sporadic, and consequently the practical 
application has been considerably delayed. Vitrification 
belongs to the latter group. Reasons for this delay may 
include the fact that cryopreservation of zygote-, cleav-
age-, and blastocyst-stage human embryos was more or 
less resolved by traditional freezing; vitrification has and 
still uses a seemingly very “undeveloped” manual technol-
ogy compared to automatic traditional freezers and stan-
dardized, ready-to-use media. The high concentrations 
of cryoprotectants required for vitrification discouraged 
some potential users initially. Finally, none of the major 
suppliers were eager to replace their expensive freezing 
machines with the much simpler system required for vitri-
fication (though very recently there have been some efforts 
to develop an instrument that would allow a “semi-auto-
mated” vitrification process [1]).

A decade ago, certain scientists moving to the human 
field from domestic animal embryology started to apply 
the technique, leading to the mass production of results 
regarding the applicability of vitrification in human fields. 
However, additional years were still required to get the 
approach acknowledged, to develop commercially avail-
able tools and kits, and to teach both distributors and 
consumers about the benefits of vitrification. Eventually, 
the overwhelming comparative evidence made clear to 
almost everybody that in all developmental stages, vit-
rification produces better survival and more competent 
oocytes/embryos than traditional freezing. Today, the 
rapidly increasing interest regarding vitrification creates 
novel problems such as diversity of tools and media, lack 
of information regarding ingredients, and inconsistency 
in teaching and application. Legal concerns on biosafety 
issues have also emerged, although no scientific proof 
exists about the magnitude or existence of any risks.

In this chapter, we summarize and compare the basic 
features of traditional freezing and vitrification, explain 
some special features of vitrification, and provide data 
about the efficiency of vitrification for the cryopreserva-
tion of human preimplantation-stage embryos at different 
developmental stages. We will also discuss how the highly 
efficient vitrification (of both embryo and oocyte) method 

has contributed to a paradigm shift in how assisted repro-
duction treatment is practiced today.

For terms and definitions, we accept and use the excel-
lent review and suggestions of Shaw and Jones (2). For the 
basic principles of cryobiology, we refer to earlier reviews 
(3–6).

MAIN CRYOPRESERVATION APPROACHES
Within approximately the decade of the first successes 
with cryopreservation of mammalian embryos (7–11), the 
first human pregnancies were achieved (12,13). All these 
works have been performed with traditional slow freezing. 
Vitrification was first applied for the cryopreservation of 
mammalian embryos in 1985 (14), but was regarded as a 
curiosity and experimental procedure for almost a decade, 
when practical application was begun in domestic ani-
mal embryology and there were sporadic approaches in 
humans. Competitive vitrification strategies for human 
embryo and oocyte cryopreservation have only been 
developed 10–12 years ago.

The strategies of the two approaches are basically differ-
ent. By far the most important source of damage at cryo-
preservation is ice crystal formation. To minimize this 
injury, application of various chemicals (cryoprotectants) 
is required, which, unfortunately, may also induce various 
injuries including toxic and osmotic damage.

Traditional slow-rate freezing creates a delicate balance 
between these factors. Embryos are typically exposed to 
1–2-mol/L solutions of permeable and (less concentrated, 
if any) non-permeable cryoprotectants, then loaded into a 
0.25-mL straw, sealed, and cooled to −6°C relatively rap-
idly, by placing the straws into a controlled-rate freezer. 
With the given cryoprotectant concentration, no sponta-
neous ice formation occurs at this temperature; however, 
ice nucleation can be induced by “seeding” (i.e., touching 
the straw with forceps that have been previously immersed 
into liquid nitrogen). This seeding is performed far from 
the embryo, and during the subsequent steps, this ice 
grows stepwise towards the embryo. The controlled-rate 
freezer is adjusted to allow very slow cooling (usually 
0.3°C/minute, to around −30°C), then the straws are 
immersed in liquid nitrogen for final cooling and storage. 
In slow freezing, the toxic and osmotic damage caused by 
the relatively low concentrations of cryoprotectant solu-
tions may not be too serious. However, this concentration 
is insufficient to avoid ice crystal formation; therefore, 
an additional manipulation is required to minimize the 
damage. It is the slow cooling and seeding that result in 
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controlled growth of ice in the extracellular solution; con-
sequently, considerable increases in the concentrations of 
ions, macromolecules, and other components, including 
cryoprotectants, occur in the remaining fluid. The slow 
rate of the procedure allows solution exchange between 
the extracellular and intracellular fluids without serious 
osmotic effects and deformation of the cells (this fact is 
reflected in the other name of the procedure: equilibrium 
freezing) (15).

The strategy of vitrification is much more radical. The 
main purpose (according to the cryobiological definition) 
is the complete elimination of ice formation in the whole 
solution the sample is cooled in.

Evidently, this can only be performed with the use of 
high cryoprotectant concentrations, which may theoreti-
cally induce serious toxic and osmotic damages. A huge 
variety of cryoprotectants have been tested so far, and 
although no consensus has yet been achieved regarding 
the best components, combinations, and concentrations, 
some principles have already been obtained (see later in 
the text). Cell shrinkage caused by non-permeable cryo-
protectants and the incomplete penetration of permeable 
components may cause a relative increase in the intracel-
lular concentration of macromolecules that is enough to 
hamper intracellular ice formation. Accordingly, vitrifica-
tion belongs to the group of non-equilibrium cryopreser-
vation methods.

Another possibility for minimizing the chance of ice 
formation during vitrification is to increase the cooling 
and warming rates. The higher the cooling rate, the lower 
the required cryoprotectant concentration is, and vice 
versa. Eventually, even the radical approach of vitrification 
has to establish a delicate balance, as it requires: (i) estab-
lishment of a safe system for maximal and reliable cooling 
(and warming) rates while avoiding consequent damage 
including fracture of the zona pellucida or the cells; and 
(ii) elimination or minimization of the toxic and osmotic 
effects of the high cryoprotectant concentrations needed 
to obtain and maintain the glass-like solidification.

There is, however, a small, poorly defined group of cryo-
preservation techniques that shares some features with 
both vitrification and slow-rate freezing. In this method, 
cryoprotectant concentrations are insufficient to estab-
lish vitrification (8,16–18). This approach has been estab-
lished entirely empirically and does not meet any supposed 
requirements of cryopreservation in embryology. Although 
ice is formed in the solution, under certain (and sometimes 
unpredictable) conditions, embryos survive and develop 
further (19,20). However, the lack of control may result 
in inconsistent survival and developmental rates. On the 
other hand, some of the early experiments characterized as 
rapid freezing were in fact vitrifications (21,22).

INJURY AND PREVENTION DURING 
CRYOPRESERVATION
Exposition to deep subzero temperatures is a situation 
mammalian cells never meet under physiological circum-
stances. Injury may occur at all phases of the procedure.

During cooling, different types of damage may occur 
when embryos pass through three overlapping tempera-
ture zones.

Firstly, at relatively high temperatures between +15 and 
−5°C, chilling injury is the major factor, predominantly 
damaging the cytoplasmic lipid droplets and microtubules 
including the meiotic spindle (23–25). While the latter 
damage may be reversible, the former is always irrevers-
ible and contributes to the death of cryopreserved lipid-
rich oocytes and embryos of some species.

Secondly, between −5 and −80°C, extracellular or pre-
dominantly intracellular ice crystal formation is the main 
source of injury.

Thirdly, temperatures between −50 and −150°C are 
postulated to cause fracture damage to the zona pellucida 
or the cytoplasm (although the mechanism and the actual 
temperature of occurrence is not entirely defined) (26). 
However, it is unlikely that zona fracture could occur as 
a simple consequence of osmotic stress, as suggested by 
Smith and Silva (5).

Storage below −150°C (typically in liquid nitrogen at 
−196°C) is probably the least dangerous phase of the cryo-
preservation procedure.

Importantly, accidental warming is probably the most 
frequent form of injury, putting vitrified samples at risk if 
not handled appropriately (27). The effect of background 
irradiation seems to be less harmful than supposed, and is 
not a significant source of DNA injury in a realistic time 
interval (i.e., years, decades, or even centuries) (28). There 
is increasing concern regarding possible disease transmis-
sion between the stored samples mediated by the liquid 
nitrogen, even though that there are no reported cases in 
the literature involving embryos.

At warming, the same types of injuries may occur as at 
cooling, though obviously in reverse order. One of the most 
likely reasons for injury is recrystallization during warm-
ing, which nearly always occurs. To avoid or minimize its 
potential damage, addition of certain components to the 
cryosolution has been investigated, as well adjusting the 
speed of warming (relative to the speed of cooling) (29,30).

Apart from these processes, there are some only par-
tially understood injuries including damage to intracellular 
organelles, the cytoskeleton, and cell-to-cell contacts (31,32).

All embryos subject to cryopreservation may suf-
fer considerable damage during cooling and warming. 
Fortunately, they also have a remarkable, sometimes sur-
prising ability to fully or partially repair this damage, 
and in the best case to continue normal development. All 
cryopreservation methods try to decrease the damage and 
facilitate the regeneration process.

Cryoprotectants are a diverse group of simple or 
complex, permeable or non-permeable, organic or inor-
ganic compounds with two common features: they are 
water soluble and they protect the cells from cryoinju-
ries. The range is wide, expanding from well-known, 
simple organic solvents such as ethanol to complex, 
partially known substances such as serum or egg yolk. 
Permeable cryoprotectants enter the cells and minimize 
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ice formation by various mechanisms depending on 
their structure and chemical activity, while non-perme-
able cryoprotectants remain outside the cells and mini-
mize ice formation by removing water from the cells 
by the osmotic effect. However, there are certain over-
laps between the two groups, especially in vitrification 
methods, where the usually applied short exposure to 
the concentrated, theoretically permeable components 
do not allow full equilibrium; therefore, part of the 
effect of permeable cryoprotectants is dehydration as 
well. Additionally, both permeable and non-permeable 
components may have some other specific cryoprotec-
tant effects, such as stabilization of cell membranes, 
the meiotic spindle, or other cellular structures (33). 
Unfortunately, most cryoprotectants have some negative 
effects including toxicity and, obviously, osmotic effects. 
Toxicity is usually in direct correlation with the concen-
tration of the substance, temperature, and time of expo-
sure, while the osmotic effect is mostly proportional to 
the concentration. In case of permeable or partially per-
meable cryoprotectants, the osmotic effect can be mini-
mized by slow, stepwise addition and removal during 
equilibration and dilution, respectively. The mechanism 
and reasons for damage during cryopreservation as well 
as the precise protective mechanisms of cryoprotectants 
are poorly understood at present. Morphological obser-
vations of the intracellular structures during the actual 
phase of cooling (especially at subzero temperatures) 
are difficult; functional analysis of specific processes 
at a given moment is almost impossible. The most fre-
quently applied approaches are to investigate the effects 
of cryoprotectants without cooling and warming, or to 
draw retrospective conclusions based on the damage that 
can be observed after warming. However, the effects of 
a given cryoprotectant may substantially differ at physi-
ological and at low temperatures; thus, the retrospec-
tive analysis of damage may result in faulty conclusions. 
Considering these uncertainties, it is not surprising that 
the vast majority of existing cryopreservation techniques 
were established empirically, based on rough morpho-
logical changes observed under a stereomicroscope, 
and have been justified by the outcome (i.e., in vitro and 
in  vivo survival). This is valid for the development and 
perfection of the vitrification technique, but also stands 
for the slow-freezing technology. Recent developments in 
sensitive diagnostic testing, related to quantification of 
oocyte’s metabolome and proteome can help to further 
improve cryopreservation protocols (34).

VITRIFICATION
Cryoprotectants

No cryoprotectants exclusively designed or used for vit-
rification have been developed yet. However, some com-
ponents and combinations (e.g., ethylene glycol, dimethyl 
sulfoxide [DMSO], and sucrose) are typically used for 
vitrification purposes, and the concentration of specific 
components is significantly higher at vitrification than in 
traditional or rapid freezing.

The most common permeable components are ethylene 
glycol, propylene glycol, acetamide, glycerol, raffinose, 
and DMSO, and these have been tested in various com-
binations (4,35). Due to its low toxicity, high permeabil-
ity, and excellent ice-blocking ability, ethylene glycol is 
an almost indispensable component of all cryoprotectant 
solutions. However, a common strategy to decrease the 
specific toxicity of any one cryoprotectant is to use a mix-
ture of two permeable cryoprotectants (i.e., a mixture of 
ethylene glycol and either DMSO, propylene glycol, or, less 
typically, other components). The mixture of ethylene gly-
col and DMSO now appears to be used frequently (36,37). 
According to some studies, the permeability of this mix-
ture is higher than that of the individual components (38). 
It should be noted that the earlier concerns regarding the 
genotoxicity and cytotoxicity of DMSO have been dis-
missed (39,40).

Commonly used non-permeable cryoprotectants 
include monosaccharides and disaccharides, sucrose, tre-
halose, glucose, and galactose (41–43). Recently, sucrose 
has become almost a standard component of vitrification 
mixtures. This is true even though nearly all comparative 
investigations proved the superiority of trehalose. Sucrose 
as well as other sugars may not have any toxic effects at low 
temperatures, but may compromise embryo survival when 
applied extensively to counterbalance embryo swelling after 
warming (44–46), although this effect was not always dem-
onstrated (47). Several polymers were also suggested for the 
purpose, including polyvinylpyrrolidine, polyethylene gly-
col, Ficoll, dextran and polyvinyl alcohol (48–53). However, 
from this group, the only widely used compound is Ficoll, 
predominantly in combination with ethylene glycol and 
sucrose (54). Various forms of protein supplementation have 
also been used, including egg yolk, but its optically dense 
appearance made microscopic manipulation rather diffi-
cult. High concentrations of sera of different origins as well 
as serum albumin preparations (55) are common additives. 
In the bovine model, recombinant albumin and hyaluro-
nan were also effective (56). On the other hand, the use of 
antifreeze proteins isolated from arctic animals (57–59) has 
largely been abandoned. More recently, hydroxypropyl cel-
lulose was investigated as a replacement for serum-derived 
protein for use in cryoprotectant solutions, and results from 
its use have been promising (60,61).

Another practical feature is the stepwise addition of 
increasing concentrations of cryoprotectants (55,62–64). 
After several early attempts, the two-step equilibration 
has become the most commonly used approach, with the 
first solution containing approximately 50% of the final 
cryoprotectant concentration. Embryos and oocytes are 
equilibrated for a relatively long period (5–15 minutes, or 
sometimes up to 21 minutes) in the first solution, then for 
a short period (∼1 minute) in the second one (65–67). This 
approach may increase the toxic effect slightly, but pro-
vides much better protection for the whole cell, and may be 
especially beneficial in the case of large substances with a 
low surface/volume ratios, including oocytes or early-stage 
embryos. On the other hand, earlier attempts to cool the 
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concentrated solution to 4°C in order to decrease toxicity 
have later been found to be unnecessary. Because of the 
much higher concentrations of cryoprotectant agents used 
in vitrification, it was initially assumed that intracellular 
concentrations of cryoprotectant agents are higher after vit-
rification than after slow freezing, raising concerns about 
the toxicity of these cryoprotectant agents. However, in a 
recent elegant study, it was demonstrated that intracellular 
concentrations of cryoprotectants are actually lower after 
vitrification than after slow freezing, despite exposure to 
higher concentrations of cryoprotectant solutions (68).

TOOLS OF CRYOPRESERVATION USED FOR 
VITRIFICATION
Plastic insemination straws or cryovials were used ini-
tially for vitrification experiments. These tools were not 
designed for the special purpose of vitrification, had 
a thick wall, and required a relatively large amount of 
solution for safe loading. Accordingly, the cooling and 
warming rates were quite limited (approximately 2500°C/
minute for straws [69], and even less for cryovials). This 
relatively low rate was still hazardous to perform, as direct 
immersion into liquid nitrogen at cooling and transfer to a 
water bath at warming induced extreme pressure changes 
in the closed system and frequently led to the collapse or 
explosion of the straws and loss of the sample. Other con-
sequences of these manipulations were the decreased and 
inconsistent rates: the temperature of the vapor of liquid 
nitrogen is variable, depending on many factors, and the 
definition of “room temperature” laboratory air may mean 
5°C–7°C differences, even at the same place on the same 
day. Consequently, a minimum 5−7-mol/L cryoprotectant 
concentration was required, and chilling injury could not 
be lowered to the level occurring at slow freezing.

Some scientists have investigated the use of an instru-
ment, called the VitMaster, to achieve higher cooling rates. 
(VitMaster is able to lower the temperature of liquid nitro-
gen from its boiling point of –196°C to around –208°C—
applying vacuum—thus the nitrogen then changes from its 
liquid state to a slush, which prevents an insulating pocket 
of gas forming around the sample, resulting in faster cool-
ing.) Although outcomes of vitrification using VitMaster 
tended to be somewhat better than “traditional” vitrifica-
tion (70,71), its use has not become part of the daily rou-
tine (possibly because it is hard to vitrify a larger number 
of samples in a timely manner with this instrument). More 
recently, efforts were made to develop an instrument that 
can offer some level of automation for vitrifying samples 
(1). This “Gavi” system can automatically perform equili-
bration steps before closed vitrification is performed for 
embryos. The warming, however, has to be performed 
manually, and currently the system is not proven to per-
form equivalently for oocyte cryopreservation.

INCREASING COOLING RATES WITH NEW CARRIER 
TOOLS
Although the increased cooling and warming rates are 
well-known approaches to keeping the concentrations 

of cryoprotectants as low as possible and to minimizing 
the related toxic and osmotic injuries, this option has 
remained unexploited for a relatively long period of time. 
The first purpose-made tools were only produced approxi-
mately 20 years ago. Today, however, the opposite is the 
problem: a huge variety of tools, methods, and approaches 
are available, and without authentic comparative studies, 
the selection of the best choice is a serious problem for 
embryologists working in a routine human IVF laboratory.

The most logical way to increase cooling and warming 
rates is to decrease the volume of the solution that sur-
rounds the sample and to establish direct contact between 
the sample and the liquid nitrogen.

Seemingly the simplest way to accomplish this task 
is direct dropping into liquid nitrogen (65,72–74). 
Unfortunately, to form a drop from a water-based solution 
requires a relatively large amount of solution (4–6 µL), and 
the drop does not sink immediately into the liquid nitro-
gen, because for the initial seconds the drop is surrounded 
by the vapor that is induced by the warm solution, and 
does not allow the sample to sink.

Accordingly, some carrier tools have been used to 
push the sample immediately below the level of the liquid 
nitrogen, to serve as a storage device after cooling, and to 
facilitate quick warming. Electron microscopic grids used 
for this completely different purpose proved the practical 
value of the idea first (72–76). In this system, the size of 
the drop surrounding the sample was extremely small, as 
after loading, most of it was removed by placing the grid 
on a filter membrane. The thermoconductive metal grid 
also contributed to improving the cooling and warming 
rates. Surprisingly, the solidified cryoprotectant solution 
fixed the sample safely to the grid during cooling and stor-
age and released it easily after warming (77). However, the 
storage and handling of the tiny grid is a demanding task.

The first purpose-made tool for vitrification was the 
open pulled straw (OPS), a modification of a standard 
0.25-mL plastic straw with decreased diameter and wall 
thickness. This modification enabled loading with the 
capillary effect, and the minimum volume decreased to 
approximately 0.5–1 µL (i.e., 5–10-times smaller than 
that of the original straw), resulting in an approximately 
10-fold increase in the achievable cooling and warming 
rates and a 30% decrease of the cryoprotectant concentra-
tion required for vitrification. An additional benefit was 
related to the open system: no explosions of the straws 
occurred, and the fracture damage (with some precau-
tions) could be entirely eliminated. The OPS has become 
the most widely used approach for ultra-rapid vitrifica-
tion (78–86). According to preliminary experiments, by 
using recent equilibration and dilution parameters, results 
achieved with OPS vitrification of human oocytes and 
embryos are at least as good as with other commonly used 
vitrification tools.

The cryoloop is another approach using the small vol-
ume–direct contact principle (Figure 23.1). It consists 
of a small nylon loop attached to a holder and equipped 
with a container. It has been used for cryopreservation 
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in crystallography and is now used widely for oocyte and 
embryo cryopreservation (87–90). The solution film bridg-
ing the hole of the loop is strong enough to hold the oocyte 
or the embryo, and with this minimal solution volume, 
the achievable cooling rate may be extremely high, up to 
an estimated 700,000°C/minute (91). Using this tool, safe 
cryopreservation can be achieved even in the vapor of liq-
uid nitrogen (92,93).

The minimum drop size method of Arav et al. (94) con-
sists of a small droplet of vitrification solution contain-
ing the oocyte or embryo placed on a solid surface that 
is immersed into liquid nitrogen. The approach was used 
later with some modifications called minimum volume 
cooling (95) or in the hemi-straw system (96), where the 
carrier tool was a cut-open straw.

Currently, the most commonly used tool for the vitri-
fication of human oocytes and embryos is the Cryotop, 
an advanced version of the minimum volume cooling 
technology (67,95). It consists of a flexible transparent 
plastic film attached to a handle, and is also equipped 
with a protective tube to avoid damage to the film dur-
ing storage in liquid nitrogen. The sample is loaded onto 
the film, the excess solution is removed, and the film is 
immersed in the liquid nitrogen. At warming, the Cryotop 
is quickly removed from the liquid nitrogen, and the film 
is immersed in the warming medium. This simple system, 
with appropriate solutions and equilibration parameters, 
triggered an exponential increase of the use of vitrifica-
tion in human embryology. Since its introduction, a good 

number of studies have confirmed its value (97–99). Yet 
other carriers, such as the Cryolock and Cryotec, which 
are similar in their design to the Cryotop, are gaining 
more popularity and being used efficiently (100,101).

Cryopette is probably the first carrier that has been 
designed by aiming to combine the benefit of very-low-
volume solutions with the benefit of a closed system. There 
are other closed carriers that have been investigated and 
tried for the use of embryo vitrification, including the 
Rapid-I (102,103) and the CBS-VIT High Security straw, 
demonstrating satisfactory outcomes (104,105). Based on 
published studies, it appears that closed systems are also 
able to provide adequate outcomes for embryo vitrifica-
tion; however, open systems are more likely to provide 
superior results when oocytes are vitrified and to preserve 
the original physiological cell conditions (106,107).

The flowchart of a typical high-speed vitrification pro-
cedure is shown in Figure 23.2.

DECREASED VAPOR FORMATION FOR INCREASED 
COOLING RATES
One major limitation of the achievable cooling rates 
around the sample is the vapor that is formed around it at 
immersion. At –196°C, liquid nitrogen is at boiling point; 
accordingly, a submerged, warmer item will induce exten-
sive evaporation around the sample, producing a ther-
moinsulating coat around the sample and decreasing the 
achievable cooling rate, especially at the initial moments 
when chilling injury may develop.

(a)

(b)

(c)

(d)

(a)

(d)

(c)

(d)

Figure 23.1 Examples for commercially available tools used as carriers for high-speed vitrification. (a) Open pulled straw 
(Minitüb, Landshut, Germany); (b) McGill Cryoleaf (MediCult, Jyllinge, Denmark); (c) Cryotop (Kitazato, Tokyo, Japan); (d) Cryoloop 
(Hampton Research, Aliso Viejo, CA). Bars represent 2 mm.
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One possible approach to avoiding this phenomenon 
is to expose liquid nitrogen to a vacuum for several min-
utes. Part of the liquid nitrogen will evaporate, and the rest 
will cool down to −203 to –207°C, at which point it starts 
to solidify (i.e., slush is formed). As the nitrogen escapes 
from the fragile boiling zone, the immersed sample cre-
ates minimal evaporation; consequently, the cooling rate 
becomes considerably higher (81,82,108).

The other way to eliminate the vapor is the use of pre-
cooled metal surfaces instead of the liquid nitrogen for cool-
ing. This can be performed by immersing a metal block into 
liquid nitrogen (109), or by using a more sophisticated, com-
mercially available version (CMV; Cryologic, Australia).

The freely available comparative data do not provide 
entirely convincing evidence regarding the superiority of 
these vapor-minimizing or vapor-free approaches com-
pared to other vitrification procedures.

TRANSMISSION OF INFECTIOUS AGENTS
One of the concerns regarding the use of vitrification 
in human embryology is the potential risk of liquid 

nitrogen-mediated disease transmission. To understand 
this better, we need to consider the following:

 1. Semen and oocyte collection, processing/handling, and 
cryopreservation protocols are not sterile procedures 
(110); consequently, the contents of virtually all stored 
straws and cryovials may be sources of infection.

 2. In human embryology, liquid nitrogen may also be con-
taminated by the surfaces of straws, cryovials, racks, 
and other tools that are usually not handled fully asep-
tically. Accordingly, the presence of infective agents is 
not strictly related to leaky or open containers.

 3. Seemingly sterile containers may not be as safe as sup-
posed. Infection may occur in common straws in slow 
freezing (through the holes of incomplete sealing or 
pores of the plastic walls), and most cryovials do not 
have secure caps. A possible source of infection may 
also be the inappropriate decontamination of the outer 
walls of straws before loading and expelling.

 4. Liquid nitrogen in storage tanks likely contains a num-
ber of commensal and potentially pathogenic environ-
mental microorganisms (110).

 5. Cases of liquid nitrogen-mediated transmission of 
pathogens (111–113) have been documented, but never 
in relation to cryopreserved oocytes or embryos. Disease 
transfer has occurred only on one occasion, where two 
leaky bags containing blood samples were stored in the 
same dewar (111).

 6. According to the experiments of Bielanski et al. (114), 
cross-contamination may also occur during open 
embryo storage if one of samples is artificially infected. 
However, the volume of the microbes in this case was 
extremely high, a concentration that may never arise in 
clinical situations.

 7. Not a single case of any disease transmission in assisted 
reproduction technology has been found to be related 
to liquid nitrogen-mediated cross-contamination, in 
spite of the enormous number of human sperm sam-
ples, embryos, and oocytes stored worldwide, neither 
related to traditional, supposedly closed (but very often 
leaky or inappropriately handled) systems, nor to open 
vitrification systems, in spite of the enormous focus on 
the latter. A study published in 2012 provided evidence 
from a real case scenario of the lack of risk of cross-
contamination among seropositive patients, even when 
using an open device for vitrification (115).

There is no doubt that closed and properly handled sys-
tems should always be preferred, provided the outcome is 
comparable with that of open systems. Results achieved by 
using closed systems for cleavage-stage human embryos 
and blastocysts are promising (104,116,117). However, 
the fact that open systems are superior to closed ones for 
human oocyte vitrification proves the superiority of the 
former systems (67,118). A possible solution is to conduct 
cooling in sterilized liquid nitrogen (119,120) and store 
the samples in precooled, hermetically sealed containers 
afterwards (79,121). Alternatively, open carriers can also 
be stored in cryotanks where, instead of liquid, the vapor 

Equilibration in diluted solution
of permeable CPs

(3–15 min)

Equilibration in concentrated solution
of permeable and nonpermeable CPs

(0.5–2 min)

Loading to a carrier tool

Cooling by submerging into LN2

Storage

Warming in concentrated solution
of an impermeable CP

Dilution of cryoprotectants
in decreasing concentration

of an impermeable CP
(3 × 5 min)

In vitro culture
(2–24 hrs)

Direct transfer to 
recipients

Transfer to recipients

Transfer to recipients

Figure 23.2 Flowchart of a typical high-speed vitrifica-
tion procedure. Abbreviations: CP, cryoprotectant; LN2, liquid 
nitrogen.
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of nitrogen maintains the low storage temperature (122). 
A number of studies have demonstrated the efficiency of 
the vapor storage system for vitrified oocytes/embryos 
using open carriers in both animal and human systems 
(122–124). Concerns may also be raised regarding the 
applicability of closed systems for other chilling-sensitive 
objects, including cattle oocytes and early-stage embryos, 
porcine blastocysts, or human oocytes (125), regarding not 
just in vitro survival rates, but also in vitro development, 
pregnancies, and birth of healthy offspring.

WARMING
Previously, Rall (55) found that the high rate of survival of 
vitrified embryos can be achieved with rather slow warm-
ing rates. However, most vitrification methods use rapid 
warming procedures, and recently it has been demon-
strated that warming rates may be even more important 
than cooling rates (126).

Closed systems are usually immersed into water baths, 
while open systems can be directly submerged into the 
medium; in this way, the warming and the first dilution are 
performed in a single step. This seemingly negligible dif-
ference may contribute considerably to the inferior results 
achieved with some closed systems consisting of a simple 
plastic or glass tube. After warming in the water bath, the 
surface has to be decontaminated quickly with a non-
toxic but perfectly safe disinfectant, then the tube is cut 
and the sample is expelled into the appropriate medium. 
This means a significant delay between the warming and 
dilution; accordingly, the samples in this critical, very 
fragile phase are exposed for a relatively long period of 
time (5–10 seconds) to the concentrated cryoprotectants. 
Although a slight devitrification (occurrence of ice crys-
tals) may occur, especially when the cryoprotectant level 
is kept at a minimum, this transitional change is usually 
restricted to a part of the embryo-containing medium and 
most probably does not involve intracellular crystal for-
mation, and consequently does not cause significant harm 
in the embryos or oocytes (127), especially if the volume 
of the droplet is minimized (at the time of placing the 
embryo on the carrier).

In routine warming protocols of vitrified embryos, the 
dilution is a multistep procedure with decreasing concen-
trations of osmotic buffers (usually sucrose) to counterbal-
ance the swelling caused by the permeable cryoprotectant 
that leaves the cells relatively slowly. This delicate, mul-
tistep dilution procedure seems to be indispensable for 
human embryos or oocytes, although one-step dilu-
tion without a significant decrease of in  vitro survival 
was reported in some animal species including cattle 
(46,63,128) and pigs (129). Based on this approach, direct 
transfer methods after ultra-rapid vitrification of embryos 
resulted in offspring after transfer in cattle (130) and sheep 
(131). Interestingly, the commonly used warming protocol 
(for vitrified samples) may also be used very efficiently for 
slow-frozen oocytes/embryos, thus providing a simplified 
and standard warming protocol for all samples, irrespec-
tive of how they were frozen/vitrified (132).

FACTORS INFLUENCING THE OUTCOME
Species and genotype

There are well-demonstrated but poorly understood dif-
ferences in sensitivity to cryoinjuries between different 
species in mammals. It appears that transparent oocytes 
and embryos are usually more resistant, while dense, dark 
ones are more fragile due to the increased lipid content. 
Accordingly, cryopreservation of light mouse embryos is 
a relatively easy task, cryopreservation of darker bovine 
embryos is a more difficult task, and cryopreservation of 
dense pig embryos is truly a challenge in cryobiology. In par-
allel with the lighter appearance of the cytoplasm, consider-
ably increased survival rates were detected after both slow 
freezing (133) and vitrification (134–137). This approach also 
improves the in vitro survival of vitrified porcine blastocysts 
produced by somatic cell nuclear transfer (137,138).

It should also be noted that apart from the differences 
between species, in mice, differences between genotypes 
in the ability to develop after vitrification were also 
observed (139).

Developmental stage

The change in the size and shape of the cells is unprec-
edented in the first five to six days of mammalian develop-
ment. A relatively simple spherical shape protected by an 
acellular outer layer develops into a complicated multicel-
lular structure without external protection. Predictably, 
the extreme differences in morphology also correlate con-
siderably with differences in sensitivity to cryoinjuries.

Generally, the earlier the development stage (start-
ing from the germinal vesicle stage), the more sensitive 
oocytes and embryos are. However, although there is only 
a minimal difference between the size and shape, imma-
ture oocytes are usually more sensitive to cryopreservation 
than mature (metaphase II [MII]) oocytes (24,125,140). 
Membrane permeability related to the type and expression 
levels of aquaporin at different stages may also explain 
differences in cryoprotectant protection efficiency and 
thus differences in survival (141,142). Additionally, a very 
remarkable difference exists between the chilling sensi-
tivities of unfertilized and fertilized human oocytes. A 
possible explanation for this phenomenon is the increased 
chilling sensitivity of membranes: the lipid phase transi-
tion at room temperature storage in human germinal vesi-
cle- and MII-stage oocytes is 10–times higher than that of 
human pronuclear embryos (125).

In the human, the survival rates after slow freezing 
are not significantly different between zygotes, cleavage-
stage embryos, and blastocysts (between 75% and 80% for 
each) (143–145). Similarly, in the human, survival rates 
after vitrification are not different for zygote-, cleavage-, 
or blastocyst-stage embryos (though at each stage vitrifi-
cation provides a significantly higher survival rate) (146–
148). The complex structure of blastocysts may give rise 
to additional problems. In humans, mechanical reduc-
tion of the blastocoel by puncturing or repeated pipetting 
improved survival and pregnancy rates (149–153). The 
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usual explanation for this is that the large blastocoel may 
not be protected appropriately from ice crystal formation 
(149). Survival rates of blastocyst-stage embryos using 
vitrification are extremely high (usually above 95%), even 
without any additional “manipulation” (145). However, 
some studies demonstrated that blastocyst survival (and 
intactness) may be further increased after vitrification if 
the blastocoel is punctured, resulting in shrinkage—espe-
cially when the blastocyst is expanded—in human and in 
other species (153–156).

In vivo- versus in vitro-produced embryos

Due to the lack of in vivo-derived human embryos, such 
differences can only be evaluated in domestic and experi-
mental animals (157). In these species, in vivo-produced 
embryos are more resistant to injuries—including cryo-
injuries—than their in vitro-fertilized or cloned counter-
parts. Again, there might be some correlation between this 
and the increased lipid content of embryos produced in 
some in  vitro systems. In general, the less that the mor-
phological difference from the in  vivo counterpart is 
detectable in the in  vivo-produced embryos, the smaller 
the expected difference in survival after cryopreservation 
(158). Although total elimination of these differences is 
still impossible, according to the joint conclusion of many 
publications, vitrification seems to be especially appropri-
ate to counterbalancing this handicap (159).

OUTCOMES AFTER EMBRYO VITRIFICATION
Domestic, experimental, and wild animals

There is an extensive literature of comparative experiments 
between slow freezing versus vitrification (some examples 
include [87,88,139,160–165]). The overwhelming majority 
of these papers prove the superiority of vitrification for 
the given purpose. Probably less than 10% of the studies 
did not find significant differences that were conducted 
at an early stage; however, the overwhelming majority of 
more recent studies clearly demonstrated the superiority 
of vitrification (Table 23.1). Moreover, there are situations 
where vitrification is uniquely or predominantly suitable 
to achieving the goal: most of these areas are summarized 
in Table 23.2.

Human embryos

In humans, the clinical pregnancy rate from embryo trans-
fer after slow freezing is approximately two-thirds that from 
the fresh transfer of embryos (192), although new tech-
niques have recently been introduced to restore (cleavage-
stage) embryo viability (193,194). The theoretical possibility 
for improvement is supported by the results obtained in 
cattle, where the difference is no more than 10%–15%.

Initial studies have demonstrated the feasibility and 
potential superiority of vitrification for embryo cryopreser-
vation (4,21,22,75,76,84,85,89,90,96,149,150,162,195–207).

Table 23.1 Various vitrification techniques in embryology

System Reference

Direct dropping into liquid nitrogen Landa and Tepla (72)
Electron microscopic grids Martino et al. (24)
Open pulled straw Vajta et al. (79)
Glass micropipettes Kong et al. (166)
Super-finely pulled open pulled straw Isachenko et al. (167)
Gel-loading tips Tominaga and Hamada (168)
Sterile stripper tip Kuleshova and Lopata (121)
Flexipet denuding pipette Liebermann et al. (169)
Fine-diameter plastic micropipette Cremades et al. (170)
100-µL pipetting tip Hredzak et al. (171)
Closed pulled straw Chen et al. (172)
Sealed open pulled straws Lopez-Bejar and Lopez-Gatius (173)
Cryotip Kuwayama et al. (67)
Cryoloop Lane et al. (87)
Nylon mesh Matsumoto et al. (93)
Minimum drop size Arav (174)
Minimum volume cooling Hamawaki et al. (95)
Hemi-straw system Vanderzwalmen et al. (96)
Cryotop Kuwayama et al. (66)
VitMaster Arav et al. (81)
Solid surface vitrification Dinnyes et al. (109)

Source: Reprinted from Vajta G, Nagy ZP. Are programmable freezers still needed in the embryo laboratory? Review on vitrifi-
cation. Reprod Biomed Online 2006; 12(6): 779–96 (175), with permission from Reproductive Healthcare Ltd.



304 The human embryo

In 2005, however, three comparative investigations 
were published, and all three concluded that vitrification 
was a more efficient way to cryopreserve human embryos 
than slow-rate freezing (67,208,209). More recent com-
parative studies published in the literature have confirmed 
that vitrification is clearly more efficient than slow freez-
ing used at different embryonic developmental stages 
(210–215). Accordingly, these representative compari-
sons have proved that vitrification is more efficient than 
slow-rate freezing for the cryopreservation of human 
embryos at all stages (216). In addition to these compara-
tive studies, other non-comparative studies on the effi-
ciency of vitrification have been published, applying the 
technique at different stages of pre-implantation embryo 
development, including zygote, cleavage, and blastocyst 
stages (117,147,152,215,217–221), as well as showing suc-
cessful day-7 vitrification (222). Based on these reported 
improved outcomes, a consensus meeting was organized 
by Alpha Scientists, to set minimum standards and inspi-
rational outcome parameters following cryopreservation 
that today set the standards worldwide (145).

Although several tools (carriers) and kits (vitrification 
solution kits) are currently available today for vitrifica-
tion, two technologies related to the type of carriers have 
obtained more attention initially: the OPS, predominantly 
in the animal field; and the Cryotop for human areas. It 
should be emphasized, however, that the differences do not 
necessarily mean an unbreakable frontier. The OPS is more 

robust and is easy to perform even under compromised 
conditions, while the more delicate Cryotop method may 
be the best choice where an extremely high cooling rate is 
the primary objective. However, if properly applied, both 
OPS and Cryotop methods seem to be suitable for the given 
purposes. A good example to support this statement is that 
very healthy piglets were born after OPS vitrification and 
transfer of the extremely sensitive somatic cell-cloned blas-
tocyst derived from delipated oocytes (138). As written ear-
lier, there are now several new cryotools/carriers available 
on the market that are likely to be tested and used more 
widely for both embryo and oocyte vitrification. Storage 
time, as expected, had no impact on the outcomes of vitri-
fied embryos (or vitrified oocytes), as different studies have 
established (223,224), if samples are stored and handled 
adequately, avoiding accidental warming.

Updated results obtained from the Reproductive Biology 
Associates, an IVF clinic, which was the first in the U.S.A. 
to apply embryo (and oocyte) vitrification in routine 
patient care using the Cryotop or Cryolock approaches, 
demonstrate equal or better outcomes with vitrification 
compared to slow freezing in comparable patient popula-
tions (see Table 23.3).

Vitrification and assisted reproduction technology services

Routine application of vitrification has spread out all over the 
world in recent years (215,225,226), resulting in a paradigm 
shift in how assisted reproduction treatment is performed. 

Table 23.2 Examples in mammalian embryology where first success in cryopreservation was achieved by vitrification

Species, stage, system References

Bovine immature oocytes for IVF Vieria et al. (176)
Bovine in vitro-matured oocytes for IVF Martino et al. (177); Vajta et al. (79)
Bovine in vitro-matured oocytes for somatic cell nuclear transfer Hou et al. (178)
Bovine cytoplasts for embryonic cell nuclear transfer Booth et al. (179)
Bovine early-stage IVF embryos Vajta et al. (80); in vitro study
Bovine zona-included blastocysts generated by somatic cell nuclear transfer French et al. (180)
Bovine zona-free blastocysts generated by somatic cell nuclear transfer Tecirlioglu et al. (130)
Bovine transgenic blastocysts generated by somatic cell nuclear transfer French et al. (181)
Ovine zona-included embryos generated by nuclear transfer Peura et al. (182)
Porcine immature oocytes for ICSI Fujihira et al. (183); in vitro study
Porcine in vitro-matured oocytes for ICSI Fujihira et al. (184); in vitro study
Porcine in vivo–derived blastocysts Kobayashi et al. (185)
Porcine in vivo–derived morulae Berthelot et al. (186)
Porcine in vitro-produced blastocysts Men et al. (187); in vitro study
Equine in vivo-matured oocytes Maclellan et al. (188)
European polecat in vivo-derived morulae and blastocysts Piltti et al. (189)
Siberian tiger in vivo–derived embryos Crichton et al. (190); in vitro study
Minke whale immature oocytes for maturation Iwayama et al. (191); in vitro study

Source: Reprinted from Vajta G, Nagy ZP. Are programmable freezers still needed in the embryo laboratory? Review on vitrification. Reprod 
Biomed Online 2006; 12(6): 779–96 (175), with permission from Reproductive Healthcare Ltd.

Note: Embryos and oocytes were not treated mechanically or chemically to prepare them for the vitrification. Full-term developments were 
reported except where otherwise indicated.

Abbreviations: ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
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The extremely high efficiency of vitrification applied on 
oocytes and embryos provides possibilities for novel patient 
services. Oocyte and embryo vitrification can now provide 
the base for fertility preservation for both medical and social 
reasons (227–231) and for donor egg banking (97,99), or for 
various other clinical conditions, such as hyperstimulation, 
failure to obtain sperm on the day of oocyte collection, or 
due to moral/ethical reasons for preferring egg preservation 
instead of embryo preservation (232–235), cryopreserving 
excess oocytes aspirated from intrauterine insemination 
patients with excess follicles (236).

This highly efficient embryo vitrification has opened up 
several new possibilities. One of the most important ben-
efits relates to embryo biopsy and preimplantation genetic 
screening/diagnosis. In the past, survival of embryos 
after slow freeze/thaw following embryo biopsy was more 
than disappointing, strongly limiting the use of biopsy 
and genetic testing—mainly to be performed on day-3 
cleavage-stage embryos or for polar body biopsy (237,238). 
Applying vitrification instead of slow freezing on biop-
sied embryos has significantly improved survival rates 
(208,239), and therefore this procedure has become rou-
tine when embryos are to be tested genetically (213,240). 
Additionally, biopsy timing can now be shifted from day 
3 (or day 0/day 1) to day 5/day 6, when embryos develop to 
the blastocyst stage, as there is no more need to use these 
embryos for fresh transfer, as they will survive cryopreser-
vation much better, usually perfectly. Biopsying embryos 
at the blastocyst stage has several advantages compared to 
earlier stages, especially compared to day-3-stage biopsy, 
as embryos are more resistant to the biopsy procedure, 
more cells can be removed (genetic testing can be more 
reliable), one is less likely to encounter mosaicism, and 
embryos will be transferred into a (possibly) more recep-
tive uterine environment; all of these factors in combi-
nation result in very high pregnancy rates (240–243). 
Pregnancies and live births were also reported when vit-
rification was repeated on the same embryo at the same 
(or different) stage or after oocyte vitrification, or even 
after involving a trophectoderm biopsy, demonstrating 
the robustness of the technique (100,243–246). Because 

of the extremely high success rates obtained with vitri-
fied embryos after biopsy, it seems a logical extension to 
think that other patients with different clinical conditions 
may also benefit from the “cryopreserve all” embryos 
approach and from performing transfer in a “cryo-cycle” 
(247). Rationally, patients at risk for ovarian hyperstimu-
lation can clearly benefit from vitrifying all embryos (221); 
other study recommend “cryo embryos” for women with 
endometriosis (248), while some may consider applying 
this idea to all IVF patients, aiming for the benefit of a 
more receptive endometrium in a cryo-cycle for patients 
who have undergone ovarian stimulation (247,249). 
Additionally, patients with diminished ovarian reserve 
(irrespective of reproductive age) may also benefit, for the 
same reasons as the “cryopreserve all” strategy. Instead of 
performing a fresh transfer, all embryos or oocytes (typi-
cally vitrified at an early stage due to the low oocyte/zygote 
number) are cryopreserved and then transferred later into 
a “frozen embryo transfer cycle”/“frozen embryo replace-
ment (FER) cycle” (either a natural or supplemented cycle) 
(250,251). In fact, there are fewer and fewer reasons to 
perform fresh embryo transfers, and one can expect that 
in the near future all/most IVF cycles will be “cryopre-
serve all” and embryo transfer will be performed in “FER 
cycles” only (247). Moreover, the high efficiency of embryo 
vitrification also strongly promotes single-embryo trans-
fer. In the past, when slow-freezing was used, embryos fre-
quently did not survive cryopreservation, thus prompting 
both clinicians and patients to use more embryos for fresh 
transfer, instead of freezing them. Today, using vitrifica-
tion, the viability of the embryo post-warming is virtually 
equivalent to the viability prior to cryopreservation, which 
in combination with a more “natural” endometrium can 
benefit patients and offspring (252). Society for Assisted 
Reproductive Technology (SART) data show that the 
number of “FER cycles” has exponentially increased: in 
2003 there were about 13,000 FER cycles, while 10 years 
later, in 2013, there were about 38,000 FER cycles, and at 
the same time the number of “fresh cycles” has remained 
about the same (Table 23.4). The fact that in this 10-year 
period the number of “FER cycles” has tripled is the direct 

Table 23.3 Outcomes of embryo cryopreservation–embryo transfer cycles comparing vitrification/
warming with slow freezing/thawing (including 2PN/day-3 and blastocyst-stage cryopreserved 
embryos)

 Slow freeze Vitrification p-value

All thaws (two-pronuclear zygote [2PN]/day 3/blastocyst)
Thaw–warm cycles 132 468
Average age (years) 36.1 35.9 Non-significant
Embryos thawed/warmed 662 1307
Embryos thawed/warmed per cycle 5.0 2.8 <0.001
Survived 529 1246
Survival rate 79.9% 95.3% <0.001
Clinical pregnancy rate 48.5% 59.6% <0.05
Implantation rate 32.6% 39.0% <0.01
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consequence of: improved embryo culture and the trend 
to cryopreserve embryos at the most potent stage, when 
developed to the blastocyst; increasing use of preimplanta-
tion genetic screening to deselect chromosomally abnor-
mal embryos; and the effectiveness of vitrification, as well 
as taking advantage of a more receptive endometrium.

Safety of vitrification

In order for a new technique or technology to be fully 
accepted and applied worldwide, there are two critical 
points that need to be met: efficiency and safety. Vitrification 
of embryos/oocytes has been clearly demonstrated to pro-
vide extremely high efficiency, providing outcomes similar 
to those achieved by using fresh oocytes/embryos. However, 
safety is a point that is yet to be proven beyond any doubt. 
Initial studies presenting outcomes on live birth data (mainly 
gathered after oocyte vitrification) do not indicate any 
alarming or unexpected results or trends (217,243,245,253–
257). More recent data on babies born after embryo vitrifica-
tion continue to demonstrate the safety of the technique, not 
showing increased risks for birth defects or other live birth 
parameters (258–261). It would be most prudent for national 
or international IVF societies to organize the needed data 
collection through registries. Only a multicenter effort 
where most IVF clinics participate would be able to provide 
a sufficient amount of data in a reasonable period of time.

CONCLUSIONS
Vitrification as an approach to cryopreserving human 
embryos or oocytes has achieved remarkable success. With 
very few publications on clinical results and applications, 
today there are several dozens of papers demonstrating 
the efficient use of embryo/oocyte vitrification in human 
assisted reproduction, and most likely all (or virtually all) 
IVF clinics have switched from slow freezing to vitrifica-
tion. This extraordinary achievement would not have been 
possible without the constant dedication and hard work 
of the few early pioneers, mainly coming from the field 
of veterinary medicine. On the safety of vitrification, any 

currently available data do not indicate a higher incidence 
of malformation, which is reassuring, but obviously needs 
to be confirmed on a much larger scale.

The overwhelming majority of the studies/publications 
support the application of vitrification by emphasizing its 
advantages: the simple, inexpensive, and rapid procedure 
leading to higher survival and developmental rates than 
those achievable with alternative methods. Concerns regard-
ing disease transmission are theoretically justified, but safer 
methods are now available to mitigate this risk. Outstanding 
results like the breakthrough in human oocyte vitrification 
and the excellent (and improved) results on embryo cryo-
preservation have changed the way we practice routine IVF, 
providing more efficient and safer options for patients.

APPENDIX: EMBRYO/BLASTOCYST VITRIFICATION 
PROTOCOL
Vitrification

Materials

Equilibration solution (ES) is a 4-(2-hydroxyet4hyl)-1-pi-
perazineethane sulfonic acid (HEPES)-buffered medium, 
7.5% (v/v) each of dimethyl sulfoxide (DMSO) and ethyl-
ene glycol and 20% (v/v) serum protein substitute.

Vitrification solution (VS) is a HEPES-buffered 
medium, 15% (v/v) each of DMSO and ethylene glycol, 
20% (v/v) serum protein substitute, and 0.5 M sucrose.

Cryolock® (Biodesign, Colombia).

Procedures

 1. Bring one vial each of ES and VS to room temperature 
(20°C–27°C) for at least 30 minutes prior to freezing 
embryos.

 2. Fill the liquid nitrogen reservoir with liquid nitrogen.
 3. Determine the number of embryos to be vitrified.
 4. Label each Cryolock with necessary information.
 5. Prepare a four-well dish with 1.0 mL ES and 1.0 mL 

VS in each well.

Table 23.4 Society for Assisted Reproductive Technology data from 2003 and 2013 showing the number of fresh 
and frozen cycles (from non-donor oocytes) and the outcomes after “FER”

Thawed embryos from non-donor oocytes

 <35 35–37 38–40 41–42

2003
Number of transfers 7456 3302 2244 670
Percentage of transfers resulting in live births 29.5 28.3 22.6 16.9
Average number of embryos transferred 2.7 2.7 2.8 3.0
Number of fresh cycles 36,178 18,508 17,396 7635

2013
Number of transfers 18,801 9602 7116 2731
Percentage of transfers resulting in live births 44.4 40.6 36.1 31.6
Average number of embryos transferred 1.7 1.6 1.7 1.8
Number of fresh cycles 36,958 18,508 16,853 9026
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 6. Transfer the embryos to ES for 15 minutes.
 7. Transfer the embryos to VS for 1 minute.
 8. Load the embryos onto the Cryolock with a minimal 

volume.
 9. Plunge the Cryolock into liquid nitrogen (cooling at a 

rate of –12,000°C/minute).
 10. Move the plunged Cryolock to the liquid nitrogen 

freezer for long-term storage.

Warming

Materials

Thawing Solution (TS) is a HEPES-buffered medium, 
1.0 M sucrose and 20% (v/v) serum protein substitute.

Dilution Solution (DS) is a HEPES-buffered medium, 
0.5 M sucrose and 20% (v/v) serum protein substitute.

Washing Solution (WS) is a HEPES-buffered medium 
and 20% (v/v) serum protein substitute.

Procedures

 1. Bring one vial each of TS, DS, and WS to room tempera-
ture (20°C–27°C) for at least 30 minutes prior to thaw-
ing embryos.

 2. Fill the liquid nitrogen reservoir with liquid nitrogen.
 3. Determine the number of embryos to be thawed.
 4. Take the Cryolock out of the liquid nitrogen and quickly 

transfer embryos into TS (3 mL at 37°C), where embryos 
should stay for 1 minute.

 5. Transfer the embryos into 1.0 mL DS for 3 minutes at 
room temperature.

 6. Transfer the embryos into 1.0 mL WS for 10 minutes at 
room temperature.

 7. Transfer the embryos into pre-equilibrated culture 
medium.
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INTRODUCTION
Nowadays, the challenge of the cryopreservation, long-
term storage, and successful implantation of the female 
gamete is feasible thanks to vitrification. There is a large 
population that is currently benefiting from oocyte banks, 
such as cancer patients who need an option for fertil-
ity preservation before undergoing potentially sterilizing 
treatment (1) or women who wish to delay their mother-
hood due to a variety of reasons (2,3). Oocyte cryostor-
age brings additional advantages to assisted reproduction 
technology (ART) programs, being helpful in solving dif-
ferent clinical situations such as low-response patients (4), 
unpredictable availability of semen sample collection from 
the male partner, risk of suffering from ovarian hyper-
stimulation syndrome (5), or some other cases in which 
embryo transfer is not advisable (6). Undoubtedly, ovum 
donation programs have also been major beneficiaries of 
egg banking. Oocyte cryostorage is very useful for over-
coming the most common drawbacks involved in ovum 
donation as currently applied, such as synchronization 
between donors and recipients, long waiting lists subject 
to the availability of a suitable donor, and, most important, 
the absence of a quarantine period.

In spite of its great value, oocyte cryostorage has not 
been a valid option until relatively recently, due to the 
lack of successful methodologies. The reasons behind 
the long period of failures in attempts to cryopreserve 
oocytes are well identified. Among them, the size and 
shape of the female gamete are two significant reasons. 
The female gamete is the largest cell of the human body, 
with a large content of water, leading to a higher probabil-
ity of ice formation during the cryopreservation process. 
Chilling injury, defined as irreversible damage to the cyto-
skeleton (7) and cell membranes (8), following exposure 
of cells to low temperatures from +15 to –5°C before the 
nucleation of ice is another major factor responsible for 
cell death during cryopreservation (9). Ice crystal forma-
tion within the cytoplasm must be avoided at all costs in 
order to guarantee the survival and integrity of the cells 
when they are later thawed. Vitrification efficiently avoids 
chilling injury by direct passage from room temperatures 
to –196°C and so avoids ice formation (10). Vitrification 
employs both high cooling rates and high cryoprotectant 
concentrations (11). However, due to the potential toxicity 
of these compounds, the vitrification protocols have been 
modified in order to reduce damage. Additionally, efforts 
have also focused on increasing both the cooling and the 
warming rates in order to guarantee the viability of the 
cells (12,13). As a result, these days we count on several 

efficient approaches that are able to provide successful out-
comes comparable to those achieved with fresh oocytes, 
thus making oocyte banking a reliable approach.

In this chapter, we will briefly review the clinical out-
comes achieved with the use of vitrified oocytes in ovum 
donation, but we will primarily focus on the essential issues 
related to the management of the oocyte bank, including 
a description of the facilities, the equipment for storage, 
and liquid nitrogen (LN) supply. We will also evaluate the 
most relevant clinical aspects involved in the management 
of the oocyte bank, such as donor selection, preparation of 
recipients, and the matching process.

CLINICAL OUTCOME USING AN OOCYTE BANK FOR 
OVUM DONATION
Similar embryo development has been previously shown 
in embryos that originated from fresh versus vitrified 
oocytes in a sibling cohort study (14), whereas the clini-
cal validation of using vitrified oocytes for egg donation 
was later demonstrated in a large randomized controlled 
clinical trial (15). Comparable obstetric and perinatal out-
comes of the babies conceived using vitrified versus fresh 
oocytes have been recently demonstrated in a large study 
involving more than 2000 infants, suggesting the harm-
lessness of the technology (16).

The use of cryostored oocytes in a large ovum donation 
program has been evaluated recently (17). The overall survival 
rate analyzed in this large series including over 40,000 vitrified 
oocytes was 92.6%. The possible effects of storage time on the 
survival rate and clinical outcome was calculated in different 
time categories from less than six months until over five years, 
showing no impact on either survival rate or clinical outcome 
(17). We believe that this is very reassuring information since 
success after long-term storage guarantees the sustainability 
of the approach. The clinical, ongoing pregnancy, and deliv-
ery rates were 55.0%, 45.3%, and 37.6%, respectively, thus 
confirming the consistency of the results as compared to our 
previous findings (15,18). The likelihood of having surplus 
embryos available for additional cryotransfers was very high 
in this series due to the mean number of oocytes donated. 
The possibility of further cryotransfers increased cumulative 
outcomes, and thus maximized the yield of a single-donation 
cycle, which is precisely what we show herein. The cumula-
tive delivery rate per donation cycle increased to over 70% 
after three cryotransfers and rose to nearly 80% after five 
cryotransfers. These results render the donation cycle highly 
efficient. This finding supports the previous observations we 
made about the absence of harmful effects of double vitrifica-
tion (i.e., vitrified embryos developed from vitrified oocytes) 



Logistics and technical aspects related to the oocyte bank 317

(19). The probability increases exponentially according to the 
number of oocytes consumed, and the patient can achieve a 
baby at any number of consumed oocytes with a probability 
of almost 100% when around three to four donation cycles 
are completed (17).

To date, we have notification of nearly 6000 babies born 
(n = 5989) after over 15,000 ovum donation cycles with 
vitrified oocytes (16,404), involving nearly 200,000 vitri-
fied oocytes (n = 187,647) in the Instituto Valenciano de 
Infertilidad (IVI) group (unpublished data), revealing the 
great scope of this approach. At present, nearly 12,000 in 
vitro fertilization (IVF) cycles (n = 11,785) involving the 
use of own vitrified oocytes (∼73,000 oocytes) have been 
performed at our centers (2787 babies born from whom 
we have notification), accounting for ∼8000 children born 
from vitrified oocytes in our group.

LOGISTICS AND TECHNICAL ASPECTS RELATED TO THE 
OOCYTE BANK
Facilities

In accordance with European Directive 2004/23/EC, 
ART laboratories including centers or clinics, as well as 
banks of gametes, are considered tissue establishments 
and therefore are under the regulations and standards that 
were placed to prevent the transmission of infectious dis-
eases of human tissues and cells.

Safety measures need to be implemented not only dur-
ing procurement, testing, and processing, but also during 
preservation, distribution, use, and, of course, storage. 
Here, we will describe some of the technical features that 
an oocyte bank has to meet in order to fulfill the European 
regulations and so be qualified in the four following 
aspects: design, installation, operation, and performance.

Regarding the facilities, one of the aspects to be quali-
fied in is related to location, air quality, and construction 
materials.

Location of the storage room

From the practical point of view, the storage room with the 
LN tanks should be located close to the IVF laboratory so 
the cryopreserved oocytes can be easily, rapidly, and success-
fully transferred to the storage room and into the LN tanks.

Concerning distribution purposes, having your own 
oocyte bank will be logistically easier for distribution and 
use. However, oocyte transport is also a feasible and safe 
option that will be revised in this chapter.

As far as dimensions are concerned, the storage room 
should be designed to allocate a sufficient number of tanks 
to the storage of the expected number of samples. Some 
experts suggest calculating the space based on a linear 
increment within a 10-year plan basis or to have an off-site 
storage room in case of urgent need for extra space (20,21).

Environmental variables

Although storage facilities might not need to strictly fol-
low the same environmental criteria as procurement and 
processing facilities, it is recommended, at least for oocyte 

banking in vapor phase and semi-closed systems, to imple-
ment preventive measures in order to minimize bacterial 
and other airborne contaminations during storage. Such 
preventive measures can be implemented by installing 
high-efficiency particulate air filters within the air condi-
tioning system to remove small particles (<0.3 mm); posi-
tive pressure could also be considered as an option.

Tissue establishments in Europe must achieve grade 
A-quality environmental air during procurement and 
 processing, however, since fewer critical steps are per-
formed in the storage areas, grade D-quality background 
air is acceptable.

The effects of volatile organic compounds (VOCs) on 
cryopreserved human oocytes and embryos have not yet 
been evaluated; therefore, it is difficult to assess the level of 
stringency in terms of VOC control in the storage room. 
Our recommendation would be to control and minimize 
VOCs by use of fixed or mobile versions of photo-catalytic 
oxidizing units or similar approaches.

With regards to temperature, ever though room tem-
perature (22°C–23°C) should be adequate, setting up the 
room under a cold temperature might help to minimize 
the LN evaporation and water condensation that can facil-
itate microbial growth. Another approach can be under-
taken by setting up a humidity controller.

Moreover, low-level oxygen sensors and alarm systems 
in case of LN leaks have to be put in place for safety reasons. 
As a part of the clinic’s general emergency plan, the stor-
age facility should also have generators or an uninterrupted 
power supply system in case of loss of electrical power.

Equipment

All our samples are cryopreserved by vitrification. This 
procedure, as currently performed, is entirely manually 
operated, making the use of any equipment to carry out the 
vitrification process itself unnecessary. The ease and effi-
ciency of vitrification have brought about a turning point 
in the field of cryopreservation, making the whole process 
take no longer than 20 minutes (vitrification and warm-
ing) and involving very simple tools. However, the fact that 
the samples are vitrified and mostly contained in very low 
volumes represents a challenge for further handling, stor-
age, and maintenance of the vitrified samples. Here, we 
describe the material and equipment needed for the proper 
storage of vitrified oocytes in our oocyte bank facilities.

Storage tank

The storage vessel can be traditional LN tanks or vapor 
tanks. In our oocyte bank facilities, we use vapor-phase 
storage tanks (CBS V1500; Custom Biogenic Systems, Bruce 
Township, MI), which contain an outer jacket with LN 
(Figure 24.1). This is responsible for cooling the storage area 
where the oocytes are maintained in a nitrogen gas atmo-
sphere. The cold spreads from the vacuum-insulated jacket 
by convection and through vents in the storage compart-
ment that expel the nitrogen vapor downwards to the bot-
tom of the freezer, thus creating a flow of extremely cold 
air through the entire storage area (Figures 24.1 and 24.2). 
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The exceptional uniformity of temperature allows the whole 
storage tank to be used, achieving temperatures below 
–180°C at the upper level and –195°C at the bottom. Samples 
can be manipulated in safe temperature ranges (−180°C) 
thanks to the working area located on top of the storage 
area, thus avoiding any risk of accidental warming (Figure 
24.2). Figure 24.3 shows the disposition of samples in the 
storage area. Nearly 11.000 Cryotops can be stored in each 
tank. An additional advantage of this storage system is that 
the supply of LN can be programmable, although it also can 

be performed manually. We have demonstrated the effec-
tiveness of this storage vessel as a strategy for preventing 
the risk of cross-contamination due to direct contact with 
the LN, showing comparable results between vapor-stored 
oocytes versus those stored in conventional LN tanks (22).

For periodical cleaning and due to the more complex 
and sophisticated nature of these tanks, we recommend 
regular maintenance, which forces the emptying of the 
vessels and the temporary location of the samples in a 
backup tank intended for that purpose. The backup tank 
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Figure 24.1 (A) Diagram to illustrate the inside of the tank, showing the jacket with liquid nitrogen and the vapor area for stor-
age. (B) (a) Three storage levels assembled on a rotating carousel. (b) Retrieval tool to place and retrieve the canister (c). (d) Goblet 
containing the samples that are placed into the canisters.

(a) (c)

(b)

Figure 24.2 (a) Working area of the vapor tank showing a storage canister (A arrow) and the vitrification rack (B arrow) at the 
time of storing oocytes. (b) Display showing the temperature while manipulating the oocytes (−184°C). (c) Storage room.
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must provide the same safe conditions as the storage tank. 
The emptying for cleaning and maintenance should be 
scheduled in advance and needs to be performed follow-
ing strict standard operating protocols.

Construction, nitrogen supply, and gas pipes

The types of construction materials should be similar to 
those used in procurement and processing facilities, con-
sisting of smooth surfaces and being easy to clean. Perhaps 
one of the most particular considerations to be under-
taken with regards to contraction materials are that the 
floor should be resistant to large changes of temperature so 
that it will not easily crack as a result of LN spills.

In our facilities, there are three essential elements for the 
nitrogen supply to the storage tanks: firstly, a large-scale 
reservoir of LN (cistern with 2400 L capacity able to supply 
LN to approximately 10 CBS V1500 vapor tanks) located 
outside the building (Figure 24.4); secondly, a pressurized 
tank fed by the reservoir; and thirdly, vapor storage tanks 
that receive supply from the pressurized tank. The cir-
cuit is controlled by an automated, programmable system 
(Simatic Siemens PLC HMI, Nürnberg, Germany). The sys-
tem is able to control a number of adjustable parameters, 
such as minimum and maximum permissible levels, pres-
sure of LN filling, and low-level and overfilling alarms.

The conduction system for LN should be completely 
insulated to avoid loss of temperature and excess con-
densation and to minimize the evaporation of LN during 
refilling maneuvers.

Additionally, individual valves allow the influx of LN 
into the jackets of the storage tanks. To prevent the impu-
rities that LN may contain entering the storage tank, the 
use of a pre-filter is strongly recommended, as the pres-
ence of “debris” could cause serious problems to the valves 
of the storage tank (Figure 24.4c).

Nitrogen supply for the vitrification process

With the aim of purifying the LN used during the vitri-
fication process, a specific ceramic filter is coupled to the 
pressurized tank (Figure 24.5). The Ceralin online filter 
(Air Liquide Medicinal, Paris, France) consists of a 0.1 µm 
ceramic membrane in accordance with U.S. Food and Drug 
Administration Guidelines on Aseptic Processing (1987) 
(23). The Ceralin online filter consists of two elements of liq-
uid filtration connected in series and inserted into a section 
of the vacuum transfer line. The ceramic membrane is made 
from multiple layers formed into a multichannel element. It 
is housed in a vacuum-insulated pipe, itself installed close 
to the end-use point. During operation, LN flows through 
the filter and over the ceramic membrane. The result is 
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Figure 24.3 (a) Schematic drawing showing the arrangement and number of canisters for storage. Each canister is divided into 
25 individual alphanumeric positions (b) for a total of 1800 positions in each tank. Each position can hold up to six Cryotops (10,800 
Cryotops per bank). (c) Detail of some stored samples showing the canisters containing the goblets and Cryotops. Each goblet con-
tains samples from individual donors. Placing samples from different patients in the same goblet is not allowed.
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high-purity LN with a bacteria count of less than 1 colony-
forming unit (CFU)/L gas. Additionally, the large filtration 
area of the membrane and low level of contamination of LN 
means it is likely to be several decades before filter satura-
tion. Periodic sampling for microbial assessment is needed.

Temperature monitoring system during storage

Vitrified samples, especially those loaded in minimum 
volume in the vitrification device, are extremely sensible to 
any change in temperature. For this reason, a temperature 
monitoring system is strongly advised as a part of the rou-
tine quality control (QC) of the cryolab. In our facilities, 
we use a system that allows continuous monitoring of the 
temperature of every storage tank in our unit (DataCare, 
ControlTemp, Barcelona, Spain). The system is able to 
provide numeric and graphic records (Figure 24.6) and to 
display alarms in real time with updates every second. A 
record of incidents occurring during the alarm can also 
be easily assessed, differentiating between active alarms 
or alarms that were active but are no longer in that state. 
In case of an alarm, the system sends alerts and warning 
messages to authorized personnel.

Safety during handling of LN

All safety measures for secure handling of LN must be 
observed. All laboratory personnel, especially embryolo-
gists/technicians in charge of the bank, vitrification, and 
all the related procedures, must be aware of the Material 
Safety Data Sheet for LN and should be informed of the 
potential hazards of its use. The banking area should be 
located in a well-ventilated room. The measurement of 
oxygen levels is highly advisable due to high concentra-
tions of nitrogen potentially reducing the breathable oxy-
gen in the air. Approved personal protective equipment 
for eyes, cryogenic gloves, lab coats, closed-toe shoes, and 
long pants are mandatory.

MANAGEMENT OF DONORS AND RECIPIENTS
Egg donor selection

Spanish Assisted Reproduction Law is based on legisla-
tion that was passed in November 1988 (Law 35/1988) 
(25). Although some countries already had regulations on 
or recommendations for ART at that time, Spain was the 
first country to create a specific law to cover this area of 
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Figure 24.4 (a) Reservoir tank for liquid nitrogen (LN) storage (Air Liquide, Madrid, Spain). (b) Detail of the touchscreen controller 
of the system, showing the scheme for the filling of the pressurized tank. The filling of the pressurized tank (Apollo 350, Cryotherm, 
Kirchen (Sieg), Germany) begins at −130°C and is controlled by the system by actuating three solenoids (V1, V2, and V3). All the 
LN-phase gas coming from the reservoir tank via pipe A is disposed of in order to ensure that the pressurized tank is filled with 
liquid-phase nitrogen. The LN fills the pressurized tank (nurse tank) when the preset temperature is reached. The excess pressure 
generated during the filling phase is removed via pipe B. The valves automatically close when the filling is completed. LN is supplied 
to the vapor storage tanks via specific pipe C. In case of failure, the system can be handled manually by the action of the manual 
solenoids V4, V5, V6, and V7. (c) (1) Pipe with insulating coating for LN; (2) online wire mesh pre-filter; (3) entry valve for each tank. (d) 
Pressurized (nurse) tank. The arrow shows the ceramic filter Ceralin online.
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medicine. Royal Decree 412/1996 and Ministerial Order 
of March 25, 1996, established donor requirements, as 
well as mandatory standard screening procedures, to rule 
out the transmission of genetic, hereditary, or infectious 
diseases (26). In 2006, a new Spanish Law on Assisted 
Reproduction was approved (Law 14/2006) (27), which 
determined requirements for gamete and embryo use and 
regulations on financial compensation.

The following are the most important topics included in 
Spanish Law on Egg Donation:

• Donation of human gametes is a formal, confiden-
tial contract between the donor and the reproduc-
tive medicine center. Identities of donors must remain 
anonymous.

• The donation cannot be revoked.

(a) (b)

(c)

Figure 24.5 (a) Ceralin online filter (Air Liquide Medicinal, France). (b) Schematic illustration. (c) Collection of filtered liquid nitro-
gen in a sterile container used for vitrification.

Figure 24.6 Data logger graphic representation of temperature measurement over a time period of one vapor storage tank.
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• The maximum number of children generated from a 
single donor’s gametes should not exceed six.

To be accepted as an egg donor, women must be aged 
between 18 and 35 years and be healthy. The following steps 
are necessary to be admitted as an egg donor in our clinics:

• Medical history: During the first visit, an interview is 
conducted to complete the family and personal history.

• Psychological screening: Psychological evaluation and 
counseling by a qualified mental health professional. The 
donor will be asked to speak with a psychologist to ensure 
that she fully understands the benefits and risks of egg 
donation and is properly motivated to become a donor.

• Gynecological examination: Evaluation of the donor’s 
menstrual cycles and a vaginal ultrasound are made to 
examine ovaries, to count antral follicles, and to ensure 
that there is no pathology in her ovaries. At the same 
time, body mass index is calculated.

• Medical screening: This involves testing for blood type, Rh 
factor, antibody screening, complete blood count, hemo-
stasis, biochemistry, and infectious disease screening, 
such as for HIV, hepatitis C virus (HCV), and syphilis.

• Genetic screening: Blood tests for karyotype and car-
rier screening tests for severe recessive and X-linked 
childhood diseases based on next generation sequenc-
ing (NGS) are conducted (549 genes implicated in 623 
disease phenotypes).

To begin the egg donation cycle, an oral contracep-
tive pill is taken for a maximum of 21 days, which starts 
on days 1 or 2 of the menses of the previous cycle (28). 
After a five-day washout period following taking the 
last  pill,  donors start their stimulation protocol with 
150–225 IU of recombinant follicle-stimulating hormone 
(FSH), 225 IU of highly purified human menopausal 
gonadotropin (HP-hMG), or 150–225 IU of recombinant 
FSH plus 75 IU HP-hMG. Egg donors are monitored regu-
larly during FSH injections to measure follicle growth and 
to ensure it is within an appropriate healthy range. Clinics 
use vaginal sonograms and blood tests to monitor follicle 
growth. Daily doses of 0.25 mg gonadotropin-releasing 
hormone (GnRH) antagonist (ganirelix or cetrorelix) start 
on day 5 of stimulation in both groups. Once follicles have 
matured enough for retrieval, a single dose of GnRH ago-
nist is administered to trigger final oocyte maturation. 
Transvaginal oocyte retrieval takes place 36 hours after 
GnRH agonist administration. Donors receive light intra-
venous sedation for the egg retrieval procedure to ensure 
their comfort, and they rest for two hours at the clinic 
until they are discharged. In some cases, a post-retrieval 
vaginal scan is scheduled two to three days following egg 
retrieval (29).

OOCYTE RECIPIENTS
Oocyte recipients enter our egg donation program for one 
of the following main diagnoses: premature ovarian fail-
ure/menopause; failure to achieve pregnancy after at least 
three cycles of assisted reproduction techniques; genetic or 

chromosomal disorders; low response to controlled ovar-
ian hyperstimulation; or recurrent miscarriages.

The vast majority of oocyte recipients undergo hor-
mone-replacement therapy (HRT). In patients with ovar-
ian function, depot GnRH agonist is administered in 
the mid-luteal phase of their cycle, or GnRH antagonist 
is administered daily with menstruation for five days. 
HRT is initiated on days 1–3 of the following cycle with 
oral estradiol valerate or an estradiol transdermal patch 
(30–32). Recipients without ovarian function are submit-
ted to the same endometrial preparation protocol, but are 
not administered depot GnRH agonist. On days 15 or 16 
of HRT, a transvaginal ultrasound is performed to mea-
sure endometrial thickness, and serum E2 and progester-
one levels are tested. Most recipients are ready to receive 
embryos within two to three weeks of starting HRT, 
although administration of estradiol valerate can be main-
tained for a maximum of 50 days until a suitable donation 
becomes available. Micronized progesterone (800 mg/day 
vaginally) is initiated on the day after oocyte donation, 
and embryos are transferred in the blastocyst stage. The 
recipient continues taking estrogen and progesterone with 
a positive pregnancy test, and these hormonal supple-
ments are then continued through 12 weeks of pregnancy.

Before treatment begins, the recipient undergoes pre-
liminary testing. This assessment phase includes infec-
tious disease screening (e.g., HIV, CHV, and syphilis) 
and blood type and Rh factor analysis for both parents. 
In women older than 45 years, a recent mammogram, full 
blood count, coagulation tests, and blood biochemistry 
may also be required.

To help the donor team select an egg donor, recipients 
will be asked to complete a form regarding their physical 
characteristics, such as hair color, weight, height, and eye 
color, among other traits.

It is advisable to collect a sperm sample if the partner 
lives far from the clinic.

Ovum donation synchronization

We consider many different factors during donor selec-
tion: we take into account race, reproductive history, 
and the physical characteristics that match those of the 
female partner, and we match blood type and genetic car-
rier screening. We call matching the time when we select 
a donor for a recipient after taking into account all the 
above-mentioned factors.

The timing for the matching procedure has been improved 
in the last years thanks to the establishment of egg-banking. 
However, it is important to note that in our current practice, 
we conduct donations both with fresh and vitrified oocytes, 
as long as fresh donations are still allowed in our country. 
Whether to conduct one strategy or another depends on dif-
ferent circumstances related to the availability of oocytes 
and the needs of the recipient.

Before introducing vitrification into our egg donation 
program, the numbers of donors and recipients in the clinic 
are determined at the time of matching: if there are many 
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donors, the matching between donors and recipients is done 
on the day of the donor’s pickup. This means that some-
times recipients are on the waiting list for so many days that 
they may start bleeding. If, however, the clinic has very few 
donors needed for special considerations, then donors and 
recipients are synchronized. This means that recipients and 
donors start with ovarian stimulation (donors) and HRT 
(recipients) at the same time. The problem with this situation 
lies in there being an issue with the donor’s stimulation (e.g., 
cancelations or fewer oocytes than expected). Then, the cycle 
has to be cancelled and the donation time is only indicative 
and cannot be officially scheduled (18). The likelihood of this 
happening underlines the importance of having a large egg 
donor bank with the availability of a large and varied num-
ber of stored oocytes that meet different characteristics.

In addition to the previous problems, about 65% of our 
recipients come from foreign countries. As such, we need 
to consider compatibility issues from a medical viewpoint 
and we must take into account the logistics of the process.

As our usual medical practice now has an egg bank, the 
time of matching the donor and the recipient depends on 
different aspects, such as if recipients need specific charac-
teristics or have requested a specific date for embryo transfer.

• Recipients who need specific characteristics: Blood type 
(O negative, AB negative), specific race, screening for spe-
cific genetic diseases, or partners who would like to have 
another baby with the same donor as they had before:

• First, we use our donor selection database and select 
one donor or two with the required characteristics. 
Sometimes there will be donors under stimulation 
with the required characteristics, and sometimes 
we call them to return to our clinic.

• Second, all the oocytes obtained during pickup are 
vitrified for the recipient.

• Finally, the recipient chooses the best time to schedule 
embryo transfer, and we provide them with instruc-
tions to begin HRT depending on embryo transfer.

• Recipients who do not need specific characteristics:
• Recipients have a date for embryo transfer.

– First, we reserve oocytes from our egg donor 
bank.

– Second, the recipient begins HRT depending on 
embryo transfer.

– Finally, we have two options:
– We use fresh oocytes when we have a donor 

pickup scheduled on the same date as the 
donation (with the same characteristics as 
the partner). The reservation is cancelled in 
this case.

– We use vitrified oocytes.
• Recipients who do not have a date for embryo 

transfer:
– The recipient begins HRT and remains on the 

waiting list.

Figure 24.7 Matching sheet for donors and recipients (Equipo IVI S.L. ©).
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– If on these dates an egg donor with the same 
characteristics as the recipient undergoes pickup, 
we use fresh oocytes for the egg donation.

– If the recipient stays on the waiting list longer 
than 20–25 days, we use oocytes from the egg 
donor bank.

We have created a software that allows us to manage 
the ovodonación program, which includes all the relevant 
information about the donors. This application includes 
donors under stimulation, donors with vitrified oocytes, 
and vitrified oocytes that are located at other IVI clinics. 
We have developed a matching application for our soft 
ward in which a list of best possible donors is supplied 
after the introduction of recipients’ characteristics, includ-
ing phenotype, blood type, and other especial features 
(Figure 24.7).

QC IN THE OOCYTE BANK
The cryolab, including the bank, is part of the IVF lab, and 
as such, it must be subjected to strict QC. In general, the 
same QC parameters for controlling the IVF lab are useful 
for the Cryolab as well (24). Accordingly, the cryolab needs 
to monitor and document the temperature, pH, osmolar-
ity, and culture media, including vitrification solutions. 
The temperature of the storage tanks needs to be strictly 
controlled (Figure 24.6).

On the other hand, unlike other laboratory proce-
dures, vitrification as currently performed is an entirely 
hand-operated procedure, for which outcomes are usually 
highly dependent on the embryologist/technician. Thus, 
in order to ensure efficiency, it should be performed only 
by highly skilled professionals who have undergone a long 
learning curve. Therefore, an adequate learning curve is 
also one of the most important requirements when per-
forming vitrification that requires close attention. Our 

training program has produced satisfactory results since 
the introduction of vitrification in our clinical setting. It 
consists of different phases that gradually increase in dif-
ficulty. To pass to the next level, trainees must acquire the 
necessary skills as well as achieve a preset survival rate. 
Additionally, dynamic database management analysis is 
routinely performed in order to monitor the maintenance 
of competence. Periodic analysis of success rates per oper-
ator is strongly advised. Figure 24.8 shows survival and 
clinical pregnancy rates per technician performing the 
vitrification and warming procedures.
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25Severe male factor infertility
Genetic consequences and recommendations for 
genetic testing
KATRIEN STOUFFS, WILLY LISSENS, and SARA SENECA

OVERVIEW
Infertility associated with a severe male factor such as 
oligo-astheno-teratozoospermia (OAT) or azoospermia 
may be of genetic origin. This means that either the num-
ber or the structure of the chromosomes may be aberrant 
or a gene defect may be present. Two major reasons are 
indicated for genetic investigations in case of male infertil-
ity. One reason is to understand more about the possible 
causes of azoospermia or OAT. Another reason is to be 
able to offer genetic counseling to the patient, his partner, 
and his family whenever indicated. The role of genetic 
counseling in case of infertility has increased since the 
advent of assisted reproduction technology (ART) in gen-
eral, and certainly since the introduction of intracytoplas-
mic sperm injection (ICSI), offering the possibility to have 
children to men with almost no spermatozoa (1–3). In the 
clinic, genetic investigations are usually performed when 
the azoospermia or oligozoospermia is part of a more 
complex disease or syndrome. Based on the available data, 
today a number of genetic tests should also be performed 
in case of infertility in an otherwise healthy male. In the 
majority of such cases it will be sufficient to start with the 
analysis of the karyotype in peripheral lymphocytes, a 
search for the presence of a Yq11 deletion on the long arm 
of the Y chromosome, and/or an analysis of the CFTR gene 
in couples in which the male partner has congenital bilat-
eral absence of the vas deferens (CBAVD). More specific 
genetic investigations can be done if indicated.

GENETIC CAUSES OF MALE INFERTILITY
Chromosomal aberrations

It has been known for over 50 years that the presence of 
an extra X chromosome in males, resulting in a 47,XXY 
karyotype, causes Klinefelter syndrome, with testicular 
atrophy and non-obstructive azoospermia as main features 
(4,5). Since then, many chromosomal studies have been 
performed in series of infertile males, and the conclusions 
drawn from these studies are that constitutional chromo-
somal aberrations increase as sperm counts decrease.

From these studies it is also clear that the incidence of 
numerical sex chromosomal aberrations such as 47,XXY 
and 47,XYY is proportionally higher in males with azo-
ospermia than in males with oligozoospermia, whereas 
structural chromosomal aberrations of autosomes such as 
Robertsonian (Figure 25.1a) and reciprocal (Figure 25.1b) 

translocations are proportionally more frequent in oligo-
zoospermic males (Table 25.1) (6–8).

In azoospermic males it is also possible to find a 46,XX 
karyotype. In roughly 90% of these Klinefelter-like males 
the SRY gene, normally located close to the pseudoautosomal 
region of the short arm of the Y chromosome, is now, due to 
a crossing-over event during meiosis, present in that same 
region on one of the X chromosomes (9–11). The SRY gene, 
referring to the sex-determining region of the Y chromo-
some, has to be expressed to induce the sexual development 
of an embryo toward a male phenotype (12). In the remain-
ing 10% of XX males, most probably other genes with func-
tions in sexual development are involved. Spermatogenesis 
seems to be absent in these XX males, whereas in appar-
ently non-mosaic Klinefelter patients a few spermatozoa 
can be found in testicular tissue. This can be explained by 
the absence of the long arm of the Y chromosome contain-
ing the azoospermia factor (AZF) regions in XX males. 
Spermatozoa obtained from Klinefelter patients have been 
used in ICSI procedures, and healthy as well as a few 47,XXY 
children have been born (reviewed in Fullerton et al. [13]).

Microdeletions on the long arm of the Y 
chromosome (Yq11)

The first azoospermic male patients in whom a deletion in 
the q11 region of the long arm of the Y chromosome (Yq11) 
was linked to their infertility were identified through con-
ventional cytogenetic analysis (14). At that time the con-
cept of the AZF region—the region lacking factors (genes) 
necessary for spermatogenesis due to a deletion—was 
introduced. Since that time, the structure of the Y chromo-
some, consisting of the gene-containing euchromatic parts 
(Yp and Yq11) and the polymorphic heterochromatic parts 
(Yq12), has been studied in much detail using more sensi-
tive molecular techniques. These have also helped to define 
the AZF region better. In fact, the AZF region consists of 
three sub-regions: AZFa, AZFb, and AZFc. Deletions in 
these sub-regions are most of the time not readily detect-
able by cytogenetic analysis. Only the molecular results of 
a polymerase chain reaction investigation with in-house 
developed primer sets or a commercially available kit will 
reveal detailed information on the presence of deletions 
in this region. Almost 100 studies, including more than 
13,000 infertile males with reduced sperm numbers from 
azoospermia to oligozoospermia, have since been con-
ducted. A prevalence of around 7.4% of Yq microdeletions 
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can be deduced from these studies, and again the preva-
lence is higher in azoospermic (9.7%) than in oligozoosper-
mic (6.0%) males (15). In most patients the deletions span 
the AZFb and/or AZFc regions, while in only a small num-
ber is the AZFa region deleted. Most deletions occur by 
intra-chromosomal homologous recombination between 
repeat sequences spread over the Yq11 region (16–18). 
These repeat sequences are either palindromes consisting 
of inverted repeat arms or intra-chromosomal repetitive 
sequences. Several genes have been identified in the AZF 
regions and they are being studied to clarify their role in 

spermatogenesis. It is of course evident that if these micro-
deletions cause the spermatogenic defect leading to a low 
to very low sperm count present in the ejaculate or to only 
a few sperm cells in the testes, these microdeletions will, 
through the use of ICSI, be transmitted to sons, who most 
probably will be infertile as well (19). However, ICSI chil-
dren are currently still too young to evaluate their fertility 
or their sperm count. In a few exceptional cases, fertility 
has been described in AZFc-deleted fathers who transmit-
ted the deletion to their now infertile sons (20–22). Age at 
investigation may play a role, as observed in one patient 

Table 25.1 Incidence of chromosomal aberrations in infertile oligozoospermic and azoospermic males 
compared with newborns

Aberrations
Infertile males 

(n = 7876)
Oligozoospermia 

(n = 1701)
Azoospermia 

(n = 1151)
Newborns 

(n = 94,465)

Autosomes 1.3% 3.0% 1.1% 0.25%
Sex chromosomes 3.8% 1.6% 12.6% 0.14%
Total 5.1% 4.6% 13.7% 0.39%

Source: Summarized from Van Assche E, Bonduelle M, Tournaye H et al. Cytogenetics of infertile men. Hum Reprod 1996; 11: 1–26.
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Figure 25.1 (a) 45,XY,der(13;14)(q10;q10) karyotype from a phenotypic normal male with a Robertsonian translocation of chro-
mosomes 13 and 14 through centromeric fusion. (b) 46,XY,t(11;22)(q24.3;q12) karyotype from phenotypic normal male with a bal-
anced reciprocal translocation of chromosome 11 and 22 with break points in 11q24.3 () and 22q12 ().
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with an AZFc deletion being oligozoospermic and later on 
azoospermic (23).

CBAVD and cystic fibrosis

Men with CBAVD have obstructive azoospermia. 
Spermatogenesis is usually normal and sperm can be 
obtained through microsurgical epididymal sperm aspira-
tion, testicular sperm extraction, percutaneous epididymal 
sperm aspiration, or epididymal or testicular fine-needle 
aspiration. This sperm can be used to fertilize oocytes in 
vitro through ICSI (2,24). CBAVD is known to be pres-
ent in 97%–99% of male cystic fibrosis (CF) patients. CF 
is a frequent and by now well-known autosomal recessive 
disease in the Caucasian population with an incidence 
of approximately 1/2500. Many patients now surviving 
into their 30s and 40s suffer from severe lung disease and 
pancreatic insufficiency. Although, they are often too ill 
to reproduce, improved survival into adulthood generates 
interest in reproduction (25,26). The CFTR gene, encoding 
a protein involved in chloride transport across epithelial 
membranes, was shown to be responsible for CF due to 
malfunction of the protein when mutated (27–29).

CBAVD had also been observed in 1%–2% of apparently 
healthy infertile males, and in 6%–10% of men with obstruc-
tive azoospermia (30). When the CFTR gene was studied 
in these males, mutations or splice site variants in intron 8 
(comprising the so-called 5T variant and the TG dinucleo-
tide repeat upstream of it) interfering with gene expression 
were found in 80%–90% of them (31–36). In the remaining 
CBAVD patients no link could be found either with aberrant 
CFTR expression or with any other etiology. However, in 
these patients, CBAVD-associated urinary tract/renal mal-
formations were observed (33,37,38). When performing ICSI 
with sperm from CBAVD males carrying CFTR mutations, 
their partners have to be tested for mutations in the same 
gene since the carrier frequency of CF mutations may be 

as high as 1/25 in Caucasians. If both partners carry CFTR 
mutations, the risk of having a child with CF is as high as 1/4 
or 25%, or even 1/2 or 50% (Table 25.2). However, since the 
incidence and the type of CFTR mutations vary with ethnic 
origin as well as with geographical region, counseling and 
approaches to treatment will have to be adjusted. In high-
risk situations, prenatal diagnosis or preimplantation genetic 
diagnosis (PGD) are indicated (see later).

Male infertility as part of a syndrome

These males all have a 46,XY normal karyotype. Most 
of the defects are monogenic and either the specific gene 
defect is known or a chromosomal locus is known or sug-
gested (39). A number of these rather rare conditions that 
may be encountered in a fertility clinic have been summa-
rized in Table 25.3. However, the (genetic) cause of male 
infertility remains unknown in many instances, and prob-
ably a large number of genes are involved.

Myotonic dystrophy is a rather common autosomal 
dominant syndrome causing muscular dystrophy with an 
incidence of 1/8000. The presence of an expanded CTG 
trinucleotide repeat in the DMPK gene interferes with 
its function (40–43). Symptoms can be very mild and 
restricted to cataract at an advanced age or, by contrast, 
very severe, as is the case in the congenital, often lethal 
form of the disease. Severity is related to the number of 
CTG repeats (44). In 60%–80% of male patients, testicu-
lar tubular atrophy will develop and cause OAT. When 
such spermatozoa are used to fertilize oocytes, the risk 
of transmitting the disease, often in a more severe form 
due to further expansion of the trinucleotide repeat (called 
anticipation), is 1/2 or 50%. Prenatal diagnosis or preferen-
tially preimplantation diagnosis should be offered (45,46).

Kallmann syndrome is characterized by hypogonado-
tropic hypogonadism, due to impaired gonadotropin-
releasing hormone secretion, and anosmia. X-linked as 

Table 25.2 Risk calculations for a child with cystic fibrosis (CF) or congenital bilateral absence of the vas deferens (CBAVD) in 
a case of CBAVD

 Male Female Risk

No testing
Testing female

Carrier
No carrier

8/10

8/10
8/10

×

×
×

1/25

1
1/150

×

×
×

1/4

1/4
1/4

=1/125

=1/5
=1/750

Testing male + female
Female carrier
Female no carrier
Female carrier

CF/CF × 1 × 1/2 =1/2
CF/CF × 1/150 × 1/2 =1/300
CF/5T × 1 × 1/4 =1/4 (CF)

=1/8 (CBAVD)

Note: If the CBAVD patient is not tested for CF mutations, his risk of having at least one CF mutation is 8/10; if his partner is not tested and 
Caucasian, her risk of being a carrier of one CF mutation is 1/25. A carrier has a risk of 1/2 to transmit the mutation. Two carriers have a risk 
of 1/4 to transmit their mutated gene at the same time. A CBAVD patient with two mutations will always transmit a mutated gene. Risks for 
CF can be calculated if none of the partners are tested, if only the female partner is tested, and if both partners are tested. In high-risk situ-
ations, pre-conceptional or preimplantation genetic diagnosis can be offered (91).
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well as autosomal recessive and autosomal dominant 
inheritance forms exist. The X-linked form of Kallmann 
syndrome (KAL1 gene) is the most frequent and the 
best known one (47). An autosomal dominant form of 
Kallmann syndrome is caused by mutations in the FGFR1 
gene (48). A possible interaction between the gene prod-
ucts of the KAL1 and FGFR1 genes has been suggested 
as an explanation for the higher prevalence of Kallmann 
syndrome in males than in females (49,50). In addition, 
mutations in four other genes have been implicated in 
Kallmann syndrome (51–53). Nevertheless, only about 
30% of patients with a clinical diagnosis of Kallmann syn-
drome have mutations in one of the six genes identified 
so far (54). The presence of mutations in different genes of 
some individuals suggests that, at least in some patients, 
a possible digenic mode of inheritance of Kallmann syn-
drome exists (51,55,56). Hormonal treatment will stimu-
late spermatogenesis in patients with Kallmann syndrome 
(57). Genetic counseling is indicated.

Primary ciliary dyskinesia or immotile cilia syndrome 
is an autosomal recessive disease presenting with chronic 
respiratory tract disease, rhinitis, and sinusitis due to 
immotile cilia. Male patients are usually infertile because of 
asthenozoospermia (58). If the above symptoms are associ-
ated with situs inversus, the condition is called Kartagener 
syndrome (59,60). Men with this condition can reproduce 
with the help of ICSI. Genetic counseling is hampered 
because of the lack of knowledge of all genes involved in 
primary ciliary dyskinesia and Kartagener syndrome (60). 
However, if we accept the incidence of 1/25,000, the carrier 

frequency must be 1/80, which means that the risk of a 
man having an affected child is 1/160 (1 × 1/80 × 1/2).

Kennedy’s disease or spinal and bulbar muscular atrophy 
is a neuromuscular disease causing muscular weakness that 
is associated with testicular atrophy and leads to oligozoo-
spermia or azoospermia. It is an X-linked disease caused by 
an expanded (CAG) trinucleotide repeat in the transactiva-
tion domain of the androgen receptor gene (61,62). If treated 
with ICSI, genetic counseling is again indicated. However, 
point mutations in the androgen receptor gene might result 
in androgen insensitivity through impaired binding of 
dihydrotestosterone to the receptor, which will interfere 
with sexual development. The resulting syndrome is tes-
ticular feminization or androgen insensitivity syndrome, 
causing a (partial) female phenotype (63,64). The present-
ing problem here will not (only) be male infertility. Patients 
with an autosomal recessive 5α-reductase deficiency and 
therefore unable to synthesize dihydrotestosterone from 
testosterone may theoretically present at the clinic with 
azoospermia and pseudohermaphroditism (65,66).

Very rarely, patients with other mostly syndrome-
associated genetic defects may consult at a male infertil-
ity clinic. Up to 80% of patients with Noonan syndrome 
present with oligozoospermia or azoospermia as a result 
of cryptorchidism (67). The diagnosis is so far based on 
other symptoms, including small stature, chest defor-
mity, a rather typical facial dysmorphism, and con-
genital heart disease. Defects in a gene on chromosome 
12q24.1, PTPN11, are responsible for approximately 40% 
of patients with Noonan syndrome (68). Another six 

Table 25.3 Some other known genetic causes of male infertility

Disease Frequency Clinic Lab tests Cause Treatment References

Myotonic 
dystrophy

1:8000 Male phenotype
Myotonia

Normospermia/
oligospermia

LH, FSH normal or  
T normal or 

AD
“CTG” expansion in 

DMPK gene

ICSI
PGD

(40–46)

Kallmann 
syndrome

1:10,000 Male phenotype
Pubertal delay
Anosmia

Azoospermia
T, FSH, LH 
No response to 

GnRH test

X-linked
Abnormal neuronal 

migration
Point mutation in 

KAL1 gene
AR and AD forms 

exist as well

Hormonal 
substitution

(47–57)

Primary ciliary 
dyskinesia or 
immotile cilia 
syndrome

1:25,000 Male phenotype Asthenozoospermia AR
Dynein deficiency
Genetic 

heterogeneity (?)

ICSI (58–60)

Kennedy disease 
or spinal bulbar 
muscular atrophy

1:50,000 Male 
(gynecomastia)

Muscular atrophy

Oligozoospermia/
azoospermia

T normal or  LH, 
FSH 

X-linked
“CAG” expansion in 

androgen 
receptor gene

ICSI or AID (61,62)

Abbreviations:  AD, autosomal dominant; AID, artificial insemination with donor sperm; AR, autosomal recessive; FSH, follicle-stimulating hor-
mone; GnRH, gonadotropin-releasing hormone; ICSI, intracytoplasmic sperm injection; LH, luteinizing hormone; PGD, preimplan-
tation genetic diagnosis; T, testosterone.



330 Severe male factor infertility

genes involved in Noonan syndrome have been identified; 
all seven known genes account for around 60% of cases. 
Consequently, more (currently unknown) genes are 
involved in Noonan syndrome. The autosomal dominant 
inheritance asks for genetic counseling. Other possible 
patients may be affected by Aarskog–Scott syndrome with 
acrosomal sperm defects (69,70) or Beckwith–Wiedemann 
syndrome with cryptorchidism (71). Syndromes such as 
Bardet–Biedl syndrome and Prader–Willi syndrome, both 
presenting with hypogonadism, are associated with other 
major symptoms, including (severe) mental retardation, 
which limit procreation (72–74). Prader–Willi syndrome 
is an imprinting syndrome resulting from the absence 
of expression of the paternal alleles in the 15q11–q13 
imprinted region (75–77). Other causes of male infertility 
include deficiencies in enzymes involved in the synthesis 
of testosterone (64,66), luteinizing hormone, and lutein-
izing hormone receptor (78,79).

Defects in energy production by the mitochondria have 
been implicated in male infertility. Mitochondria are the 
main sources of energy production for the cells through 
the process of oxidative phosphorylation. The synthesis of 
ATP occurs through the action of five enzyme complexes 
that are encoded by both nuclear genes and the small mito-
chondrial genome that is exclusively maternally inherited. 
Mitochondrial diseases usually evolve as multisystem dis-
orders mainly affecting the central nervous system and 
muscles. In addition, these defects in respiratory function 
are believed to cause a decline in sperm motility because 
of depletion of ATP, which is necessary for flagellar pro-
pulsion of the spermatozoa. Reduced sperm motility and 
resulting male infertility have been well documented in 
several patients with mitochondrial encephalopathies 
caused by mitochondrial tRNA point mutations or (mul-
tiple) mtDNA deletions (80).

GLOBOZOOSPERMIA AND MACROZOOSPERMIA
Globozoospermia is a rare (<0.1%) cause of male infertil-
ity. A major characteristic of these round-headed sperma-
tozoa is the malformation or absence of the acrosome (81). 
So far, at least three genes have been associated with this 
form of teratozoospermia in humans: SPATA16, PICK1, 
and DPY19L2 (82–85). In all of these cases, the condition is 
inherited as an autosomal recessive disease. Variants in the 
DPY19L2 gene are the most prevalent and can be detected 
in 60%–83.3% of patients with (type I) globozoospermia. 
Around 26.7%–73.3% of these patients are homozygous 
for a 200 kb deletion of the DPY19L2 gene (86). Mutations 
in PICK1 and SPATA16 can be detected in patients with 
globozoospermia, although the prevalence is very low.

In another form of morphological abnormal spermato-
zoa (large-headed, multiflagellar, polyploid spermatozoa), 
a condition resulting in male infertility is caused by muta-
tions in the AURKC gene, which is involved in chromo-
somal segregation and cytokinesis (87). The first mutation 
detected in this gene was a deletion of a single base pair 
(c.144delC). This mutation has been detected in patients 
of North African origin. Especially in a Magrebian 

population, it was estimated that ∼1/50 are carriers of this 
mutation. A second recurrent mutation (p.Tyr248*) can be 
detected in European patients (88).

CONSEQUENCES AND RECOMMENDATIONS 
IN THE CLINIC
Genetic evaluation of infertile males before ART use

A personal history from the patient should be taken. In 
addition, a detailed pedigree should be drawn and com-
pleted for miscarriages or children (also deceased) with 
multiple congenital malformations in first- or second-
degree relatives. It is also important to know about infertil-
ity in siblings or other family members. This information 
may suggest a possible chromosomal aberration such as a 
translocation (Figure 25.2a) or a monogenic disease like 
Kallmann syndrome (Figure 25.2b) or CF (Table 25.2). 
A thorough inquiry of the proband and his partner may 
pinpoint other hereditary diseases not necessarily caus-
ing infertility but causing morbidity or being lethal to 
offspring. A complete clinical examination of the proband 
and his partner is useful for establishing a clinical diagno-
sis of a disease or a syndrome associated with infertility 
such as Klinefelter syndrome or CF-linked CBAVD. This 
examination may also reveal other possible hereditary dis-
eases not identified before. Since the couple is in such a 
case not aware of a genetic problem, they should be coun-
selled before treatment starts. Complementary tests—
mainly laboratory investigations—will help to confirm a 
clinical diagnosis. In case of male infertility, the personal 
history, the clinical examination, a semen analysis, and 
hormonal tests are sufficient to characterize most of the 
patients as being:

 1. Infertile in association with other physical or mental 
problems.

 2. Infertile but otherwise healthy. These patients can 
mostly be subdivided into oligozoospermic or even-
tually OAT males, and into males with obstructive or 
non-obstructive azoospermia. Rarely, patients with 
teratozoospermia are detected through semen analysis.

Genetic investigations will help to refine the diagnosis 
and to counsel the patient/couple accordingly. The above 
information will help to select the additional tests to be 
performed. In most cases of male infertility due to severe 
OAT or non-obstructive azoospermia, a peripheral karyo-
type should be performed, even if the family history is not 
suggestive of a chromosomal disorder (6–8). In the same 
cohort of patients, microdeletions of the AZF regions on 
Yq11 should be looked for in DNA from peripheral blood. 
The possibility of fertility treatment in couples in whom 
the male has an AZF deletion is strongly dependent on the 
type of deletion present (89). Deletions of AZFa or AZFb, 
or combinations including these regions, have a bad prog-
nosis since no sperm cells will be produced and ICSI will 
not be possible. In contrast, spermatozoa can be found in 
about 70% of patients with a complete deletion of the AZFc 
region (89). For these patients ICSI will be possible.
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In men with non-obstructive azoospermia caused by 
CBAVD without anomalies of the urogenital tract, muta-
tions in the CFTR gene should be looked for in the patient 
and, even more importantly, in his partner. At present it is 
possible to identify 85%–90% of carriers in the Caucasian 
population (90,91). Depending on whether CFTR mutations 
have been identified in the male patient and/or his female 
partner, the risk of conceiving a child with CF can be cal-
culated (Table 25.2). These figures together with the type of 
mutations may be an indication for prenatal diagnosis or 
PGD (26,92,93). More specific tests should be performed 
if diseases such as Kennedy disease, Kallmann syndrome, 
myotonic dystrophy, immotile cilia syndrome, or other 

syndromes or diseases are suspected. In these cases it is 
again important not only to establish a correct diagnosis to 
treat appropriately, but also to counsel the proband and his 
family adequately concerning recurrence risks and prenatal 
or preimplantation diagnosis.

Genetic testing during ART use for severe 
male infertility

Genetic tests that can be performed during ART refer 
to PGD. They involve the genetic analysis (PGD) of one 
or two polar bodies before fertilization or the analy-
sis of one or two blastomeres of the 8- to 10-cell embryo 
in vitro (94–99). The aim is to avoid the birth of a child 

OAT

45,XY, der(13;14)

(a)

(b)

45,XX, der(13;14) 46,XY

45,XX, der(13;14)

MCA

KAL

KAL

Figure 25.2 (a) Segregation of a Robertsonian translocation der(13;14) in a family: its consequences and recommendations. 
“OAT” (our proband ) presents with infertility due to Oligo-astheno-teratozoospermia. His sister had two miscarriages (∆); his 
brother has two healthy children. His mother had two miscarriages (∆), lost a brother born with multiple congenital anomalies 
(MCA), and has a healthy brother without children. This story is suggestive of a chromosomal translocation. The karyotype of “OAT” 
points to a Robertson translocation der(13;14) (Figure 25.1a). His mother and his sister have the same translocation explaining the 
recurrent miscarriages (∆). These miscarriages are most probably resulting from a trisomy 14 or monosomy 13 or 14. The brother 
of “OAT” has a normal karyotype, which is perfectly possible. The MCA brother of the mother died and most probably had trisomy 
13. “OAT” should be informed about all the above possible risks in case of pregnancy. In case of intracytoplasmic sperm injection, a 
preimplantation genetic diagnosis or a prenatal diagnosis should be offered. (b) X-linked Kallmann syndrome in a family: its conse-
quences and recommendations. “KAL” (our proband ) has Kallmann syndrome. The family history fits with an X-linked transmission 
since the brother of the mother of “KAL” has the same disease. This means that the mother of “KAL” must be a carrier . Her daughter, 
the sister of our proband, therefore has a 50% risk of being a carrier and a 25% risk of having an affected son. Preimplantation or 
prenatal diagnosis should be discussed. If the wife of “KAL” becomes pregnant, boys will be healthy and fertile (because they inherit 
the Y chromosome of their father), while girls will always be carriers.
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with a genetic disease. PGD makes conventional prenatal 
diagnosis, eventually followed by termination of preg-
nancy, obsolete. PGD is a complex procedure because of 
the “single-cell” genetic diagnosis. It was developed and 
first applied in the clinic more than 20 years ago (100). At 
first, most of the PGDs performed were for CF, myotonic 
dystrophy, Huntington’s disease, and Duchenne muscular 
dystrophy, but many others have since been performed 
for either infertile or fertile couples (96,98). For chromo-
somal aberrations, most PGDs have been done for recip-
rocal and Robertsonian translocations (101). In general, 
the take-home baby rate is of the same order of magnitude 
of 20%–25% as in ICSI cycles in general (2,3). A number 
of PGDs have been performed for Klinefelter patients in 
whom spermatozoa found in the testes were used to fertil-
ize oocytes (13).

Genetic evaluation of pregnancies and children 
conceived through ICSI because of severe male 
infertility

Follow-up studies of pregnancies established and children 
born after the use of ICSI have been initiated as soon as 
this new procedure was applied in the clinic. From these 
still ongoing studies it became clear that the number of 
major malformations was comparable to the number of 
major malformations in in vitro fertilization (IVF) chil-
dren, and possibly slightly higher than in naturally con-
ceived children. Preliminary results on the psychomotor 
development of these children are also reassuring (102–
109). The “de novo” chromosomal aberrations found at 
prenatal diagnosis indicate that numerical sex chromo-
somal anomalies are slightly increased when compared to 
a large newborn population. The incidence in the new-
born after natural conception is 0.2%, but the incidence 
in ICSI children is 0.8%. This is a four-fold increase, but 
of course the overall incidence remains low (<1%). Apart 
from sex chromosome anomalies, de novo-balanced 
translocations have also been observed (107,109). These 
aberrations occurring in children of men with a normal 
peripheral karyotype could be related to chromosomal 
anomalies being present in their sperm but not in their 
lymphocytes (110–113).

CONTROVERSIES
To test or not to test

Some clinicians claim that now that ICSI is available to 
alleviate male infertility, it is sufficient to know whether 
these patients are oligozoospermic or azoospermic. 
Oligozoospermic and obstructive azoospermic males 
can be treated immediately and often successfully even if 
repetitive IVF cycles are necessary (114). Even in case of 
non-obstructive azoospermia, repeated testicular sperm 
extraction leads to a high sperm recovery rate that allows 
ICSI to be performed (115). It is probably true that in the 
majority of cases a healthy although maybe infertile child 
will be born. Nevertheless, in a number of cases (e.g., in the 
case of a chromosomal translocation) the treatment will 

fail and be repeated endlessly, or recurrent miscarriages 
will occur. Furthermore, a few CF children will be born 
and probably also a few other children with genetic disease 
that could have been avoided. Another option could be to 
not use ICSI further and so to leave decisions to nature.

Who to test?

Among those clinicians who are convinced that genetic 
tests are useful and among the geneticists performing the 
tests, the main ongoing discussion relates to which infer-
tile male patients should karyotypes and Yq deletion tests 
be performed. With time, many do now agree on perform-
ing these genetic tests if the sperm count is below 1 × 106 
or 5 × 106 spermatozoa/mL (116). However, chromosomal 
aberrations as well as Yq microdeletions have been found in 
patients with more than 5 × 106 spermatozoa/mL, although 
to a lesser extent (117). Based on a few reports, one can also 
wonder whether karyotype analysis of the female partners 
should be performed (118–120). Prenatal diagnosis through 
chorionic villus sampling or amniocentesis after ICSI should 
be discussed with the couple in view of the known increase 
in sex chromosomal aberrations in the offspring (107,109).

Genetic testing versus genetic screening

Genetic screening should not be confused with genetic test-
ing. A screening test is offered to a “healthy” population. 
In that case, the persons who are tested have no particu-
lar problem, but they may be interested to know whether 
they are carriers of a particular gene mutation so as to take 
preventive measures. Examples are screening programs for 
CF, Tay–Sachs disease, and other diseases that are com-
mon in certain high-risk populations (121–124). Couples 
may want to know their carrier status before reproduc-
tion since, if both partners are carriers of such an autoso-
mal recessive gene, the risk of having an affected child is 
1/4. Such screening programs are not specific to infertile 
patients. However, a fertile couple with a 25% recurrence 
risk may choose to have prenatal diagnosis to prevent the 
birth of an affected child, while if the couple is infertile and 
can be helped with IVF/ICSI, they may prefer PGD (125).

PGD for aneuploidy screening

PGD for aneuploidy screening (preimplantation genetic 
screening [PGS]), an approach to select the “better” 
embryos for transfer after IVF/ICSI, is sometimes offered 
to selected groups of patients. The main indications sug-
gested for PGS are advanced maternal age, repeated 
implantation failure, repeated miscarriage, and severe 
male factor infertility. Here, the embryos are biopsied and 
a variable number of chromosomes, usually 13, 16, 18, 21, 
22, X, and Y, are enumerated using specific fluorescent in 
situ hybridization (FISH) probes. Embryos that are diploid 
for the chromosomes tested are then transferred without, 
of course, having information on the other chromosomes. 
The first observations reported that in women over 37 
years of age, the IVF success rate increases (126), the rate 
of miscarriage decreases (127), and the implantation rate 
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per embryo increases (128–130). Since these early times, 
many studies have been performed, but little (or no) evi-
dence was found that PGS increases live birth delivery 
rates. Recent studies focused on the use of polar bodies 
as the study material, in contrast to blastomeres that were 
used most of the time before, and other technologies (than 
FISH) were used, such as comparative genomic hybridiza-
tion and single-nucleotide polymorphism arrays in PGS 
(131–135). Data are needed to evaluate the possible benefits 
of these new applications in aneuploidy screening for IVF 
embryos.

Is ICSI in case of severe male infertility safe?

Although the follow-up studies of pregnancies and chil-
dren born after ICSI are reassuring, still a number of ques-
tions remain unanswered, one of them relating to concerns 
in terms of imprinting (106,136–142).

FUTURE FINDINGS
ICSI performed with ejaculated spermatozoa and later on 
with epididymal and testicular spermatozoa may be con-
sidered milestones in infertility treatment for the male 
patient. Today, very few men cannot be helped to have 
their own child. Research is ongoing to find other solu-
tions for their fertility problems (143–147). However, some 
approaches are extremely controversial. ICSI has also 
triggered basic research in biology and genetics in order 
to gain more insight into gender development and sper-
matogenesis. Over recent years, many novel genes have 
been and are being identified. The development of whole-
genome-scaled techniques (whole-exome sequencing and 
array comparative genomic hybridization) allow a better 
identification of disease-related abnormalities in known 
or novel genes (Figure 25.3). New findings will increase 
our knowledge and allow more accurate diagnosis and 
counseling, and probably new forms of treatment will 
become available.

CONCLUSION
In case of severe male infertility, good clinical practice 
requires genetic evaluation before, during, and after ART 
in order to properly treat and counsel the proband, the 
couple, and, eventually, the family. The aim is to inform 
the patients about possible risks, to improve the success 
rate of the ART treatment, and to avoid the birth of chil-
dren affected with a severe genetic disease. Moreover, at 
present there are still many unknown causes of male infer-
tility. More research in the field of genetics will provide us 
with a better understanding, as well as a better defining 
how great the risks are of transmitting infertility or pos-
sibly other genetic anomalies to the next generation.
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26Polar body biopsy and its clinical 
application
MARKUS MONTAG

INTRODUCTION
Polar body (PB) biopsy with subsequent analysis of 
chromosomal abnormalities was introduced in 1990 by 
Verlinsky et al. (1). This technique brought about the era 
of pre-conception genetic diagnosis as an alternative to 
preimplantation genetic diagnosis (PGD) of the embryo, 
which was proposed earlier by Handyside et  al. (2). It is 
important to note that PB diagnosis gives direct informa-
tion about the first and second PB and therefore only allows 
an indirect diagnosis of the maternal genetic or chromo-
somal constitution of the corresponding oocyte. In con-
trast, PGD of the embryo gives a direct diagnosis for the 
embryo and allows the detection of both maternally and 
paternally derived genetic or chromosomal contributions.

Consequently, embryo biopsy at the six- to eight-cell 
stage on day 3 was widely used, especially for preimplan-
tation genetic screening (PGS) (3). However, since 2007, 
numerous randomized controlled trials reported that PGS 
by blastomere biopsy does not result in increased success 
rates (4–14), and several organizations published state-
ments in which they no longer recommend using biopsy 
at the blastomere stage, at least for PGS (15,16). Since 
then, the overall trend goes in two different directions: PB 
biopsy and blastocyst biopsy (17). Obviously, PB biopsy 
does have limitations for the diagnosis of genetic diseases. 
But in view of aneuploidy screening to detect numerical 
chromosomal disorders that predominantly arise during 
meiosis in the oocyte (18,19), PB biopsy is a viable alterna-
tive, especially if combined with new diagnostic methods 
like array comparative genomic hybridization (aCGH), 
quantitative polymerase chain reaction (qPCR), or next-
generation sequencing (NGS) for detecting all chromo-
somes (20–22). The present article gives an overview on 
the expectations and limitations of PB diagnosis and rel-
evant technical details, with special emphasis on aneu-
ploidy screening.

CLINICAL APPLICATION OF PB DIAGNOSIS
PB biopsy has been successfully used for the detection of 
numerical and structural chromosomal abnormalities in 
human oocytes (23,24) and for the diagnosis of monoge-
netic diseases (25).

PB biopsy and detection of numerical chromosomal 
abnormalities: PGS

Numerical chromosomal abnormalities are characterized 
by a wrong distribution of chromosomes or chromatids in 
the first or second PBs. These errors are strongly correlated 

to maternal age (19). Up to 70% of oocytes from women 
beyond 40 years of age can possess such a disorder (26). 
This explains why women with advanced maternal age 
have a lower chance for pregnancy and a higher risk to 
miscarry once they are pregnant. One possibility to reduce 
these risks and probably to increase the success rates is a 
screening for maternally derived chromosomal abnormal-
ities of the oocyte. This can be achieved by PB diagnosis.

During the first meiotic division, the diploid chromosome 
content of an oocyte is reduced to two haploid chromosome 
sets, which both consist of paired chromatids. One paired 
chromatid set is extruded as part of the first PB. Sperm entry 
into an oocyte initiates the second meiotic division, whereby 
the set of paired chromatids is separated and a single chro-
matid set becomes part of the second PB. After the first mei-
otic division, the number of the chromosomes in the oocyte 
and the first PB should be identical and the same holds true 
for the number of chromatids following the second meiotic 
division. Numerical chromosomal abnormalities can be 
caused by non-disjunction, meaning that a whole chromo-
some is not directed to the proper compartment (either the 
oocyte or PB). Another mechanism is premature chromatid 
segregation into two single, separated chromatids, which 
has been suggested to occur frequently prior to the first mei-
otic division (27) and has been confirmed by clinical data 
(19). Premature chromatid segregation during meiosis I can 
either lead to a balanced situation, where both chromatids 
remain in the same compartment, or to an unbalanced situ-
ation, where the two chromatids are finally allocated to dif-
ferent compartments. Some of the unbalanced segregations 
that originate in meiosis I in the oocyte can be corrected in 
meiosis II during formation of the second PB (28), and can 
even give rise to a normal child (21).

PB biopsy and subsequent analysis of the first and sec-
ond PBs by fluorescence in situ hybridization (FISH) or 
aCGH offers the possibility to detect numerical chromo-
some aberrations and to establish an indirect diagnosis 
for the corresponding oocyte (29). Alterations in the copy 
number in the first and second PBs indicate a trisomy for 
the resulting embryo if one copy is missing in the PBs or 
a monosomy if one signal is found in excess. Distinction 
of copy numbers is easily detected in FISH and in aCGH 
following the introduction of single-channel analysis (see 
below). aCGH has the advantage that all chromosomes 
can be investigated at once, whereas FISH has its limita-
tions as only five to six chromosomes can be used in one 
hybridization round (30) and the efficacy of hybridization 
is reduced with each additional round (31).
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PB biopsy and FISH for PGS have been clinically used 
since the early 1990s and the clinical outcomes have been 
described in numerous publications (Table 26.1). PB biopsy 
and aCGH are used clinically (19,20,38,39) and the results 
are considered to be controversial (see Delhanty [40] and 
section “Challenges in PB biopsy”).

PB biopsy and detection of structural chromosomal 
aberrations

Structural chromosomal aberrations (e.g., balanced 
translocations) were found at a higher rate among infer-
tile couples compared to the normal population (41–43). 
During meiosis, the pairing of homolog chromosomes is 
disturbed by a structurally aberrant chromosome and this 
may result in a partial aneuploidy in the oocyte. The risk 
for the extent of abnormal gametes is dependent on the size 
of the chromosome region involved in the translocation.

Usually only 10%–20% of all oocytes from a transloca-
tion carrier are either balanced or normal. Provided that 
the female is a carrier of a balanced translocation, PB 
biopsy allows selecting against abnormal oocytes using a 
reliable method for the genetic analysis. In the past, this 
has been achieved by FISH probes that were designed for 
each individual patient and covered the chromosomal 
breakpoints (44). Later, another technique was presented 
based on the combined use of centromeric and telomeric 
probes for FISH analysis of the chromosomes involved in 
the translocation (23). Recently, structural chromosomal 
disorders were successfully investigated by whole-genome 
amplification and aCGH (39). This approach offers the 
advantage of a combined screening test for structural as 
well as numerical aberrations, which seems to be espe-
cially beneficial for translocation patients (45).

PB biopsy and detection of monogenetic 
aberrations

The detection of monogenetic disorders by PB biopsy 
requires that the DNA of interest (e.g., the region contain-
ing the mutation) from the first and second PBs is accurately 
amplified by PCR. In addition to the general risk of contami-
nation of PCR reagents and products with foreign DNA with 
a potential resulting misdiagnosis, specific problems need to 
be addressed in the case of PB biopsy. A major problem in 
single-cell PCR is the correct amplification of the region of 
interest, and it is known from numerous reports that in dip-
loid cells, occasionally one allele will not amplify, also known 
as allele dropout (ADO) (46–50). Whereas this phenomenon 
will not lead to a misdiagnosis in homozygous mutant or 
homozygous wild-type single cells, the situation is different 
in heterozygous single cells and especially in PB diagnosis. 
Recombination and crossing-over of homologous chroma-
tids frequently occurs during meiosis. As a result, the first 
PB may consist of one chromatid carrying the mutation of 
interest and one chromatid carrying the wild-type or normal 
sequence. In this case, ADO may directly lead to a misdiag-
nosis if crossing-over and ADO remain undetected. Only in 
the case that analysis of the second PB, which carries either 
a mutant or a normal chromatid, reveals a discrepant result 
from the first PB would the problem be recognized. Although 
ADO seems to be a frequent phenomenon in preimplantation 
diagnosis (PID) (between 1% and 25% and up to 40%) (51), 
the frequency of ADO in PB diagnosis is mainly unknown 
due to the low number of cases. Verlinsky (52) reported a fre-
quency of ADO of 6% in 100 PBs that were analyzed.

Several strategies have been proposed to overcome this 
diagnostic problem, mainly co-amplification of poly-
morphic markers that are closely linked to the region of 

Table 26.1 Success rates of polar body biopsy and aneuploidy screening in the international literature

Reference Biopsied cells
No. of 

chromosomes
No. of 
cycles

No. of embryos 
per transfer

Clinical pregnancy 
rate

Biopsy using zona drilling by acidic Tyrode’s solution

Verlinsky et al. (32) PB I/I + II 3 45 3.1 21.7%
Dyban et al. (33) PB I/I + II 3 161 2.6 14.8%
Verlinsky et al. (34) PB I/I + II 3 235 2.5 16.0%
Verlinsky et al. (35) PB I/I + II 3 598 2.6 21.4%
Verlinsky et al. (36) PB I/I + II 3 659 2.1 22.3%
Verlinsky et al. (25) PB I/I + II 3/5 821 2.5 22.2%
Kuliev et al. (23) PB I/I + II 3/5 1297 2.35 21.9%a

Biopsy using a 1.48-µm diode laser
Montag et al. (61) PB I 5 50 1.9 30.9%
Montag et al. (75) PB I 5/6 110 1.8 26.6%
van der Ven et al. (37) PB I/I + II 5/6 170 1.7 23.3%b

a Abortion rate: 23.7%.
b Abortion rate: 14.3%.
Abbreviation: PB, polar body.
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interest or the improvement of amplification efficiency 
through the use of nested primers (53). The use of PCR 
conditions that allow for continuous quantification of the 
PCR product (e.g., with fluorescent primers) will help to 
determine ADO or cases of preferential amplification of 
alleles. Although ADO has for a long time been recog-
nized to be a substantial problem in PGD and especially 
PB diagnosis, a systematic evaluation of this phenomenon, 
which might eventually lead to strategies to decrease ADO 
rates, has only recently been begun (51).

Because in PB diagnosis only the maternal contribu-
tion to a potential genetic disease can be investigated, the 
isolated application of this technique is limited to selected 
genetic scenarios, such as autosomal dominant diseases 
with an affected mother or X-linked recessive and domi-
nant diseases where the mother is the mutation carrier. 
In view of the increasing use of blastocyst biopsy, the 
majority of cases with a genetic disease will be offered this 
approach, which also has the advantage that several troph-
ectoderm cells are usually biopsied and thus the amplifica-
tion is much more robust for a reliable genetic diagnosis.

PB BIOPSY TECHNIQUES
For PB biopsy, timing is a crucial point. The first PB degen-
erates with time, and doing a biopsy later than 10 hours 
after ICSI may already result in lower hybridization effi-
ciency. The second PB is formed around two to four hours 
after ICSI, but as it is firmly attached to the oolemma with 
a cytoplasmic strand and spindle remnants up to six hours 
after ICSI (54), the optimal time for biopsy is at 8–16 hours 
after ICSI. Recent data show that for testing of the second 
PB in aCGH, the amplification efficiency of the isolated 
DNA is lower if the biopsy is done before eight hours after 
ICSI (55). Based on this, one may conclude that the opti-
mal timing for sequential biopsy is 4–10 hours after ICSI 
for the first PB and 8–16 hours after ICSI for the second 
PB. For simultaneous biopsy of the first and second PBs, 
an optimal time window is at 8–10 hours after ICSI.

Removal of PBs requires access to the perivitelline space 
through the zona pellucida (Video 26.1). For PB biopsy, 
acidic Tyrode’s solution as a chemical means (56) can-
not be used as it has a negative impact on further devel-
opment if applied at the oocyte stage. Another method 
based on three-dimensional zona dissection was proposed 
by Cieslak et al. (57). Although this method can be per-
formed with simple glass tools, multiple steps including 
dissection, release, and rotation of the oocyte are needed, 
and the procedure definitely requires skill and time.

The use of 1.48-µm diode laser drilling for PB biopsy 
was proposed in 1997 (58). Animal experimentation 
showed the potential of this method for PB biopsy and 
for assisted hatching (59) and allowed us to investigate its 
proper mode of application (60). For example, the size and 
position of laser-drilled openings can influence further 
embryonic development and, in particular, the mode of 
hatching at the blastocyst stage (61). Due to its ease, laser-
assisted biopsy is now widely used for biopsy of blasto-
meres (62,63) and blastocyst cells (64), and its advantages 

compared to acidic Tyrode’s solution have been reported 
(65), although a recent publication reported an effect of 
laser PB biopsy on embryo quality (66), which highlights 
that proper handling and application are crucial.

For laser-assisted PB biopsy, the size of the drilled open-
ing is usually in the range of 20 µm, but it can be easily 
adjusted to the diameter of the aspiration capillary (Figure 
26.1). As the capillary can be introduced through the laser-
drilled opening, there is no need for a sharp aspiration 
needle. This allows the use of flame-polished, blunt-ended 
aspiration needles and greatly reduces the risk of damaging 
the PB, the blastomere, or the remaining oocyte or embryo. 
The procedure becomes safer, more accurate, and more reli-
able, thus allowing us to significantly reduce the number of 
cells that cannot be reliably diagnosed as a result of techni-
cal problems during the biopsy procedure (67). The perfor-
mance of laser-assisted PB biopsy is shown in Table 26.2.

Another benefit is that laser drilling and subsequent biopsy 
can be performed without changing the culture dish or the 
capillaries in contrast to zona drilling using acidic Tyrode’s 
solution. This may help to prevent contamination of samples 
to be diagnosed by sensitive techniques such as PCR.

The simultaneous removal of the first and second PBs 
is best accomplished if the oocyte is affixed to the holding 
capillary with the first PB at the 12 o’clock position and the 
second PB to the right of the first one but in the same focal 
plane. An opening is drilled at 2–3 o’clock and, by shoving 
the biopsy capillary into the perivitelline space, both PBs 
can be removed simultaneously, provided that the cyto-
plasmic bridge between the second PB and the oocyte is 
not too firm (Figure 26.1).

In all manipulation steps and zona opening techniques, 
it is important to drill only one opening, as two open-
ings (e.g., to retrieve both PBs through separate openings) 
may cause problems at the time of hatching because the 
embryo could hatch through both openings simultane-
ously and therefore may get trapped within the zona (60). 
Another important point is to generate a sufficient open-
ing, which allows consecutive hatching at the blastocyst 
stage, because smaller openings (<15 µm) may also cause 
trapping of the embryo followed by degeneration (60). 
Laser-drilled openings will stay permanently in the zona, 
and therefore gentle handling during subsequent trans-
fer of oocytes to other media droplets and even during 
embryo transfer is recommend.

A position paper with relevant best practice guide-
lines for PB biopsy for PGD/PGS has been published 
by the European Society of Human Reproduction and 
Embryology (ESHRE) (68).

TRANSFER OF PBS FOR ANEUPLOIDY SCREENING 
BY FISH
Once both PBs are biopsied, the first and second PBs of 
an oocyte are placed together in a neighboring droplet 
of medium until all oocytes are biopsied. A special pre-
treatment of PBs like hypo-osmotic swelling or proteinase/
pronase treatment is not necessary due to the small cyto-
plasmic content of PBs. For transfer onto the glass slide, 



342 Polar body biopsy and its clinical application

the first and second PBs of one oocyte are removed from 
the medium drop and transferred with the biopsy capil-
lary into a tiny drop (0.2 µL) of water placed on a clean 
glass slide (Figure 26.2). It is important to release the PBs 
at the bottom of the slide and to avoid floating in the drop-
let. The small volume guarantees that the PBs will attach 
to the slide within a small area and that the fluid will dry 

out very fast, which reduces the risk of a dislocation of the 
PBs on the slide. Nevertheless, the drying process must be 
observed under a stereomicroscope and the final location of 
the PBs after air-drying must be marked on top of the slide 
by encircling it with a suitable marker (diamond marker or 
tungsten pen). It is not absolutely required to distinguish 
the first and second PBs at that stage, as this becomes obvi-
ous during FISH analysis. With some experience, the first 
and second PBs from up to 12 oocytes can be placed within 
a round area of 10 mm, with each PB pair encircled using 
a marker. Fixation is performed with two to three drops 
of 10 µL methanol:acetic acid (3:1, ice-cold, –20°C) fol-
lowed by a second fixation after air-drying using metha-
nol at room temperature for 5 minutes. Once the slides are 
air-dried, 2.5 µL of hybridization solution is placed onto a 
12-mm round cover slip, which is then inverted onto the 
area where the PBs are located. The cover slip should be 
sealed with rubber cement and additionally covered with 
a stretch of parafilm, which facilitates later removal of the 
cover slip after hybridization. The slide is then placed into 
a hybridization oven, where co-denaturation of the probe 

Table 26.2 Efficacy of laser-assisted polar body biopsy

Parameter Value

Treatment cycles with polar body biopsy 174
No. of oocytes with biopsy 1245
No. of oocytes degenerated due to biopsy 5 (0.4%)
No. of polar bodies lost during biopsy/

transfer
20 (1.6%)

No. of polar bodies without hybridization 
signals

27 (2.2%)

No. of oocytes with fluorescence in situ 
hybridization results

1193 (95.8%)

(a) (b)

(c) (d)

Figure 26.1 Simultaneous biopsy of the first and second polar bodies. For removal of the first and second polar bodies, the 
oocyte is held in a position where the polar bodies are located at 12 o’clock (a). An opening is drilled at 1–2 o’clock (b), which allows 
us to retrieve both polar bodies by sliding the capillary over them (c). If the second polar body is still firmly fixed to the oolemma, the 
capillary with the second polar body already inside is slowly forced towards the left in order to rupture the cytoplasmic bridge. Note 
the sharp border of the laser-drilled opening (d).
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and the DNA of the PB occur at a temperature suitable 
for the probes used (usually around 68°C–73°C for up to 
10 minutes). Hybridization is usually performed at 37°C. 
Centromeric probes require only 20–30 minutes of hybrid-
ization, whereas locus-specific probes require longer times. 
Commercially available multiprobe kits are usually hybrid-
ized for four to eight hours, followed by two rapid washing 
steps (73°C, 0.7 × sodium saline citrate [SSC] and 0.3% 
NP-40 for 7 minutes followed by 2 × SSC and 0.1%  nonidet 
P-40 [NP-40] for 1 minute), which should be carried out 
exactly as described by the manufacturer. Following wash-
ing, a cover slip and antifade mounting media must be 
applied to the slide, which should then be stored immedi-
ately in the dark until FISH analysis.

FISH ANALYSIS AND INTERPRETATION OF RESULTS
Prior to analysis of the FISH results, the PBs located on the 
glass slide must be allocated under the microscope. This is 
rather easy if a circle is made around the area of PB deposition 
on top of the slide. The use of a 10× phase contrast objective 
usually allows for identification of the encircled area, and 
even the PBs can be identified in most cases (Figure 26.3). 
For FISH analysis, a 100× oil immersion objective with good 
transmission properties for the necessary wavelengths must 
be used. In the fluorescence-viewing mode, the right focal 
plane can be easily adjusted by focusing the diamond line 
followed by searching for the PBs within the encircled area. 
Once the PBs are allocated, it is recommended to view the 
different chromosome signals in the order that is proposed 
by the manufacturer of the kit, as certain fluorophores will 
fade more quickly compared to others.

Each chromosome should give two signals in the first 
PB and one signal in the second. An example of a first PB 
with a correct number of signals for chromosomes 13, 16, 
18, 21, and 22 is shown (Figure 26.4), where chromosomes 

Figure 26.2 Transfer of isolated polar bodies onto a slide. The 
transfer of isolated polar bodies from the dish (seen in the back-
ground) into the droplet on the slide must be performed on the 
microscope stage. The setup shown here allows sliding of the dish 
used for biopsy backwards. Therefore, the aspiration capillary only 
needs to be lowered into the droplet for release of the polar body. Figure 26.3 Identification of the polar body on the slide. 

This photograph is taken with a 10× phase contrast objective 
and the encircled area surrounding the polar body can be par-
tially seen. The polar body appears gray-shaded and is marked 
by an arrow.

Figure 26.4 First polar body with correct signals for chro-
mosomes 13, 16, 18, 21, and 22. This polar body shows two 
signals for each of the chromosomes under investigation. 
This picture is a composite overlay, where initially each chro-
mosome probe was assembled as black and white using the 
appropriate filter set and, prior to overlay, signals were colored 
using a software program (chromosome 13: red, chromosomes 
16 + 18: blue, chromosome 21: green, chromosome 22: yel-
low). The signals for chromosomes 16 and 18 are taken by a 
dual band pass filter set and therefore cannot be labeled with 
different colors. This mode of presentation also applies for the 
subsequent figures in terms of color.
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16 and 18 are detected by centromere-specific probes and 
chromosomes 13, 21, and 22 are detected by locus-specific 
probes. It can be seen that the signals for chromosomes 
16 and 18 can be clearly distinguished, despite the centro-
meric location of the probe. This is due to an early onset of 
chromatid separation within the first PB, which seems to 
start soon after oocyte retrieval, probably due to in vitro 
culture (69). In contrast, locus-specific probes will usually 
give good signals that are easy to evaluate, as the loci are 
located on the arms of the chromosome.

As mentioned earlier, most signals in the first PB are 
split signals due to premature chromatin segregation 
and, as demonstrated by several studies, unbalanced 
pre-division of chromatids is the most common origin 
of aneuploidy (27). The example in Figure 26.5 depicts 
a first PB where only the two signals for the two chro-
matids 18 are located side by side, whereas chromosomes 
13, 16, 22, and X show a balanced pre-division and chro-
mosome 21 shows an unbalanced pre-division with only 
one signal in the PB. The corresponding oocyte contains 
one additional chromatid 21 and therefore can develop 
trisomy 21.

A frequent problem in analysis of the first PB is the 
degeneration of chromatin, which may lead to speckled 
signals. This is most frequently observed for chromosomes 
13 and 22. A diagnosis of aneuploidies or malsegregation 

is still possible, provided that the speckled regions are well 
separated from each other due to pre-division. Another 
problem is the high degree of fragmentation observed in 
first PBs (Figure 26.6). Obviously, all fragments can con-
tain chromatin material and therefore it is obligatory to 
remove all fragments. In such a case, the drying process 
on the slide must be watched very carefully. If only one 
fragment is overlooked during FISH analysis, one may 
easily risk a misdiagnosis if one of the chromosomes 
under investigation is located in the missing fragment.

Finally, PBs that are very advanced in the process of 
degeneration possess weak membranes that are likely to 
rupture during the fixation process. However, the chroma-
tin will usually still affix to the glass slide after drying of 
the transfer droplet, although the signal will be spread and 
look like an elongated strand or bundle of DNA. Therefore, 
FISH analysis is still possible, but the signals will be scat-
tered all over the encircled area, making interpretation of 
the results rather difficult.

TRANSFER OF PBS FOR ANEUPLOIDY SCREENING BY 
ACGH, QPCR, AND NGS
For aCGH, qPCR, and NGS, the first and second PBs must 
be transferred separately into individual PCR reaction 
tubes. This step should be performed in a laminar flow 
cabinet in order to avoid any contamination of the sample. 
Transfer can be easily accomplished by a 0.1–2.5-µL micro-
pipette or by a stripping pipette used for oocyte denuda-
tion. Taking the PB into the pipette tip must be done under 
visual control using a stereomicroscope. Release of the PB 
in the PCR tube is best accomplished if the tube is pre-
filled with phosphate-buffered saline (PBS), the amount 
of which depends on the requirements of the subsequent 
amplification protocol. A usual protocol is 2.5 µL of PBS 
and, in this case, the tube should be pre-filled with 2.2 µL 
of PBS, and the transfer of a single PB is done in 0.3 µL of 
medium. After this, transfer tubes must be kept or stored 
in an upright position until amplification. Whole-genome 
amplification, labeling of amplified DNA, hybridization, 
and subsequent washing are usually performed according 
to the instructions provided by the manufacturer.

The standard procedure for aCGH is the labeling of the 
sample (PB) DNA by Cy3 and the labeling of male refer-
ence DNA with Cy5. Both labeled DNAs are then com-
bined and co-hybridized on an array. For evaluation, the 
ratio of Cy3 versus Cy5 from that array is calculated by 
specific software. An example of such an analysis is shown 
in Figure 26.7a. Another recent approach uses a different 
strategy by which two samples (e.g., the first PB labeled 
with Cy3 and the second PB labeled with Cy5) are co-
hybridized on one array and male and female reference 
DNAs labeled in Cy3/Cy5 and Cy5/Cy3 are co-hybridized 
as a dye-swap setup on two control arrays. The software 
hence calculates the Cy3 signal compared to both Cy5 
from the male control array as well as to Cy5 from the 
female control array, which gives a much better resolution 
and supports a highly accurate analysis (Figure 26.7b and 
26.7c).

Figure 26.5 Chromosome segregation and trisomy 21. 
This polar body displays several common features, which can 
be observed during evaluation of fluorescence signals. Firstly, 
only signals for chromosome 18 are located side by side (blue 
dotted signals on the left), whereas all other chromosomes 
underwent pre-division of chromatids. Only one signal is pres-
ent for chromosome 21 (green), which indicates that one addi-
tional chromatid 21 is present in the oocyte, and the embryo 
can develop trisomy 21 (chromosome 13: red, chromosome 
16 + 18: blue, chromosome 21: green, chromosome 22: yel-
low—small dots, X chromosome: yellow—large dots).
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CHALLENGES OF PB BIOPSY AND DIAGNOSIS IN VIEW 
OF RECENT ADVANCEMENTS
There are certain pitfalls regarding PB biopsy and subse-
quent diagnosis of all chromosomes. As both PBs must 
be analyzed separately and as not all oocytes develop 
into a viable embryo, costs are more than double those 
of a day-5 diagnostic approach. Another challenge is the 
discussion of the correlation of aneuploidy results based 
on PB analysis. Some studies reported a high correlation 
for aneuploidy prediction based on PB analysis (49,70), 
whereas other studies question the accuracy of PB diag-
nosis due to the high incidence of post-zygotic errors 
(71,72). Reciprocal chromosome aneuploidies in the first 
and second PBs were considered to be problematic, but a 
recent study showed that this situation gives rise to normal 
euploid embryos (73), and the birth of a healthy child has 
been reported from an oocyte with reciprocal aneuploid 
PBs (21).

CONCLUSIONS
The pioneering work in PB diagnosis was performed by Yuri 
Verlinsky and Santiago Munné, and efficient biopsy tech-
niques were elaborated by Cieslak et al. (57) and Montag 
et al. (58,59). This has led to a variety of (genetic and chro-
mosomal) diagnostic applications following PB biopsy. 
Most cases of PB diagnosis have been performed for PGS 
using FISH analysis. More recently, PB biopsy followed by 
aCGH has been introduced for PGS (17,20,32,33,49), and 
the feasibility of this approach for a reliable diagnosis has 
been proven in a concordance analysis (20,49). Prospective 
randomized controlled trials to prove the benefits of PB 
diagnosis for aneuploidy screening in terms of higher 
pregnancy and birth rates are ongoing.

The cost-effectiveness of PB biopsy and analysis of all chr-
omosomes for PGS is still a matter of debate. In addition, the 
controversial discussion on the relevance of aneuploidy res-
ults from PB analysis compared to those from trophectoderm 

(a) (b)

(c)

Figure 26.6 Fluorescence in situ hybridization analysis of a fragmented polar body. This example shows a highly fragmented 
polar body, where the fragments were located on the slide within a large area and consequently not all fragments could be viewed 
within one field. Following pre-division, both chromatids 18 (blue) are present in separated fragments (a). Two neighboring signals 
can be found for chromosomes 21 (green), 22 (yellow), and X (bright yellow—very close), but only one signal can be found for chro-
mosome 16 (blue) (b). Chromosome 13 (red) is again located in two different fragments (c).
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Figure 26.7 Array comparative genomic hybridization (aCGH) of polar bodies: conventional versus single-channel CGH. A stan-
dard evaluation of an aCGH experiment with first polar body DNA labeled with Cy3 and co-hybridized with male reference DNA 
labeled with Cy5. The ratio of Cy3 to Cy5 from the array is shown (a). Signals for chromosomes 5, 20, 21, 9p, and 9q are out of the mean 
ratio and indicate a loss or gain of chromosomes or chromatids. The same sample DNA was used in a single-channel experiment 
and the ratio of the first polar body DNA deviations were calculated with male (b) or female control DNA (c). The comparison shows 
that the single-channel experiment gives highly reduced background noise and that the quoting of the gonosomal aneuploidies 
becomes much easier.



References 347

biopsy reflects the limitations of this technology and under-
lines that the procedure itself must be continuously evalu-
ated. Consequently, the use of PB diagnosis and aneuploidy 
screening should be primarily offered to patients at a high 
risk for maternal chromosomal aberrations and patients who 
are more likely to benefit from this therapy (74). The relevant 
data should be published continuously in order to enable an 
evaluation of this technique in view of evidence-based medi-
cine. Finally, we may conclude that the use of a non-contact 
laser for PB biopsy is a safe and efficient approach (49,75).

VIDEOS

Video 26.1 Laser-assisted polar body biopsy: opening of 
the zona pellucida and removal of the first and second polar 
bodies. https://youtu.be/5sDc2XeEw6M
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INTRODUCTION
In vitro fertilization (IVF) treatment has revolutionized 
the treatment of infertility and is estimated to have led to 
more than 6 million births worldwide. However, despite 
the obvious benefits of IVF, it must be acknowledged that 
the process remains inefficient. Even after almost four 
decades of optimization, it is still the case that the majority 
of embryo transfers fail to produce a pregnancy. The prob-
lem worsens with advancing female age, with IVF success 
rates dropping with ever growing speed after the age of 
35 years. The high failure rates are associated with signifi-
cant financial and psychological costs to patients (1–3).

One explanation for why older women suffer low implan-
tation and high miscarriage rates, both for natural and IVF 
pregnancies, is that they produce more aneuploid embryos 
(i.e., embryos containing cells with an incorrect number of 
chromosomes) (Figure 27.1). Long-standing evidence links 
spontaneous pregnancy losses with aneuploidy—karyo-
types of tissue from miscarriages show aneuploid embry-
onic cells in over 50% of cases (4,5). Testing preimplantation 
embryos using a wide variety of methods consistently shows 
that aneuploidy is common in preimplantation embryos 
and increases markedly with female age (6–8).

There is good evidence from analysis of polar bodies that 
the great majority of aneuploidies detected in embryos are 
derived from the oocyte (9,10). This is especially true for 
reproductively older women and explains why the use of 
donor oocytes from young women results in higher IVF 
birth rates and lower miscarriage rates (11). Abnormalities 
of chromosome number, with the exception of trisomy 21 
and sex chromosome aneuploidy, are essentially incom-
patible with life. The poor prognosis of older IVF patients 
can therefore likely be explained by the high rates of aneu-
ploidy present in their oocytes (12,13).

One approach to improving the outcomes of IVF treat-
ment for infertile patients is to test oocytes or embryos for 
the presence of aneuploidy, allowing euploid embryos to 
be identified and transferred to the uterus in preference 
to those that are aneuploid. This has given rise to a field 
of research and clinical practice termed preimplanta-
tion genetic screening (PGS). Traditionally, PGS has been 
offered to patients considered to be at elevated risk of 
producing aneuploid embryos, those of advanced repro-
ductive age, couples experiencing recurrent implantation 
failure, and those with a history of multiple miscarriages. 
However, it is increasingly appreciated that younger women 
may also stand to gain from PGS, because they typically 
produce several embryos that can be selected between and, 

despite their age, still have appreciable levels of aneuploidy 
(14,15). By increasing the ability to identify embryos with a 
high likelihood of successful implantation, PGS may help 
to facilitate single-embryo transfer (SET), and therefore 
assist in the reduction of multiple pregnancy rates. As well 
as helping to avoid implantation failure and miscarriage 
associated with the transfer of aneuploid embryos, PGS is 
expected to avoid the vast majority of syndromes associ-
ated with aneuploidy (e.g., Down syndrome).

PGS BY FLUORESCENCE IN SITU HYBRIDIZATION
Initial attempts at PGS were focused on analysis of polar 
bodies removed from oocytes or cells (blastomeres) biop-
sied from cleavage-stage embryos. These methods had 
originally been developed in the late 1980s for preimplan-
tation genetic diagnosis (PGD) of inherited conditions 
(16,17). Embryo biopsy was suggested to be safe, with the 
rate of blastocyst formation not significantly altered by 
the manipulation (18) and similar IVF pregnancy rates 
between biopsied and non-biopsied embryos (16). In the 
case of blastomere biopsy, a hole was typically made in 
the zona pellucida using acid Tyrode’s solution. The cell 
(or on some occasions two cells) extracted was then fixed 
on a microscope slide and fluorescence in situ hybridiza-
tion (FISH) was carried out using probes to detect specific 
chromosomes (19). Initially, only a handful of chromo-
somes could be examined, but over several years, tech-
nical innovations allowed the number of chromosomes 
tested to be expanded to cover about half of those in each 
cell (20).

Several non-randomized clinical trials provided evi-
dence that PGS could be beneficial. The technique was first 
tested in couples with poor prognosis who were allowed to 
choose between assignment to PGS or the control group 
(21). The PGS group showed a significantly higher preg-
nancy rate (40% vs. 23%) and implantation rate (28% vs. 
11.9%, p ≤ 0.05). However, numbers in each group were 
small (11 and 17, respectively), and allowing the patients 
to choose which study group they would join could have 
introduced bias.

In a matched case-control study of 138 patients, the 
implantation rate was found to be significantly higher in 
PGS patients than age- and prognosis-matched controls 
(18% vs. 11%, p < 0.05) (22). This was particularly marked 
in patients who had no history of previously failed IVF 
cycles and who had a good fertilization rate, producing 
many embryos from which to choose morphologically and 
genetically.
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Despite these promising findings, the outcomes of 
subsequent randomized controlled trials (RCTs) were 
far less positive. A well-designed RCT of 400 prospec-
tively randomized patients found no increase in viable 
pregnancy rate per embryo transfer or per IVF cycle, 
although it did produce a non-significant increase in 
implantation rate (17.1% vs. 11.5%) (23). Most alarm-
ingly, in another RCT, the study had to be terminated 
before its completion due to the negative outcomes 
found in the PGS group (24).

The most worrisome piece of evidence against PGS came 
from a large, multicenter, double-blind RCT of patients 
with a mean age of approximately 38 years who under-
went up to three cycles of IVF with either PGS or normal 
embryo selection, in which two embryos were consistently 
transferred (25). This found that controls had a signifi-
cantly higher clinical pregnancy rate than the PGS group 
(44% vs. 30%, p = 0.003), as well as a higher live birth rate 
(35% vs. 24%, p = 0.01). However, this apparently well-
constructed trial was highly criticized for its methodology 
(26). Firstly, PGS failed to produce a result in as many as 
20% of embryos analyzed, and when these embryos were 
transferred, they resulted in only a 6% implantation rate, 
compared to 14% in the control group, implying severe 
damage to many of the embryos through poor biopsy tech-
nique. Furthermore, chromosomes 15 and 22, which are 
the second and third most common chromosomes to be 
aneuploid in miscarriages (27), were not analyzed in this 
study. By looking at success rates over three IVF cycles, this 

study also failed to recognize the benefits in first-cycle suc-
cess and any decrease in time to pregnancy, which might be 
particularly important for older couples.

Nonetheless, further RCTs also failed to provide evi-
dence of significant benefits to patients undergoing PGS 
using FISH (28), including in younger couples and those 
with a good prognosis (29,30). Although one small RCT 
showed a non-significant trend towards improved birth 
rates in the PGS group (31), a meta-analysis of prospective 
RCTs of cleavage-stage PGS by FISH showed a resounding 
lack of evidence to support its use (32).

WHY BLASTOMERE FISH IS NOT AN IDEAL TECHNIQUE
Although the theory behind PGS by FISH was reason-
able, it is clear that technical issues inherent in the method 
limited its clinical potential. Researchers were interested 
in determining the number of chromosomes in individ-
ual cells, so the obvious choice of technique would have 
been metaphase karyotyping; yet this is not applicable in 
the context of PGS as the single cell biopsied is very rarely 
found to be in metaphase and cannot be cultured due to 
time constraints and technical difficulties. FISH had pre-
viously been used to sex embryos by checking for the pres-
ence of a single (Y) chromosome (33), and was extended 
for the purposes of PGS by simply adding new probes for 
other chromosomes. However, it was impossible to analyze 
all of the chromosomes in a cell using FISH because there 
were only five spectrally distinct fluorochromes avail-
able with which to label the probes, and because repeated 
rounds of FISH performed on the same fixed cell are 
associated with declining accuracy due to disintegration 
of the nucleus. The largest number of chromosomes that 
were reliably analyzed in a single study was 15, performed 
over three rounds, and this unsurprisingly revealed more 
aneuploidy and mosaicism than had been seen in previ-
ous studies (34). Inherent technical issues in FISH result 
in false-positive and false-negative results due to split sig-
nals, signal overlap, and loss of micronuclei (35), and as a 
result some laboratories experienced appreciable levels of 
test failures and errors, which were likely to impact on any 
improvement in IVF success that could be achieved (36).

Performing the analysis in cleavage-stage embryos 
rather than later stages is also likely to be suboptimal. Many 
cleavage-stage embryos arrest naturally, so performing 
analysis at a later stage has the advantage of requiring fewer 
embryos to be analyzed (36). Importantly, cleavage-stage 
embryos appear to be much more sensitive to biopsy than 
blastocysts, and there is a risk that the biopsy procedure 
itself may impair implantation rates (37). Also, mosaicism, 
the presence of one or more karyotypically distinct cell 
lines within the same embryo, which is common through-
out preimplantation development, is at its most prevalent 
at the cleavage stage, posing significant problems for any 
diagnosis based upon a single cell. The failure to demon-
strate clinical efficacy of protocols based upon blastomere 
FISH suggests that this strategy is not ideal, but does not 
necessarily invalidate the concept of PGS.
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Figure 27.1 Aneuploid embryos (%) and live birth rate 
after IVF (%) with increasing maternal age. Beyond the age of 
35 years, IVF success rates fall dramatically, while the percent-
age of embryos that are aneuploid increases. Abbreviation: 
IVF, in vitro fertilization. (Data derived from Franasiak JM et al. 
J Assist Reprod Genet. 2014; 31(11): 1501–9; Human Fertilisation 
and Embryology Association. IVF—Chance of success. Human 
Fertilisation and Embryology Authority 2014, Accessed 
February 17, 2016. Available from: http://www.hfea.gov.uk/ivf-
success-rate.html.)

http://www.hfea.gov.uk/ivf-success-rate.html
http://www.hfea.gov.uk/ivf-success-rate.html
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NEW TECHNOLOGIES AND ARRAY-BASED METHODS
While debate continued over the benefit of PGS using 
FISH, new genetic techniques were developed that could 
provide a comprehensive screening of all chromosomes 
with far greater accuracy. The first of these processes was 
metaphase comparative genomic hybridization (meta-
phase-CGH). In this method, DNA is extracted from the 
embryo biopsy and amplified using one of a number of 
techniques termed whole-genome amplification (WGA). 
This amplifies DNA from each chromosome in a way that 
reliably reflects the starting number of chromosomes. 
The amplified DNA is labeled with a fluorescent dye (usu-
ally green in color). The process is repeated for a sample 
known to be chromosomally normal, which is labeled 
with a different fluorochrome (usually red) and used as 
a reference. The test and reference DNA are mixed and 
added to chromosomes from a normal metaphase cell 
spread on a microscope slide. After washing, the color 
of fluorescence observed on individual chromosome 
indicates the relative amounts of test and control DNA 
derived from that chromosome, and thereby the ploidy of 
the embryo. Although this technique was shown to reli-
ably detect aneuploidy in individual blastomeres (38,39), 
the process took at least three to four days, which was not 
ideal for clinical use as it did not allow time for transfer 
within the implantation window. However, it was possible 
to use this technique to screen for aneuploidy in the polar 
body of the oocyte with some success (40).

The process of chromosome analysis using CGH 
underwent increased automation and was greatly accel-
erated when metaphase chromosomes were replaced by 
microarrays. These consist of a solid support, such as a 
glass microscope slide, upon which a multitude of chro-
mosome-specific DNA sequences are arrayed in individ-
ual spots. As with metaphase-CGH, differentially labeled 
test and control DNA samples are hybridized to these tar-
get sequences and the colors of the spots are indicative of 
the copy numbers of the chromosomes from which the 
sequences were derived (41). The analysis necessary for 
microarray-CGH (array-CGH [aCGH]) was much simpli-
fied compared with metaphase-CGH and, importantly, 
the time taken for the procedure was reduced to less than 
24 hours, allowing the possibility of comprehensive chro-
mosome screening in combination with a fresh embryo 
transfer (42). aCGH was not only highly accurate when 
compared with FISH, but it also detected 40% more aneu-
ploidy, presumably due to the increased number of chro-
mosomes analyzed (43).

Although accomplishing comprehensive chromo-
some screening in a reduced timeframe was a significant 
achievement, PGS at the blastocyst stage remained chal-
lenging due to the vary narrow window of time available 
for testing to be carried out. This often necessitated the 
cryopreservation of biopsied embryos to allow sufficient 
time for analysis before transfer. While for some clinics the 
introduction of vitrification had removed concerns about 
loss of embryo viability associated with cryopreservation, 
others continued to prefer a fresh transfer where possible. 

A rapid method of PGS, removing the necessity for cryo-
preservation of biopsied blastocysts, at least in theory, was 
soon developed and put into clinical practice (44). This 
technique applied quantitative polymerase chain reaction 
(qPCR) to amplify and measure the relative quantities of 
four specific loci per chromosome in just four hours and 
without the need for prior WGA. The only limitations of 
the method are issues with scalability (the number of sam-
ples that can be processed concurrently on one machine is 
relatively low) and an inability to reliably detect all forms 
of chromosome abnormality affecting fragments of chro-
mosome rather than whole chromosomes.

Another method employed for the purpose of PGS 
has been analysis using single-nucleotide polymorphism 
(SNP) microarrays, of the type often used for genome-
wide association studies (45). These arrays contain probes 
for tens of thousands of different SNPs that are distributed 
across all of the chromosomes. If DNA samples from the 
parents are examined alongside WGA products from the 
tested embryos, it is possible to trace the inheritance of 
individual alleles. Essentially, the large number of SNP 
probes provides a DNA fingerprint for each of the parental 
chromosomes and the presence/absence of these genetic 
signatures can be examined in the embryos. This not only 
reveals the presence of monosomies and trisomies of mei-
otic origin, but also reveals whether the affected chromo-
some was from the mother or the father. In addition to 
this qualitative approach to aneuploidy detection, quanti-
tative analysis of the SNPs on the microarray is also pos-
sible, revealing whether or not the quantity of DNA from 
each chromosome is appropriate (46). Another benefit of 
analysis using SNP microarrays is that single-gene dis-
orders can be diagnosed at the same time as aneuploidy. 
This is accomplished using linkage analysis, following 
the inheritance of polymorphisms surrounding/within a 
defective gene from parent(s) to embryos. This approach 
is sometimes referred to as karyomapping (47). The main 
drawback of SNP microarrays in the context of PGS is that 
they are more expensive than alternative methods and, 
although the protocol can be completed within 24 hours, 
it is longer and more time consuming than most others.

Most recently, next-generation sequencing (NGS) tech-
nology has been introduced for the purpose of PGS. Here, 
after embryo biopsy and WGA, the amplification prod-
ucts are fragmented, producing millions of short pieces 
of DNA, which are then simultaneously sequenced in par-
allel and aligned with reference to the known sequence 
of the human genome (48,49). The relative number of 
sequenced fragments derived from each chromosome pro-
vides an accurate indication of copy number in the sam-
ple. Although NGS is frequently used for whole-genome 
sequencing, in the context of PGS it is typical for less than 
1% of the genome to be examined and thus the informa-
tion obtained concerning the sequence of individual genes 
is negligible (50). Targeted NGS strategies (focusing on 
amplification and analysis of specified sequences) and 
methods involving deeper sequencing of the genome do 
have the potential to reveal information about individual 
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genes if this is considered desirable. However, there are 
technical challenges and cost implications of applying 
such approaches to the PGD of single-gene disorders and 
so far NGS has seldom been used for this purpose.

In its current form, NGS has two advantages over other 
PGS methods. Firstly, the cost of comprehensive chromo-
some analysis using NGS is significantly less than those 
of other methods. Secondly, results obtained using NGS 
present a higher “dynamic range” (i.e., signal-to-noise 
ratio) than other methods, which allows subtle anomalies, 
especially chromosomal mosaicism in blastocyst biopsy 
samples, to be detected with greater certainty (51). Recent 
data suggest that embryos associated with mosaic troph-
ectoderm biopsy specimens have diminished implanta-
tion potential, but could be considered for transfer in the 
absence of any euploid embryos and after appropriate 
patient counseling (52). The main drawbacks of NGS are a 
relatively complex workflow and the need to cryopreserve 
embryos after biopsy. The requirement for cryopreserva-
tion is not because of the time needed for NGS, although it 
is true that most protocols do not fit comfortably into the 
time available when carrying out a fresh transfer; rather, it 
is due to the need to run the sequencing equipment at full 
capacity. This is important for achieving the lowest pos-
sible costs of PGS, but usually means that samples (from 
several patients) must be accumulated over a few days, 
thus necessitating cryopreservation.

As well as advances in genetic testing, improvements to 
embryological practice have also contributed to the evolu-
tion of PGS. The development of blastocyst culture and 
trophectoderm biopsy have been particularly beneficial. 
Culturing the embryo to the blastocyst stage on day 5 selects 
out non-competent embryos, many of which arrest at earlier 
developmental stages (36). As a result, blastocyst culture is 
advantageous for IVF outcomes even without genetic testing 
(53). Blastocyst biopsy involves breach of the zona pellucida 
with a laser on day 3 or immediately prior to the procedure 
on days 5/6. Trophectoderm cells either herniate through the 
hole spontaneously or are actively drawn through it by suc-
tion. Three to ten of these cells (typically about five cells) can 
then be removed. The inner cell mass is not disturbed and 
therefore the technique does not affect cells that develop into 
the fetus. Trophectoderm biopsy is considered to pose sig-
nificantly less risk to the embryo than cleavage-stage biopsy 
(37). Also, because several cells are taken, genetic tests tend 
to yield more robust data. Using some methods, especially 
NGS, mosaicism can be detected within the biopsy speci-
men. Blastocyst biopsy is increasingly becoming the first 
choice of biopsy method for PGS. Polar body biopsy is still 
currently used, but mostly in countries where genetic testing 
of the embryo itself is not permitted.

Blastocyst-stage PGS has also been facilitated by devel-
opments in cryopreservation, especially vitrification. This 
is of great importance because the time available for test-
ing following biopsy at such a late stage of preimplantation 
development is very limited, in some cases necessitating 
cryopreservation. Vitrification of blastocysts after biopsy 
provides ample time for results to be generated and allows 

embryo transfer to be carried out at a time of optimal 
endometrial receptivity (54). The convergence of embryo-
logical and genetic advances is at the heart of the new gen-
eration of PGS strategies.

EVIDENCE FOR THE CLINICAL EFFICACY OF NEW PGS 
TECHNIQUES
Clinical trials involving the new generation of PGS tech-
niques have produced encouraging results. The first 
indication that blastocyst biopsy combined with com-
prehensive chromosome screening might have overcome 
many of the limitations of earlier PGS methods came 
from a trial by Schoolcraft and colleagues. Although non- 
randomized, patients in PGS and control groups were well 
matched. Significantly improved ongoing pregnancy rates 
were observed for patients receiving PGS (68.9% vs. 44.8%, 
PGS vs. controls, p < 0.0001), despite fewer embryos being 
transferred (55). Another non-randomized study of 462 
IVF cycles with PGS using aCGH demonstrated that the 
decrease in implantation rate typically seen with increas-
ing maternal age was abolished by the transfer of euploid 
embryos (56), a similar effect to the use of donor oocytes 
from younger women (Figure 27.2) (11). This gives strength 
to the fundamental argument for the use of PGS—that 
aneuploidy (in this case increasing in frequency due to 
advancing age) is frequently responsible for the failure of 
IVF embryos to establish a pregnancy. The authors also 
compared the rate of pregnancy loss in these cycles to that 
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in patients undergoing IVF without PGS and found it to be 
significantly lower and unaltered by increasing age.

In a randomized trial assessing the use of PGS to assist in 
SET, patients were randomized to one of two groups: either 
SET after PGS or dual-embryo transfer with embryo selec-
tion based upon traditional morphological analysis and 
no PGS (57). The results showed similar pregnancy rates 
between the two groups, despite the PGS patients receiving 
half the number of embryos. However, in the control group, 
approximately half of all cycles resulted in a multiple preg-
nancy, compared with 0% in the study group. This demon-
strates the selective power of PGS and indicates that it could 
support the use of SET, which is important for reducing mul-
tiple pregnancies and their associated risks (58). Although 
this trial demonstrates non-inferiority of SET after PGS 
compared to normal dual-embryo transfer, a third arm 
including patients undergoing SET without PGS would be 
required to give a clear indication of the effect of PGS itself.

A different study assessed how predictive a diagnosis 
of aneuploidy was for the outcome of an embryo transfer 
(59). Participants underwent dual-embryo transfer, and 
one of the two embryos transferred was analyzed by SNP 
array PGS, but the results were not revealed until the out-
come of the embryo transfer was known. Depending on 
the outcome, either the baby or the products of concep-
tion could be tested to see whether it was from the tested 
embryo, thanks to the “fingerprinting” provided by the 
SNP array. The PGS results appeared highly predictive of 
the success of the cycle, with a negative predictive value of 
at least 96%.

Two RCTs have compared embryo selection using new 
PGS technologies with routine morphological analysis 
and again results have been positive. The first applied 
aCGH to blastocysts, with fresh transfer occurring on the 
following day, and reported a significantly higher ongo-
ing pregnancy rate in the study group compared with the 
control group (69.1% vs. 41.7%, p = 0.009) (60). This was 
achieved in young patients with no prior failed IVF cycles, 
who produced many embryos, and all participants under-
went SET only. As the authors recognize, these results can-
not necessarily be extrapolated to poor-prognosis groups 
or patients.

The second randomized trial compared qPCR with mor-
phological assessment in young, good-prognosis patients 
undergoing the transfer of one to two embryos (61). If 
patients produced two or more good-quality embryos by 
day  5, they were randomized to either undergo double-
embryo transfer that day or PGS with embryo transfer 
on day 6. The PGS group showed a significantly improved 
implantation rate (79.8% vs. 63.2%, p < 0.01) and delivery 
rate (66.4% vs. 47.9%, p < 0.01), despite fewer embryos 
being transferred in the PGS group. However, the extra 
day of embryo culture required for PGS may have caused 
positive bias by adding a further round of embryo selec-
tion or increased endometrial receptivity, and blinding 
was lacking. Nevertheless, this study is one of the most 
rigorous that supports the use of PGS, and the improve-
ment in delivery rates is promising.

RCTs investigating the clinical benefit of PGS show a 
significant benefit in young patients who produce many 
embryos. However, evidence for the benefit in older 
patients is still somewhat lacking. There are currently a 
number of ongoing, large, multicenter RCTs investigating 
the clinical benefits of using the new PGS techniques to 
help patients with infertility, which it is hoped will con-
clusively demonstrate whether PGS improves the clinical 
outcomes of IVF patients of poor prognosis (62).

THE CHALLENGE OF MOSAICISM
An emerging challenge facing embryo selection by PGS is 
the question of how to deal with mosaic embryos (i.e., those 
containing two or more cell lines with differing karyotypes). 
This usually occurs due to malsegregation of chromosomes 
during the early mitotic cleavage division, following fertil-
ization. The result is a “mosaic” embryo, which may contain 
a mixture of normal diploid cells with aneuploid cells, or 
consist of a variety of different aneuploid cells. Early stud-
ies using FISH to analyze all the blastomeres within each 
embryo found that between 17% and 65% of cleavage-stage 
embryos were chromosomal mosaics, with the majority of 
these being diploid–aneuploid mosaics (34,63,64). A recent 
study using NGS has confirmed that approximately 30% of 
blastocysts are diploid–aneuploid mosaics (65).

There are two problems in the assessment of mosaic 
embryos. Firstly, the cells obtained from the biopsy may not 
be representative of the embryo as a whole. A “PGS-euploid” 
embryo that is used for transfer may contain mostly aneu-
ploid cells and therefore fail to implant or miscarry. A “PGS-
aneuploid” embryo may be mostly composed of euploid 
cells, resulting in the discarding of embryos with some 
reproductive potential. There is long-standing evidence that 
mosaicism is not always lethal to the embryo. Indeed, mosaic 
aneuploidy confined to placental tissues is seen in 1%–2% 
of pregnancies and in the vast majority of cases the corre-
sponding fetus is chromosomally normal (66,67). Evidence 
from the early embryo is conflicting: while some have found 
discrepancies in the rates of aneuploidy between the inner 
cell mass and trophectoderm of blastocysts (68), other stud-
ies demonstrate that mosaicism shows no preference for a 
particular tissue at these early stages of development (69).

The other problem is that the clinical implications of 
mosaicism are not yet fully understood. Until recently, it has 
not been possible to observe mosaicism in an embryo before 
implantation, because cleavage-stage biopsy only produces 
one cell to test. Even most array-based methods only detect 
mosaicism if present in at least 30% of biopsied cells (70). 
There have been cases where known mosaic embryos have 
been used for IVF and produced chromosomally normal 
pregnancies (71), which has led some to believe that there 
may be corrective mechanisms within the embryo, such 
as blastomere exclusion, multi-polar divisions, endoredu-
plication of chromosomes, and fragment resorption (72). 
However, evidence suggests that mosaic embryos are far less 
likely to implant and produce pregnancies than those asso-
ciated with an entirely euploid biopsy specimen, so normal 
embryos should be used preferentially, if available (73).
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The newest NGS-based methods are far more sensitive 
at detecting the presence of mosaicism. While previously 
a mosaic embryo would have simply been classed as nor-
mal or abnormal in chromosome number, some can now 
be accurately placed in a third “mosaic” class, leading to 
improved estimation of their reproductive potential. It is 
hoped that this will be reflected in the results of future 
clinical trials using NGS.

CONCLUSION
The concept of PGS is founded on the reasonable hypothesis 
that screening for aneuploidy in preimplantation embryos, 
where it is common and associated with poor outcome, can 
assist in the identification of embryos of high potential. If pri-
oritized for transfer, such embryos should deliver increased 
implantation rates and lower risks of miscarriage and chro-
mosomal syndromes. The initial PGS method of blastomere 
biopsy and FISH showed promise, but ultimately failed to 
produce convincing results in RCTs. New techniques of 
trophectoderm biopsy and array-based methods are tech-
nically far superior, as they allow the testing of all chromo-
somes at a more appropriate developmental stage. Evidence 
that the new generation of PGS techniques succeed in 
improving IVF treatment outcomes is rapidly accumulating. 
Currently, most of the published data support the use of PGS 
for patients of good prognosis (younger women, those pro-
ducing multiple blastocysts, etc.). Data from RCTs concern-
ing the benefits of PGS for older patients and others of poor 
prognosis are still lacking, although some encouraging non-
randomized data have been presented. The coming years are 
likely to see further improvements in PGS technologies and 
reductions in the cost to patients of accessing this method of 
embryo selection. Additional clinical trials will shed light on 
the efficacy of PGS in distinct patient groups and it is hoped 
that after many years of debate and controversy a consensus 
view on the value of PGS will finally emerge.
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INTRODUCTION
For couples at risk of transmitting a genetic disease, pre-
implantation genetic diagnosis (PGD) and transfer of dis-
ease-free embryos offer alternatives to prenatal diagnosis 
by chorionic villous sampling or amniocentesis, followed 
by therapeutic abortion of affected fetuses. Molecular PGD 
was initially employed for embryo sexing in couples at risk 
for X-linked diseases. The technique used polymerase 
chain reaction (PCR) to amplify Y chromosome-specific 
sequences, and only embryos diagnosed as females were 
transferred (1). During the last two decades, the range of 
genetic abnormalities that can be detected by PGD has 
increased exponentially and in fact it may be performed 
for virtually any genetic disorder for which the mutation 
has been detected. PGD can also be employed in carriers 
of cancer predisposition genes and other late-onset genetic 
conditions. This, however, raises many ethical and practi-
cal questions. For instance, familial adenomatous polypo-
sis (FAP) is an autosomal dominant syndrome with almost 
100% risk of colorectal cancer without prophylactic col-
ectomy. In a study including 20 individuals with FAP, 
95% would consider undergoing prenatal testing and 90% 
would consider PGD (2). In comparison, carriers of BRCA1 
or BRCA2 mutations are at risk for breast and/or ovarian 
cancer, but at a comparatively lower risk of developing 
malignancy. A similar survey conducted among such car-
riers revealed that 75% felt it was acceptable to offer PGD 
for this indication, but only 14% of patients contemplating 
a future pregnancy would consider PGD themselves (3).

Moreover, it is possible to perform combined PGD and 
human leukocyte antigen (HLA) typing. This may prove 
beneficial in cases where the parents already have a child 
affected with a genetic disease amenable to bone marrow 
transplantation. In this approach, any future sibling pro-
duced by PGD may not only be free of the familial disease, 
but will also be a suitable bone marrow donor for the affected 
child. This approach has been successfully employed for 
Fanconi’s anemia (4), and has been coined “savior sibling.” 
However, the use of PGD for HLA typing, particularly in the 
absence of a genetic disease, and its use in screening embryos 
for susceptibility to cancer and late-onset diseases, as well as 
for gender selection, raise important ethical concerns.

Lastly, PGD for chromosomal imbalances, such as 
in balanced translocation carriers, has been tradition-
ally performed using fluorescence in situ hybridiza-
tion (FISH). It has recently been suggested that this 
can also be performed using PCR-based techniques 
(5). Recently, array comparative genomic hybridization 
(aCGH) has been introduced to PGD, particularly for 

aneuploidy screening. However, aCGH may also be used 
for the diagnosis of embryos with unbalanced reciprocal 
or Robertsonian translocations (6).

Despite its promise, PGD is still limited by technical 
difficulties due to the minute amount of genetic material 
and the inherent pitfalls of the PCR, such as amplification 
failure, allele dropout (ADO), and foreign DNA contami-
nation. There is also a rather narrow window of oppor-
tunity for performing diagnosis (within hours) to enable 
embryo transfer without jeopardizing pregnancy rates. 
This chapter will review the various aspects of the genetic 
analysis of preimplantation embryos.

BASIC PRINCIPLES OF PGD
Polymerase chain reaction

Single-cell molecular analysis for PGD was made possi-
ble by PCR, which was first introduced in the mid-1980s. 
The technique enriches a DNA sample for one specific 
oligonucleotide fragment, the PCR product or amplicon. 
The technique uses a pair of short oligonucleotide frag-
ments—primers—that are homologous to stretches of 
genomic DNA at a locus of interest. The PCR thermocy-
cler is programmed to perform successive cycles consist-
ing of denaturation at temperatures >90°C, during which 
the double-stranded template DNA melts into two sepa-
rate single strands; annealing, in which the primers attach 
to their region of homology; and extension, during which 
new nucleotides (dNTPs) are added in succession to rec-
reate a double-stranded DNA molecule by the enzymatic 
action of the thermostable Taq polymerase. The resulting 
new strands serve as templates for the subsequent cycles. 
After 30–40 such cycles, the initial minute quantity of 
DNA is amplified to the extent that it can actually be visu-
alized by methods such as radioactive labeling, ethidium 
bromide, or silver staining. The PCR products may be 
further subjected to a variety of analytic techniques that 
determine the presence of point mutations, small deletions 
or insertions, or for analysis of linked polymorphic genetic 
markers. Finally, the precise composition of the amplified 
fragment may be studied by direct sequencing.

The number of cycles that may be performed in stan-
dard PCR is limited by a gradual decline in amplification 
efficiency with each subsequent cycle. This is partly due 
to the decrease in the activity of the Taq polymerase over 
time. Another reason is the “fraying” of the amplicon 
edges by the exonuclease activity of Taq polymerase. This 
causes the amplicons to become unsuitable templates for 
further amplification because their primer annealing sites 
become eroded.
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Due to these limitations, when the number of initial 
DNA template molecules is limited, as in a single-cell 
PGD analysis, the quantity of amplified DNA may be 
insufficient for a complete molecular analysis. The two-
step, nested primer PCR approach offers a solution to this 
problem by allowing sufficient amplification of even a sin-
gle DNA copy. The method employs a first pair of outer 
primers, designed to amplify the region of interest in the 
primary PCR reaction. The PCR product of the primary 
PCR reaction is then further amplified using a second set 
of inner or nested primers. The use of nested primers that 
are proximal to the annealing site of the outer primers 
increases amplification efficiency since the nested primers 
anneal to sites that have not been eroded. This technique 
also decreases the rate of non-specific amplification.

Pitfalls of PCR in PGD

The precise diagnosis by PCR relies on several key elements: 
adequately functioning reagents such as primers, dNTPs, 
and Taq polymerase; the presence of an adequate tested 
DNA template; and the lack of any DNA contamination. 
Perturbations in any of these elements may lead to mis-
diagnosis. In particular, PCR for PGD has three potential 
pitfalls: amplification failure, ADO, and contamination.

Amplification failure

Amplification by PCR is unsuccessful in approximately 
10% of isolated blastomeres, regardless of their geno-
type. The main reasons for amplification failure include 
biopsy technique, premature cell lysis, lysis protocol used, 
and PCR conditions (7,8). There appears to be an asso-
ciation between embryo or blastomere morphology and 
the success rate of PCR amplification. Cells that appear 
to be anucleate and those derived from arrested or frag-
mented embryos have low amplification efficiency (9,10). 
In such cells, the DNA may be degraded or entirely absent. 
Adequate positive and negative controls must be used to 
establish and fine-tune the PCR protocol and to ensure the 
integrity of the results. This is of particular importance in 
cases where the diagnosis is based on detection of dele-
tions, such as in Duchenne muscular dystrophy (DMD). 
When in such cases an allele is not amplified, one must be 
certain that this is indeed due to a deletion and not sec-
ondary to amplification failure.

Allele dropout

ADO occurs when only one of the two alleles present in a 
cell is amplified to a detectable level. ADO is equally likely 
to affect either of the alleles in a heterozygous cell and thus 
it is not possible to predict which allele will be “dropped 
out” in a given reaction. The most significant implication 
of ADO is misdiagnosis of heterozygous embryos, par-
ticularly in PGD of dominant disorders. In such cases, 
the absence of the mutated allele due to ADO may result 
in misdiagnosis of an affected fetus as a normal one. 
Likewise, ADO may be responsible for misdiagnosis of 
recessive disorders in affected compound heterozygotes, 
where if only one of the mutations is detected, the embryo 

may be mistaken for a heterozygote (11). The reported fre-
quency of ADO varies widely. In most experiments, the 
rate of ADO is reported to be 5%–20%, although in some 
cases ADO has been shown to affect over 30% of single-
cell amplifications (10,12–16), or none of the cells (17).

The causes of ADO are still not fully understood. 
Current hypotheses include inaccessibility of the DNA 
template due to an imperfect denaturing temperature or 
incomplete cell lysis and DNA degradation prior to PCR. 
Ray and Handyside (13) demonstrated that an increase 
in denaturing temperature from 90 to 96°C during PCR 
may be associated with a four-fold reduction in ADO at 
the cystic fibrosis locus and an 11-fold reduction at the 
β-globin locus. The use of alkaline lysis buffer or lysis buf-
fer containing proteinase K and detergent have also been 
suggested to reduce ADO (13,18). Degenerated and apop-
totic cells show increased ADO, probably due to partial 
degradation of the DNA strands. It has been suggested 
that ADO is higher in blastomeres than in other cell types 
(15). This may be explained, at least partly, by the higher 
rate of haploidy of blastomeres (19).

In cases of diagnosis of dominant disorders or reces-
sive diseases when both parents carry different mutations, 
measures should be taken to avoid or reduce the risk of 
ADO. A number of PGD protocols have been suggested 
that achieve this goal, most based on advanced tech-
niques such as multiplex PCR in order to include flank-
ing polymorphic markers, quantitative fluorescent (QF) 
PCR, reverse transcription (RT) PCR, and others, as will 
be described in the following sections. Other less sensitive 
detection methods may “overlook” the minimally ampli-
fied allele, resulting in ADO (12,16,20). The significant fre-
quency of ADO resulting in misdiagnosis has led many 
PGD centers to use two cells from each embryo for genetic 
analysis. This problem may be overcome with the use of 
karyomapping, which is discussed later in this chapter.

Contamination

Contamination is one of the greatest obstacles to the anal-
ysis of specific genes in single cells (21). In the setting of 
PGD, there may be three main sources of possible contam-
ination. First, paternal genome contamination may arise 
from the fact that many spermatozoa are still embedded 
in the zona pellucida after in vitro fertilization (IVF), and 
may thus be mistakenly sampled with the blastomere, sec-
ond polar body, or trophoectoderm cells during embryo 
biopsy. Intracytoplasmic sperm injection (ICSI) using a 
single sperm that is injected into the oocyte completely 
abolishes this possibility. Accordingly, most PGD units 
routinely use ICSI for all PGD cases in which diagnosis 
relies on PCR. The second source of possible contamina-
tion may arise from maternal cumulus cells adherent to 
the oocytes. Stripping of the cumulus cells from the zona 
pellucida is performed mechanically and/or by enzymes 
to reduce this risk. Finally, external contamination either 
from laboratory technicians or from PCR products gen-
erated during previous experiments is yet another source 
of contamination. The risk of external contamination is 
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influenced by the number of PCR cycles required for suf-
ficient amplification of the DNA. Thus, with a starting 
template of only one genome, the risk of contamination 
with exogenous DNA sequences is a particularly concern-
ing problem that must be avoided by the use of adequate 
safety measures, as will be described below.

Advanced molecular methods for PGD

Multiplex PCR

Multiplex PCR refers to the simultaneous amplification of 
more than one fragment in the same PCR reaction using 
more than one pair of unrelated primers (12,15,16,22). 
One or more primer pairs amplify the DNA fragment con-
taining the locus to be tested, while the other(s) serve as a 
positive control within the same reaction. Amplification 
of multiple loci within the same multiplex PCR reaction 
is possible in single blastomeres. This requires careful 
primer design and reaction optimization to ensure that all 
primer sets amplify efficiently under the same conditions 
including annealing temperatures and concentrations of 
the different reagents in the PCR buffer, such as MgCl2. 
Careful design of primers is mandated in order to avoid 
primer dimer formation, interaction between different 
PCR products, and interaction of primers with products. 
The primers should be designed such that the product of 
each PCR primer pair is of a different size so that it may be 
distinguished by gel electrophoresis. Alternatively, differ-
ent fluorescent tags can be used for each primer pair.

Successful multiplex PCR reactions enable simulta-
neous assessment of numerous loci (22). Multiplex PCR 
reaction may include assays for specific gene defects, 
unique sequences of specific chromosomes, and linked-
informative polymorphic markers. This allows both the 
analysis of the disease mutation, assessment of aneu-
ploidy, and a reduction in the risk of contamination and 
ADO (14,15,23–26). This strategy is particularly useful for 
the PGD of dominant disorders, in which one primer set 
amplifies the region of mutation, while the other amplifies 
a polymorphic marker that is linked with the tested gene 
(24,27). The probability of ADO affecting both the muta-
tion site and the linked polymorphic site is very low, and 
decreases as more polymorphic markers are tested. This 
decreases both false-positive and false-negative results.

Fluorescent PCR

The PCR products are commonly separated by gel electropho-
resis, and their migration depends chiefly on their size. The 
standard visualization techniques include radioactive label-
ing, ethidium bromide, or silver staining. These techniques 
are rather insensitive, requiring a relatively large amount of 
DNA. Moreover, they cannot distinguish between products 
of a relatively similar size, nor provide an adequate esti-
mate of quantity. Fluorescent PCR employs primers tagged 
with a fluorescent dye, which label the resulting amplicons, 
enabling detection by florescence-based DNA sequencers 
using a module such as GeneScan™ (Applied Biosystems-
Thermo Fisher Scientific Inc., Waltham, MA, USA). A laser 

beam scans the acrylamide gel as the fluorescent products 
pass across the laser path by means of electrophoresis. The 
different fluorescent dyes absorb the light at a particular 
wavelength and emit fluorescence at a different wavelength. 
The emitted light passes through a filter, is digitally ampli-
fied, and is analyzed by a computer. With this technique, it 
is possible to separate, detect, and analyze the fluorescent-
labeled PCR products with sensitivity that is 1000-times 
greater than that achieved using conventional methods (28). 
This method also has a higher fragment-size resolution and 
is able to distinguish between products having a size differ-
ence of even 1–2 bp. Thus, several primer sets can be multi-
plexed even if their product sizes only vary slightly.

This approach significantly reduces the likelihood of 
ADO resulting from preferential amplification, since 
even minimally amplified alleles are detected (12,16,20). 
In addition, since the detection efficiency is several mag-
nitudes higher, fewer PCR cycles are required, thereby 
reducing the risk of contamination. Moreover, since fewer 
cycles are needed, less time is required for the complete 
analysis. Using this approach, Sermon et al. (20) have suc-
cessfully reduced the rate of ADO by a factor of four in the 
diagnosis of myotonic dystrophy, and Findlay et  al. (12) 
reported an accurate diagnosis in as many as 97% of cases.

Quantitative fluorescent PCR

QF-PCR provides information on the ploidy of the cell 
(29). It amplifies specific DNA sequences unique for each 
chromosome, such as short tandem repeat (STR) mark-
ers, which are composed of a varying number of nucleo-
tide repeats (2–5 bp) and are highly polymorphic. Normal 
individuals are usually heterozygous for such polymorphic 
markers; that is, they have a different number of repeats, 
and therefore have different-sized alleles. During the ini-
tial exponential phase of PCR amplification, the amount 
of DNA product is proportional to the original number 
of repeats (30). Disomic individuals thus produce differ-
ent-sized alleles with a ratio of 1:1, whereas trisomic DNA 
samples produce either three alleles of different lengths 
at a ratio of 1:1:1 (trisomic tri-allelic) or two alleles of the 
same size at a ratio of 2:1 (trisomic di-allelic) (29). This 
method has been successfully used in prenatal diagnosis of 
aneuploidy (31). In PGD, however, QF-PCR is only reliable 
in identifying tri-allelic trisomies, since the interpretation 
of di-allelic trisomies is problematic due to the possibility 
of preferential amplification (16).

Whole-genome amplification

The most significant limitation of single-cell analysis is the 
small amount of DNA. As mentioned previously, multi-
plex PCR is one way to overcome this problem. In addition, 
methods designed to achieve non-specific amplification of 
the entire genome—that is, whole-genome amplification 
(WGA)—have been developed (21,32). These techniques 
amplify a large proportion of the entire genome, thereby 
allowing further analyses by specific PCR reactions, 
enabling confirmation of diagnosis by alternative methods 
or the analysis of other genes.
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There are several WGA techniques, which are outlined 
in the following sections.

Primer extension preamplification

Primer extension preamplification (PEP) is a WGA 
method designed mainly for use in single cells. Using ran-
dom sequence primers of 15 bp, PEP has been claimed to 
amplify at least 70% of the genome in more than 30 cop-
ies (32). This, however, is likely to be a rather conservative 
estimate, since Paunio et al. (33) reported that PEP yields 
at least 1000 copies of the genome, and Wells and Sherlock 
(21) have suggested that more than of 90% of genomic 
sequences are represented in PEP amplification products. 
One of the drawbacks of PEP is the time required, which 
is usually more than 12 hours. Sermon et  al. (34) have 
successfully adopted a modified protocol that requires 
less than six hours, and Tsai (35) has improved the effi-
ciency through further technical modifications. Several 
autosomal recessive, dominant, and X-linked disorders 
have been successfully detected in single cells using PEP, 
including Tay–Sachs disease, cystic fibrosis, hemophilia A, 
DMD, and FAP (14,36,37).

Degenerate oligonucleotide-primed PCR

A second form of WGA called degenerate oligonucleotide-
primed PCR (DOP-PCR) has been recently applied to 
PGD (21,38). DOP-PCR amplifies a similar proportion of 
the genome as does PEP, but to a greater extent, provid-
ing sufficient DNA for over 100 subsequent PCR ampli-
fications (21), or for other analytical procedures such as 
comparative genomic hybridization (CGH). It has been 
shown that by using a combination of DOP-PCR, CGH, 
and QF-PCR, it is possible to determine the copy number 
of each chromosome and conduct various molecular stud-
ies on single cells and blastomeres (21,39).

Multiple displacement amplification

Multiple displacement amplification (MDA) is a recently 
developed non-PCR-based method that has been utilized 
for clinical samples with limited DNA content, providing 
high yields of relatively long fragments (>10 kb) with uni-
form and reliable representation across the genome (40). In 
MDA, annealing of exonuclease-resistant random hexam-
ers to a DNA template is followed by strand-displacement 
DNA synthesis at a constant temperature of 30°C, without 
the need for cyclic DNA denaturation (40,41). The strand-
displacing mechanism is accomplished by the Φ29 DNA 
polymerase (40) or the Bacillus stearothermophilus DNA 
polymerase large fragment (42). This mechanism allows 
increasing random priming events that form a network of 
hyper-branched DNA structures that generate thousands 
of copies of the original DNA in only a few hours (42,43). It 
appears that MDA is more advantageous due to decreased 
rates of unspecific amplification artifacts (44), incomplete 
coverage of loci (33), strong amplification bias (40), and the 
short length of the DNA products (45).

The Φ29 enzyme has been widely preferred over B. 
stearothermophilus DNA polymerase due to its superior 

sequence fidelity (41,46) and its higher processivity 
(number of nucleotides incorporated per single DNA 
polymerase/DNA-binding event), the highest to be 
described for a DNA polymerase (40,47,48). This attri-
bute explains its low amplification bias (less than three-
fold) compared with DOP- and PEP-PCR methods 
(102- and 106-fold) (40).

Hellani et al. (49) and Handyside et al. (50) published 
the first successful reports of single-cell MDA from lym-
phocytes and blastomeres with further analysis of aCGH 
and nested PCR for 20 different loci, respectively. Despite 
these advantages, ADO is not completely eliminated (46), 
with observed ADO rates of 10%–31%.

In the setting of PGD, MDA has significant advantages: 
it obviates the need to set up unique single-cell protocols, 
such that following MDA, second round PCR may employ 
standard PCR protocols commonly used in molecular 
labs. In addition, the large quantity of DNA uniformly 
representing the entire genome allows subsequent analy-
ses of a variety of other loci (46) for both diagnosis and 
research. Yet, the technique is not widely used in estab-
lished PGD units. This may be due to higher rates of ADO, 
cost, and time required.

In 2006, Renwick et  al. coined the term “preimplan-
tation genetic haplotyping,” which utilizes MDA with 
subsequent multiplex PCR of a fixed set of numerous 
disease-associated polymorphic markers. This allows 
the determination of the high-risk haplotype by linkage 
analysis using a single protocol for each disease, without 
the need to establish a specific protocol for each differ-
ent mutation (51). Although the same test can be applied 
to several couples without considering or even identify-
ing the mutation they carry, it has several limitations: it 
requires additional informative family members to deter-
mine phase (i.e., to determine which is the mutation-asso-
ciated parental haplotype); it requires the use of various 
informative disease-linked markers; and the occurrence 
of recombination events could lead to misdiagnosis (46).

Polymorphic markers

Multiplex PCR and WGA allow the analysis of both the 
tested gene for mutation and polymorphic genetic mark-
ers such as STRs, also known as microsatellites, in a pro-
cess referred to as “DNA fingerprinting.” This technique is 
useful for ruling out contamination from various sources 
described earlier, and thus improves the reliability of the 
diagnosis. The amplification of one or more highly poly-
morphic STRs allows the determination of the source of 
amplified DNA (52). As mentioned previously, polymor-
phic STRs consist of a varying number of repeats of a 
2–5 bp motif, present in introns throughout the genome. 
At each informative STR locus, each parent has two alleles 
of varying repeat numbers, resulting in two amplicons of 
different lengths in each individual. The resulting embryo 
will have inherited only one allele from each parent. Any 
deviation from the expected inheritance of one allele from 
each parent is indicative of contamination, be it maternal, 
paternal, or external (12,16,52).
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Polymorphic STRs can also be used in the actual diagno-
sis when the exact mutation causing the disease is unknown. 
In such cases, polymorphic markers in close proximity or 
within the disease locus are used to evaluate whether the 
embryo has inherited the affected allele. Intragenic markers 
and tightly linked ones are preferred as they are unlikely to be 
separated from the mutation by recombination during mei-
osis. In order to perform such a linkage analysis, the parents 
and both healthy and affected siblings are analyzed to deter-
mine which polymorphic marker is inherited along with the 
disease. Such a strategy has been used for the diagnosis of 
Marfan syndrome, the first autosomal dominant disorder 
to be tested by PGD (53), and DMD. In the latter, only 60% 
of DMD patients exhibit detectable, large-scale deletions in 
the dystrophin gene. Since this is the largest known human 
gene, spanning more than 2 million base pairs, it is often 
impossible to detect small deletions or point mutations (54). 
Linkage analysis has also been suggested for the diagnosis of 
disease with large trinucleotide repeat expansions, such as 
fragile X and myotonic dystrophy (20,55). Single-cell analy-
sis of the expanded portion of the expanded repeat region 
may lead to misdiagnosis due to difficulty in PCR amplifica-
tion. Alternatively, it is possible to diagnose with certainty 
unaffected embryos by the detection of the normal maternal 
and paternal FMR1 repeat region (56). In addition, poly-
morphic markers may be used in combination with direct 
mutation analysis to increase the precision and reliability of 
the diagnosis. Searching for suitable polymorphic markers 
is possible using available publications/National Center for 
Biotechnology Information–Sequence-Tagged Sites (NCBI–
STS) databases, as well as online programs such as GeneLoc 
and HapMap, among others.

PCR-based PGD for translocation carriers

Traditionally, PGD for reciprocal and Robertsonian translo-
cations was performed using FISH approaches. While gen-
erally successful, these techniques are subject to errors due 
to problems of signal and cell overlap, suboptimal hybrid-
ization, and interpretation difficulties due to the presence of 
mosaicism, among others. In contrast, molecular methods 
are usually associated with a lower error rate and are more 
reproducible. In addition, multiple polymorphic markers 
may be employed to increase precision and reliability and 
decrease the rate of ambiguous results. Furthermore, with 
Robertsonian translocation cases where there is the risk of 
uniparental disomy, the use of PCR-based methods with 
informative markers can ensure embryos demonstrating 
biparental inheritance are chosen (5).

MUTATION ANALYSIS
All the above-mentioned PCR techniques amplify the 
DNA of a single cell to a detectable level. In disorders 
caused by large-scale deletions, such as DMD or spinal 
muscular atrophy, the actual PCR amplification reac-
tion is sufficient for making a diagnosis since it is based 
on the lack of amplification of the corresponding deleted 
portion of the gene. In other disorders caused by trinucleo-
tide expansion, such as fragile X or myotonic dystrophy, 

the disease allele is significantly larger than the normal 
one, and amplicon size may also be diagnostic. More com-
monly, however, the amplified fragment harboring the 
mutation is indistinguishable from the normal one using 
standard visualization methods such as gel electrophoresis. 
In such cases, further analysis of the amplified fragment 
is required for mutation detection. Whenever the targeted 
mutation is precisely known, specific methods can be 
devised for the detection of the particular mutation. This 
is preferred to scanning methods that are used to search 
for mutations that have not been characterized. Scanning 
methods include heteroduplex analysis, single-strand con-
formational polymorphism, denaturant gradient gel elec-
trophoresis, and others. These methods are based on the 
fact the normal DNA strands, mutant DNA strands, and 
various combinations thereof often have varying electro-
phoretic migratory properties under different conditions, 
allowing us to distinguish between them. These techniques 
often assist in scanning for a mutation in diseases that are 
caused by numerous different mutations. While PGD using 
these techniques has been reported in conditions such as 
β-thalassemia (57–59), it is preferred to limit their use to 
the initial mutation screen in the affected family members. 
Once the specific fragment of the gene harboring the muta-
tion has been detected by these methods, further analysis 
is mandated using direct sequencing. The latter provides 
bona fide evidence of the mutation, and also facilitates 
the development of direct diagnostic techniques such as 
restriction endonuclease (RE) digestion of DNA or ampli-
fication refractory mutation system (ARMS).

RE DIGESTION
Alterations in the DNA sequence caused by mutations may 
often lead to the creation or abolition of specific RE recogni-
tion sites. These bacterially derived enzymes recognize spe-
cific DNA sequences and cleave the DNA strand at or near to 
the recognition site. When the precise mutation is known, a 
restriction enzyme may be selected that differentially cleaves 
the normal DNA strand but not the mutant one, or vice 
versa. Following electrophoresis, it is possible to distinguish 
the digested from the non-digested products and thereby 
detect the presence or absence of the mutation. Many muta-
tions alter the recognition site of at least one of the many pos-
sible commercially available restriction enzymes.

As an example, the ZFX and ZFY genes located on the 
X and Y chromosomes, respectively, can be distinguished 
according to differences in the size of the fragments pro-
duced by the restriction enzyme HaeIII. This allows sex 
determination to be performed more accurately than that 
based on the presence or lack of amplification of the Y 
chromosome-specific SRY gene.

Amplification refractory mutation system

ARMS employs three primers in the PCR reaction: a com-
mon primer that anneals upstream of the mutation site 
and two other primers that differ slightly, each specific 
for either the normal or mutant alleles. The site-specific 
primers may be designed to vary in length, to contain a 
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restriction site, or are tagged by different fluorescent mark-
ers (16). Any of these methods would facilitate the distinc-
tion of amplicons produced by either the normal or mutant 
allele. Since this test results in selective amplification of 
both the mutant and normal alleles, it is considered to be a 
safer method than the detection of the mutant allele alone. 
Using this technique in the multiplex PCR approach, it is 
possible to identify several different mutations, such as for 
cystic fibrosis, in a single-cell PCR reaction (60).

Mini-sequencing

Mini-sequencing (SnaPshot™) permits analysis of very 
small DNA fragments amplified by PCR, based on primer 
extension. It has been suggested that smaller amplicons have 
a lower rate of ADO. This would potentially improve the reli-
ability of PGD without the need for extensive optimization 
for individual mutations. Bermudez et  al. reported single-
cell protocols for the diagnoses of cystic fibrosis, sickle cell 
anemia, and β-thalassemia using this technique (61).

DNA microarray technology

DNA microarrays or “chips” allow the simultaneous detec-
tion of up to thousands of different polymorphisms or 
mutations in defined genes. Numerous oligonucleotide 
probes (usually 20–25 bp) are arrayed in microscopic, pre-
defined regions on a solid surface such as a thumbnail-sized 
glass slide. The probes are complementary to known muta-
tions in defined genes or single-nucleotide polymorphisms 
(SNPs) throughout the genome. The microarray is hybrid-
ized with a fluorescent-labeled test DNA and the fluorescent 
signal is detected and digitally analyzed. Hybridization is 
indicative of a match between the test DNA and the specific 
oligonucleotide probe. For each possible mutation, several 
slightly varied probes may be used to increase sensitivity.

Array comparative genomic hybridization

Aneuploidy, or chromosome number imbalance, rep-
resents a major cause of spontaneous abortions (62–64). 
FISH for the detection of aneuploidy is discussed else-
where in this textbook. The major drawback of FISH, 
however, lies in the fact that only a limited set of chromo-
somes can be analyzed in a single cell, usually 5–10. aCGH 
following WGA is an alternative to interphase FISH (65) 
that may be used to screen for all aneuploidies in single 
blastomeres (66–68) and polar bodies (69,70). In CGH, test 
and reference DNA samples are labeled with two different 
fluorochromes and co-hybridized to normal human meta-
phase spread on a microscope slide (71,72). A computer-
ized imaging system calculates the fluorescence ratio for 
each fluorochrome at each chromosomal locus. Deviation 
from a 1:1 ratio indicates a change in DNA copy number 
(i.e., deletion, duplication, trisomy, etc.) (72).

aCGH is a simpler, more uniform technique that 
employs selected genomic regions printed onto a solid 
surface as hybridization probes. This eliminates the use 
of metaphase spreads that are non-uniform, and enables 
higher resolution, depending on the number, density, and 
size of the genomic probe printed on the array (71–73).

Le Caignec et al. (71) detected chromosomal imbalances 
from single lymphoblasts, fibroblasts, and blastomeres by 
aCGH following WGA by MDA. This approach may be 
preferable to aCGH following DOP-PCR that was reported 
Hu et al. (74).

aCGH has the potential to become an important method 
for aneuploidy diagnosis and screening in the setting of 
PGD, to a greater extent than standard FISH, allowing a 
larger number of abnormalities to be detected (71). It has 
been suggested that full-genome aneuploidy screening for 
embryo selection would enhance implantation rates (71).

Next-generation sequencing aneuploidy screening

Recent advances in next-generation sequencing (NGS) 
have now enabled an even more robust method for aneu-
ploidy screening of human embryos. DNA amplified from 
single embryos and fragments is individually sequenced in 
parallel. The number of fragments from each chromosome 
is proportional to the chromosome copy number. Any 
deviation from the norm may be interpreted as aneuploid. 
This method provides a resolution of 800,000–1,000,000 
fragment reads per embryo and may therefore detect not 
only trisomy or monosomy, but also sub-microscopic copy 
number variants. In addition, this test may be scaled by 
using the pooling of different samples in the same run by 
adding “barcoded” index primers. In this way, the cost 
of testing of each embryo may be reduced. Comparison 
to aCGH demonstrated full concordance but increased 
dynamic range, making interpretation much easier (75,76).

Karyomapping

Conventional PCR-based protocols for PGD have several 
limitations. Despite advances in DNA amplification technol-
ogy, careful design and validation of the methods for reliable 
single-cell analysis remain challenging tasks. In particular, 
the individual design and validation of accurate multiplex 
PCR protocols for every new PGD case require time and 
resources. Thus, many couples requiring PGD may have to 
wait for several weeks or months before the laboratory is 
ready (77). In addition, although current PGD techniques 
for single-gene disorders are highly accurate and reliable 
for the detection of the specific disorder for which they were 
designed, many are not readily compatible with methods 
used for comprehensive chromosome screening (78,79).

In order to overcome these shortcomings, karyomap-
ping, an alternative method to conventional PCR-based 
protocols, was introduced (80). Karyomapping uses an 
array platform that interrogates about 300,000 SNPs 
spread across the entire human genome. These SNPs are 
initially genotyped in both parents as well as affected and 
unaffected family members. Each chromosomal region 
has a unique SNP fingerprint, which is further used to 
identify the parental origin of each chromosome segment 
and is unique for every individual, as a result of indepen-
dent segregation of parental chromosomes and the pattern 
of non-recombinant and recombinant chromosomes (80). 
Thus, by comparing SNP patterns obtained from parents 
and other family members, it is possible to reconstruct the 
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haplotypes at each specific disease locus. In this way it is 
possible to deduce the combination of SNPs associated 
with the chromosome carrying the mutant gene. Since 
the SNPs are distributed throughout the genome, it obvi-
ates the need to design specific primers and conditions for 
each case. While the specific mutation in question is not 
analyzed, the multitude of gene-linked SNPs increases 
the reliability of this analysis. Furthermore, this approach 
becomes particularly attractive when multiple loci need to 
be interrogated, such as when testing for two genetic dis-
ease or when HLA matching is also required.

While karyomapping accurately identifies the inheri-
tance of single-gene defects in preimplantation embryos 
(81,82), it can also be used for the diagnosis of de novo 
deletions, which are otherwise undetectable using con-
ventional PGD technology (83). Although no large-scale 
studies comparing the rate of diagnosis of karyomap-
ping to conventional PCR analysis exists, karyomapping 
was found to offer a more comprehensive assessment of 
the region of interest (99.6% vs. 96.8%) in 55 PGD cases 
involving 281 blastocysts (77).

Another key advantage of karyomapping is that it can 
be used for the diagnosis of potentially any familial sin-
gle-gene disorder with no need for the development of a 
patient-specific test, greatly reducing the time required for 
work-up prior to PGD. Finally, the detection of individual 
parental chromosomes using SNPs allows trisomies of 
meiotic origin and monosomies to be ascertained.

Nonetheless, the ability of karyomapping to accurately 
diagnose single-gene disorders can be hampered by sev-
eral factors. Challenging diagnoses via karyomapping can 
be expected when the number of SNPs around a gene of 
interest is relatively small, thereby reducing the number of 
informative SNPs. This is often the case with genes located 
in the sub-telomeric region (77). In addition, since kary-
omapping is based on the identification of the four dif-
ferent parental haplotypes, consanguineous couples may 
pose a challenge, as the number of informative SNPs in 
these cases may even be lower. Finally, cases in which cou-
ples with de novo mutations of a single-gene disorder are 
assessed with no other affected relatives available can also 
be challenging for karyomapping-based diagnosis. This 
can be overcome by using SNP analysis combined with 
direct mutation analysis in paternal sperm. Since haploid 
sperm contains only a single copy of each paternal chro-
mosome, the combination of direct mutation analysis and 
SNP analysis can determine the two paternal haplotypes.

LABORATORY TECHNIQUES IN PGD
PGD at the single-cell level is a multistep, complex proce-
dure. The various pitfalls outlined previously necessitate 
adequate calibration of the techniques employed to avoid 
misdiagnosis. Due to ethical limitations, single human 
blastomeres are difficult to obtain; therefore, different 
PGD centers have developed different protocols, and there 
is as yet no uniform method. Because of the numerous 
genetic disorders that are amenable to PGD, it is impos-
sible to provide suitable protocols for all of them. Instead, 

some of the commonly used laboratory methods will be 
described in the following sections.

General safety measures

It is highly recommended that a physically separated site 
be used for template preparation, PCR assembly, and prod-
uct analysis. The equipment and reagents used for single-
cell PCR should be solely reserved for this purpose and 
should never be allowed to come into contact with pre-
viously amplified DNA samples. To avoid contamination, 
lab technicians should wear disposable outer clothing, 
caps, masks, shoe covers, and powder-free gloves that are 
kept in the room. In order to avoid external contamination 
from previously amplified DNA, some centers use a room 
kept under constant positive pressure. All equipment and 
required disposable supplies such as tubes, racks, and 
pipettes are to be kept in the room.

Glassware should be sterilized and aerosol-resistant 
pipette tips should be used. All reagents and solutions 
should be DNA free, sterilized by autoclaving, filtered 
through a 0.22 mM filter or by UV irradiation. All reagents 
should be prepared in a fume hood equipped with UV 
light. These safety measures, however, should not be con-
sidered as substitutes for efforts to avoid the possibility of 
external contamination occurring in the first place.

The PCR reagents should be rigorously tested prior 
to any clinical case to ensure that they have not become 
contaminated. It is recommended that all PCR reagents 
(minus Taq polymerase) be prepared in excess and ali-
quoted to reduce the amount of pipetting and sampling 
from the stock preparation. Sample aliquots may then be 
tested while the remainder is frozen until use.

To detect contamination in the analyzed sample, a nega-
tive control should be used consisting of all PCR reagents, 
substituting the template DNA or blastomere with an ali-
quot of the final blastomere wash buffer. To eliminate con-
tamination by sperm, ICSI is employed.

The choice of positive controls

A variety of cells harboring the mutation of interest may 
be used as positive controls, such as buccal cells, cumulus 
cells, lymphocytes, or lymphoblasts. To reduce the chance 
of misdiagnosis due to ADO, it is possible to biopsy and 
analyze two blastomeres from the same embryo (12,14,84). 
The isolated single cells may also be used for calibration of 
the PGD techniques and for testing the precision, sensitiv-
ity, and reliability of the single-cell PCR strategy.

Buccal cells may be obtained from patients by mouth-
washing with double-distilled water or by scraping the 
inside of the cheek with a sterile cotton swab and suspend-
ing the smear in phosphate-buffered saline (PBS). The sus-
pension is centrifuged at 7.5 g for 5 minutes. The cell pellet 
is washed three times in PBS, and cells are resuspended 
and isolated using a pulled glass micropipette under an 
inverted microscope. Single cells are then washed several 
times in PBS microdrops to ensure that indeed only a sin-
gle cell is aspirated and transferred to sterile PCR tubes for 
further use (85,86).
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Cumulus cells may be obtained by incubating the 
retrieved oocyte in IVF culture medium supplemented 
with 80 IU hyaluronidase. Separated cumulus cells are 
then rinsed with IVF culture medium, washed in PBS, 
and transferred to sterile PCR tubes using a pulled glass 
micropipette under a stereomicroscope (33).

Lymphocytes may be isolated from peripheral blood by 
the Ficoll-Paque method, washed three times in PBS, resus-
pended, and diluted in culture medium on a glass slide. 
Individual cells are then selected using a pulled glass micro-
pipette under an inverted microscope, washed three times in 
PCR buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3) supple-
mented with 0.01% polyvinylpyrrolidone (PVP), and trans-
ferred to sterile PCR tubes for further use. Lymphocytes may 
be used fresh or frozen–thawed. For freezing, lymphocytes 
are washed three times in PBS, resuspended in autologous 
plasma, and 20 µL of concentrated lymphocytes are added 
to 40 µL of fetal calf serum, 120 µL of RPMI 1640 Medium 
(Biological Industries Israel Beit-Haemek), and 20 µL of 
dimethyl sulfoxide (DMSO) and kept in liquid nitrogen 
until required. Cells can be stored for up to a year. Thawing 
is performed by several washes with culture medium (87).

A lymphoblast cell line carrying the known mutation is 
probably the best choice, since its establishment provides 
a perpetual source of cells with a known genetic composi-
tion. The cell line is achieved by transformation of periph-
eral blood lymphocytes with Epstein–Barr virus (88). 
Once the cell line is established, single cells may be aspi-
rated and transferred to 1.5 mL Eppendorf tubes, washed 
three times with PBS, resuspended in 50 µL PBS, and kept 
at 4°C until use (89).

Embryonic cell isolation

Embryo biopsy is described in detail in Chapter 14. For the 
purpose of genetic analysis of the embryo, the single biop-
sied nucleated cells are washed several times in droplets of 
PCR buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3) supple-
mented with 0.01% PVP or 4 mg/mL bovine serum albu-
min (BSA) in a Petri dish using a pulled micropipette. PVP 
or BSA are used in order to prevent adherence of the cells 
to the pipette. The isolated cell is transferred in a minimal 
volume of washing buffer to a PCR tube containing lysis 
buffer or water, and can be frozen immediately at −80°C 
until use. Alternatively, the cells can be lysed immediately 
and then frozen (12,13,55,87,90,91).

Cell lysis

Lysis of the single embryonic cells and exposure of their 
genetic material to the PCR reagents is one of the most criti-
cal steps, and greatly affects ADO rates and the efficiency 
and reliability of PGD (18). Among several options, the three 
most commonly used lysis solutions are water, alkaline lysis 
buffer, and proteinase K/sodium dodecyl sulfate (SDS) buf-
fer. There is as yet no consensus as to which is superior.

Water

Single blastomeres are washed three times in PBS trans-
ferred under visual control by pulled micropipettes to PCR 

tubes containing 60 µL biotechnology-grade water. An 
aliquot from the last washing droplet is added to a PCR 
tube containing 60 µL water, to serve as a negative control. 
Lysis is accomplished by two cycles of freezing in liquid 
nitrogen and thawing, and then boiling for 10 minutes. 
Lysates can be stored until use at –20°C (12).

Alkaline lysis buffer

Single cells are transferred as above to PCR tubes contain-
ing 5 µL alkaline lysis buffer (200 mM KOH and 50 mM 
dithiothreitol). For immediate use, samples are placed 
at –80°C for at least 30 minutes and undergo immediate 
lysis by incubation at 65°C for 10 minutes. Alternatively, 
samples may be immediately lysed, frozen, and stored 
(not longer than 1 week) at –80°C until further processing 
(87,92). After lysis, 5 µL neutralization buffer (300 mM/L 
KCl, 900 mM/L Tris-HCl, pH 8.3, 200 mM/L HCl) is 
added. Lysates are centrifuged briefly and placed on ice for 
immediate use or stored at –20°C until use (93).

Proteinase K/SDS buffer

Single blastomeres are washed three times in PBS or PCR 
buffers supplemented with 0.01% PVP or BSA and trans-
ferred individually to PCR tubes containing 5 µL protein-
ase K/SDS buffer (17 mM SDS and 400 ng/mL proteinase 
K) (85,94). Samples are incubated at 50°C for 1 hour fol-
lowed by denaturation at 99°C for 15 minutes to inacti-
vate the enzyme. Lysates can be stored at –80°C until use 
(57,86).

Primary and nested PCR conditions

For the primary PCR reaction, the following are mixed 
with the biopsied cell lysate to a final volume of 50 µL: 
PCR buffer (10 mM Tris-HCl, 50 mM KCl, and 2.5 mM 
MgCl2, pH 8.3), 0.3 mM dNTP, 1–2 U Taq polymerase, 
and 0.5 mM outer primers. It is recommended to perform 
optimization of the reaction by using different MgCl2 con-
centrations and different pH conditions. Amplification 
efficiency can be improved by addition of one or more of 
the following ingredients: glycerol, gelatin, betain, DMSO, 
(NH4)SO4, or detergent.

The PCR thermocycler program begins with a pro-
longed stage of initial denaturation at 95°C for 6 minutes. 
This has been shown to correlate with reductions in ADO 
rates (92). This is followed by 30 cycles of denaturation at 
94°C for 1 minute, annealing at 52°C–65°C (according 
to the primer’s melting temperature) for 1 minute, and 
extension at 72°C for 1 minute. Final extension at 72°C 
for 10 minutes is usually performed. The specificity of the 
reaction can be improved by using “hot start.”

For secondary or nested PCR, 2–5 µL of the primary 
PCR product serves as the template to be used with the 
nested primers. In the nested PCR reaction, the duration 
and temperature of the initial denaturation step may be 
reduced and the MgCl2 concentration can be lowered. 
DMSO is not required for this step. Other reagents and 
PCR conditions may be similar to those used in the pri-
mary PCR reaction (9,17).
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Multiplex PCR

According to the standard protocol, each 50 µL reaction 
includes 1−1.5 U Taq polymerase, 0.3 mM for each dNTP, 
0.5–2.5 mM MgCl2, and 0.1−0.5 mM of each primer. The 
reaction’s 10× PCR buffer is usually composed of 500 mM 
KCl and 100 mM Tris-HCl (pH 8.3), but at least one of the 
 following ingredients is usually added: glycerol, gelatin, 
betain, DMSO, (NH4)SO4, or detergent. The PCR thermo-
cycler program begins with initial denaturation at 96°C for 
5 minutes (ensuring appropriate accessibility to the DNA 
strands). This is followed by 30 cycles at 94°C for 45 seconds, 
at 52°C–56°C for 60 seconds, and at 72°C for 60 seconds. 
Final extension of 5–15 minutes at 72°C is usually performed.

If ethidium bromide gel electrophoresis analysis is per-
formed, nested PCR is usually required. After primary 
PCR is performed, a 2–5 µL aliquot of the product serves 
as the DNA template for the nested PCR reaction.

Primer extension preamplification

This method is based on multiple rounds of extensions 
using a random mixture of 15-base oligonucleotides as 
primers. Theoretically, the mixture contains up to 1 × 109 
different primers. The PEP-PCR reaction in a final volume 
of 60 µL includes: 33 mM random primers, 10× PCR buf-
fer (100 mM Tris-HCl, pH 8.3, 25 mM MgCl2, 1 mg/mL 
gelatin, and 500 mM KCl), 0.1 mM dNTPs, and 5 U of Taq 
polymerase. The PCR buffer should be K+-free if the cell 
was lysed by an alkaline lysis buffer. The reaction is carried 
out in 50 cycles of the following: denaturation at 92°C for 
1 minute, annealing at 37°C for 2 minutes, a programmed 
ramping step of 10 seconds/°C until 55°C, and extension 
at 55°C for 4 minutes (32,33,37).

Improvement of amplification can be achieved by rais-
ing the denaturation temperature, elongating the denatur-
ation period, raising the pH of the buffer from 8.3 to 8.8, 
modifying the MgCl2 and gelatin concentrations, reduc-
ing the KCl concentration, and using a more thermostable 
DNA polymerase or one that has minimal exonuclease 
activity. Addition of glycerol, betain, BSA, detergents, 
spermidine, and (NH4)SO4 may also improve the product 
yield. Primers should be dissolved in Tris-HCl 5–10 mM 
(pH 8.3) and not in Tris-EDTA (TE) buffer to prevent the 
chelation of Mg2+ ions by ethylenediaminetetraacetic acid. 
The PEP-PCR product should produce an even smear on 
ethidium bromide gel electrophoresis. A 2–10 µL aliquot of 
the PEP product serves as the template for subsequent PCR 
reactions amplifying the mutation-containing fragment, 
linked polymorphic markers, and for sex determination.

Degenerated oligonucleotide-primed PCR

DOP-PCR is based on multiple rounds of extensions using 
a universal primer containing a 6 bp degenerate region 
representing all possible nucleotide combinations, flanked 
with GC-rich short sequences to improve hybridization to 
genomic DNA.

The DOP-PCR reaction mixture in a final volume of 
100 µL contains 2.0 mM degenerated primers and 10× 

PCR buffer (100 mM Tris-HCl, pH 8.3, 25 mM MgCl2, 
and 500 mM KCl [however, the buffer should be K+-free if 
the cell was lysed by alkaline lysis buffer], 0.2 mM dNTPs, 
and 2.5 U Taq polymerase) (95). Thermal cycling condi-
tions are as follows: prolonged initial denaturation step 
at 94°C for 9 minutes, then eight cycles of denaturation 
at 94°C for 1 minute, annealing at 30°C for 1.5 minutes, 
and extension at 72°C for 3 minutes, followed by 50 cycles 
of denaturation at 94°C for 1 minute, annealing at 62°C 
for 1 minute, and extension at 72°C for 1.5 minutes. Final 
extension is at 72°C for 8 minutes (21). As for PEP, ampli-
fication efficiency may be improved by adding and chang-
ing the reaction ingredients and by gradually increasing 
the extension time after the first 10 cycles.

Multiple displacement amplification

MDA is based on DNA amplification using a bacteriophage 
DNA polymerase and exonuclease-resistant, phosphoro-
thioate-modified random hexamer oligonucleotide prim-
ers in an isothermal strand displacement reaction. It is 
achieved using bacteriophage Φ29 DNA polymerase, hex-
amer primers, and reaction buffer, according to the manu-
facturer’s instructions (GenomiPhi v2 DNA Amplification 
Kit, GE Healthcare, Chicago, IL, USA or Repli-G Kit, 
Qiagen, Crawley, U.K.). The samples are incubated at 30°C 
for 2–6 hours, followed by a 3–10-minute incubation at 
65°C to inactivate the enzyme. Amplified products can 
undergo subsequent diverse analyses, such as CGH.

Fluorescent PCR

Fluorescent PCR is performed in a final volume of 25 µL of 
10× PCR buffer containing 15 mM MgCl2 and 0.2 mM of 
each dNTP, as well as fluorescent-tagged primers at a final 
concentration of 0.05 mM. After a “hot-start,” 0.6–1.5 U 
of Taq polymerase is added to the reaction mix. Initial 
denaturation is first performed at 95°C for 5 minutes, 
followed by 36 cycles of denaturation at 94°C for 60 sec-
onds, annealing at 60°C for 60 seconds, and extension at 
72°C for 60 seconds. The reaction is completed with a final 
extension at 70°C for 10 minutes. Due to its high sensitiv-
ity, nested PCR is usually not necessary (16,84,96).

Restriction enzyme digestion

For each different restriction enzyme, different conditions, 
such as buffer, temperature, and concentration, are speci-
fied in the commercially available kits. Some PCR reagents 
may interfere with the digestion reaction. To avoid this, PCR 
products can be purified by absorption of the DNA frag-
ments onto glass fibers in the presence of chaotropic salts, 
then washed and eluted with a low-salt buffer or water. The 
isolated fragment may then be subjected to the restriction 
enzyme and buffer, incubated for 1–2 hours at 37°C, and 
resolved by electrophoresis on agarose or acrylamide gels.

Products detection

Ethidium bromide gel electrophoresis

An aliquot of the PCR products is applied onto an agarose 
or acrylamide gel containing 0.05% ethidium bromide 
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and visualized under UV light. One lane is provided for 
a “DNA ladder” containing a mixture of DNA fragments 
of known sizes. This allows the determination of the size, 
presence, and a measure of quantity of the resulting frag-
ments. This technique, however, is neither sensitive nor 
accurate because it does not detect PCR products if the 
amplification yield is low, nor does it allow for distinguish-
ing between alleles differing in length by a few base pairs.

GeneScan

Following fluorescent PCR, size separation is performed 
on an acrylamide gel or using a capillary method, which is 
available in some sequencers. Fragment sizes are automat-
ically determined for each PCR product. Each primer set is 
labeled with a different fluorescent marker; therefore, the 
products may be distinguished according to their specific 
emission wavelengths. The relative quantity of each PCR 
product may also be determined by the relative intensi-
ties of their fluorescence. Using a weight marker standard 
within each lane makes it possible to distinguish between 
products with a size difference of as little as 1–2 bp. The 
results are demonstrated as diagrams with colored peaks 
(12,16).
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29Diagnosis of endometrial receptivity and 
the embryo–endometrial dialog
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INTRODUCTION
The human endometrium is a complex tissue, predomi-
nantly composed of epithelial and stromal cells, that is 
cyclically and primarily regulated by steroid hormones 
(estrogens and progesterone). Endometrial receptivity is a 
self-limited period during which the endometrium tran-
siently transforms to acquire the ability to receive a blasto-
cyst and support implantation, a process that is mediated 
by immune cells, cytokines, growth factors, chemokines, 
adhesion molecules, and many other compounds (1–3). 
This transient period, called the window of implantation 
(WOI), has been postulated to open five days after endog-
enous or exogenous progesterone action and to close two 
days later (4,5). A receptive endometrium and a function-
ally normal blastocyst, as well as an exquisitely coordi-
nated cross-communication between them, are required 
for implantation, the process by which the embryo attaches 
and invades the underlying maternal endometrial tissue.

Despite increasing interest in the regulation of endome-
trial receptivity, the role of the endometrium in successful 
implantation remains incompletely understood. During 
the WOI, the endometrium acquires the receptive phe-
notype, which involves both morphological and molecu-
lar changes such as plasma membrane transformation 
(6). Pinopodes, or epithelial protrusions, are also formed 
during this period (7), but their functional role is ques-
tioned (8). Although hundreds of biochemical molecules 
have been proposed as markers of endometrial receptiv-
ity—such as cytokines and their receptors (9), adhesion 
molecules and their receptors, cyclins (10–12), and clas-
sical hormonal receptors (13–15)—none has been clini-
cally consolidated into a diagnostic tool (15). Thus, we still 
rely on inmunohistochemistry of the endometrial tissue 
based on the work of Noyes and colleagues in the 1950s. 
However, the dawn of the new “omics” (genomics, pro-
teomics, lipidomics, and secretomics) techniques and the 
interrogation of the vast amount of data obtained with 
complex bioinformatics could advance our understanding 
of the black box that is endometrial receptivity.

In this chapter, we will discuss how to molecularly 
characterize and diagnose endometrial receptivity using 
a transcriptomic approach, and we will place emphasis 
on its clinical translation by means of the endometrial 
receptivity array (ERA) test. Later, we will focus on the 
embryo–endometrial dialog, with special attention on 
the proteomics, secretomics, and lipidomics of the human 
endometrium and the novel development of noninvasive 

biomarkers of endometrial receptivity in endometrial 
fluid.

MOLECULAR DIAGNOSIS OF UTERINE RECEPTIVITY
The molecular approach leads to an objective evaluation of 
the endometrium. At this level, many different molecules 
have been proposed as endometrial receptivity markers. 
However, none of them has had clinical applicability, prob-
ably due to attempts aiming to simplify a complex process 
into a single molecule (16). On the other hand, transcrip-
tomics enables identification of a specific gene expression 
profile of a tissue under concrete conditions or treatments, 
providing a holistic view to address endometrial diagnosis 
(17). Several studies have assessed endometrial transcrip-
tomes using microarray technology (reviewed by Díaz-
Gimeno et  al. [17] and Altmae et  al. [18]). Early studies 
sought to identify genes that are differentially expressed 
between endometrial stages, revealing the existence of 
specific expression profiles for each stage (19–22). Further, 
focusing on the mid-secretory phase when the WOI opens 
has revealed upregulation of genes involved in processes 
of cell communication and cell adhesion, among others.

The goal of applying transcriptomic analysis to endo-
metrial evaluation has been to develop an objective test 
that enables classification of endometrial receptivity for 
the synchronization of embryo transfer (23,24). These 
studies have resulted in one clinical application, the ERA, 
a customized microarray covering 238 genes that are dif-
ferentially expressed between receptive and non-receptive 
endometria (17,25). This molecular test has revealed the 
necessity of personalizing embryo transfer according to 
the endometrial evolution during the menstrual cycle. 
In particular, some patients with recurrent implantation 
failure (RIF) exhibit a displacement of their WOI, which 
is advanced or delayed compared to the timing in the 
cycle during which it has classically been thought to be 
open (26). Once the WOI has been located, a personalized 
embryo transfer (pET) can be performed by synchroniz-
ing the ready-to-implant embryo with an endometrium 
that sends the proper signals to allow implantation (Figure 
29.1). Synchronization depends on the timing of progester-
one exposition, since not all women respond in the same 
way to similar progesterone dosages. This finding pro-
motes a significant improvement in the clinical process; 
molecular evaluation of the endometrium can resolve RIF 
by correcting the day on which the embryo must be trans-
ferred. For example, in the study by Ruiz-Alonso et al. (26), 



374 Diagnosis of endometrial receptivity and the embryo–endometrial dialog

25.9% of RIF patients had a displaced WOI. In those cases, 
pET was performed on the day of the cycle in which a sec-
ond ERA test obtained a receptive result, resulting in a 
50% pregnancy rate (PR) and a 39% implantation rate (IR). 
A description of such patients is published in a recent case 
report (27), which presents the clinical history of a woman 
with seven failed embryo transfers in a pre-receptive 

endometrium (at P+5 [5 days after progesterone adminis-
tration]). Once the WOI was discovered to begin two days 
later (P+7), pET resulted in healthy twins born alive (27).

The sensitivity and specificity of pET in the clinic have 
been calculated. Considering non-receptivity as the “posi-
tive” condition and receptivity as the “negative” one, the 
clinical outcomes were determined after routine embryo 
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Figure 29.1 Endometrial receptivity array procedure. (a) First biopsy taken seven days after LH surge in a natural cycle or five 
days after the first intake of progesterone in a hormone replacement therapy cycle. (b) Principal component analysis (PCA) shows a 
pre-receptive profile. (c) Second biopsy taken in a new menstrual cycle, following the recommendation, two days after the first and 
under the same conditions (type of cycle). (d) PCA shows a receptive profile after the second biopsy. (e) pET must be done on the 
same day and under the same conditions as the biopsy with a “receptive” result. Abbreviation: LH, luteinizing hormone; P, progester-
one; pET, personalized embryo transfer.
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transfer or pET, respectively (Table 29.1). A total of 257 
patients was analyzed; 80% were receptive (n = 205) and 
20% were non-receptive (n = 52). The specificity was 0.91, 
indicating that most of the patients that achieved preg-
nancy had embryo transfer to a receptive endometrium. 
On the other hand, sensitivity was 0.33, indicating that, 
even with a receptive endometrium, implantation was not 
always achieved. This likely resulted from the multifactorial 
nature of the implantation process. Finally, the positive pre-
dictive value was 0.77, while the negative predictive value 
was 0.60 (28). These data highlight the clinical relevance 
of the endometrial factor and how the molecular approach 
can help overcome infertility by correcting for a desynchro-
nized embryo transfer, allowing higher PRs and IRs.

THE EMBRYO–ENDOMETRIAL DIALOG
The implantation process represents the first major physi-
cal embryo–maternal interaction, requiring synchronized, 
bidirectional communication, followed by adhesion and 
subsequent invasion of the decidualized uterine stroma 
(29). The WOI appears to play a critical role in establishing 
this bidirectional communication.

The knowledge of the signaling pathways that medi-
ate human preimplantation embryo development and the 
embryo–maternal dialog has gradually improved (6,30–
32); however, many parts of the process remain unknown. 
Human preimplantation embryos are programmed to 
produce soluble proteins, receptors, and other molecules 
that act as autocrine and paracrine factors. In vitro studies 
show that known levels of such factors can elicit changes in 
embryo developmental phenotypes. By inference, embryo 
development should respond to soluble factors of maternal 

origin by regulating proliferation, differentiation, adhe-
sion, and invasiveness (33).

A range of ligands (mainly cytokines and growth factors) 
and their receptors are produced by the human endome-
trium during the receptive phase (34). At the same time, the 
receptive endometrium is “aware” of the embryo, modu-
lating local immune responses to embryo-specific factors. 
A hypothetical embryo–maternal “cross-talk” or molecu-
lar dialog is therefore postulated to exist during the peri-
implantation period. These signaling pathways are highly 
complex, often described as regulatory “circuits” (35).

Recently, evidence has emerged to support the exis-
tence of cross-talk between the mother and the embryo. 
Endometrial cells secrete exosome-associated microRNAs 
(miRNAs) into the endometrial fluid, where they can be 
internalized by the embryo and modify its transcriptome 
(36). miRNAs are short, 21–25-nucleotide RNA molecules 
that can regulate gene expression at a post-transcriptional 
level through degradation, repression, or silencing (37–39). 
A single miRNA can regulate up to hundreds of mRNA 
targets via the establishment of a perfect or imperfect 
complementation with the 3 -́untranslated regions of their 
target transcripts (40). Four miRNAs have been identified 
as being regulated in receptive endometrium (miR-30b, 
miR-30d, miR-494, and miR-923) at the time of implan-
tation. In particular, miR-30b and miR-30d are up-regu-
lated, whereas miR-494 and miR-923 are down-regulated 
in receptive endometrium (41).

Our laboratory took a step forward in studying the role 
of miR-30d as a transcriptomic modifier of the preim-
plantation embryo. Specifically, we observed that, before 
its release into the endometrial fluid, miR-30d is incorpo-
rated into exosomes secreted by human endometrial epi-
thelial cells. Exosomes are nanoscale-sized, phospholipid 
bilayer-enclosed particles (50–120 nm in diameter) actively 
released from cells into the extracellular space and body 
fluid under physiological and pathological conditions (42). 
Exosomes contain not only proteins and bioactive lipids, 
but also mRNAs, cytokines, growth factors, miRNAs, and 
double-stranded or genomic DNA (33,43–47). We found 
that exosomes secreted into the endometrial fluid contain 
miR-30d and can be taken up by trophectoderm cells of 
murine embryos, which triggers indirect over-expression of 
certain genes involved in embryo adhesion (i.e., Itgb3, Itga7, 
and Cdh5) (36). These results not only demonstrate the up-
regulation of miR-30d in endometrial fluid during the WOI, 
but also describe a novel cell-to-cell communication mech-
anism involving the delivery of endometrial miRNAs from 
the maternal endometrium to the preimplantation embryo.

PROTEOMICS, SECRETOMICS, AND LIPIDOMICS OF 
ENDOMETRIAL RECEPTIVITY
To develop a complete view of endometrial receptivity, we 
must advance beyond transcriptomics; indeed, proteomics 
should be considered the next step in the study of biological 
systems (48). Proteomic analyses reflect what is really hap-
pening in the tissue at the cellular level, and a global study of 
the proteomics of the endometrium will reveal the molecular 

Table 29.1 Clinical outcomes and efficiency of 
personalized embryo transfer according to endometrial 
receptivity array diagnosis

Clinical outcome NR (52) R (205)
IR first attempt 13% (12/90) 45% (161/355)
IR total attempts 10% (17/174) 41% (182/441)
PR first attempt 23% (12/52) 60% (123/205)
PR total attempts 17% (17/100) 55% (140/253)
OPR first attempt 0% (0/12) 74% (91/123)
OPR total attempts 0% (0/100) 74% (103/140)
Clinical efficiency Positive (52) Negative (205)
True 40 123
False 12 82
Sensitivity (TP / TP + FN) 0.33
Specificity (TN / TN + FP) 0.91
PPV (TP / TP + FP) 0.77
NPV (TN / TN + FN) 0.60

Abbreviations:  FN, false negative; FP, false positive; IR, implantation 
rate; NPV, negative predictive value; NR, non- 
receptive; OPR, ongoing pregnancy rate; PPV, posi-
tive predictive value; PR, pregnancy rate; R, 
receptive; TN, true negative; TP, true positive.
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changes that occur in the endometrium. Several attempts 
have been made to determine the proteomic patterns of the 
human endometrium. DeSouza et al. (49) employed the first 
quantitative approximation to assess the proteome using 
isotope-coded affinity tags, affinity purification, and liquid 
chromatography coupled online with mass spectrometry. 
Later, Parmar et al. (50) published a prospective study iden-
tifying proteins with differential expression throughout the 
menstrual cycle. Our group also investigated the proteomics 
of endometrial receptivity by comparing the pre-receptive 
versus the receptive human endometrium proteome (51). 
In this study, endometrial biopsies were obtained from the 
same fertile woman in the same menstrual cycle. Protein 
extracts were analyzed using two-dimensional fluorescence 
difference gel electrophoresis and matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry. 
The results show 32 differentially expressed proteins in the 
receptive versus the pre-receptive endometrium, highlight-
ing two proteins, Annexin A2 and Stathmin 1 (52). These 
cytoskeleton-related proteins display consistent opposite 
regulation in the receptive versus the pre-receptive endome-
trium and seem to play important roles in acquiring endo-
metrial receptivity. This finding is not surprising since the 
receptive phenotype is associated with the remodeling of 
epithelial organization, primarily as a result of the disrup-
tion of the cytoskeleton in response to hormones (32).

Having established the ERA test for identifying the 
endometrial WOI, we applied a new proteomic approach 
to explore the protein content of endometria that have been 
diagnosed with the ERA test. We assessed whether any 
proteomic differences existed between receptive and non-
receptive ERA-diagnosed endometria obtained on the same 
day of a hormone-replacement therapy treatment cycle 
(53). In this study, we detected 24 differentially expressed 
proteins in receptive versus non-receptive samples. In silico 
analysis identified several pathways and protein networks 
(Figure 29.2) that differ significantly between phenotypes, 
highlighting two proteins, PGRMC1 (a non-classical pro-
gesterone receptor) and ANXA6 (a transmembrane protein 
associated with cytoskeleton reorganization). Using this in 
silico approach, we were able to develop a complex pro-
teomic signature of endometrial receptivity (53).

Proteomic and lipidomic techniques have also been 
used to analyze endometrial fluid to study endometrial 
receptivity. Endometrial fluid is a complex biological fluid 
secreted by the endometrial glands to provide nutrients 
for blastocyst survival and constitutes the microenviron-
ment in which the embryo–endometrial dialog occurs 
before implantation (10,13,14). The advantage of working 
with endometrial fluid is that it can be collected easily and 
painlessly by aspiration using noninvasive methods (15). 
Furthermore, endometrial secretions are less complex 
compared to other biological fluids such as blood or urine 
in terms of their protein repertoire, and may serve as a pool 
of biomarkers for functional endometrium assessment.

Endometrial secretion has been shown to contain prod-
ucts of apoptotic epithelial cells, proteins originating from 
the transudation of serum, and proteins secreted from the 

glandular epithelium. This secretion undergoes significant 
changes in protein content during the transition from the 
proliferative phase to the secretory phase (54). Further, the 
endometrial secretion composition varies during the men-
strual cycle as a result of changes in ovarian steroid serum 
concentration (55). In the past, protein variations in uterine 
secretions throughout the menstrual cycle were analyzed 
by electrophoresis. These studies revealed three different 
protein patterns that are typical of the phases of the men-
strual cycle: intermediate phase, proliferative phase, and 
secretory phase. The results present characteristic “fami-
lies” of protein bands corresponding to 63 proteins, some 
of which were identified by their molecular weight (56).

In another work (57), endometrial fluid obtained trans-
cervically by aspiration immediately before embryo trans-
fer was analyzed, and the protein profile in each sample 
was determined. These studies also demonstrated that 
endometrial secretion can be obtained for analysis imme-
diately before embryo transfer in in vitro fertilization 
(IVF) cycles without lowering IRs. Although endometrial 
fluid aspiration is safe, sometimes the material obtained is 
insufficient for its analysis or it may be diluted as a result 
of uterine washing, thus making it difficult to interpret the 
results (58). More recently, an integral work (59) identi-
fied the catalog of proteins present in an endometrial fluid 
aspirate during the secretory phase of the menstrual cycle. 
A combination of different proteomic strategies led to the 
successful identification of 803 different proteins. This cat-
alog of proteins provides a valuable reference for the study 
of embryo implantation and for the future discovery of the 
biomarkers involved in pathologic alterations of endome-
trial function.

The endometrium contains lipid compounds whose 
importance in reproduction has long since been known. 
Lipidomics can serve to unravel the specific lipid composi-
tion of endometrial fluid throughout the menstrual cycle 
and also to elucidate whether a particular lipid makeup is 
predictive of endometrial receptivity (60).

Some recent reports have applied lipidomics to study-
ing reproductive function by assessing the lipid content 
of endometrial biopsies during pregnancy (61). However, 
these works neither refer to endometrial fluid in humans 
nor assess whether a particular lipid profile is distinctive 
of the WOI in relation to the rest of the cycle. Our lab 
reported that PGE2 and PGF2α concentrations increase 
significantly in the endometrial fluid during the WOI in 
normal-cycling women, during IVF, and in ovum dona-
tion. This profile is abrogated in the refractory endome-
trium with the insertion of an intra uterine device (IUD). 
Further, prostaglandins (PG) synthases, required for the 
production of PGE2 and PGF2α, are localized in the endo-
metrial epithelium and are hormonally regulated during 
the WOI, while PG receptors are localized at the troph-
ectoderm of the human embryo. Using an in vitro model 
of embryo adhesion, we demonstrated that inhibition of 
PGE2 and PGF2α or blockade of PG receptors (EP2 and 
FP) prevents embryo adhesion, which can be overcome by 
adding back these molecules or using EP2 and FP agonists. 
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Finally, in a pilot study, we demonstrated that PGE2 and 
PGF2α concentrations in endometrial fluid (EF) aspirated 
24 hours before embryo transfer predict pregnancy out-
come. A receiver operating characteristic (ROC) curve was 
used in day-3 embryo transfer to analyze the sensitivity and 
specificity of this technique. We found 80% sensitivity and 
86.7% specificity for PGE2, and 100% sensitivity and 93.3% 
specificity for PGF2α (Figure 29.3). Similar results were 
obtained for blastocyst transfer, in which the ROC curve 
showed 75% sensitivity and 77.8% specificity for PGE2, and 
37.5% sensitivity and 100% specificity for PGF2α (62).

The results described above are meaningful for two rea-
sons: first, they represent a proof of principle that endometrial 
fluids are suitable for lipidomic analyses, a possibility that 
has never been investigated before; and second, they illus-
trate how lipid changes actually occur in endometrial fluid 

throughout the cycle, increasing the likelihood of developing 
noninvasive methods to assess endometrial receptivity.

CONCLUSION
New molecular methods based on transcriptomics to 
identify endometrial receptivity have been introduced 
into the clinical routine in recent years. Thus, we now have 
molecular tools to date the WOI and thereby improve IVF 
success. Several other “omics” approaches are now being 
applied in order to unravel the complex process of acquir-
ing endometrial receptivity. Although some technical 
limitations still exist, we believe that integrative sciences 
are the future of diagnosing the correct timing for embryo 
implantation. Furthermore, the application of these new 
technologies should be used to improve our knowledge of 
endometrial receptivity and the critical dialog between 

Figure 29.2 Proteomic network of deregulated proteins between receptive and non-receptive endometria diagnosed by endo-
metrial receptivity array. All proteins are represented by their gene symbol name. Different-colored lines connecting proteins rep-
resent the relationships between them (physical interaction, co-expression, co-localization, shared protein domains, and predicted 
protein domains). Spheres represent proteins obtained in our proteomic study, while squares represent link nodes between them. 
Two statistically significant pathways were identified in the network: proteins integrated in the “carbohydrate biosynthetic pro-
cesses” are represented in orange, while proteins related to “nuclear mRNA splicing via the spliceosome” are represented in red.
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embryo and endometrium, enabling the discovery of the 
main causes of implantation failure and opening up a new 
field for investigating interceptive molecules to aid and/or 
prevent embryo implantation.

REFERENCES
 1. Kämmerer U, von Wolff M, Markert UR. Inmunology 

of human endometrium. Inmunobiology 2004; 209: 
569–74.

 2. Giudice LC. Implantation and endometrial function. 
In: Molecular Biology in Reproductive Medicine. Fauser 
BCJM (ed.). London, UK: Parthenon Publishing 
Group, 1999.

 3. Dimitriadis E, White CA, Jones R et al. Cytokines, che-
mokines and growth factors in endometrium related 
to implantation. Hum Reprod Update 2005; 11: 613–30.

 4. Finn CL, Martin L. The control of implantation. 
J Reprod Fertil 1974; 39: 195–206.

 5. Martín J, Dominguez F, Avila S et al. Human endo-
metrial receptivity: Gene regulation. J Reprod 
Immunol 2002; 55: 131–9.

 6. Murphy CR. Uterine receptivity and the plasma 
membrane transformation. Cell Res 2004; 14: 259–67.

 7. Nikas G. Cell-surface morphological events rele-
vant to human implantation. Hum Reprod 1999; 14: 
37–44.

 8. Quinn CE, Casper RF. Pinopodes: A questionable 
role in endometrial receptivity. Hum Reprod Update 
2009; 15: 229–36.

 9. Giudice LC, Saleh W. Growth factors in reproduc-
tion. Trends Endocrinol Metab 1995; 6: 60–9.

 10. Lessey BA. Endometrial integrins and the establishment 
of uterine receptivity. Hum Reprod 1998; 13: 247–58.

 11. Dubowy RL, Feinberg RF, Keefe DL et al. Improved 
endometrial assessment using cyclin E and p27. Fertil 
Steril 2003; 80: 146–56.

 12. Kliman HJ, Honig S, Walls D et al. Optimization of 
endometrial preparation results in a normal endo-
metrial function test (EFT) and good reproductive 
outcome in donor ovum recipients. J Assist Reprod 
Genet 2006; 23: 299–303.

 13. Lessey BA, Killam AP, Metzger DA et  al. 
Immunohistochemical analysis of human uterine estro-
gen and progesterone receptors throughout the men-
strual cycle. J Clin Endocrinol Metab 1988; 67: 334–40.

 14. Develioglu OH, Hsiu JG, Nikas G et al. Endometrial 
estrogen and progesterone receptor and pinopode 
expression in stimulated cycles of oocyte donors. 
Fertil Steril 1999; 71: 1040–7.

 15. Aghajanova L, Simon C, Horcajadas JA. Are favou-
rite molecules of endometrial receptivity still in 
favour? Expert Rev Obstet Gynecol 2008; 3: 487–501.

NP

NP

0

0 0

5

10

15

20

25

2

4

6

8

10

12

PGE2(a)

(b) PGE2

PGF2α

PGF2α

0

10

20
20

30

40
40

50

60

60

C
on

ce
nt

ra
tio

n 
(n

m
ol

/g
)

C
on

ce
nt

ra
tio

n 
(n

m
ol

/g
)

C
on

ce
nt

ra
tio

n 
(n

m
ol

/g
)

C
on

ce
nt

ra
tio

n 
(n

m
ol

/g
)

NPP

P

P

NP P

Figure 29.3 PGE2 and PGF2α concentrations in endometrial fluid (EF) predict successful pregnancy outcome. Pilot study to 
determine the detection sensitivity and specificity of PGE2 and PGF2α concentrations in endometrial fluid obtained 24 hours before 
embryo transfer in NP and P women. (a) In in vitro fertilization patients undergoing day-3 embryo transfer, measurement is taken 
24 hours before embryo transfer. (b) In ovum recipients undergoing day-5 embryo transfer, measurement is taken 24 hours before 
embryo transfer. Abbreviations: NP, non-pregnant; P, pregnant.



References 379

 16. Lessey BA. Assessment of endometrial receptivity. 
Fertil Steril 2011; 96: 522–9.

 17. Díaz-Gimeno P, Ruiz-Alonso M, Blesa D, Simón C. 
Transcriptomics of the human endometrium. Int J 
Dev Biol 2013; 58: 127–37.

 18. Altmae S, Esteban FJ, Stavreus-Evers A et  al. 
Guidelines for the design, analysis and interpreta-
tion of “omics” data: Focus on human endometrium. 
Hum Reprod Update 2013; 20: 12–28.

 19. Carson DD, Lagow E, Thathiah A, Al-Shami R, 
Farach-Carson MC, Vernon M, Yuan L, Fritz MA, 
Lessey B. Changes in gene expression during the early 
to mid-luteal (receptive phase) transition in human 
endometrium detected by high-density microarray 
screening. Mol Hum Reprod 2002; 8: 871–9.

 20. Riesewijk A, Martin J, Van Os R, Horcajadas JA, 
Polman J, Pellicer A, Mosselman S, Simón C. Gene 
profiling of human endometrial receptivity on days 
LH+2 versus LH+7 by microarray technology. Mol 
Hum Reprod 2003; 9: 253–64.

 21. Ponnampalam AP, Weston GC, Trajstman AC, Susil 
B, Rogers PA. Molecular classification of human 
endometrial cycle stages by transcriptional profi 
ling. Mol Hum Reprod 2004; 10: 879–93.

 22. Talbi S, Hamilton AE, Vo KC et al. Molecular phe-
notyping of human endometrium distinguishes 
menstrual cycle phases and underlying biological 
processes in normo-ovulatory women. Endocrinology 
2006; 147: 1097–121.

 23. Tseng LH, Chen I, Chen MY, Yan H, Wang CN, Lee 
CL. Genome-based expression profiling as a single 
standardized microarray platform for the diagno-
sis of endometrial disorder: An array of 126-gene 
model. Fertil Steril 2010; 94: 114–9.

 24. Díaz-Gimeno P, Horcajadas JA, Martínez-Conejero 
JA, Esteban FJ, Alamá P, Pellicer A, Simón C. A 
genomic diagnostic tool for human endometrial 
receptivity based on the transcriptomic signature. 
Fertil Steril 2011; 95: 50–60.

 25. Díaz-Gimeno P, Ruiz-Alonso M, Blesa D et al. The 
accuracy and reproducibility of the endometrial 
receptivity array is superior to histology as a diag-
nostic method for endometrial receptivity. Fertil 
Steril 2013; 99: 508–17.

 26. Ruiz-Alonso M, Blesa D, Díaz-Gimeno P, Gómez 
E, Fernández-Sánchez M, Carranza F, Carrera 
J, Vilella F, Pellicer A, Simón C. The endometrial 
receptivity array for diagnosis and personalized 
embryo transfer as a treatment for patients with 
repeated implantation failure. Fertil Steril 2013; 
100: 818–24.

 27. Ruiz-Alonso M, Galindo N, Pellicer A, Simón C. 
What a difference two days make: “Personalized” 
embryo transfer (pET) paradigm: A case report and 
pilot study. Hum Reprod 2014; 29: 1244–7.

 28. Alonso MR, Díaz-Gimeno P, Gómez E, Rincón-
Bertolín A, Vladimirov Y, Garrido N, Simón C. 
Clinical efficiency of embryo transfer performed in 

receptive vs non-receptive endometrium diagnosed 
by the endometrial receptivity array (era) test. Fertil 
Steril 2014; 3: e292.

 29. Tabibzadeh S, Babaknia A. The signals and molecu-
lar pathways involved in implantation, a symbiotic 
interaction between blastocyst and endometrium 
involving adhesion and tissue invasion. Hum Reprod 
1995; 10: 1579–602.

 30. Hardy K, Spanos S. Growth factor expression and 
function in the human and mouse preimplantation 
embryo. J Endocrinol 2002; 172: 221–36.

 31. Richter KS. The importance of growth factors for 
preimplantation embryo development and in-vitro 
culture. Curr Opin Obstet Gynecol 2008; 20: 292–304.

 32. Martin JC, Jasper MJ, Valbuena D et  al. Increased 
adhesiveness in cultured endometrial-derived cells 
is related to the absence of moesin expression. Biol 
Reprod 2000; 63: 1370–6.

 33. Kahlert C, Melo SA, Protopopov A et al. Identification 
of doublestranded genomic DNA spanning all chro-
mosomes with mutated KRAS and p53 DNA in the 
serum exosomes of patients with pancreatic cancer. 
J Biol Chem 2014; 289: 3869–75.

 34. Thouas GA, Dominguez F, Green MP, Vilella F, 
Simon C, Gardner DK. Soluble ligands and their 
receptors in human embryo development and 
implantation. Endocr Rev 2015; 36: 92–130.

 35. Kaye PL. Preimplantation growth factor physiology. 
Rev Reprod 1997; 2: 121–7.

 36. Vilella F, Moreno-Moya JM, Balaguer N, Grasso A, 
Herrero M, Martínez S, Marcilla A, Simón C. Has-
miR-30d, secreted by the human endometrium is 
taken up by the pre-implantation embryo and might 
modify its transcriptome. Development 2015; 142: 
3210–21.

 37. Ambros V. MicroRNA pathways in flies and worms: 
Growth, death, fat, stress, and timing. Cell 2003; 113: 
673–6.

 38. Bartel DP. MicroRNAs: Genomics, biogenesis, 
mechanism, and function. Cell 2004; 116: 281–97.

 39. Lai EC. microRNAs: Runts of the genome assert 
themselves. Curr Biol 2003; 13: R925–36.

 40. Lim LP, Lau NC, Garret-Engele P et al. Microarray 
analyses shows that some microRNAs downregulate 
large numbers of target mRNAs. Nature 2005; 433: 
769–73.

 41. Altmäe S, Martinez-Conejero JA, Esteban FJ, 
Ruiz-Alonso M, Stavreus-Evers A, Horcajadas JA, 
Salumets A. MicroRNAs miR-30b, miR-30d, and 
miR-494 regulate human endometrial receptivity. 
Reprod Sci 2013; 20: 308–17.

 42. Barkalina N, Jones C, Wood MJ, Coward K. 
Extracellular vesicle-mediated delivery of molec-
ular compounds into gametes and embryos: 
Learning from nature. Hum Reprod Update 2015; 
21: 627–39.

 43. Théry C. Exosomes: Secreted vesicles and intercellu-
lar communications. F1000 Biol Rep 2011; 3: 15.



380 Diagnosis of endometrial receptivity and the embryo–endometrial dialog

 44. Lee Y, El Andaloussi S, Wood MJ. Exosomes and 
microvesicles: Extracellular vesicles for genetic 
information transfer and gene therapy. Hum Mol 
Genet 2012; 21: R125–34.

 45. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, 
Lötvall JO. Exosome-mediated transfer of mRNAs 
and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol 2007; 9: 654–9.

 46. Thakur BK, Zhang H, Becker A et  al. Double-
stranded DNA in exosomes: A novel biomarker in 
cancer detection. Cell Res 2014; 24: 766–9.

 47. Cai J, Han Y, Ren H et  al. Extracellular vesicle-
mediated transfer of donor genomic DNA to recipi-
ent cells is a novel mechanism for genetic influence 
between cells. J Mol Cell Biol 2013; 5: 227–38.

 48. Shankar R, Cullinane F, Brennecke SP et  al. 
Applications of proteomics methodologies to human 
pregnancy research: A growing gestation approach-
ing delivery? Proteomics 2004; 4: 1909–17.

 49. DeSouza L, Diehl G, Yang EC et al. Proteomic anal-
ysis of the proliferative and secretory phases of the 
human endometrium: Proteinidentification and 
differential protein expression. Proteomics 2005; 5: 
270–81.

 50. Parmar T, Gadkar-Sable S, Savardekar L et al. Protein 
profiling of human endometrial tissues in the mid-
secretory and proliferative phases of the menstrual 
cycle. Fertil Steril 2009; 92: 1091–103.

 51. Domınguez F, Garrido-Gomez T, Lopez JA et  al. 
Proteomic analysis of the human receptive versus 
non-receptive endometrium using differential in-gel 
electrophoresis and MALDI-MS unveils stathmin 
1 and annexin A2 as differentially regulated. Hum 
Reprod 2009; 24: 2607–17.

 52. Garrido-Gomez T, Dominguez F, Ruiz M, Vilella F, 
Simon C. In: The Analysis of Endometrial Receptivity. 
Textbook of Assisted Reproductive Techniques: 
Laboratory Perspectives. Gardner D, Weissman A, 
Howles CM, and Shoham Z (eds.). 4th edition. Vol. 1. 
Boca Raton, FL: Taylor & Francis Group, pp. 366–79.

 53. Garrido-Gómez T, Quiñonero A, Antúnez O, 
Díaz-Gimeno P, Bellver J, Simón C, Domínguez 
F. Deciphering the proteomic signature of human 
endometrial receptivity. Hum Reprod 2014; 29: 
1957–67.

 54. Maathuis JB, Aitken RJ. Protein patterns of human 
uterine flushings collected at various stages of the 
menstrual cycle. J Reprod Fertil 1978; 53: 343–8.

 55. Beier HM, Beier-Hellwig K. Molecular and cellu-
lar aspects of endometrial receptivity. Hum Reprod 
1989; 4(8 Suppl): 115–20.

 56. Beier-Hellwig K, Sterzik K, Bonn B, Beier HM. 
Contribution to the physiology and pathology of 
endometrial receptivity: The determination of pro-
tein patterns in human uterine secretions. Reprod 
Biomed Online 2003; 7: 105–9.

 57. van der Gaast MH, Beier-Hellwig K, Fauser BC, Beier 
HM, Macklon NS. Endometrial secretion aspiration 
prior to embryo transfer does not reduce implanta-
tion rates. Fertil Steril 2003; 79: 900–4.

 58. Olivennes F, Lédée-Bataille N, Samama M, Kadoch 
J, Taupin JL, Dubanchet S, Chaouat G, Frydman R. 
Assessment of leukemia inhibitory factor levels by 
uterine flushing at the time of egg retrieval does not 
adversely affect pregnancy rates with in vitro fertil-
ization. Fertil Steril 2003; 79: 900–4.

 59. Casado-Vela J, Rodriguez-Suarez E, Iloro I et  al. 
Comprehensive proteomic analysis of human 
endometrial fluid aspirate. J Proteome Res 2009; 8: 
4622–32.

 60. Wenk MR. The emerging field of lipidomics. Nat Rev 
Drug Discov 2005; 4: 594–610.

 61. Durn JH, Marshall KM, Farrar D et  al. Lipidomic 
analysis reveals prostanoid profiles in human term 
pregnant myometrium. Prostaglandins Leukot Essent 
Fatty Acids 2010; 82: 21–6.

 62. Vilella F, Ramirez L, Berlanga O et  al. PGE2 and 
PGF2 concentrations in human endometrial fluid 
as biomarkers for embryonic implantation. J Clin 
Endocrinol Metab 2013; 98: 4123–32.



381

30Artificial gametes
The oocyte
EVELYN E. TELFER and KELSEY M. GRIEVE

The ability to produce mature in  vitro-derived gametes, 
either starting from immature gametes or obtaining 
them from alternative sources such as embryonic stem 
cells (ESCs), would allow insights into the basic science of 
oogenesis, folliculogenesis, and meiosis and may also offer 
the potential for new assisted reproduction technologies 
(ARTs). Gametes derived in this way have been described 
as “artificial gametes,” and if they are shown to be safe, 
they would alleviate the need for donor eggs and sperm 
and would provide people who cannot produce mature 
gametes with the possibility of genetically related chil-
dren. This chapter will cover the progress in producing 
so-called “artificial oocytes” from a range of cell types and 
will consider the technology of growing oocytes in vitro 
from the most immature stages to maturity.

SOURCE OF ARTIFICIAL OOCYTES
A major requirement of any cell type used to form artifi-
cial gametes would be that they can be collected from adult 
tissue, as this eliminates the use of primordial germ cells, 
which are only present during fetal life (1). Research has 
focused on obtaining artificial oocytes from three main 
cell types: ESCs, induced pluripotent stem cells (iPSCs) 
and oogonial stem cells (OSCs) or germline stem cells 
(GSCs). Stem cells are undifferentiated or differentiation-
limited, self-renewing cells within a distinct niche respon-
sible for renewal. Pluripotent stem cells have the ability 
to differentiate into all the cells of a mammalian embryo 
and therefore harbor the potential to generate germ cells. 
Mammalian oogenesis in vivo is a tightly coordinated 
process that requires the transient switching on and off 
of regulatory genes and molecular processes, of which we 
still have limited knowledge (Figure 30.1).

OOCYTES FROM ESCs

Artificial oocytes have been derived from mouse ESCs 
(2,3), but have not produced viable embryos. ESCs 
derived from the inner cell mass of a developing blasto-
cyst (4) have been shown to differentiate into numerous 
cell types in vitro, including hematopoietic, endothelial, 
muscle, and neuronal cells (5), thus ESCs have been can-
didate progenitor cells for in vitro oogenesis despite ethi-
cal concerns surrounding their use. Mouse ESCs (mESCs) 
reported the first early differentiating germ cells within in 
vitro cultures (2); however, these experiments have been 
difficult to replicate. Isolation of these cells based on Oct4 
and cKit expression identified different stages of germ cell 
development (migratory primordial germ cells and post-
migratory germ cells) determined by the expression levels 

of the germ cell marker Vasa, which is expressed in post-
migratory germ cells (Figure 30.1).

The identification of early germ cells within culture 
demonstrates recapitulation of the earliest stages of the 
complex pathway for germ cell development; however, 
prior to germ cell migration, germ cell fate is induced in 
the epiblast cells in mice by bone morphogenetic pro-
tein 4 (BMP4) signaling from the surrounding soma 
(6). Epiblast-like cells (EpiLCs) have been induced from 
mESCs with gene expression consistent with pre-gastru-
lating epiblasts. BMP4 induced expression of Blimp1 in 
EpiLCs and further gene expression analysis also showed 
up-regulation of Nanos3, Dppa3 and Prdm14 associated 
with primordial germ cell specification and down-regula-
tion of somatic markers Hoxa1, Hoxb1, and Snai1—these 
observations were seen in conjunction with epigenetic 
changes (7), replicating in vivo differentiation of epiblast 
cells into primordial germ cells. These results suggest 
successful differentiation of EpiLCs to primordial germ 
cell-like cells (PGCLCs) in vitro in a similar fashion to 
the in vivo situation. BMP4-dependent differentiation of 
PGCLCs could be inhibited by Noggin (a BMP4 antago-
nist), whereas Wnt3a—another mesoderm-promoting 
factor—also induced PGCLCs in culture (8), illustrating 
the importance of somatic factors in in vitro differentia-
tion of germ cells. PGCLCs derived from embryoid bodies 
(EBs) differentiated into oocyte-like cells with expression 
of oocyte-specific genes (Figα, GDF9, ZP1, ZP2, and ZP3) 
and an early meiotic marker (SCP3) when co-cultured 
with granulosa cells (9); similar results were observed 
when PGCLCs were co-cultured with Chinese hamster 
ovary cells (10). However, these results could not be rep-
licated with granulosa cell-conditioned medium (9), sug-
gesting an important role for cell–cell interactions with 
ovarian somatic cells. Using a reconstituted ovary model, 
PGCLCs combined with embryonic ovarian somatic cells 
and xeno-transplanted to the ovarian bursa of immune-
deficient recipient mice generated oocyte-like cells within 
developing follicles (Figure 30.2).

Oocyte-like cells were matured and fertilized in vitro 
and transferred to foster mothers for fetal development, 
which generated healthy offspring with normal imprint-
ing patterns and full fertility (11). These results together 
demonstrate the potential of ESCs to undergo differentia-
tion to all stages of oogenesis and subsequent embryonic 
development, and as with in vivo oogenesis, interactions 
with surrounding somatic cells are essential for success-
ful in vitro oogenesis. Less success has been achieved with 
ESCs from other species. BMP4 exposure induced germ 
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cell differentiation in buffalo ESCs in culture, which were 
morphologically similar to oocytes and expressed germ 
cell (cKit, Dazl, and Vasa), meiosis (SCP3), and oocyte 
(Gdf9, ZP2, ZP3, and ZP4) specific genes and proteins. 
Buffalo oocyte-like cells subsequently underwent parthe-
nogenetic activation, extruding a polar body and develop-
ing to an eight-cell embryo within a ZP4 coat (12).

Germ cell differentiation of human ESCs has also been 
investigated and PGCLCs have been derived from human 
ESCs with gene expression patterns similar to PGCs. 
Activin A supplementation of blastocysts prior to deriva-
tion of hESC lines increased PGCLC differentiation from 
human embryonic stem gells (hESCs); furthermore, BMP4 
also directed hESC differentiation to PGCLCs as seen in the 
mouse (13). Expression of germ cell and oocyte (ZP1 and 

GDF9) specific markers was observed in EBs derived from 
hESCs, and follicle-like structures were observed within 
EBs; however, a zona pellucida could not be detected (14).

Whilst this research gives us insight into cell lineage 
development, the clinical use of human ESCs is fraught 
with difficulties. A major concern is that derivation of 
oocytes from human ESCs for clinical application would be 
dependent on somatic cell nuclear transfer (15), and many 
ethical concerns surround this. Therefore, it is unlikely that 
derivation of gametes by this route would be used clinically, 
and a more likely route would be to utilize iPSCs.

OOCYTES FROM iPSCs

It is well accepted that cells can be de-differentiated 
and regain pluripotency. Mouse fibroblasts under the 
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expression of four crucial pluripotency genes—Oct3/4, 
Klf4, Sox2, and c-Myc—were induced to a pluripotent state 
and termed iPSCs (16), and have since been derived from 
numerous species, including humans (17). iPSCs do not 
raise the same ethical concerns as ESCs and they may offer 
a more likely clinical option for artificial gametogenesis.

Using a tetraploid complementation assay, mouse iPSCs 
have demonstrated their ability to generate all cell types, 
including germ cells (18,19), similarly to ESCs. Mouse 
iPSCs can be derived in vitro to EpiLCs and PGCLCs and 
utilized in the reconstituted ovary xeno-transplant model 
to generate oocytes. These oocytes have been shown to be 
meiotically and developmentally competent and offspring 
have been produced (11). Currently, no success has been 
achieved with human iPSCs in generating artificial oocytes.

OOCYTES FROM SOMATIC CELL TRANSFORMATION
The hierarchical stem cell differentiation model has 
recently been challenged by the cell plasticity model, which 
states that cells possess the ability to cross traditional lin-
eage barriers (20). The ability to manipulate a somatic cell 
to transdifferentiate (conversion of a differentiated cell of 
one lineage to a differentiated cell of another lineage with-
out reinstating pluripotency) by direct reprogramming 
could also allow the in vitro generation of new oocytes. 
Skin-derived stem cells (SDSCs) isolated from neonatal 
mice have also been shown to differentiate into PGCLCs 
in vitro (21,22). SDSC-derived PGCLCs also underwent 
epigenetic changes similar to PGCs in vivo, and activin A 
promoted PGCLC differentiation (22), similarly to human 
ESCs. SDSCs also generated aggregates, morphologically 
similar to follicles, containing large cells with expression of 
oocyte-specific markers, when cultured alone and with dis-
sociated murine neonatal ovarian cells. The large oocyte-
like cells also expressed meiotic markers, but SCP3 showed 
discontinuous staining patterns, which is consistent with 
the cells’ inability to progress through meiosis. SDSCs that 
were aggregated with neonatal ovarian somatic cells and 
transplanted to the kidney capsules of recipient mice gen-
erated oocyte-like cells in developing follicles through to 
antral stages of development (21), suggesting SDSCs can 
differentiate and generate cells that have morphological 
similarities to oocytes, indicating the separation of oocyte 
development and meiotic/developmental potential.

Fetal porcine SDSCs have also demonstrated a poten-
tial for germ cell differentiation in vitro. PGCLCs derived 
from fetal porcine SDSCs express germ cell markers 
(Dppa3, Dazl, Vasa, and cKit) and also show imprint era-
sure (23). Further development of these PGCLCs to oocyte 
like cells (OLCs) in aggregates demonstrates the presence 
of a zona pellucida and expression of oocyte and meiotic 
markers. These aggregates also produced estrogen and 
progesterone from the surrounding cells and underwent 
parthogenetic activation, implicating a necessary role for 
somatic cells in germ cell differentiation. Rat pancreatic 
stem cells have also generated oocyte-like cells in culture 
with structures similar to a zona pellucida in aggregation 
with smaller cells, and they share gene expression patterns 

with oocytes, with oocyte and meiotic markers expressed 
(24). Human amniotic fluid stem cells have also been able 
to recapitulate this differentiation pathway in vitro, gen-
erating aggregates with large central cells (OLCs) sur-
rounded by a zona pellucida structure and smaller cells 
that produced estrogen during culture. Analysis of the 
OLCs showed the expression of oocyte-specific and mei-
otic markers and underwent parthenogenetic activation 
during prolonged culture (25,26), consistent with previ-
ous reports from other cell types and species. Although 
these reprogrammed cells show many of the steps of germ 
cell differentiation in vitro, as identified by differentiation 
of true pluripotent ESCs and iPSCs, generated oocyte-
like cells have not been fully tested and the meiotic and 
developmental competence of these cells has not been fully 
evaluated. It is clear that some cells under certain condi-
tions can form morphological oocytes, but these do not 
enter meiosis. The process of oocyte differentiation can 
be dissociated from meiosis (27), so if functional artifi-
cial oocytes are to be obtained, then it will be essential to 
understand the connection between oocyte differentiation 
and entry into meiosis.

OOCYTES FROM OSCs

In recent years, there have been some exciting and con-
troversial developments in female germ cell biology relat-
ing to an increasing body of evidence that shows oocytes 
may be formed by a rare population of putative GSCs that 
can be isolated from the adult ovary (reviewed in [28–30]). 
These are proposed to be germ lineage-specific rather than 
being pluripotent cells, but their contribution to the pool 
of oocytes is still unclear. This chapter will not deal with 
their potential physiological role and will only consider 
their potential ex vivo.

The isolation and identification of oocyte-producing 
GSCs—also referred to as OSCs—from adult mammalian 
ovaries remained elusive until 2009, when putative GSCs 
were isolated from adult mouse ovaries (31), then followed 
by isolation of similar cells from adult human ovaries (32). 
These cells have now been isolated from the ovaries of adult 
mice (31,32), rats (33), humans (32), and non-human pri-
mates (34). The isolation of these cells has been based on 
magnetic or fluorescent cell sorting utilizing an antibody 
to the germ cell marker DEAD box polypeptide 4 (DDX4) 
(28,31). The isolation process has led to controversy, as 
DDX4 is assumed to be internal rather than surface, and 
other groups have failed to isolate the cells using similar 
methodologies (35). Nonetheless, several groups have iso-
lated a population of cells that have a molecular signature 
that includes germ cell (Mvh and fragilis/Ifitm3) and stem 
cell (e.g., Oct4/Pou5f1) markers. Injection of fluorescently 
labeled mouse OSCs into recipient fertile and infertile 
mouse ovaries has generated green fluorescent protein 
(GFP)-positive oocytes within host somatic cells, and these 
have been capable of ovulation, fertilization, and  embryonic 
development (31,32), and in some cases live young have 
been produced (31,33). Human OSCs have also generated 
oocyte-like cells enclosed in host somatic cells, as assessed 
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by morphology and expression of oocyte-specific markers, 
after injection into adult human ovarian cortical tissue and 
xeno-transplantation into an immune-deficient mouse for 
seven days (30,32). For more details, see Figure 30.3.

Whilst identifying cells with apparent germline poten-
tial in the human ovary represents a major development, 
it has also led to a great deal of controversy. The meth-
ods used to isolate these cells still need to be clarified, but 
there is now too much evidence to dismiss them. These 
cells present an opportunity to learn more about germ cell 
development and the processes involved.

The “oocyte-like” cells derived from each of the cell 
types discussed require somatic cell support of paracrine 
and junctional communication to form follicles and to 
support development into functional oocytes. Combining 
these “oocyte-like” cells with ovarian culture models may 
facilitate follicle formation and growth (36).

SUPPORTING OOCYTE FORMATION AND 
GROWTH IN VITRO
The idea of obtaining viable oocytes by growing imma-
ture oocytes in vitro has been the subject of a great deal 
of research for almost 30 years. Whilst this is not the pro-
duction of “artificial gametes,” the techniques to support 
in vitro oocyte growth are essential to the development 
of a gamete being developed from any source. Complete 
growth in vitro from the most immature oocytes (primor-
dial stages) with subsequent in vitro fertilization (IVF) 
and production of live young has only been achieved in 
mice (37,38). Early work on this two-step culture system 
resulted in only one live offspring being obtained, and this 
mouse had many abnormalities as an adult (37). Following 

improvements in the technique and after alterations to the 
culture medium, several mouse embryos and offspring 
have been obtained using oocytes that have been in vitro 
grown (IVG) combined with in vitro maturation (IVM) 
and IVF (38). This work has provided proof of concept 
that complete oocyte development can be achieved in vitro 
and has driven the development of culture systems that 
could be applied to other species, particularly humans. 
Advances in culturing follicles from humans, non-human 
primates, and domestic species have been made, bringing 
the prospect of achieving an in vitro system that supports 
complete human oocyte development closer (39–41).

IN VITRO GROWTH SYSTEMS
The generation of artificial gametes from any cell type 
requires the support of somatic cells in order to develop 
further into a mature gamete. Therefore, these cells need 
to be combined with somatic cells to form primordial fol-
licles (Figure 30.2). Activation and growth of primordial 
follicles is marked by the transformation of the flattened 
epithelial cells surrounding the oocyte into cuboidal cells 
that proliferate, forming a multilaminar structure in 
which the germ cell will develop. Normal follicle/oocyte 
development is critically dependent upon intercellular 
communication between the growing oocyte and the 
developing granulosa cells; therefore, support and main-
tenance of these connections are essential (42). Whilst 
growing within the follicle, the oocyte is held in meiotic 
arrest, but as it grows it must acquire the ability to resume 
meiosis (meiotic competence) and the ability to support 
fertilization and embryonic development (developmental 
competence). The development of culture conditions to 
support germ cell development is an enormous challenge, 
and an understanding of the physiological requirements of 
each component of the developing follicle is needed.

Several culture systems have been developed that have 
been optimized for a range of different animal models 
(39,40,43). Whilst some are more advanced than others, 
there is not a single system that has been fully optimized 
to support the complete in vitro growth and maturation 
of human follicles and oocytes. All of the published sys-
tems have strengths and weaknesses that may be usefully 
exploited to meet the challenges of human follicle culture, 
but there is a consensus that in order to achieve complete in 
vitro growth, a dynamic culture system is required to sup-
port the three main transition steps (39,40,43). Developing 
each of these steps in human tissue has been slow because 
of the difficulty in obtaining experimental tissue, but prog-
ress has been made in three main steps in human tissue: 
(1) activation of primordial follicles (44–47); (2) isolation 
and culture of growing follicles to achieve oocyte growth 
and development (41,44–48); and (3) aspiration and matu-
ration of oocyte cumulus complexes (49–53).

ACTIVATING PRIMORDIAL FOLLICLES
The regulation of follicle activation involves a combina-
tion of inhibitory, stimulatory, and maintenance factors 
(54). Recent work using knockout mouse models has 

MACS or FACS

GFP expression

Mouse Rat Human

Figure 30.3 Results of identifying the oogenic potential of 
oogonial stem cells from adult mammalian ovaries as currently 
reported. Cells isolated either by magnetic activated cell sorting 
(MACS) (31) or fluorescent activated cell sorting (FACS) (32) and 
transfected with green fluorescent protein (GFP) for tracing.
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highlighted the importance of the PI3K–AKT signaling 
pathway within the oocyte in regulating follicle activa-
tion (55). PTEN acts as a negative regulator of this path-
way and suppresses initiation of follicle development (55). 
Follicle activation is also affected by other components of 
this pathway, namely mTORC1, a serine/threonine kinase 
that regulates cell growth and proliferation in response to 
growth factors and nutrients.

Disruption of the PI3K pathway using knockout mod-
els (55,56) and pharmacological stimulators and/or 
inhibitors (57) promotes activation of follicle growth in 
mice and xeno-transplanted human ovarian tissue and 
enhances ovulation in mice. These studies suggest that 
whilst PTEN within the oocyte suppresses activation of 
primordial follicles, mTORC1 promotes it. By using phar-
macological inhibitors of PTEN in vitro, increased activa-
tion of human primordial follicles has been demonstrated 
(46,57), and treatment with rapamycin (an inhibitor of 
mTORC1) results in decreased activation of primordial 
follicles (58).

A human live birth has been reported following 
treatment of ovarian tissue for 48 hours in vitro with 
bpV(HOpic) and 740YP, an AKT stimulant, followed by 
replacement and IVF (59). This is an extremely encour-
aging development but needs to be treated with caution, 
as the use of similar inhibitors in vitro whilst increasing 
activation of primordial follicles results in poor-quality 
oocytes at later stages (46).

Primordial follicles can be activated to grow within 
mechanically loosened cortical pieces, developing to 
multilaminar preantral (secondary) stages within six 
days (Figure 30.4) (45). A key step in this process is tissue 
preparation, which involves removal of most of the under-
lying stromal tissue and any growing follicles so that the 
cultured tissue consists of predominantly ovarian cortex 
containing primordial and primary follicles. When these 
small fragments of human ovarian cortex are cultured, 
there is a significant shift of follicles from the quiescent to 
the growing pool over short culture periods of 6–10 days 
(45). This observation has been repeated in cattle, where 
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Figure 30.4 (A) Illustrates the potential use of an in vitro growth system to trace the development of human oogonial stem 
cells (OSCs) (32). Isolated OSCs can be transfected with green fluorescent protein (GFP) and injected into flattened strips of ovarian 
tissue (a) cultured in medium containing human serum albumin, ascorbic acid and basal levels of FSH [45–47]. Once follicles have 
reached multi-laminar stages they are isolated mechanically using needles and then cultured individually (b). Isolated follicle cul-
ture supports development from pre-antral to antral stages (c). The final stages of oocyte growth and development are achieved 
by removing the oocyte-cumulus complex from the antral follicle (d) and culturing the oocyte and its surrounding somatic cells (e). 
(B) Illustrates human OSCs containing GFP (asterix) injected into human ovarian cortical tissue and cultured for 7 days. Injected cells 
increase in size and develop into oocyte like structures (white arrows).
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extensive primordial activation has been reported within 
two days in vitro (60–62), indicating that activation results 
from a release from intra-ovarian factors that act to inhibit 
the initiation of follicle growth. Tissue shape and stromal 
density are emerging as important factors that contrib-
ute to the regulation of follicle growth initiation in vitro, 
as solid cubes of cortical tissue show less growth initia-
tion (44) than cortex cultured as flattened “sheets,” where 
much of the underlying stroma is removed (45). The physi-
cal environment of the follicles within the cortical tissue 
affects their response to stimulatory and inhibitory factors 
and therefore influences their ability to grow.

Once follicle growth has been initiated within cortical 
tissue, follicles can develop to multilaminar stages. Large, 
multilaminar follicles do not survive well within the cor-
tical environment and appear to be inhibitory to further 
growth, resulting in a loss of follicle integrity and oocyte 
survival (44,45). Therefore, in order to support further 
development, follicles need to be released from the cortical 
stromal environment and cultured individually to limit 
the effect of follicle interactions (45,60).

GROWING PRE-ANTRAL FOLLICLES IN VITRO
Once follicles have reached the multilaminar preantral 
stage of development, there are several culture systems 
that support further growth. The key to successful growth 
is maintaining oocyte–somatic cell interactions, and this 
is influenced by the physical environment. Placing pre-
antral follicles in V-shaped microwell plates has allowed 
maintenance of the three-dimensional follicular architec-
ture in vitro whilst promoting growth and differentiation 
in human follicles (45–47), with antral formation occur-
ring within 10 days. Follicle differentiation has also been 

reported in bovine follicles embedded in collagen gels and 
cultured for 13 days (63), and by using a combination of 
media thickened with polyvinylpyrrolidone, a macromo-
lecular supplement, and microporous membranes, two live 
calves have been produced from immature bovine follicles 
cultured for 14 days (64). In addition to V-shaped microw-
ell culture plates, follicle encapsulation in alginate hydro-
gels has been used to support secondary human follicle 
growth in vitro (41,48), as well as rhesus monkey follicles 
(65). Alginate encapsulation is believed to mimic the extra-
cellular matrix in vivo in terms of its ability to facilitate 
molecular exchange between the follicle and the culture 
medium; its flexibility can accommodate cell proliferation, 
but its rigidity prevents dissociation of the follicular unit.

The progression of human follicles following isolation 
from the cortex is remarkable. In the presence of folli-
cle-stimulating hormone (FSH), enzymatically isolated 
secondary human follicles can differentiate, become ste-
roidogenically active, and complete oocyte growth in 30 
days (48), and these have been shown to be capable of mei-
otic maturation (41).

Quiescent follicles activated to grow within cultured 
fragments of cortex and mechanically isolated as second-
ary follicles become steroidogenic and undergo differentia-
tion after a 10-day in vitro period with and without activin 
(Figure 30.5) (45). These observations confirm that local 
ovarian factors inhibit follicle development in vivo; how-
ever, the question remains as to whether the growth rate 
observed in vitro is accelerated or whether it represents 
growth without the brakes that are required in vivo to reg-
ulate follicle development within the context of the repro-
ductive cycle. The next step is to demonstrate whether the 
oocytes produced in these systems are capable of in vitro 

Figure 30.5 Development and differentiation of quiescent follicles. The arrows represent growing follicles in the cultured ovar-
ian cortex.
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maturation and to determine whether the growth pat-
tern in vitro is deleterious to oocyte function, epigenetic 
changes, and health.

FINAL STAGES OF GROWTH AND MATURATION
The final goal of an in vitro system is to produce oocytes 
that can be fertilized and produce developmentally nor-
mal embryos. In order to achieve this, IVG human oocytes 
need to be matured in vitro. It is widely accepted that 
whilst 40%–80% of immature human oocytes can success-
fully complete in vitro maturation and fertilization and so 
give rise to live births, the rate of maturation of immature 
oocytes is still well below that of oocytes harvested from 
stimulated ovaries, indicating that the protocols are sub-
optimal or that many of the harvested oocytes are intrinsi-
cally unable to undergo maturation (66).

Progress has been made in large mammalian species, 
with IVM achieved and live births reported using bovine 
oocytes of <100 µm that were aspirated from immature 
follicles and grown for 14 days until the oocyte was large 
enough to be matured in vitro (64). Oocyte growth within 
IVG preantral bovine follicles has shown that oocytes 
increase in size from <50 to >90 µm over a 15-day in vitro 
period whilst maintaining morphological normality (60). 
This suggests that an in vitro growth system is capable of 
supporting oocyte development initially within immature 
follicles and then as oocyte–somatic cell units outside the 
follicle until oocytes are large enough to undergo IVM. 
These results give encouragement that a similar system 
could be applied to human oocyte granulosa cell com-
plexes aspirated from IVG follicles.

IVG oocytes may require a further period of growth 
within the cumulus complex before maturation (60). To 
achieve this final growth phase, the oocyte cannot be con-
sidered separately from its companion somatic cells, but 
this oocyte–somatic cell unit needs to be removed from 
the antral follicle. In order to achieve developmental com-
petence, an oocyte must maintain close and constant con-
tact with its companion innermost granulosa cells, the 
cumulus, as it is via the junctions established between the 
oocyte and the cumulus that the complex process is medi-
ated (reviewed in [42]). Maintenance of oocyte–somatic 
cell interactions and cytoskeleton stability is important at 
this stage, and in bovine follicles, it has been demonstrated 
that the correct balance of activin and FSH in vitro affects 
these processes (67).

NEXT STEPS
The safety of developing gametes entirely in vitro needs to 
be a major consideration and appropriate testing for epi-
genetic and meiotic normality need to be applied (68,69). 
Recent studies in mice have demonstrated that complete 
oocyte formation and development can been achieved 
entirely in vitro from induced pluripotent stem cells 
and embryonic stem cells (70,71). These in vitro derived 
oocytes can be fertilised and result in apparently healthy 
offspring. A major factor in achieving this success is in 
combining the appropriate somatic cells to support germ 

cell development and with these systems (70,71). It is clear 
that if human oocytes are to be developed entirely in vitro 
from stem cells the somatic cell contribution will be a 
major determinant of success (72,73).
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31Microfluidics in assisted reproduction 
technology
Towards automation of the in vitro 
fertilization laboratory
JASON E. SWAIN

Optimized production of preimplantation embryos for 
use in assisted reproduction technologies (ARTs) has 
been a central goal of reproductive scientists since the 
inception of the field, and, subsequently, methodologies 
have continually been refined to aid in this endeavor. 
For example, skilled technicians meticulously handle 
gametes and embryos in prescribed manners, extensive 
research has refined culture media formulations to cater 
to the changing metabolic needs of gametes and embryos, 
and commercial manufacturers have produced special-
ized equipment to meet the specific needs of cells in ART. 
Though approached from different perspectives, the com-
monality between these advancements is the pursuit of 
minimizing external stresses imposed upon gametes and 
embryos due to artificial manipulation within the in vitro 
fertilization (IVF) laboratory. Environmental and intra-
cellular factors influenced by these manipulations, such 
as osmotic imbalances, shifts in temperature, mechanical 
stress, and pH fluctuations, can all have negative effects 
on embryo quality. However, even with these tremendous 
improvements, relatively little attention has been paid to 
the platform on which gametes and embryos are manipu-
lated and cultured.

Modification of the platform on which gametes and 
embryos are handled may present an opportunity to 
further improve the culture conditions in vitro. Clinical 
embryology laboratories have historically selected between 
polystyrene test tubes, Petri dishes, organ culture wells, or 
four-well plates to accommodate varying numbers of cells 
and volumes of media used. However, this is a vast depar-
ture from the physical conditions presented by the female 
reproductive tract.

In the quest to optimize embryo development in vitro, 
a “back to nature” ideology has been adopted by some 
when formulating embryo culture media (1). To the best 
of its ability, this approach attempts to base culture media 
formations on the composition of fluids in the female 
reproductive tract in order to chemically manipulate 
embryo development in vitro. Similarly, this same biomi-
metic approach may also be applied to culture platforms, 
attempting to recapitulate the conditions experienced by 
the embryos in vivo. In vivo, gametes and embryos are 
exposed to the constricted “moist” environment of the 
female reproductive tract and are surrounded by variously 

oriented glycoproteins as they are gently moved via cili-
ated epithelium. This is in stark contrast to the expan-
sive, largely static environment gametes and embryos are 
exposed to in vitro, resting on inert synthetic polymers, 
bathed in a relative ocean of media. Microfluidic technol-
ogy and other novel culture platforms offer a means to fur-
ther manipulate culture conditions in vitro in the hopes 
of creating an environment that is more suitable to gam-
ete and embryo development and function. Furthermore, 
these platforms offer the potential to revolutionize the 
fundamental approaches currently utilized within IVF 
laboratories, allowing for the replacement of manual 
manipulations with automation of specific procedural 
steps.

BASIS AND APPEAL OF MICROFLUIDICS
Though a few dynamic culture platforms have emerged, 
many utilizing fluid movement on the macro-level, the 
focus of this review will be largely on those approaches 
or platforms employing microfluidics. While vibrational 
embryo culture and titling embryo culture have both 
yielded some promising preliminary results (2–8), these 
are large-scale devices that may not fully capitalize on 
approaches to pheno-mimic the female reproductive tract.

The term “microfluidic” refers to technology utilizing 
characteristics of fluid movement in a micro- or nano-envi-
ronment. These characteristics, discussed in depth else-
where (9,10), rely heavily on variables such as fluid density, 
viscosity, velocity, and size/geometry of the environment. 
At the macro-level, fluid flow results in chaotic particle 
movement within the fluid stream, leading to turbulence. 
In contrast, in the decreasing dimensions of microfluidic 
channels, fluid is imparted with streamlined and predict-
able flow patterns. These predictable flow patterns conferred 
by microfluidic devices impose laminar flow upon fluids, 
allowing parallel movement of multiple streams of media 
through the same microchannel with no mixing, except by 
diffusion across the fluid–fluid interface (Figure 31.1). It is at 
these extremely small scales that fluid viscosity and surface 
tension become increasingly important considerations for 
fluid flow. As a result, microfluidic approaches offer certain 
advantages, as well as disadvantages, over larger dynamic 
fluid movement approaches, and may also yield differing 
results in regard to gamete and embryo culture.
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FABRICATION OF MICROFLUIDIC DEVICES FOR USE 
IN ART
Fabrication of microfluidic devices for use in ART has 
been covered elsewhere in reference to biocompatible 
materials and manufacturing approaches (11–13). A 
practical guide of considerations in regard to fabricat-
ing perfusion-based microfluidic platforms for adher-
ent cell culture also exists (14), and key issues must be 
addressed for application in ART. To summarize, vari-
ous materials have been found to be adequate for gam-
ete and embryo culture, and currently tested devices 
are composed of polydimethylsiloxane (PDMS), sili-
cone, borosilicate glass, Pyrex, quartz, or combinations 
of these materials (15–24). Materials selected for the 
construction of microfluidic channels may differ from 
materials selected for cell substrate or the actual surface 
on which cells lie. Though the cell substrate surface is a 
critical consideration for adherent cell culture to ensure 
cell attachment, it is not as crucial a factor for culture of 
non-adherent oocytes or embryos. Manufacturing tech-
niques for microchannels involve molding, photolithog-
raphy, and chemically or mechanically etching channels 
into suitable materials. The most commonly used mate-
rial for microchannel fabrication is the polymer PDMS, 
which is selected due to its inherent use and fabrication 
advantages, such as flexibility, ease of soft-lithogra-
phy patterning, and low autofluorescence for use with 
microscopy (14). Subsequently, compatible microchan-
nel components are bonded to companion components/
platforms with non-toxic adhesives or epoxies. Benefits 
of these materials and manufacturing processes include 
rapid, repeatable, precise, and inexpensive production, 
necessities for use in clinical ART, as devices should be 
disposable to ensure sterility.

MEDIA FLOW AND DYNAMIC APPROACHES IN ART 
MICROFLUIDIC DEVICES
As mentioned, one benefit of microfluidics for use in ART 
is the ability to achieve dynamic media flow on a culture 
platform. Although the approach of dynamic media flow 
in embryo culture is not new, prior attempts at perfusion 
systems, which remove or renew media on the macro-
scale, has proved inefficient and subsequently not been 
implemented on a large scale (25–27). Other simplified 
approaches using gentle media agitation on the macro-
scale are receiving more widespread attention, but lack 
the power for media removal or renewal and associ-
ated potential benefits. Fortunately, the unique nature of 
microfluidic platforms allows for alternative approaches 
to accomplishing media perfusion and movement that 
are more amenable to widespread use. These methods are 
often dictated by constraints of platform design, which is 
dependent upon whether perfusion systems are recirculat-
ing or non-recirculating. Furthermore, the ability of per-
fusion systems to operate over long periods of time with 
minimal manipulation is essential. In adherent cell sys-
tems, perfusion devices have been operated successfully 
for over one week (28,29).

Early devices for ART applications have employed 
gravity-driven passive flow, with hydrostatic pressure in 
media reservoirs as an important variable to drive media 
flow down microchannels (17,18,21,24,30,31). While the 
simplicity of the approach is advantageous, it is difficult 
to regulate flow speed or volume changes, especially over 
time, when the height of media columns diminishes. 
Others have utilized manually applied pressure via exter-
nally attached syringes to input/output ports to cause 
media flow through microfluidic devices (32). Again, the 
simplicity of this approach is attractive; however, it is 
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Figure 31.1 (a) Illustration of turbulent versus laminar flow. Laminar flow is one of the inherent properties of microfluidic plat-
forms, which allows for unique applications in assisted reproduction technology. (b) Microfluidic device demonstrating laminar flow. 
Fluid from channels 1, 2, and 3 flows in parallel with no mixing, except by simple diffusion.
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difficult to regulate pressure precisely and manual meth-
ods to regulate flow are not feasible for use over the long 
periods of time required for embryo culture. A variation 
of the syringe-driven flow approach has been further 
adapted through use of Hamilton syringes attached to a 
programmable infusion pump (23). Although more pre-
cise and feasible for use over time, the required external 
tubing and machinery are problematic for use within a 
closed incubator environment. Additionally, at least 
one study has used a tilting culture system in conjunc-
tion with microfluidic channels, which, while still using 
gravity, offers more consistent control over flow gravity-
driven hydrostatic pressure approaches. Titling devices 
may offer an improved means of providing gentle media 
and embryo movement, thereby possibly conveying any 
associated benefits, but have only been examined with 
use of larger-volume microdrops (3,33). Furthermore, 
tilting approaches and simple agitation do not necessarily 
remove or replenish the existing media. Regardless, this 
approach appears promising and warrants future study. 
Similar methods of combining simplified, constrictive 
microchannels with other dynamic methods of induc-
ing fluid movement/flow, such as vibration (7,8,34), may 
be helpful, as gentle agitation appears to be beneficial 
for human embryos. Application of shaking or rotating 
platforms (35–39) with constrictive culture approaches 
remains to be explored and offers a seemingly simple way 
of introducing gentle physical stimulation to developing 
embryos. Importantly, use of these approaches needs to 
be validated, as sheer forces and other factors become 
relevant with embryo motion in small, confined areas. 
Finally, a Braille pumping system using tiny electric piezo-
actuators has been used successfully to peristaltically 
move media along microchannels during embryo culture, 
while the embryos remain largely undisturbed (40–43). 
This approach not only allows for precise computerized 
regulation of speed and flow patterns, but also the devices 
are compact enough to fit multiple units within a single 
incubator. It should be noted, however, that the Braille 
system, like most other dynamic culture devices, is an 
electronic device, and special precautions must be taken 
to account for the humid incubator environment. Other 
possible approaches yet to be explored for ART to regu-
late fluid flow in microfluidic devices include pneumat-
ics or magnetic gates/actuators. In addition, perhaps the 
most intriguing concept for regulating media flow within 
a microfluidic device entails use of the expansive char-
acteristics of a three-dimensional matrix—a hydrogel—
to regulate flow through channels (44). This technology 
offers the ability to control media flow through mechani-
cal responses in the hydrogel due to external stimuli such 
as temperature, light, pH, and biological cues.

REQUIREMENTS OF MICROFLUIDICS FOR ART
Although the theoretical advantages of microfluidics plat-
forms in ART should be apparent, it is important to recog-
nize that several potential issues must be addressed in order 
to achieve widespread acceptance. Many of these issues 

exist regardless of the cell system cultured within microflu-
idic devices; however, reproductive applications of micro-
fluidic platforms also require unique considerations. These 
considerations can be grouped into four major categories:

 1. Material/design biocompatibility
 2. Device operation/failure
 3. Manipulation/removal of embryos
 4. IVF laboratory/embryologist compatibility

Material/design biocompatibility

As with other embryo culture dishes, it must be shown that 
microfluidic devices are non-toxic and pass quality con-
trol assays. Though initial testing has identified suitable 
fabrication materials, in-house testing must also verify 
the biocompatibility of individual lots, ensuring contami-
nants were not introduced during production. Paramount 
in ensuring biocompatibility is the ability to sterilize 
devices following fabrication. Current studies have uti-
lized devices treated with UV light, ethanol or ethylene 
oxide, or autoclaving (23,24). Although these approaches 
do not appear to affect the properties of PDMS (14,45), 
high heat or chemical sterilization can warp or change the 
biochemical properties of other polymers. Future explo-
ration of more traditional sterilization methods, such as 
γ-irradiation, should be explored.

The fabrication materials used in current microflu-
idic devices display unique properties that must also be 
addressed before implementation into IVF labs. Although 
these properties may be conducive for fabrication pur-
poses, materials such as PDMS are absorptive and can 
alter media characteristics, including media flow and 
osmolarity, thereby impeding subsequent embryo devel-
opment (46). Fortunately, surface modification to fabri-
cation materials, including parylene coating or bonding 
with poly(ethylene glycol) methyl ether methacrylate 
(PEG-MA), may alleviate some of these concerns (47,48).

Another important consideration is the small amount 
of medium present when using microfluidic platforms. 
Properties such as medium viscosity, pH, and density of 
cells become important factors in platform design.

Device operation/failure

Microfluidic devices employing dynamic culture must 
incorporate reliable mechanisms for imparting media 
flow. This requires a safe and effective interface between 
the microchannel platform and the perfusion regulatory 
device. Furthermore, a key consideration in regard to the 
operation of dynamic flow is the ability to avoid bubble 
formation within microchannels. Construction of a bub-
ble trap along the microfluidic channel may help allevi-
ate this concern (49). Alternatively, larger-scale dynamic 
platforms may be used, though these may ameliorate the 
benefits of the small scale. Fortunately, if devices fail and 
media flow halts, the result is the current default static sys-
tem. However, it is essential that devices possess methods 
to easily determine if flow has been interrupted, and if so, 
easy correction or repair should be available.
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Manipulation/removal of embryos

Perhaps the most difficult criterion to address in regard 
to the construction and implementation of microfluidic 
technology in the IVF lab is the ability to easily manip-
ulate or remove gametes/embryos, a limitation not often 
considered in the devices currently used for adherent 
somatic cell culture or diagnostic assays. Furthermore, 
daily observation and manipulation of embryos cannot 
be a labor-intensive process, as increased time to view, 
add, or remove embryos will adversely stress blastomeres. 
Detriments with prolonged manipulation are exacerbated 
by the inherent problems that exist when dealing with 
extremely small volumes of liquid in microfluidics, such 
as rapid evaporation, resulting osmolarity shifts, and rapid 
shifts in pH and temperature. Thus, the design must incor-
porate a user-friendly interface through which the embry-
ologist can access cells. A current approach that seems 
to work well is to culture cells within funnels (40), or to 
simply place a larger traditional static culture dish on a 
platform that moves or agitates the media. Furthermore, 
paramount in minimizing risks with prolonged handling 
is the ability to easily visualize cells within the device. 
Therefore, the materials used must possess optical prop-
erties for visualizing and tracking individual cells within 
the device for grading purposes. Optical properties should 
also be compatible with emerging technologies, such as 
polarized microscopy.

IVF laboratory/embryologist compatibility

Importantly, to gain widespread acceptance in clinical IVF, 
microfluidic devices need to be compatible with current 
IVF lab setups and practices. Thus, devices must fit into 
contemporary incubators without external or bulky tubing 

or apparatus. Though much of the prospective power of 
microfluidic technology resides in more advanced analyti-
cal and automated processes that can be resident on the 
platform, these advancements cannot be realized without 
strong initial acceptance by the practicing embryologist. 
Cost of implementation also becomes a consideration when 
attempting to bring new technology to the lab.

MICROFLUIDICS IN ANDROLOGY
Though future refinement is still required, addressing the 
key issues of microfluidics has progressed enough to begin 
to take advantage of the unique applications offered by 
microfluidic platforms in areas of reproduction, such as 
andrology (50).

Sperm movement and function

As early as 1993, microchannel devices made of silicone were 
used to evaluate sperm function via interactions with cervi-
cal mucus, hyaluronan, spermicide, and anti-sperm antibody 
beads (51). The same group later published a report demon-
strating sperm count and motility assessment performed on 
etched glass microchannel devices (52). More recent devices 
composed of PDMS have proven useful for computerized 
analysis of pig sperm linear velocity and head displacement 
(53), and automated imaging software has been developed 
for use in assessing sperm motion with microfluidics (54).

Sperm separation

The first peer-reviewed publication on the use of microflu-
idic technology for separation of motile sperm from semen 
samples utilized a PDMS passive gravity-driven device 
where the hydrostatic pressure of two separate inlet reser-
voirs drove media flow down a converging microfluidic 
channel (Figure 31.2) (30). The principle of the device took 
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Figure 31.2 Illustration of a microfluidic sperm sorter. (a) Top view. (b) Side view. (c) Illustration demonstrating how laminar flow 
allows motile sperm to swim away from non-motile sperm and debris to collect in a separate reservoir. (d) Image of a sperm sorter 
device composed of polydimethylsiloxane.
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advantage of the fact that only motile sperm can traverse 
the border that separates the parallel streams of diluted 
semen and fresh medium. Thus, the laminar flow properties 
exhibited by media in microchannels allowed motile sperm 
to swim away from non-motile sperm, debris, and seminal 
plasma and collect in a separate outlet reservoir. Follow-up 
experiments demonstrated that this microfluidic device 
design was not only biocompatible with human sperm, but 
that it could isolate motile, morphologically normal cells 
(17). Furthermore, surface modification of PDMS microflu-
idic sperm sorter devices to increase hydrophilicity with a 
coating such as PEG-MA may further improve this technol-
ogy (47). Although limitations exist with the current device, 
including an inability to process large sample sizes, clogging, 
and sample viscosity issues, this novel approach provides a 
feasible alternative to isolating sperm from oligozoospermic 
patients for use in intracytoplasmic sperm injection (ICSI). 
Indeed, one microfluidic platform was shown to help isolate 
motile sperm and reduce the time needed for sperm pro-
cessing to perform ICSI using porcine sperm by improving 
sperm recovery in oligospermic samples (Figure 31.3) (55).

Another approach employing microfluidics for sperm 
sorting utilized mouse sperm placed into a PDMS/
glass device to isolate sperm based on motility, but also 
via chemotaxis towards cumulus cells (56). Sperm were 
placed into an inlet reservoir (2-mm radius) and allowed 
to swim down a straight channel, whose dimensions 
were optimized for motile sperm recovery at 1 × 7 mm 

(width × length). Sperm then collected in a small central 
reservoir (1.25-mm radius), where video imaging could 
occur, before swimming onward into one of two branch-
ing channels (1 × 5 mm, width × length), each leading to 
separate collection reservoirs (2-mm radii). Other micro-
fluidic devices to explore sperm chemotaxis exist and 
offer further methods to explore sperm function (57,58). 
Devices also exist to examine rheotaxis in sperm (59,60).

In another use of microfluidic technology for androl-
ogy, a PDMS/glass device has been constructed that 
directs sperm flow within oriented microchannels in 
order to separate, align, and orient sperm of mice, bulls, 
and humans (Figure 31.4) (61). Utilizing that facts that 
motile sperm orient themselves against media flow within 
these devices and that motile sperm can swim against 
media flow of a certain velocity, a series of three reservoirs 
and four microfluidic channels allow processing of sperm 
via hydrostatic media flow. Though this device requires 
precise regulation of media volumes in order to regulate 
hydrostatic pressure, the authors have designed devices 
with the future intent of exploring the implementation of 
a means of sorting X- and Y-bearing sperm, as well as the 
ability to add a “laser cutting” component in order to sepa-
rate sperm heads from tails for ICSI.

Due to the limitations inherent in a microfluidic sperm 
sorting device, utilization of the technology must provide 
some added benefit over conventional processing meth-
ods. Conventional sperm preparation methods, such as 
serial centrifugation, density gradient separation, or swim 
up, are reported to induce sperm DNA damage, perhaps 
due to exposure to reaction oxygen species (ROS) (62–64). 
Preliminary data indicate that sperm isolated using a 
microfluidic sperm sorting device had significantly lower 
levels of DNA damage and higher motility compared 
to those isolated using more conventional approaches 
(31,65). Thus, microfluidic sperm sorting may allow for 
the selection of higher-quality sperm, potentially leading 
to improved embryo quality.

By utilizing these advantages of a microfluidic device 
for sperm isolation, implementation of a microfluidic 
sperm sorter manufactured out of quartz has begun in 
clinical IVF. A preliminary report indicates human semen 
can be processed rapidly and isolated motile sperm can 
be used to successfully fertilize human oocytes following 
ICSI (18). Continued research will determine if this tech-
nology results in improved embryo development and/or 
implantation rates.

MICROFLUIDICS IN EMBRYOLOGY
As mentioned, employing microfluidic technology for 
embryology applications requires considerations that are 
distinct from microfluidic devices utilizing adherent cells, 
including the ability to isolate or manipulate individual 
cells. In addition, the sensitivity of reproductive cells 
demands specialized precautions. Thus, progress imple-
menting these devices has been slow. However, as with 
andrology applications, refinement of microfluidic designs 
has resolved several long-standing issues, and platforms 
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Figure 31.3 Images of a microfluidic sperm sorter that has 
been used to enrich sperm populations and reduce the time 
needed to perform intracytoplasmic sperm injection using 
poor-quality specimens. (A) Top view schematic. (B) Side view. 
(C) Image of the device composed of polydimethylsiloxane.
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have begun to receive initial testing in all aspects of 
embryology, including in vitro maturation (IVM), IVF, 
and embryo culture.

In vitro maturation

IVM is an especially appealing approach for human ART 
considering the tremendous advantages it offers, including 
reduced cost and reduced health risk regarding disorders 
such as ovarian hyperstimulation syndrome (66). However, 
IVM is still an inefficient practice. Fortunately, microflu-
idic approaches offer the potential to improve current IVM 
success rates. Preliminary data suggest that while porcine 
oocytes do not mature efficiently in silicone devices (2% 
development to metaphase II [MII]), they can indeed be 
matured successfully in PDMS microchannels (71% devel-
opment to MII) (19). Oocytes matured in 200-µM wide 
PDMS microchannels containing approximately 8 µL of 
media displayed comparable development to MII as control 
oocytes matured in 8- or 500-µL drops. However, oocyte 
maturation consists of two components: nuclear and cyto-
plasmic maturation. Interestingly, cumulus cell expansion 
was noticeably diminished in oocytes matured in micro-
channels and 8-µL microdrops. This observation may be 
indicative of quality oocyte cytoplasmic maturation, as 

oocytes regulate cumulus cell development and function 
(67). Thus, the size and/or volume limitations of micro-
channels may have some limiting effect on porcine oocyte 
cytoplasmic properties or may physically restrict cumulus 
expansion. In contrast, subsequent follow-up experiments 
by Walters and co-workers from the same research group 
suggest that oocyte cytoplasmic maturation may actually be 
enhanced in static microchannels (22). Pig oocytes matured 
in 250-µM wide PDMS/borosilicate glass microchannels 
produced significantly higher numbers of two-cell embryos 
following IVF and embryo culture in microdrops com-
pared to oocytes matured in 500-µL drops (67% vs. 49%) 
(22). Unfortunately, pronuclear formation, embryo develop-
ment past the maternal–zygotic transition, or blastocyst cell 
numbers were not reported. Additionally, it should be noted 
that the chips utilized in these studies were not engineered 
with active media flow. Though some passive gravity-driven 
media flow may have been present, this parameter was not 
measured nor recorded in the experiments. Interestingly, 
preliminary studies indicate bovine oocytes matured in 
dynamic microfluidic devices with Braille pin-regulated 
media flow actually yield improved blastocyst develop-
ment following IVF compared to static matured oocytes 
(personnel communication, Dr. Gary Smith). Despite these 
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preliminary findings, the field awaits peer-reviewed publi-
cations examining the effects of fluid flow in microfluidic 
devices on more informative markers of oocyte cytoplasmic 
maturation, including genomic, proteomic, or metabolomic 
profiles.

In vitro fertilization

Another demonstration of microfluidic application in ART 
can be seen in IVF performed “on chip.” The first attempt at 
this procedural step was performed using porcine oocytes 
placed into PDMS/borosilicate microchannels. Sperm was 
added in a manner in which pressure differences created 
from the volume of media added resulted in gravity-driven 
flow of sperm past oocytes (Figure 31.5). It was shown that 
the oocyte numbers used in experiments had no effect on 
sperm penetration. Further, fertilization in microchannels 
resulted in significantly lower rates of polyspermic penetra-
tion compared to fertilization in control microdrops (21). 
Reduced polyspermic penetration rates were attributed 
to the physical characteristics of the microfluidic device, 
mimicking the environment in utero. It is thought that 
microfluidic devices serve to limit the time of oocyte expo-
sure to sperm, as sperm were not confined to the vicinity 
of the oocytes, as in microdrop culture, but allowed to flow 
past the eggs along the length of the microchannel. Further 
examination of sperm motility characteristics and interac-
tions with oocytes during attempted fertilization in micro-
fluidic channels demonstrated that flow rate is extremely 
important in regulating sperm motion, as a threshold 
exists where sperm are no longer capable of independent 
movement (68). Furthermore, sperm motion paths were 
influenced by the contours of the device. These qualities 
have immense implications for the success of fertilization 
in microfluidic device.

By utilizing cleavage of mouse embryos to two cells as 
an indicator of successful fertilization, Suh et al. (24) dem-
onstrated that fertilization of mouse oocytes can occur in a 
microfluidic device (Figure 31.6). Although initial experi-
ments utilizing high concentrations of sperm revealed that 
overall fertilization rates were decreased on the microflu-
idic device compared to controls, subsequent experiments 
demonstrated that, by lowering sperm concentration, fer-
tilization rates in microfluidic devices were actually higher 
than fertilization rates in control drops. Fertilization rates 
obtained at these lower sperm concentrations in micro-
fluidic devices were comparable to rates obtained with 
higher sperm concentrations in control microdrops. These 
results appear to be the result of chip design, as the authors 
observed increased concentration of sperm in the vicin-
ity of the oocyte in microfluidic devices. This increased 
concentration may not only explain the increased rates 
of fertilization at reduced sperm concentrations, but may 
also explain the reduced fertilization rates at high con-
centrations of sperm. Increased sperm concentration may 
potentially result in decreased availability of local meta-
bolic substrates, or result in detrimental shifts in culture 
conditions, such as pH or localized buildup of metabolic 
by-products.

Clark and co-workers presented preliminary data dem-
onstrating both IVM and IVF of porcine oocytes could 
be performed in the same microfluidic device without 
removal of the cells between procedures (20). Media 
within devices were changed and sperm was added via 
manual pipetting without disturbing oocytes. Although 
there were no observable benefits in achieving cleavage to 
two cells compared to control treatments (49% vs. 51%), 
this was the first demonstration of multiple tasks of in 
vitro embryo production performed upon the same micro-
fluidic platform. Such a realization has tremendous poten-
tial for performing multiple sequential steps “on chip” and 
minimization of stress to gametes/embryos.
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More recently, fertilization has been performed on a 
microfluidic microwell device (69,70). Devices made of 
PDMS were constructed consisting of an inlet and out-
let reservoir, which generated media flow using gravity. 
Microchannels (1 mm × 200 µm, width × height) lead-
ing from each reservoir connected to a larger micro-
chamber (3 × 10 mm, width × length), which housed 
individual square microwells (200 × 200 × 200 µm, 
length × width × height), which contained individual 
oocytes (Figure 31.7). Microwell depth was optimized 
to permit retention of oocytes while allowing adequate 
debris removal and sperm interaction with oocytes. Media 
and sperm (1 ×106/mL) could then be flowed over the 
micro well housing the oocytes at ∼2.5 mm/second. With 
oocytes settled in the bottom of microwells and out of the 
direct fluid stream, sheer forces are reduced, while per-
mitting retention of any local autocrine/paracrine factors. 
Using this approach, similar rates of mouse oocyte fer-
tilization were obtained compared to controls (69.0% vs. 
71.4%) (71). An alternative device from the same research 
group with a differing design also yielded promising fertil-
ization results and is discussed later (70).

IVF not only entails mixing of sperm and eggs, but also 
requires manipulation of presumptive zygotes to move 
cumulus cells in order to visualize pronuclei. Microfluidic 
devices do exist that can remove cumulus cells (72,73), and 
even zona pellucidae (74) by controlling media flow manu-
ally via attached syringes, exposing oocytes to chemical 
and physical manipulation. However, subsequent assess-
ment of developmental competence, implantation, and 
live birth rates of microfluidic-derived IVF embryos is 
required to determine the efficacy of this approach. These 
efforts, though, are important, as this approach may offer 
substantial benefit to patients undergoing infertility treat-
ment due to conditions such as oligozoospermia.

Embryo culture

Exhaustive studies have been conducted aimed at optimiz-
ing preimplantation embryo culture in vitro, and, simi-
larly to IVM and IVF, a microfluidic platform may aid in 
this endeavor. The initial report on embryo culture using 
microfluidics by Raty and colleagues indicated that two-
cell mouse embryos can be cultured to the blastocyst stage 
within static microchannels (Figure 31.8) (16,75). These 
experiments demonstrated that, compared to 30-µL con-
trol microdrops, culture within microchannels containing 
about 500 µL of media (10 µL within the actual channel 
itself) resulted in significantly greater 16-cell/morula for-
mation at 24 hours, greater blastocyst formation at 48 and 
72 hours, and a greater portion of hatched blastocysts at 72 
and 96 hours. Subsequent experiments utilizing a similar 
device by Walters and co-workers from the same research 
group showed that in vivo-derived four-cell porcine 
embryos could be cultured to blastocyst and transferred, 
resulting in live birth (76). However, in these experiments, 
no observable beneficial effects on embryo development 
were seen when compared to culture in control organ-well 
dishes.

Building upon the initial chip-based static embryo 
culture studies, Hickman et al. examined mouse embryo 
development in microchannels with media flow con-
trolled via a syringe infusion pump (Figure 31.9) (23). 
Flow rates examined in this study (0.1 and 0.5 µL/hour) 
did not enhance development compared to static culture. 
In fact, a flow rate of 0.5 µL/hour resulted in significantly 
lower development of two-cell mouse embryos to morula 
and blastocyst stages, while producing higher numbers of 
abnormal embryos compared to controls. Thus, flow rate 
and manner of flow delivery may be important variables for 
embryo culture in microfluidic devices. Indeed, embryos 
sense sheer stress, which can induce apoptosis and be 
detrimental to embryo development (77). However, it is 
questionable whether the flow rates necessary for dynamic 
fluid flow in microfluidic channels would approach 
velocities high enough to cause concern. Additionally, it 
should be noted that these data on the impact of media 
flow and flow rate on embryo development should be reas-
sessed, as culture conditions may have been suboptimal. 
In this particular study, control mouse embryos cultured 
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Figure 31.7 Microfluidic polydimethylsiloxane device uti-
lizing gravity-driven media flow to pass sperm over mouse 
oocytes for in vitro fertilization. Oocytes are housed individu-
ally within microwells (200 × 200 × 200 µm, length × width × 
height) to prevent sheer stress, maintain autocrine/paracrine 
factors, and permit tracking of individual cells. (a) Top view. 
(b) Side view. (c) Close-up of microwells.
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in control static microchannels did not improve embryo 
development as previously reported by Raty et al. from the 
same research group (16). One possible source of varia-
tion requiring future study was the increased number of 
embryos cultured in each device.

Interestingly, by utilizing an alternative chip design, 
Cabrera and co-workers presented preliminary data 

showing that one-cell mouse embryos could be cultured 
efficiently within microfluidic devices offering media flow 
(42). Embryos were loaded into a funnel reservoir, while 
medium was added and removed via a microfluidic chan-
nel connected to the bottom of the funnel via the actions of 
a Braille actuator (Figure 31.10). It was demonstrated that 
regardless of media flow pattern (back and forth vs. flow-
through) or speed (fast vs. slow), one-cell mouse embryos 
cultured in dynamic devices showed greater hatching of 
blastocysts and significantly higher cell numbers than 
static controls, yielding numbers similar to those obtained 
from in vivo-derived blastocysts.

Bormann and colleagues subsequently presented pre-
liminary data validating the beneficial effects of Braille-
driven media flow in a microfluidic device on murine and 
bovine embryo development (41). Greater numbers of 
mouse embryos reached morula stage at 48 hours, blas-
tocyst stage at 72 hours, and hatched blastocyst stage at 
96 hours compared to control static chips, while signifi-
cantly more bovine embryos reached the blastocyst stage 
at 144 hours in microfluidic devices compared to control 
static devices. Follow-up experiments by Bormann and 
colleagues indicated that the beneficial effects of embryo 
culture in the dynamic culture device are additive and 
require a minimum of 48 hours of culture at the begin-
ning or end of 96-hour culture periods (40). Importantly, 
more recent studies indicate not only that there is a benefit 
on preimplantation embryo development, but also that the 
quality of embryos cultured in a microfluidic device with 
media flow is superior to that of those grown in static sys-
tems, as evidenced by increased implantation rates, lower 
rates of absorption, and higher ongoing pregnancy rates in 
mice (Figure 31.11) (43).

Using a similar actuator platform based on the Braille 
system, but modified for clinical use, it was shown that 
human embryos grown in a pulsatile microfluidic device 
yielded lower amounts of fragmentation in cleavage-stage 
embryos compared to control sibling counterparts grown 
in static conditions (78). No advantages in terms of blasto-
cyst development or clinical outcomes have been reported.

Yet another approach to culturing embryos within 
microfluidic devices has employed not only dynamic 
media flow, but also co-culture. Mizuno and co-workers 
have adopted a “womb-on-a-chip” design, in which endo-
metrial cells are grown in a lower chamber while embryos 
are cultured in an upper chamber, separated from the 
lower chamber by a thin membrane (15,79), thus allow-
ing embryos to interact with secreted factors from the 
endometrial cells (Figure 31.12). In this preliminary 
report, the authors demonstrated that mouse ova fertil-
ized on and resulting embryos cultured in these devices 
showed similar cleavage to two cells and similar blasto-
cyst formation rates compared to 50-µL control micro-
drops (79). Furthermore, cell number was significantly 
higher in blastocysts fertilized/cultured in microfluidic 
devices. Subsequently, blastocysts obtained from micro-
fluidic devices were transferred to recipient female mice 
and resulted in live offspring at rates similar to embryos 
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Figure 31.8 Illustration of the first microfluidic device cre-
ated to culture preimplantation mouse embryos. (a) Top 
view. (b) Side view of devices made out of differing materials. 
Abbreviation: PDSM, polydimethylsiloxane.
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Figure 31.9 Diagram depicting a microfluidic perfusion 
system utilizing a syringe infusion pump to regulate media 
flow to culture preimplantation embryos.
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cultured in static microdrops. Though these experiments 
are still preliminary, they add to the advancement of 
microfluidic technology in ART, showing that both IVF 
and embryo culture can be performed in the same device, 
and that resulting embryos yield live offspring. A similar 
co-culture approach was undertaken by the same group, 
culturing two-cell mouse embryos to the blastocyst stage 
on the refined Opticell™ microfluidic device. Opticell 
microfluidic co-culture yielded chromosomally normal 
embryos capable of yielding live offspring (80).

Mizuno and colleagues published an abstract report-
ing the first instance of human embryo culture within 
microfluidic devices. Donated two- to four-cell-stage fro-
zen human embryos were cultured to the blastocyst stage, 

resulting in significantly higher rates of blastocyst devel-
opment from microfluidic devices compared to control 
microdrops (15). Additionally, visual scoring of micro-
fluidic-derived blastocyst development revealed higher-
quality blastocysts with significantly higher cell numbers 
compared to static controls. Unfortunately, co-culture 
confounds interpretation of the results obtained, as it is 
impossible to discern if the effects are attributed to co-cul-
ture or microfluidic design. As the goal of embryo culture 
has been the development of defined culture media, it will 
be interesting to see if similar studies can be performed 
without the use of co-culture.

Recently, mouse embryos have been cultured suc-
cessfully in microwells housed in the same microfluidic 
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Braille display

Figure 31.10 Microfluidic device composed of polydimethylsiloxane (PDMS) utilizing Braille actuators to drive media flow 
through two microchannels. Media flow is accomplished via Braille pin deflection of the thin bottom of the PDMS platform. 
Coordinated pin rise/fall allows peristaltic movement of a media bolus along the length of the microfluidic channels. (a) Top view. (b) 
Side view. (c) Image of a Braille pin PDMS device and demonstration of Braille pin rise/fall used to control fluid flow through micro-
fluidic channels. (d) Images of mouse embryos cultured in the device over 96 h.
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device where fertilization occurred. Han et al. (71) dem-
onstrated that oocytes could be fertilized in microwells 
using media and sperm movement via gravity-driven 
hydrostatic pressure (Figure 31.7). Fertilization media 
were then replaced with embryo culture media by flow-
ing media though the channels on the same device and 
embryos were cultured. Though there was no active 
media flow during the 96 hours of embryo develop-
ment, similarly high rates of blastocyst formation were 
obtained following culture in microwells compared 
to controls (87.5% vs. 87.8%). Similarly, using a revised 

device design employing the “octacolumn” to house 
oocytes/embryos rather than microwells, the same group 
again demonstrated mouse oocyte fertilization and sub-
sequent embryo development on the same microfluidic 
platform, yielding high rates of blastocyst formation 
similar to those of controls (86.9% vs. 85.3%) (70). This 
approach of combining multiple steps successfully on the 
same platform offers tremendous potential to minimize 
cell handling and associated stress.

Finally, at least one study has used a tilting culture 
system in conjunction with microfluidic channels to 
gently agitate embryos during culture. Bovine embryos 
were tilted by 10° over 1 minute and cultured inside 
straight microchannels (200 µm × 50 mm × 200 µm, 
width × length × height) or microchannels with a 150–
160-µm constriction. Though no difference in blastocyst 
formation was observed or reported, and the influence of 
the tilting system alone was not examined, the authors 
suggested that combining an embryo tilting system with 
169-µm constricted microchannels may offer a means 
of improving bovine embryo cleavage, yielding higher 
rates of eight-cell development after 44 hours of culture 
compared to straight channels (56.7% vs. 23.9%) (81). It 
should be pointed out, however, that tilting approaches 
simply agitate and do not necessary remove or replenish 
the existing media like perfusion systems. Similar meth-
ods of combining a simplified microchannel or micro-
fluidic devices with other dynamic methods of inducing 
fluid movement generally used at the macro-level, such as 
vibration or agitation, may be helpful, as gentle agitation 
appears to be beneficial for human embryos (7,8). Though 
more recent dynamic culture platforms that agitate media 
and embryos by simply placing traditional culture dishes 
with microdrops or larger volumes of media on moving 
or vibrating platforms have been examined and appear 
promising (26–31), in the context of this review, these are 
not considered to be microfluidic culture platforms and 
may not utilized the full potential of the constrictive envi-
ronment offered by other microfluidic approaches.

WHY DO OOCYTES/EMBRYOS BENEFIT FROM 
MICROFLUIDICS?
How do microfluidic approaches work to improve embryo 
development? It has been hypothesized that unknown auto-
crine/paracrine factors secreted by gametes or embryos are 
localized due to the confining nature of microfluidic devices, 
and that this localization of factors may carry certain bene-
fits. Indeed, oocytes and embryos do secrete various factors, 
and research is ongoing to identify components of this sec-
retome as noninvasive markers of embryo developmental 
competence (82,83). If secretion of beneficial factors from 
cultured cells is responsible for improved development, then 
quantity of embryos, volume of media, and surface area 
occupied would be extremely important factors to consider. 
Discussion of these issues in traditional culture platforms 
has been eloquently reviewed (84). Indeed, several studies 
have examined the beneficial effects of group embryo culture 
and media volume on traditional static culture platforms of 
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Figure 31.11 Microfluidic culture in a microfunnel improves 
mouse embryo development compared to static culture tech-
niques resulting in (a) increased rates of blastocyst hatching at 
96 hours, (b) increased blastocyst cell numbers, and (c) increased 
implantation rates following embryo transfer. Different super-
scripts (a,b,c) between columns within the same graph repre-
sent statistically significant differences, P < 0.05. (Adapted from 
Heo YS et al. Hum Reprod 2010; 25(3): 613–22.)
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several species, including humans (85–88). Though direct 
comparisons are difficult due to differences in experimental 
parameters, it appears that in certain instances group cul-
ture does provide beneficial effects. Furthermore, in dealing 
with group culture, another important variable to consider 

is quality of companion embryos (89,90). However, experi-
ments exploring the effects of embryo density within micro-
fluidic devices are lacking.

Although the autocrine/paracrine debate offers an 
attractive means by which embryo development may 
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Figure 31.12 Illustrations of the “womb-on-a-chip” microfluidic perfusion system. Embryos are grown in a co-culture system 
separated from endometrial cells by a thin polyester membrane. (a) Top view. (b) Side view. (c) Indication of media flow. (d) Image of 
a polydimethylsiloxane “womb-on-a-chip” microfluidic device. (Photograph courtesy of Dr. Teruo Fujii.)
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benefit from microfluidic culture, secretion of trophic fac-
tors from embryos does not necessarily explain improved 
embryo development within microfluidic devices with 
dynamic conditions. With media flow, tropic factors 
would presumably be diluted or removed, yet advanced 
development is still observed. Alternatively, benefits 
within dynamic devices could be the result of the removal 
of harmful embryo metabolic by-products, such as ammo-
nia (91), or the disruption of any gradients that may form 
(92,93). Shape of culture area can impact media flow char-
acteristics (43) and may be important in this respect. If 
this is indeed the case, then undoubtedly a delicate bal-
ance exists regarding the correct number of embryos to 
culture in static devices in order not to negate any potential 
benefits of group autocrine/paracrine factors. However, it 
should be noted that studies removing spent culture media 
and replacement with fresh media from microdrops at 
various intervals show no benefit to embryo development 
(94,95). Thus, removal of by-products or disruption of gra-
dients may not be the only reasons for improved embryo 
development within microfluidic devices.

A common denominator of static and flow devices is the 
constrictive nature of the microdevices, confining embryos 
to a very small area. Thus, benefits may somehow be related 
to cell proximity and spacing. Indeed, spacing of embryos 
during group culture affects development. Two innova-
tive studies attached either pig or cattle embryos to culture 
dishes at measurable distances and assessed whether blas-
tocyst development was not achieved if embryo spacing 
was too great (96,97). This spacing theory is supported by 
studies showing advanced embryo development in confin-
ing ultra-microdrops (95), culture within glass capillary 
tubes (87,98), culture within small concave wells (GPS dish) 
(1), small static microfluidic devices with no media flow 
(99), and culture within extremely small volumes/areas in 
the “well of a well” technique (100). If spacing is impor-
tant and can improve embryo development when cultured 
in groups, then another variable to consider in designing 
microfluidic devices for ART is the shape of the culture 
area (84), which can dictate whether embryos are in direct 
contact or maintain physical separation. It remains to be 
seen whether microfluidic embryo culture improves the 
development of individually cultured embryos.

In terms of gradients formed in culture, it has been sug-
gested by some that the benefits of culturing embryos within 
extremely small volumes, including microfluidic culture, 
may result from a reduction in localized oxygen tension 
due to culture in these confined spaces. In traditional cul-
ture approaches, reduced oxygen levels from atmospheric 
levels of around 20% to around 5%–7% are beneficial for 
embryo development and quality (101–103). Interestingly, 
the majority of reported microfluidic culture experiments 
were performed in 5% CO2 in air, and thus reduction in 
localized oxygen would appear to be a plausible theory. 
However, bovine embryos cultured in dynamic microflu-
idic devices in 5% O2 still showed improved development 
over static culture in the same device (41). Also, it should 
also be noted that hypoxic conditions are detrimental to 

oocytes and embryos (102,104). Thus, if localized oxy-
gen depletion is occurring in microdevices, culturing in 
reduced oxygen tension could in fact result in hypoxia, 
decreasing embryo development. Fortunately, as the bovine 
study by Bormann and colleagues indicated, this does not 
appear to be the case (40). In support of this, mathematical 
modeling suggests oxygen depletion does not appear to be 
a factor in microdrops, regardless of the number of mouse 
embryos cultured, as diffusion and convection currents 
mix the environment to prevent anoxic regions (105). Thus, 
localized reduction in oxygen levels is questionable, espe-
cially when one considers the microfluidic devices used in 
ART studies are composed of PDMS, which is extremely 
gas permeable. However, at least one mathematical model-
ing study by Byatt-Smith et al. suggested that, due to their 
slightly larger size, culture of human embryos within static 
microdrops may become marginally hypoxic, especially 
when cultured in 5% O2 (106). As a preventative measure to 
hypoxia, these same authors hypothesized that “embryos 
may develop more successfully in stirred, as opposed to still 
medium.” Therefore, in studies utilizing dynamic micro-
fluidic devices, media renewal due to flow should prevent 
any localized buildup or depletion of factors, including 
oxygen, thereby alleviating the possibility that advanced 
development is due to oxygen depletion.

Yet another possibility for the benefits of microfluidic 
culture, at least in dynamic flow devices, is gentle agitation 
of embryos or the media surrounding embryos. When con-
sidering the growing amount of data from both micro- and 
macro-dynamic culture devices, this seems like a plausible 
explanation. It is known that embryos can sense sheer stress 
and activate various intracellular signaling pathways in 
response, which leads to apoptosis (77,107). However, there 
may be a range of gentle agitations that permit intermedi-
ate activation of trophic signaling cascades that promote 
embryo development. Physiologically, this “active embryo 
hypothesis” makes sense, as gentle stimulation may be 
mimicking the vibrating actions of the ciliated epithelium 
within the female reproductive tract (8,34).

Unfortunately, each microfluidic device utilized to date 
is different in its construction (culturing in channels, 
culturing in funnels, culturing with/without flow, using 
co-culture, and utilizing different numbers of embryos/
volume), thereby making it difficult to ascertain where the 
benefit to embryo development actually lies. Regardless, 
it is obvious that a number of factors is dictating embryo 
development and quality within any culture device, includ-
ing microfluidic platforms. Further research examining the 
divergence of gene expression patterns, molecular signal-
ing pathways, or other biochemical endpoints is required 
in order to begin to elucidate possible explanations for the 
observed effects in microfluidic culture and to optimize 
this promising technology for use in ART (Table 31.1).

MICROFLUIDICS AND VIABILITY ASSESSMENT
Perhaps the most important benefit of implementing a 
microfluidic platform for ART is the ability to integrate 
diagnostic tools in order to monitor gamete and embryo 
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environmental conditions and physiologic processes. 
Though environmental monitoring has not yet received 
attention in ART, as an example, by using a nano-sized 
optical sensor, it is possible to monitor the pH of inter-
stitial fluid flowing through a microfluidic device (108). 
Using nano- or micro-sensors, one can monitor tem-
perature fluctuations (109,110), media flow rate (111), and 
volume of the cell to indicate shifts in media osmolarity 
(112). Additionally, electrical sensors have been developed 
to measure real-time changes in levels of ROS as indica-
tors of oxidative stress in microfluidic devices (113,114). 
Conceivably, any one or a combination of these approaches 
could be adapted for use with ART microfluidic devices, 
as measurement of any of these environmental parameters 
may provide insight into the improvement of culture con-
ditions and current IVF lab practices.

Furthermore, it has long been the goal of reproductive 
investigators to discover a means by which to interro-
gate gametes and embryos in order to identify markers of 
physiologic processes as a noninvasive means of predict-
ing developmental competence and implantation poten-
tial. Current research is examining secreted proteins from 
embryos in the hopes of relating this information to cell 
quality (82,83). Implementation of enzyme-linked immu-
nosorbent assays “on-chip” have met with some success 
in adherent cell systems (115,116), and may prove useful 
in analyzing embryo secretomic profiles. Additionally, 
examination of oocyte or embryo metabolomic activity 
and profiles has also showed promise for offering a non-
invasive predictor of embryo quality (117–119). A silicone 
microfluidic device has been designed to measure oxygen 
consumption rates as indicators of mouse preimplantation 
embryo metabolic activity (120), and preliminary data 
measuring glucose, lactate, and pyruvate levels of spent 
embryo culture media in a pneumatic-controlled microflu-
idic device exist (121). Although embryos were not grown 
in microfluidic devices in these studies, ideally these types 
of analysis system will be constructed in the same device 
as cultured cells, allowing rapid, real-time analysis with-
out additionally stressing embryos by further manipula-
tion or removing them from the incubator environment. 
To this end, at least one device has assessed mouse embryo 
glucose metabolism on the same microfluidic platform on 
which they were cultured (Figure 31.13) (122).

Unique IVF-specific incubator and imaging systems 
now exist and have received widespread clinical imple-
mentation. These imaging systems each utilize custom-
ized culture platforms. While not utilizing microfluidics 
per se, these devices often use microwells and could con-
ceivably be adapted to incorporate microfluidic aspects. 
Importantly, automation of the image analysis of develop-
ing embryos and morphokinetic patterns is now a reality 
in at least two of these clinical imaging systems (123–125), 
helping to move ART another step closer to automation 
within the clinical laboratory.

Finally, with increasing use of chromosome analysis 
and application of comprehensive chromosome screening 
as a means of selecting euploid embryos for transfer, the 
ability to perform rapid chromosome analysis within the 
IVF lab is attractive for turnaround times and cycle logis-
tics. Furthermore, implementation of biopsied cell loading 
and subsequent analysis on the same platform on which 
embryos are cultured/biopsied offers the ability to reduce 
cell handling and potential introduction of lab errors. 
“On-chip” chromosome analysis has been performed in 
other cell types using polymerase chain reaction-based 
analysis (126) and could perhaps be applied to biopsied 
trophectoderm cells as well.

TOWARD LABORATORY AUTOMATION?
Many of the aforementioned studies implement a single 
procedural step on a microfluidic device. However, micro-
fluidic technology offers the ability to implement multi-
ple procedural steps on a single platform, which may be 
advantageous as it would reduce manual cell handling 
and the associated environmental stressors. Keeping the 
delicate cells in place while gradually changing media 
or gently rolling the cell to a new location may produce 
a less stressful environment and help optimize growth 
conditions.

One of the first examples of the integration of multiple 
procedural steps on a single microfluidic platform was 
presented by Clark and co-workers. Their preliminary data 
demonstrated that both IVM and IVF of porcine oocytes 
could be performed in the same microfluidic device with-
out removal of the cells between procedures (20). Another 
example of multiple IVF procedures on a single platform 
entails separation of porcine sperm and then fertilizing 

Table 31.1 Practical considerations that must be addressed in order for microfluidic devices to gain widespread acceptance 
into in vitro fertilization laboratories

Biocompatibility Operation Manipulation of cells Laboratory compatibility

Non-toxic fabrication materials
Packaging to pass “in-house” 

quality control
Disposable
Design issues (volume, embryo 

number)

Perfusion system (recirculating 
vs. non-recirculating)

Ability to be used over 5–6 days
Detection of failure 

(air bubbles)
Easy rectification of failure

Easy visualization
Rapid loading/unloading
Ability to isolate/monitor 

individual cells

Fit in conventional 
incubators

User-friendly external 
apparatus

Short set-up time
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oocytes (127). More recently, mouse embryos have been 
cultured successfully on the same platform where fertil-
ization occurred without removing cells between the pro-
cedural steps (69,70,79).

More ambitious and complex devices are emerging. 
Recently, a miniaturized array has been developed that 

can hold multiple zebrafish embryos, holding them in 
individual locations while utilizing microfluidic perfusion 
to supply fresh media or pharmacologic compounds in 
order to examine effects over time (128). Integrated with 
a perfusion pump, stage heater, and valves to help regu-
late flow and remove waste, this platform is also combined 
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Figure 31.14 Microfluidic devices exist to gradually expose cells to gradients of cryoprotectant in order to reduce osmotic shock 
and improve outcomes. (a) Schematic of a microfluidic, gradual-mixing device used with cow and mouse oocytes and zygotes. 
(b) Schematic of a microfluidic device used to automate cryoprotectant exposure to oocytes. (c and d) Images of the suction device 
and microfluidic device.
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with real-time video analysis. A similar approach could be 
envisioned for use in mammalian embryo culture.

Already, the field of IVF has seen many labs adopt the use 
of an uninterrupted culture system, leaving embryos in a 
single culture medium on a single dish in attempts to reduce 
handling and stress. Coupled with the rapid adaption of 
time-lapse imaging in IVF-specific incubators with novel 
culture platforms, this represents a potential platform that 
is conducive to automation of laboratory procedural steps. 
Indeed, automation of image analysis on at least two clinical 
time-lapse systems is already a reality (123–125,129).

Several examples of microfluidic platforms aimed at auto-
mating more complex procedures, such as sperm immobi-
lization and microinjection, have been explored (130–135). 
Additionally, automated devices have been designed to 
flow cryoprotectant over cells in a gradual manner, reduc-
ing osmotic shock and offering a potential improvement 
to manual step-wise approaches (Figure 31.14) (136–138). 
Utilizing this approach with existing semi-automated vitri-
fication systems (139) may offer the opportunity to further 
improve success rates.

CONCLUSION
To date, most of the procedural steps involved in IVF have 
already been accomplished on microfluidic platforms, 
though integration of multiple procedural steps on a sin-
gle easy-to-use device still remains a work in progress. 
Coupled with automation of key procedures, it is clear that 
microfluidics offers many opportunities to revolution-
ize the ART laboratory through streamlining methods, 
reducing variability, and optimizing environmental con-
ditions for gametes and embryos.
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32Epigenetic considerations in 
preimplantation mammalian embryos
HEIDE SCHATTEN and QING-YUAN SUN

INTRODUCTION
The development of a mammalian embryo includes a num-
ber of critical stages in which epigenetic programming 
and reprogramming are important aspects for develop-
ment into a healthy offspring. Implications resulting from 
abnormal epigenetic reprogramming have been reviewed 
(1) and are not addressed here. This review is focused 
on the basic epigenetic mechanisms that take place dur-
ing preimplantation mammalian development, which is 
briefly described in the following.

Mammalian oocytes are arrested at the germinal vesicle 
(GV) stage in the ovary at birth and remain at this stage 
until puberty. Follicle-stimulating hormone induces devel-
opment of small antral follicles, resulting in one oocyte and 
its follicle becoming ovulatory. Meiotic resumption occurs 
after GV breakdown induced by luteinizing hormone and 
starting the process of oocyte maturation. Growth of the 
oocyte is associated with significant remodeling on cellu-
lar and molecular levels, resulting in the oocyte becom-
ing fertilization-competent (reviewed in [2–12]). The first 
meiotic spindle forms, followed by second meiosis, dur-
ing which the oocyte becomes arrested at metaphase II 
(MII) to await fertilization in order for development to 
continue. The meiotic stages encompass two successive, 
highly asymmetric cell divisions that result in small polar 
bodies and a large polarized oocyte. Fertilization after 
sperm incorporation triggers egg activation and forma-
tion of one male and one female pronucleus (zygote stage, 
day 1 in humans) that become appositioned and undergo 
chromosomal reorganizations before the mitotic spindle 
forms and separates chromosomes equally to the dividing 
daughter cells. Cell divisions continue, and at the eight-
cell stage (day 3), embryos start to undergo compaction, 
a process during which the blastomeres become flattened 
and polarized. Blastocyst development continues with cel-
lular differentiation when inner cells are formed (day 5; 
32-cell stage) resulting in the inner cell mass (ICM) cells 
and the outer cells that form the trophectoderm (TE).

Epigenetic modifications are generally referred to as 
biochemical mechanisms that affect gene expression and 
regulation without changing the sequence of DNA itself. 
Genome-wide epigenetic reprogramming takes place dur-
ing mammalian development when cells undergo cas-
cades of irreversible cell fate decisions. These epigenetic 
alterations include DNA methylation and several histone 
modifications that influence the higher order of chromatin 
structure and allow selective activation or silencing of sub-
sets of genes.

The history and milestones achieved in the field of epi-
genetics have been well reviewed by Rivera (13), and prog-
ress is being made consistently and rapidly to more fully 
uncover the mechanisms of specific epigenetic modifica-
tions in specific cells. New genome-wide technologies, 
such as chromatin immunoprecipitation followed by next-
generation sequencing (as well as highly specific anti-
body detection for epigenetic modifications and bisulfite 
sequencing), have provided detailed information on epi-
genetics, but new methods are still in demand in order to 
fully understand the epigenetic landscape in single cells as 
diverse as sperm cells, oocytes, and specific cells compris-
ing the preimplantation embryo so as to fully understand 
its developmental complexities.

DNA methylation

The primary classes of epigenetic modifications are DNA 
modification by cytosine methylation at CpG dinucleo-
tides, with the best-studied form being 5-methylcytosine 
(5-mC) and also 5-hydroxymethylcytosine. 5-mC typi-
cally marks genes for transcriptional inactivity. De novo 
methyltransferases such as DNMT3a are required for the 
5-mC marks, while maintenance of the marks through cell 
division requires the methyltransferase DNMT1.

Histone modifications

Histone modifications include highly dynamic post-trans-
lational modifications of histones. Four histones (H2A, 
H2B, H3, and H4) are typically assembled into a nucleo-
some, while the linker histone H1 associates with non-
nucleosomal DNA that is localized between nucleosomes 
and plays a role in chromatin compaction.

Each histone contains N-terminal tails that protrude 
from the nucleosome core particle; they are enriched in 
lysine and arginine residues. The amino acid residues are 
modified by methylation (using histone methyltransferases 
as enzymes) and acetylation (using histone acetyltransfer-
ases as enzymes). These modifications influence the tran-
scriptional activity of the gene they are associated with.

The nomenclature generally used to describe the specific 
histone modification activities first specifies the histone, 
then the specific amino acid, then the specific modifica-
tion. For example, H3K27me3 indicates that histone H3 
is trimethylated at lysine 27. These histone modifications 
exert either positive or negative effects on transcription. 
For example, H3K4me3 functions as a transcriptionally 
activating mark, while H3K27me3 marks repress tran-
scription. There are, however, complexities that are still 
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under current investigation involving molecular competi-
tion between methylation and acetylation.

SECTION 1: EARLY PREIMPLANTATION DEVELOPMENT 
FROM GV BREAKDOWN TO FERTILIZATION TO EARLY 
EMBRYONIC CELL DIVISIONS
As will be detailed below, early development is dominated 
by erasure of DNA methylation in the paternal zygotic 
pronucleus shortly after fertilization. A gradual loss of 
DNA methylation takes place during the cleavage stages 
and reactivation of the inactive X chromosome takes place 
in the female.

In germ cells, heterochromatin undergoes significant 
changes in terms of epigenetic modifications, with major 
changes in down-regulation of H3K9me2 and up-regu-
lation of H3K27me3 and an increase in histone acetyla-
tion and H3K4me3, which are histone marks associated 
with euchromatin (14). Changes in germ cells have been 
reviewed previously (15,16) and are not specifically 
addressed here. These changes are likely to prepare the 
germ cells to successfully undergo subsequent epigenetic 
reprogramming after moving into the genital ridges. In the 
gonads (embryonic day 11.5 = E11.5 in the mouse), germ 
cells undergo a series of epigenetic reprogramming steps 
including DNA methylation, changes in chromatin struc-
ture, and genome-wide histone replacement, resulting in 
loss of a variety of histone modification marks (14,17). 
Genome-wide DNA demethylation is an active process 
and is independent of replication (14), as evidenced by it 
occurring during the G2 cell cycle stage. It occurs prior to 
the onset of global chromatin changes and includes tran-
sient loss of H3K9me3, H3K27me3, and H2A/H4 R3me2s, 
as well as other histone modification marks.

Sperm and eggs have very different configurations of 
CpG methylation and they differ significantly in their 
overall 5-mCpG content. As will be detailed below, sperm 
DNA is more methylated than egg DNA, but rapid active 
demethylation of sperm DNA follows after fertilization. 
The TET family of proteins has been identified as consist-
ing of relevant 5-mCpG demethylases (18–20).

In the sperm head, paternal DNA is highly compacted 
using protamines, while these protamines are replaced by 
acetylated histones (21) when sperm DNA starts to decon-
dense shortly after fertilization. For example, the histone 
variants H2L1/L2, which are present at the pericentric 
heterochromatin regions in sperm DNA (22), are removed 
from sperm chromatin shortly after fertilization (23). A 
small number of histones are retained in the sperm (∼4% 
of the haploid sperm genome), which are transmitted to 
the embryo (24). Specifically transmitted are the sperm-
specific histone variants H2AL1, H2HL2, and tH2B and 
the widely expressed H3.3, H2A.X, and H2A.Z (25), 
although the functions of these histones are not yet clear.

In oocytes, maternal DNA is wrapped around his-
tones carrying several post-translational modifications. 
Differently from somatic cells, in which somatic H1 linker 
histones are present, the oocyte contains the H1oo sub-
type. The female haploid genome organized in the MII 

meiotic spindle is already associated with histones, but 
significant remodeling of the histone landscape occurs. 
Histone variants derived from the oocytes, including 
the linker histone H1FOO, are removed from the female 
genome and replaced with canonical linker H1 histones 
(26,27).

While both sperm and egg cells are transcription-
ally silent prior to fertilization, fertilization triggers a 
significant reorganization of chromatin in both. During 
fertilization, mature gametes display distinct epigenetic 
information when paternal and maternal DNA start to 
decondense. Some of the RNA and proteins stored in the 
oocyte are used following fertilization. The protamines 
that had compacted the paternal genome are removed and 
replaced by histones produced and stored in the oocyte, 
which occurs before DNA replication (28). Specifically, 
the replication-independent H3.3 histone variant becomes 
deposited in the male pronucleus, thereby contribut-
ing to the epigenetic differences and epigenetic asym-
metry between the male and female pronuclei (29,30). 
The variants heterochromatin histone marks H3K9me2, 
H3K9me3, and H3K27me3 are not present in the decon-
densing male pronucleus (31,32), while they are present in 
the female pronucleus. The female chromatin at the zygote 
stage is modified by the transient loss of the histone vari-
ant H3.3, while H3.2 is incorporated into the female chro-
matin (33).

The dynamics and regulatory mechanisms of pronuclear 
H3k9me2 asymmetry have recently been shown for mouse 
oocytes (34,35), and the molecules and mechanisms con-
trolling the active DNA demethylation of the mammalian 
genome have recently been reviewed by Ma et al. (36,37).

Differences in histone modifications are found in male 
and female pronuclei from fertilization to the four- to 
eight-cell stages in the mouse embryo. DNA methylation 
is also asymmetric in male and female pronuclei. It is ini-
tially present at high levels in both paternal and maternal 
pronuclei, but it begins to disappear from the paternal 
pronucleus shortly after fertilization (38–40). 5-mC in 
the paternal genome but not the maternal genome is lost 
within 4 hours of fertilization in the mouse in a DNA 
replication-independent process (39). The DNA demeth-
ylation process is guided by the maternally inherited 
Stella protein (41), as evidenced by oocytes lacking Stella 
showing DNA demethylation in maternal and paternal 
pronuclei.

The differences in global levels of DNA methylation can 
be detected only to the two-cell stage of mouse embryo 
development (38). After this stage they become diluted as 
a result of passive loss of DNA methylation, which takes 
place until the late morula stages.

SECTION 2: PREIMPLANTATION DEVELOPMENT 
TOWARD THE FORMATION OF ICM AND TE CELLS AT 
THE BLASTOCYST STAGES
In mammals, about 200 cell types comprising multiple tis-
sues are established from the zygote to the adult stages. All 
these cells carry identical genetic information, but become 
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functionally divergent through selective activation and 
inactivation of subsets of genes.

While the genome itself remains constant, the tran-
scriptome changes considerably in divergent cell types. 
The diversity of cell types is achieved through key tran-
scription factors and unique epigenetic landscapes. In 
early preimplantation embryo development, changes in 
the epigenome include alterations in the methylation of 
CpG dinucleotides and post-translational modifications 
in the chromatin.

Epigenetic modifications are important for the estab-
lishment of cell lineages. As indicated above, developmen-
tally asymmetric cells emerge at the morula stages and 
during formation of the blastocyst embryo when ICM and 
TE cells form. The ICM gives rise to the embryo, while the 
TE gives rise to the extraembryonic tissue of the placenta.

A series of epigenetic modifications takes place at the 
blastocyst stages when ICM and TE cells form. At this 
stage, the X chromosome (Xi) becomes reactivated in the 
ICM cells of female embryos, which is associated with the 
loss of Xi-linked polycomb silencing and elimination of 
Xist transcription driven by Xi (42–44). The passive DNA 
demethylation process is completed when histone poly-
comb marks are removed during the late blastocyst stages.

Both maternal and paternal imprinted genes typically 
maintain their methylation states through the fertilization 
process, but significant changes in CpG methylation take 
place following fertilization and during subsequent cleav-
age stages. Extensive epigenetic remodeling takes place 
throughout early embryogenesis.

During the cleavage stages of embryogenesis, levels of 
5-mCpG decrease and de novo methylation takes place 
using DNMT3a and DNMT3b. Methylation is maintained 
by the CpG methyltransferase DNMT1.

The enhancer of zeste 2 (EZH2) is a polycomb group 2 
(PcG2) histone methyltransferase that is stored in mature 
oocytes and produces H3K27me3. It is critical for devel-
opment, as depletion of EZH2 from the maternal store 
results in delayed development. EZH2 is thought to play 
a role in epigenetic histone methylation affecting H3K27 
patterning in the early preimplantation embryo (45,46). 
The H3K27me demethylase JmJD3 is strongly expressed in 
the four-cell embryo stage as shown in porcine embryos, 
but it is decreased in blastocysts (47).

Polycomb group 1 (PcG1) is required for embryo forma-
tion. It is present in maturing oocytes while histone modi-
fication plays a role in zygotic totipotency (48). In two-cell 
embryos, each one of the blastomere cells is totipotent, 
which has also been shown for human embryos (49). Each 
cell can produce an embryo, as well as extraembryonic 
placenta cells and TE cells. Specification into cell lineages 
with epigenetic reprogramming continues throughout 
development (reviewed in [1]).

Taken together, the field of epigenetics has contributed 
significant insights to mammalian embryo development 
and to diseases associated with developmental abnor-
malities. As the field is still relatively young, it can be 
expected that new methods and new technologies will 

allow us to further our understanding of the role of epi-
genetics in single cells including sperm, eggs, and early 
embryo cells.

Important new insights into the role of epigenetics in 
oocyte aging have been gained and addressed in detail 
in recent papers (50–53), and the effects of metabolic dis-
eases such as diabetes on epigenetics have been reported 
(54–57). Furthermore, it has been shown that epigenetic 
effects can be inherited by gametes and can affect human 
reproduction for generations (58–61). These studies are of 
critical importance for reproduction and are worth pursu-
ing given the high percentage of our population affected 
by diabetes and obesity worldwide.
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training and accreditation of 

embryologists, 26
Association of Clinical 

Embryologists (ACE), 26
AUC, see Area under the curve
Audits, 25; see also Assisted 

reproduction technology 
laboratory standards

external, 25–26
internal, 25

AZF, see Azoospermia factor
Azoospermia factor (AZF), 326

B
Bardet–Biedl syndrome, 330
BD Accuri C6 flow cytometer, 76
Biggers–Whitten–Whittingham 

medium (BWW), 76
Biomarkers, 258, 260

expression, 261, 262
Biopsy  see also Embryo biopsy

day-3 cleavage-stage, 169
pipette positioning, 173

Blastocoel cavity, 170
Blastocyst  see also Culture systems; 

Embryo quality 
evaluation

biopsy, 169–170
day 5 human, 230
development studies, 245–248
early, 289
expanded, 289
formation with kinetic markers, 

studies on, 246
freezing, 290
grading system, 229
hatched, xix
selection before freezing, 

288–289
stage embryos, 228–229
thawing, 290–292
transfer, 211–212, 228
vitrification protocol, 306–307

Blastomere FISH, 351
Blood–testis barrier, 42
BMP4, see Bone morphogenetic 

protein 4
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BMS, see Building monitoring 
system

Bone morphogenetic protein 4 
(BMP4), 381

Bourn Hall, xx
Bovine serum albumin (BSA), 43
British Medical Association (BMA), 

xxi
BSA, see Bovine serum albumin
Building monitoring system (BMS), 

12
Burn-in, 7
BWW, see Biggers–Whitten–

Whittingham medium

C
Ca2+ oscillations, 177; see also 

Assisted oocyte 
activation

in mouse oocyte, 178
CAAs, see Cleavage amino acids
Canadian Fertility and 

Andrology Society 
(CFAS), 19–20

Candidate gene approach, 92
CAP, see College of American 

Pathologists
Carbohydrate utilization analysis, 

233–234
cARV, see Combination 

antiretroviral
CASA, see Computer-assisted semen 

analysis
Cautionary tale, 204–206; see also 

Culture systems
CBAVD, see Congenital bilateral 

absence of the vas 
deferens

CBS, see Cryobiosystem
CC, see Clomiphene citrate
CCs, see Cumulus cells
CE, see Conformité Européenne
Cell lysis, 366
Ceralin online filter, 321
CF, see Cystic fibrosis
CFAS, see Canadian Fertility and 

Andrology Society
CFU, see Colony-forming unit
CGH, see Comparative genomic 

hybridization
Chilling injury, 316
Chromatin repackaging, 66
Chromomycin A3 (CMA3), 69; see 

also Sperm chromatin 
assessment

assay, 71
Chromosomal aberrations, 326

of autosomes, 327
incidence in infertile males, 327
and male infertility, 326

Chromosomal imbalances, 359
Chromosome segregation and 

trisomy 21, 344
Ciliary dyskinesia, primary, 329
Cleavage amino acids (CAAs), 204
Cleavage-stage

biopsy, 169
embryos, 227–228

Clinical and Laboratory Standards 
Institute (CLSI), 18

Clinical embryology, 26
Clomiphene citrate (CC), 88
CLSI, see Clinical and Laboratory 

Standards Institute
CMA3, see Chromomycin A3
COCs, see Cumulus–oocyte 

complexes
COH, see Controlled ovarian 

hyperstimulation
College of American Pathologists 

(CAP), 1, 19

Colloidal silica density gradient 
(CSDG), 52

Colony-forming unit (CFU), 320
Combination antiretroviral (cARV), 

54
Comet assay, 74; see also Sperm 

chromatin assessment
advantages and limitations, 75
clinical significance, 75
principle, 74
sperm chromatin, 74–75
technique, 74–75

Comparative genomic hybridization 
(CGH), 362

Computer-assisted semen analysis 
(CASA), 41; see also 
Sperm evaluation

kinematic measurements in, 42
Conaghan model, 246–247; see 

also Embryo quality 
evaluation

Conformité Européenne (CE), 23
Congenital bilateral absence of the 

vas deferens (CBAVD), 
326

and cystic fibrosis, 328
Contact lasers, 158–159; see also 

Assisted hatching
Controlled ovarian 

hyperstimulation 
(COH), 128

Controlled ovarian stimulation 
(COS), 88

Controlled-rate cooling, 266–268
Controlled ZP dissection, 158
COS, see Controlled ovarian 

stimulation
CPAs, see Cryoprotectant agents
Cryobiology, 266
Cryobiosystem (CBS), 285; see also 

Cryotec vitrification 
method

Cryodamage, 271–272
Cryoloop, 299
Cryopreservation; see also In vitro 

maturation
clinical results of oocyte, 

273–275
of embryos, 129–130
outcomes, 267
time, 269

Cryopreserve all strategy, 305
Cryoprotectant agents (CPAs), 

266, 297, 298–299; 
see also Embryo 
cryopreservation

Cryotec method, 281
Cryotec vitrification method, 281; 

see also Oocyte
additional tools, 282
container, 281
device, 281
equilibration and cooling, 

282–283
equilibration of oocytes in ES, 

283
liquid nitrogen-mediated disease 

transmission, 285
oocyte on Cryotec sheet in 

thawing solution, 284
oocyte shrinkage in VS2, 283
oocytes on Cryotec in liquid 

nitrogen, 284
results, 285–286
solutions used, 281, 282, 285
timing, 281
Vitri-Plate for oocyte loading, 

282, 284
warming and dilution, 283–285
warming plate and warming 

procedure, 284

working environment and 
preparation steps, 282

CSDG, see Colloidal silica density 
gradient

Culture systems, 200, 207
amino acids, 203–204
blastocyst transfer, 211–212
caution, 204–206
cleavage-stage vs. post-

compaction embryos 
and stress, 202–203

composition of culture media, 
203

culture dish setting up, 214, 216
culture in phase 2 medium, 216
day-3 embryos to blastocyst, 216
dynamics of embryo and 

maternal physiology, 
201–202

embryo culture, 200, 214
embryo development in vivo vs. 

in vitro, 207
embryo manipulation, 214
future developments, 213
implantation rate, 200
incubation chamber, 207–208
incubation vessel and embryo, 

209–210
macromolecules, 206
medium storage, 210–211
monoculture or sequential 

media, 206–207
oxygen, 209
patient stimulation, laboratory, 

and transfer outcome, 
201

pH and carbon dioxide, 208
pregnancy rates per retrieval, 

213
pronucleate oocytes to day-3 

culture, 214
quality control, 211
SET, 212–213
impact of single-embryo 

transfer, 201
susceptibility of preimplantation 

embryo to stress, 202
Cumulus cells (CCs), 130
Cumulus–oocyte complexes 

(COCs), 129; see also In 
vitro maturation

morphology, 132
Cystic fibrosis (CF), 328
Cytoplasmic halo, 196–197
Cytoplasmic inclusion types, 97

D
DAPI (4’,6-diamidino-2-

phenylindole), 72
DBD–FISH, see DNA breakage 

detection–fluorescence 
in situ hybridization

DC, see Direct cleveage
Degenerate oligonucleotide-

primed PCR (DOP-
PCR), 362; see also 
Polymerase chain 
reaction

Density gradient centrifugation 
(DGC), 117

Denuding dish, 110
DFI, see DNA fragmentation index
DGC, see Density gradient 

centrifugation
Diakinesis, xii
Diffuse diplotene, xii
Dimethyl sulfoxide (DMSO), 266, 

298
Direct cleveage (DC), 251
Disposables, 14
DMSO, see Dimethyl sulfoxide

DNA breakage detection–
fluorescence in situ 
hybridization (DBD–
FISH), 69, 71; see also 
Sperm chromatin 
assessment

advantages and limitations, 72
principle, 71
sperm chromatin, 71–72
technique, 71–72

DNA double-strand breaks (DSBs), 
67

DNA fingerprinting, 362
DNA fragmentation index (DFI), 73
DNA methylation, 410
DNA microarray technology, 364
DOP-PCR, see Degenerate 

oligonucleotide-primed 
PCR

Doughnut loops, 66
DPX (distyrene, plasticizer and 

xylene mixture), 70
DSBs, see DNA double-strand 

breaks

E
EB, see Embryo biopsy
EBs, see Embryoid bodies
EDTA, see Ethylenedia mine tetra-

acetic acid
Edwards, R. G., see Robert G. 

Edwards
EECs, see Endometrial epithelial 

cells
EF, see Endometrial fluid
EG, see Ethylene glycol
EGF, see Epidermal growth factor
Egg

donor selection, 320–322
freezing, 266

Electrokinetic potential technique, 
118

Electrophoresis technique, 118; see 
also Advanced sperm 
selection techniques

ELISA, see Enzyme-linked 
immunosorbent assay

Embryo, 230, 288, 294–295; see 
also Culture systems; 
Post-thaw inner 
cell mass survival; 
Preimplantation genetic 
diagnosis

cryopreserved blastocysts, 293
culture, 200, 214, 397–400
day of freeze and sex ratio, 293
development in vivo vs. in vitro, 

207
development, 145–146, 410
expectations from blastocyst 

cryopreservation 
program, 293–294

extended culture, 212
formation, xii
genetic analysis, 359
implantation and pregnancy, 

293, 294
implantation mechanism, 157
manipulation, 214, 393
and maternal physiology, 

201–202
nutrient consumption analysis, 

234, 236
perfusion culture system, 214
physiology, 202
place for assisted hatching, 

292–293
post-thaw inner cell mass 

survival, 288–292
pregnancy/live birth outcomes, 

294
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role of pre-freeze blastocyst 
quality, 288

selection for transfer, 232
stress on preimplantation, 203
traditional assessment, 243

Embryo biopsy (EB), 168
advantages and disadvantage, 

171
assessment for, 172–173
biopsied cells, 174
blastocoel fluid aspiration, 170
blastocyst biopsy, 169–170
cells separation, 174
cleavage-stage, 169
equipment for, 170–172
history of, 168
laser-assisted opening of ZP, 172
micromanipulator set up, 173
microscope set-up with laser 

objective, 173
pipette positioning, 173
polar body biopsy, 168–169
results from genetics laboratory, 

175
TE biopsy, 173–175
trophectoderm cell aspiration, 

174
ZP breaching procedure, 172

Embryo categorization algorithm  
see also Embryo quality 
evaluation

combined, 252
original, 250
revised, 251

Embryo cryopreservation, 296; see 
also Embryo vitrification

approaches, 296–297
Cryoloop, 299
cryoprotectants, 297, 298–299
decreased vapor formation for 

increased cooling rates, 
300–301

developmental stage, 302–303
factors influencing outcome, 302
high-speed vitrification 

procedure, 301
increased cooling rates with new 

carrier tools, 299–300
injury and prevention during, 

297–298
in vivo- vs. in vitro-produced 

embryos, 303
minimum drop size method, 300
minimum volume cooling, 300
semi-automated vitrification 

process, 296
species and genotype, 302
tools for vitrification, 299, 300
transmission of infectious 

agents, 301–302
VitMaster, 299
vitrification, 298
warming, 302

Embryo–endometrial dialog, 373, 
375, 377–378; see also 
Endometrial receptivity

Embryoid bodies (EBs), 381
Embryology laboratory, 22; see also 

Assisted reproduction 
technology laboratory 
standards

access rules, 22–23
air quality, 23
cleanliness, 23
facilities, 22
health and safety, 23
layout, 22
light, 23
temperature, 23

Embryonal loss, 68–69
Embryonic cell isolation, 366

Embryonic proteome, 257–258; see 
also Embryo quality 
evaluation

heat map of blastocysts, 259
negatively charged proteins, 260
protein profiling signatures, 259

Embryonic secretome, 258–263; 
see also Embryo quality 
evaluation

biomarkers, 260
expression of biomarkers, 261, 

262
lipocalin-1 concentration in, 262
protein microarrays, 261
selection of embryos for transfer, 

258
Embryonic stem cells (ESCs), 

381; see also Artificial 
gametes

Embryo quality evaluation, 225, 
237, 243, 254, 257; 
see also Noninvasive 
quantification of embryo 
physiology; Time-lapse 
technology

Alpha Scoring System, 228
aneuploidy studies, 252–254
blastocyst development studies, 

245–248
blastocyst grading system, 229
blastocyst stage embryos, 

228–229
cleavage stage embryos, 227–228
combined embryo categorization 

algorithm, 252
Conaghan model, 246–247
embryo categorization 

algorithm, 250, 251
embryo features, 230
embryonic proteome, 257–258
embryonic secretome, 258–263
embryo selection algorithm, 253
embryo selection strategy, 

229–231, 232
euploidy and embryo kinetic 

studies, 253
human blastocysts, 230
implantation studies, 248–252
morphology as assessment tool, 

225–226, 229–231
morulae stage embryos, 228
pregnancies and implantation 

rates, 227
probability of obtaining 

blastocysts, 233
pronucleate oocyte, 226–227
top-quality embryo, 227
traditional embryo assessment, 

243
Embryo replacement evaluation, 

145–146
Embryo transfer (ET), 27, 158, 286

embryo selection for, 258
Embryo vitrification, 303; 

see also Embryo 
cryopreservation

and ART, 304–306
cryopreservation–transfer cycle 

outcomes, 305
cryopreserve all strategy, 305
domestic, experimental, and 

wild animals, 303
frozen embryo replacement 

cycle, 305
human embryos, 303–304
mammalian embryology, 304
protocol, 306–307
safety of vitrification, 306
SART, 305, 306

EMS, see Equipment monitoring 
system

EN, see European norm
Endometrial epithelial cells (EECs), 

260
Endometrial fluid (EF), 376, 377
Endometrial receptivity, 373, 377–

378; see also Embryo–
endometrial dialog

array procedure, 374
efficiency of personalized 

embryo transfer, 375
endometrial fluid, 376
endometrium, 373
molecular diagnosis of uterine 

receptivity, 373–375
PGE2 and PGF2α concentrations 

in endometrial fluid, 378
proteomic network of 

deregulated proteins, 377
proteomics, secretomics, and 

lipidomics of, 375–377
Endometrial receptivity array 

(ERA), 373
Endometrium, 373
Enhancer of zeste 2 (EZH2), 412
Enzyme-linked immunosorbent 

assay (ELISA), 262
Epiblast-like cells (EpiLCs), 381
Epidermal growth factor (EGF), 131
Epigenesis, xxii
Epigenetic modifications, 410; see 

also Preimplantation 
embryos, mammalian

EpiLCs, see Epiblast-like cells
EPS, see Externalization of PS
Equilibration solution (ES), 269, 

282; see also Cryotec 
vitrification method

Equipment monitoring system 
(EMS), 10

Equipment validation, 11
ERA, see Endometrial receptivity 

array
ES, see Equilibration solution
ESCs, see Embryonic stem cells
ESHRE, see European Society of 

Human Reproduction 
and Embryology

ET, see Embryo transfer
Ethidium bromide gel 

electrophoresis, 367–368
Ethylenediaminetetraacetic acid 

(EDTA), 72
Ethylene glycol (EG), 266
Euploidy and embryo kinetic 

studies, 253
European norm (EN), 17; see also 

Assisted reproduction 
technology laboratory 
standards

European Society of Human 
Reproduction and 
Embryology (ESHRE), 
14, 18; see also 
Assisted reproduction 
technology laboratory 
standards

European Union Tissues & Cells 
Directive 2004/23/EC 
(EUTCD), 10, 18; see also 
Assisted reproduction 
technology laboratory 
standards

EUTCD, see European Union 
Tissues & Cells Directive 
2004/23/EC

EU tissue directive, 27; see also 
Assisted reproduction 
technology laboratory 
standards

Exogenous hormones, xii
Expanded blastocyst, 289

Extended embryo culture, 212; see 
also Culture systems

Externalization of PS (EPS), 121
EZH2, see Enhancer of zeste 2

F
Failure mode and effects analysis 

(FMEA), 2, 29
Familial adenomatous polyposis 

(FAP), 359
FAP, see Familial adenomatous 

polyposis
Fas protein, 66–67
FDA, see U.S. Food and Drug 

Administration
Female gamete,, 316see Oocyte
FER cycle, see Frozen embryo 

replacement cycle
Fertilization, 193, 197

abnormal pronuclear formation, 
195

bad-prognosis zygote, 194
cytoplasmic halo, 196–197
evaluation, 145–146
in vitro fertilization zygote, 196
missing alignment of pronuclei, 

196
peripheral positioning of 

pronuclei, 195–196
pronuclear grading, 193–195
stages, xvi
timing of fertilization events, 

193
undocumented zygotes, 196
uneven size of pronuclei, 196
zygote showing pronuclear 

pattern and halo, 194
zygote showing two pronuclei, 

195
zygote with failure in alignment 

of pronuclei, 196
zygote with uneven pronuclear 

size, 196
First polar body (IPB), 88
FISH, see Fluorescent in situ 

hybridization
FITC, see Fluorescein isothiocyanate
Fluorescein isothiocyanate (FITC), 

75
Fluorescent in situ hybridization 

(FISH), 332; see also In 
vitro maturation

priming, 128–129
Fluorescent PCR, 361; see also 

Polymerase chain 
reaction

FMEA, see Failure mode and effects 
analysis

Follicles, xv
Follicle-stimulating hormone (FSH), 

xii, 68, 88, 128
Forced function, 28
Forward progression (FP), 58
Fowler, Ruth, xxvi
FP, see Forward progression
Frozen embryo replacement cycle 

(FER cycle), 305; see also 
Embryo vitrification

Frozen–thawed blastocyst transfers
implantation and pregnancy 

outcomes, 293, 294
pregnancy/live birth outcomes, 

294
Frozen–thawed embryo transfer, 130

G
Gamete intrafallopian transfer 

(GIFT), xviii, xix, 50
GC, see Granulosa cell
GCG, see Glucose–citrate–glycine
GeneScan, 368
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Genetic counseling, 326
Genetic scenarios, 341
Genetic testing vs. screening, 332
Genome, 257
Genomic hybridization, array 

comparative, 364
Germ cell development, 382
Germ cell marker expression, 382
Germinal vesicle (GV), 88
Germinal vesicle breakdown (GVB), 

108
Germline stem cells (GSCs), 381; see 

also Artificial gametes
GFP, see Green fluorescent protein
Globozoospermia, 330
Glucose–citrate–glycine (GCG), 60
Glutamine, 210
Glycolytic activity distribution, 235
GM-CSF, see Granulocyte-

macrophage colony-
stimulating factor

GMP/GLP, see Good Manufacturing 
Practice/Good 
Laboratory Practice

GnRH, see Gonadotropin-releasing 
hormone

GnRH agonists (GnRHas), 88
GnRHas, see GnRH agonists
Gonadotropin-releasing hormone 

(GnRH), 88
Good Manufacturing Practice/Good 

Laboratory Practice 
(GMP/GLP), 18

Gradual-mixing device, 404
Granulocyte-macrophage colony-

stimulating factor 
(GM-CSF), 213, 262

Granulosa cell (GC), 88
Green fluorescent protein (GFP), 383
GSCs, see Germline stem cells
GV, see Germinal vesicle
GVB, see Germinal vesicle 

breakdown

H
HA, see Hyaluronic acid
Halosperm® assay, see SCD test
Hatching blastocyst, 289, 292
HCG priming, 129; see also In vitro 

maturation
HCV, see Hepatitis C virus
Heating, ventilation, and air 

conditioning (HVAC), 8
Heat map for blastocysts and 

embryos, 259
Hemizona assay (HZA), 45–46; see 

also Sperm evaluation
Hemizona index (HZI), 46
HEPA filter, see High-efficiency 

particulate air filter
Hepatitis C virus (HCV), 322
HEPES (4-(2-hydroxyet4hyl)-

1-piperazineethane 
sulfonic acid), 109, 131

HFEA, see Human Fertilisation and 
Embryology Authority

High-efficiency particulate air filter 
(HEPA filter), 7

High-magnification real-time 
microscopy, 121–122; see 
also Advanced sperm 
selection techniques

High-performance liquid 
chromatography 
(HPLC), 69

High-speed vitrification procedure, 
301; see also Embryo 
cryopreservation

Histone modifications, 410–411
HLA, see Human leukocyte antigen
Holding pipette (HP), 143

HOST, see Hypo-osmotic swelling 
test

HP, see Holding pipette
HPLC, see High-performance liquid 

chromatography
HSA, see Human serum albumin
HTF, see Human tubal fluid
Human chorionic gonadotropin 

(hCG), xii, 88, 109, 263, 
269

Human egg fertilization stages, xvi
Human ejaculate, 117

stained with toluidine blue, 70
Human embryo, see Embryo

on day 5, 215
vitrification, 303–304

Human Fertilisation and 
Embryology Authority 
(HFEA), 1, 10, 18

Human leukocyte antigen (HLA), 
359

Human menopausal gonadotropin 
(hMG), xv, 88

Human preimplantation 
development in vitro, 
xviii

Human serum albumin (HSA), 
142, 292

Human tubal fluid (HTF), 130, 141
HVAC, see Heating, ventilation, and 

air conditioning
Hyaluronan, 206
Hyaluronic acid (HA), 118; see 

also Advanced sperm 
selection techniques

binding, 119–120
Hypo-osmotic swelling test (HOST), 

44; see also Sperm 
evaluation

HZA, see Hemizona assay
HZI, see Hemizona index

I
IBMX (3-isobutyl-1-

methylxanthine), 136
IC, see Injecting pipette
Ice baby, xxi
ICM, see Inner cell mass
ICMR, see Indian Council of 

Medical Research
ID, see Inner diameter
IEC, see International 

Electrotechnical 
Commission

ILAC, see International Laboratory 
Accreditation 
Cooperation

Immotile cilia syndrome, see 
Primary ciliary 
dyskinesia

Implantation rate (IR), 251, 353, 
374

Implantation studies, 248–252
IMSI, see Intracytoplasmic 

morphologically selected 
sperm injection

Indian Council of Medical Research 
(ICMR), 19

Induced pluripotent stem cells 
(iPSCs), 381; see also 
Artificial gametes

Infertile male genetic evaluation, 
330–331

Injecting pipette (IC), 143
Inner cell mass (ICM), 156
Inner diameter (ID), 143
Inositol trisphosphate (IP3), 177
In situ NT assay, 72
Installation qualification (IQ), 11
Instituto Valenciano de Infertilidad 

(IVI), 317

International Electrotechnical 
Commission (IEC), 
17; see also Assisted 
reproduction technology 
laboratory standards

International Laboratory 
Accreditation 
Cooperation (ILAC), 26

International Organization for 
Standardization (ISO), 
17; see also Assisted 
reproduction technology 
laboratory standards

Intracytoplasmic morphologically 
selected sperm injection 
(IMSI), 119, 146; see 
also Advanced sperm 
selection techniques

Intracytoplasmic sperm injection 
(ICSI), xxii, 1, 141, 
150–151; see also 
Advanced sperm 
selection techniques

advantages of, 117, 141
clinical results with, 147–149
congenital malformation, 149
culture condition evaluation, 

145–146
dish, 143
embryo development evaluation, 

145–146
embryo replacement evaluation, 

145–146
evaluation of fertilization, 

145–146
evolution of ICSI pregnancies, 

149
extended sperm search, 146
genetic evaluation of 

pregnancies and 
children through, 332

immobilization of spermatozoon 
for, 143–144

mature spermatozoa, 147
oocyte preparation, 142–143
ooplasmic injection, 144–145
outcomes, 147, 148
physiologic, 147
procedure, 145
safety of, 149–150
semen collection, 141–142
semen processing, 142
setting for microinjection, 143
sperm cryopreservation, 142
sperm selection techniques, 

146–147
spermatozoal parameters and, 

149
Intra uterine device (IUD), 376
Intrauterine insemination (IUI), 

54, 68
In vitro fertilization (IVF), xi, xxii–

xxiii, 396–397
ammonium in culture medium, 

205
Bourn Hall, xx
cleavage timing, 210
culture medium effect on 

cryosurvival, 207
decisive steps, xiv–xv
diakinesis, xii
diffuse diplotene, xii
embryo formation, xii
embryo perfusion culture 

system, 214
embryo physiology, 202
embryos on day 5, 215
embryo viability in oocyte donor 

model, 207
epigenesis, xxii
exogenous hormones, xii

extended embryo culture, 212
fertilization stages, xvi
follicles, xv
gamete intrafallopian transfer, 

xix
hatched human blastocyst, xix
human studies, xiii–xiv
ice baby, xxi
laboratory/embryologist 

compatibility, 393
modern beginnings of human, 

xi–xii
in Oldham, xv–xix
oocytes, xi
outcomes, 201, 213
preimplantation development 

stages, xviii
progress of menstrual cycle 

for, xx
serum albumin, 206
Stein–Leventhal operation, xiv
steroid assay in follicular fluids, 

xvii
stress on preimplantation 

embryo, 203
test-tube babies, xxi
worldwide, xix–xxii
zygote, 196

In vitro grown (IVG), 384, 385
pre-antral follicles, 386–387

In vitro maturation (IVM), 
92, 111, 128, 384, 
395–396

applications, 136
and clinical pregnancy rates, 

131
cryopreservation of embryos in, 

129–130
cumulus–oocyte complex 

morphology, 132
cycle selection, 130
failed IVF cycles and IVM 

cycles, 129
follow-up of IVM children, 

134–135
FSH priming, 128–129
HCG priming, 129
history of, 128
indications of, 128
IVF-OSAKA IVM needle, 133
medium, 130–131
metformin application in, 

132–134
morphological changes of COCs 

in, 131
oncofertility, 136
oocyte collection, 133
oocyte identification, 131–132
oocyte maturation, 135–136
OPU for, 132
outcomes of fresh transfer cycles 

in, 135
simulated oocyte maturation, 

136
TCM199 and MediCult 

outcomes, 134
IP3, see Inositol trisphosphate
IPB, see First polar body
iPSCs, see Induced pluripotent stem 

cells
IQ, see Installation qualification
IR, see Implantation rate
ISO, see International Organization 

for Standardization
Isoelectric focusing, 257
IUD, see Intra uterine device
IUI, see Intrauterine insemination
IVG, see In vitro grown
IVI, see Instituto Valenciano de 

Infertilidad
IVM, see In vitro maturation
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J
Japanese Institution for 

Standardising 
Assisted Reproductive 
Technology (JIS-ART), 
19

JC, see Joint Commission
JCI, see Joint Commission 

International
JIS-ART, see Japanese Institution 

for Standardising 
Assisted Reproductive 
Technology

Joint Commission (JC), 18; see also 
Assisted reproduction 
technology laboratory 
standards

Joint Commission International 
(JCI), 18

K
Kallmann syndrome, 328, 331
Karyomapping, 364–365
Kennedy’s disease, 329
Key performance indicators (KPIs), 

18
KPIs, see Key performance 

indicators

L
Laboratory automation, 403–405
Laser-assisted hatching, 158, 

160; see also Assisted 
hatching

Laser-assisted opening of ZP, 172
LC, see Liquid chromatography
Leptin, 260
Leukokines, 39
Lipocalin-1, 262
Liquefaction, 37
Liquid chromatography (LC), 258
Liquid nitrogen (LN), 316

storage reservoir tank, 320
LN, see Liquid nitrogen
Loading solution (LS), 269
Long zona dissection (LZD), 160
Louise Brown, xxxvi
LS, see Loading solution
Luteinizing hormone (LH), xii, 108
LZD, see Long zona dissection

M
Macromolecules, 206; see also 

Culture systems
Macrozoospermia, 330
MACS, see Magnetic-activated cell 

sorting
Magnetic-activated cell sorting 

(MACS), 120; see 
also Advanced sperm 
selection techniques

MALDI, see Matrix-assisted laser 
desorption/ionization

Male infertility, 326; see also Severe 
male factor infertility

Bardet–Biedl syndrome, 330
CBAVD and cystic fibrosis, 328
chromosomal aberrations, 326, 

327
diagnosis, 68
genetic causes of, 329
Kallmann syndrome, 328
Kennedy’s disease, 329
microdeletions on Y 

chromosome, 326–328
myotonic dystrophy, 328
as part of syndrome, 328–330
Prader–Willi syndrome, 330
primary ciliary dyskinesia, 329
risk calculations for child with 

CF or CBAVD, 328

Mammalian embryo development, 
410; see also 
Preimplantation 
embryos, mammalian

Mannose binding assay, 46; see also 
Sperm evaluation

Manual double witnessing, 27–28
MAPKs, see Mitogen-activated 

protein kinases
MAR, see Mixed agglutination 

reaction
Marfan syndrome, 363
Marshall laboratory, xxix
Mass spectrometry (MS), 257
Material Safety Data Sheets (MSDS), 

6
Matrix-assisted laser desorption/

ionization (MALDI), 257
Mature spermatozoa, 147
5-mC (5-methylcytosine), 410
MDA, see Multiple displacement 

amplification
MEA, see Mouse embryo assay
Medical Research Council (MRC), 

xxviii
Meiotic spindle (MS), 92
mESCs, see Mouse ESCs
Metabolomics, 235
Metaphase-CGH, 352
Metaphase II (MII), 88, 280
Metaphase of first meiotic division 

(MI), 92
Metformin, 132–134
MI, see Metaphase of first meiotic 

division
Microdeletions on Y chromosome, 

326–328
Microfluidic device, 398

composed of polydimethyl-
siloxane, 396, 397, 399

fabrication of, 391
material/design 

biocompatibility, 392
media flow and dynamic 

approaches in, 391–392
for mouse embryo culture, 404
operation/failure, 392
PDMS/borosilicate, 396
for sperm separation, 

orientation, and 
alignment, 395

Microfluidics, 390, 405; see also 
Assisted reproduction 
technology

active embryo hypothesis, 402
in andrology, 393
benefits for oocytes/embryos, 

400–402
culture in microfunnel, 400
embryo culture, 397–400
in embryology, 394
gradual-mixing device, 404
in vitro fertilization, 396–397
in vitro maturation, 395–396
IVF laboratory/embryologist 

compatibility, 393
laboratory automation, 403–405
manipulation/removal of 

embryos, 393
perfusion system, 398
practical considerations, 403
requirements of, 392
sperm movement and function, 

393
sperm separation, 393–394
sperm sorter, 393, 394
turbulent versus laminar flow, 

391
and viability assessment, 

402–403
womb-on-a-chip, 401

Micromanipulation techniques, 108
Micromanipulator, 173
microRNAs (miRNAs), 375
Microsatellites, 362
Microscope with Saturn laser, 173
MII, see Metaphase II
Minimum drop size method, 

300; see also Embryo 
cryopreservation

Minimum volume cooling, 300
Mini-sequencing, 364
miRNAs, see microRNAs
Mitochondria, 330
Mitogen-activated protein kinases 

(MAPKs), 257
Mixed agglutination reaction 

(MAR), 42; see also 
Sperm evaluation

MN, see Multinucleation
MOAT, see Mouse oocyte activation 

test
Monoculture or sequential media, 

206–207; see also Culture 
systems

Monogenetic aberration detection, 
340–341

Monophasic system, 206; see also 
Culture systems

MOPS (3-(N-morpholino) propane-
sulfonic acid), 208

Morphometrics vs. metabolic 
analysis, 235–236

Morulae stage embryos, 228
Mosaic embryos, 354; see also 

Preimplantation genetic 
diagnosis

Mosaicism challenge, 354–355
Motile sperm organelle morphology 

examination (MSOME), 
121, 146; see also 
Advanced sperm 
selection techniques

Mouse embryo assay (MEA), 7, 14
Mouse ESCs (mESCs), 381
Mouse oocyte activation test 

(MOAT), 179
MS, see Mass spectrometry; Meiotic 

spindle
MSDS, see Material Safety Data 

Sheets
MS/MS, see Tandem MS
MSOME, see Motile sperm 

organelle morphology 
examination

Multinucleation (MN), 251
Multiple displacement amplification 

(MDA), 362, 367
Multiplex PCR, 361, 367; see also 

Polymerase chain 
reaction

Mutation analysis, 363
Myotonic dystrophy, 328

N
NATA, see National Association of 

Testing Authorities
National Association of Testing 

Authorities (NATA), 18
National Center for Biotechnology 

Information–Sequence-
Tagged Sites (NCBI–
STS), 363

National Health Service (NHS), 26
National Institute for Medical 

Research (NIMR), xxv
Natural conception (NC), 135
NC, see Natural conception
NCBI–STS, see National Center 

for Biotechnology 
Information–Sequence-
Tagged Sites

Near-infrared (NIR), 235
Negatively charged proteins, 260
Negative predictive value (NPV), 

246
Next-generation sequencing (NGS), 

322, 339, 352; see also 
Polar body biopsy; 
Preimplantation genetic 
diagnosis

advantages, 353
aneuploidy screening, 364
based methods, 355

NGS, see Next-generation 
sequencing

NHS, see National Health Service
Nick translation (NT), 69
Nine patient safety solutions, 18
NIR, see Near-infrared
Noncontact lasers, 159; see also 

Assisted hatching
Noninvasive quantification of 

embryo physiology, 231, 
233; see also Embryo 
quality evaluation

amino acid utilization analysis, 
234–235

carbohydrate utilization 
analysis, 233–234

distribution of glycolytic 
activity, 235

embryo nutrient consumption 
analysis, 234

fetal development of mouse 
blastocysts, 235

glucose consumption, 236
metabolomics, 235
morphometrics vs. metabolic 

analysis, 235–236
specific factors, 236–237

NPBs, see Nucleolar precursor 
bodies

NPV, see Negative predictive value
NT, see Nick translation
Nucleolar precursor bodies (NPBs), 

194, 226
Numerical chromosomal 

abnormalities, 339–340

O
OAT, see Oligo-astheno-

teratozoospermia
OCCC, see Oocyte–corona–cumulus 

complex
OD, see Outer diameter
8-OHdG (8-hydroxy-2-

deoxyguanosine), 69; see 
also Sperm chromatin 
assessment

OHSS, see Ovarian hyperstimulation 
syndrome

OLCs, see Oocyte like cells
Oligo-astheno-teratozoospermia 

(OAT), 326
Omics technology, 91, 99
Oncofertility, 136; see also In vitro 

maturation
Oocyte, 98, 266, 276, 280; see 

also Assisted oocyte 
activation; Cryotec 
vitrification method

activation, 177
collection and preparation, 

142–143
controlled-rate cooling and 

methodology, 266–268
cryobiology, 266
cryodamage, 271–272
cryopreservation outcomes, 267, 

273–275
cryopreservation time, 269
cryoprotectants, 266
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Oocyte (Continued)
cryostorage, 316
culture time effect, 270
denudation, 110
from ESCs, 381–382
frozen–thawed oocyte 

performance, 272–273
giant and normal, 99
handling, 109
human, xi
identification, 131–132
and insemination, 272
in vitro growth systems, 384
from iPSCs, 382–383
metaphase II, 94, 95, 96
methodology, 269
microtubule in metaphase II, 112
MII oocyte morphological 

evaluation, 94–97
morphological abnormalities, 

111
normalized volume of, 268
nuclear maturity evaluation, 

92–94
from OSCs, 383–384
preparation and selection, 

268–269
rapid-thawing procedure, 270
rates of survival, fertilization, 

cleavage, and 
implantation, 275

recipients, 322
resumption of meiosis in, 108
safety of cryopreserved, 

275–276
slow cooling protocol, 274
slow-freezing, 267, 269–270
from somatic cell 

transformation, 383
telophase I, 93
vitrification vs. traditional 

freezing, 281
Oocyte bank, 316

canisters for storage, 319
Ceralin online filter, 321
chilling injury, 316
clinical outcome, 316–317
construction, nitrogen supply, 

and gas pipes, 319
data logger for temperature, 

320, 321
egg donor selection, 320–322
environmental variables, 317
equipment, 317
facilities, 317
filtered liquid nitrogen 

collection, 321
logistics and technical aspects, 

317
management of donors and 

recipients, 320
matching sheet for donors and 

recipients, 323
nitrogen supply for vitrification 

process, 319–320
oocyte recipients, 322
ovum donation synchronization, 

322–324
QC in, 324
safety during handling of LN, 

320
single-donation cycle, 316
Spanish Assisted Reproduction 

Law, 320
storage room location, 317
storage tank, 317–319
survival and clinical outcomes, 

324
tank for liquid nitrogen storage, 

320
working area of vapor tank, 318

Oocyte–corona–cumulus complex 
(OCCC), 91

evaluation, 90–92
Oocyte like cells (OLCs), 381, 383, 

384
Oocyte recovery with tubal 

insemination (ORTI), 
xix

Oocyte retrieval and selection, 88
analysis of MSs, 99
candidate gene approach, 92
giant and normally sized oocyte, 

99
individualized stimulating 

regimens, 90
meiotic spindle presence, 93
meiotic spindle retardance and 

female age, 95
metaphase II oocyte, 94, 95, 96
morphological features of 

oocytes, 98
oocyte–corona–cumulus 

complex evaluation, 
90–92

oocyte nuclear maturity 
evaluation, 92–94

ovarian response prediction, 
89–90

ovarian stimulation protocols, 
89

perifollicular vascularization 
evaluation, 90

perivitelline space 
abnormalities, 96

telophase I oocyte, 93
types of cytoplasmic inclusions, 

97
Oocytes for intracytoplasmic sperm 

injection, 108, 113
denudation preparations, 110
denuding dish, 110
enzymatic solution, 110
evaluation of denuded oocytes 

for ICSI, 110–113
handling of oocytes, 109
injecting dish, 110
laboratory procedures, 109, 113
micromanipulation techniques, 

108
microtubule images in 

metaphase II, 112
morphological abnormalities in 

oocytes, 111
morphological markers of 

meiotic status, 109
removal of cumulus cells, 110
resumption of meiosis, 108

Oogonial stem cells (OSCs), 381, 
384; see also Artificial 
gametes

Ooplasmic injection, 144–145
Open pulled straw (OPS), 285, 299
Operational qualification (OQ), 11
OPS, see Open pulled straw
OPU, see Ovum pickup
OQ, see Operational qualification
OSCs, see Oogonial stem cells
Osmotic response of blastomere, 291
Outer diameter (OD), 143
Out-gassing, 5
Ovarian hyperstimulation syndrome 

(OHSS), 88, 128
Ovarian stimulation protocols, 89; 

see also Oocyte retrieval 
and selection

individualized stimulating 
regimens, 90

prediction of ovarian response, 
89–90

Ovum donation synchronization, 
322–324

Ovum pickup (OPU), 129

P
PAF, see Platelet-activating factor
Partial ZP dissection (PZD), 158; see 

also Assisted hatching
Patrick Steptoe, xxxii
PAWP, see Post-acrosomal WW 

binding protein
PB biopsy, see Polar body biopsy
PBS, see Phosphate-buffered saline
PcG2, see Polycomb group 2
PCOS, see Polycystic ovary 

syndrome
PCR, see Polymerase chain reaction
PDE, see Phosphodiesterase
PDMS, see Polydimethylsiloxane
PDMS/borosilicate microfluidic 

device, 396; see also 
Microfluidics

PEG-MA (Poly(ethylene 
glycol) methyl ether 
methacrylate), 392

Pentoxifylline (POF), 54
PEP, see Primer extension 

preamplification
Performance qualification (PQ), 11
Perifollicular vascularization 

evaluation, 90
Perivitelline space (PVS), 88
Personalized embryo transfer (pET), 

373
efficiency, 375

pET, see Personalized embryo 
transfer

PG, see Prostaglandins
PGCLCs, see Primordial germ cell-

like cells
PGS, see Preimplantation genetic 

screening
Phosphate-buffered saline (PBS), 

69, 344
Phosphatidylserine (PS), 121
Phosphodiesterase (PDE), 136
Phospholipase C (PLC), 177
Physiologic ICSI (PICSI), 147; see 

also Intracytoplasmic 
sperm injection

PICSI, see Physiologic ICSI
PID, see Preimplantation diagnosis
Platelet-activating factor (PAF), 236
PLC, see Phospholipase C
PNDT Act, see Prenatal Diagnostic 

Techniques Act19
POF, see Pentoxifylline; Premature 

ovarian failure
Polar body, 343

aCGH of, 346
for aneuploidy screening, 344
FISH analysis of fragmented, 

343–344, 345
on slide, 343

Polar body biopsy (PB biopsy), 
168–169, 339, 342, 345, 
347; see also Embryo 
biopsy

aCGH of polar bodies, 346
challenges of, 345
chromosome segregation and 

trisomy 21, 344
clinical application of, 339
efficacy of laser-assisted, 342
first polar body, 343
FISH analysis and result 

interpretation, 343–344
FISH analysis of polar body, 345
and monogenetic aberration 

detection, 340–341
and numerical chromosomal 

abnormality detection, 
339–340

polar body on slide, 343
simultaneous, 342
and structural chromosomal 

aberration detection, 340
success rates of, 340
techniques, 341
transfer of PBs for aneuploidy 

screening, 341–343, 344
transfer of PBs onto slide, 343

PolScope, 112
Polycomb group 2 (PcG2), 412
Polycystic ovary syndrome (PCOS), 

128
Polydimethylsiloxane (PDMS), 391
Polymerase chain reaction (PCR), 

168, 359–360; see also 
Preimplantation genetic 
diagnosis

allele dropout, 360
amplification failure, 360
-based PGD for translocation 

carriers, 363
contamination, 360–361
degenerated oligonucleotide-

primed, 367
fluorescent, 361, 367
multiplex, 361, 367
pitfalls in PGD, 360
primer extension 

preamplification, 362
Polymorphic markers, 362–363
Polyvinylpyrrolidone (PVP), 143, 

366
Positive predictive value (PPV), 

76, 246
Post-acrosomal WW binding 

protein (PAWP), 178; 
see also Assisted oocyte 
activation

Post-oocyte pick up chat, 25
Post-thaw inner cell mass survival, 

288; see also Embryo
blastocyst freezing, 290
blastocyst thawing, 290–292
early blastocysts, 289
fully expanded blastocyst, 289
hatching blastocyst, 292, 289
ICM and trophoblast, 289
optimized thawing protocol for 

slow-frozen blastocysts, 
292

osmotic response of single 
blastomere, 291

passing thawing blastocyst 
through decreasing 
glycerol solutions, 292

pregnancies observed for slow-
frozen blastocysts, 290

thaw process optimization for 
ICM survival, 289–290

timing of freezing and 
blastocyst, 288–289

Post-thaw inner cell mass survival, 
288–292

Post-translational modifications, 
257

PPV, see Positive predictive value
PQ, see Performance qualification
PR, see Pregnancy rate
Prader–Willi syndrome, 330
Pre-exposure prophylaxis (PrEP), 54
Pre-freeze blastocyst quality, 288
Pregnancy rate (PR), 353, 374
Pregnant mares’ serum (PMS), xii
Preimplantation development, 

411–412
Preimplantation diagnosis (PID), 

340
Preimplantation embryos, 

mammalian, 410
development, 411–412
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DNA methylation, 410
early preimplantation 

development, 411
epigenetic modifications, 410
H3K4me3, 410
histone modifications, 410–411
mammalian embryo 

development, 410
Preimplantation embryo to stress, 

202
Preimplantation genetic diagnosis 

(PGD), xxxii, 10, 328, 
339, 350, 359; see also 
Embryo—genetic 
analysis; Polymerase 
chain reaction

advanced molecular methods 
for, 361

aneuploid embryos, 350, 351
blastomere FISH, 351
challenge of mosaicism, 354–355
degenerate oligonucleotide-

primed PCR, 362
efficacy of new PGS techniques, 

353–354
fluorescent PCR, 361
metaphase-CGH, 352
mosaic embryos, 354
multiple displacement 

amplification, 362
multiplex PCR, 361
PGS-aneuploid embryo, 354
PGS by FISH, 350–351
pitfalls of PCR in PGD, 360
polymerase chain reaction, 

359–360
polymorphic markers, 362–363
pregnancy and implantation 

rate in different age 
categories, 353

primer extension 
preamplification, 362

quantitative fluorescent PCR, 
361

technologies and array-based 
methods, 352–353

for translocation carriers, 363
whole-genome amplification, 

361–362
Preimplantation genetic diagnosis 

laboratory techniques, 
365

alkaline lysis buffer, 366
cell lysis, 366
choice of positive controls, 

365–366
degenerated oligonucleotide-

primed PCR, 367
embryonic cell isolation, 366
ethidium bromide gel 

electrophoresis, 367–368
fluorescent PCR, 367
general safety measures, 365
GeneScan, 368
multiple displacement 

amplification, 367
multiplex PCR, 367
primary and nested PCR 

conditions, 366
primer extension 

preamplification, 367
products detection, 367
proteinase K/SDS buffer, 366
restriction enzyme digestion, 

367
water, 366

Preimplantation genetic screening 
(PGS), 10, 332, 350; see 
also Preimplantation 
genetic diagnosis

-aneuploid embryo, 354

by FISH, 350–351
technique efficacy, 353–354

Premature ovarian failure (POF), 
266

Prenatal Diagnostic Techniques Act 
(PNDT Act), 19

PrEP, see Pre-exposure prophylaxis
Pre-washed vinyl/Teflon-lined 

tubing, 5
Primary and nested PCR conditions, 

366
Primary ciliary dyskinesia, 329
Primer extension preamplification 

(PEP), 362
Primordial follicle activation, 

384–386
Primordial germ cell-like cells 

(PGCLCs), 381
Programmed cell death, 121
PROH (1,2-propanediol), 266
Pronuclei

alignment failure, 196
formation and patterns, 194, 195
grading, 193–195
missing alignment of, 196
of oocyte, 226–227
peripheral positioning of, 

195–196
uneven size, 196

Prostaglandins (PG), 376
Proteinase K/SDS buffer, 366
Protein profiling signatures of 

preimplantation 
embryonic development, 
259

Proteome, 257; see also Embryonic 
proteome

network of deregulated proteins, 
377

PS, see Phosphatidylserine
PVP, see Polyvinylpyrrolidone
PVS, see Perivitelline space
PZD, see Partial ZP dissection

Q
QA, see Quality assurance; Quinn’s 

Advantage™

QA/HEPES, see QA medium with 
hydroxyethanepropoxy 
ethane sulfonate buffer

QA medium with 
hydroxyethanepropoxy 
ethane sulfonate buffer 
(QA/HEPES), 57

QF, see Quantitative fluorescent
QMS, see Quality management 

system
qPCR, see Quantitative polymerase 

chain reaction
Quality assurance (QA), 17
Quality control (QC), 10, 17, 320

change control, 11
cleanrooms and air quality, 12
contact materials, 14–15
culture media and pH, 13–14
culture system, 13
documentation, 11
gas supplies, 13
infrastructure and environment, 

12
laboratory equipment and real-

time monitoring, 13
laboratory personnel, 15
light, 12
osmolality, 14
pH of culture medium, 14
and quality assurance, 11–12
risk management, 10
temperature issues, 13
temperature—relative humidity, 

12

validation, 10–11
witnessing, 15

Quality management system (QMS), 
10

Quantitative fluorescent (QF), 360; 
see also Polymerase 
chain reaction

PCR, 361
Quantitative polymerase chain 

reaction (qPCR), 339; 
see also Polar body 
biopsy

Quick-stained spermatozoa, 41
Quiescent follicles, 386
Quinn’s Advantage™ (QA), 57

R
Randomized controlled trials 

(RCTs), 351
Rapid-thawing procedure, 270
RCTs, see Randomized controlled 

trials
RE, see Restriction endonuclease
Reactive oxygen species (ROS), 66, 

394
Real-time monitoring (RTM), 13
Receiver operating 

characteristic (ROC), 
377

Recombinant FSH (rFSH), 90
Recombination deficiencies, 67
Recommended Standard (RS), 13
Recurrent implantation failure 

(RIF), 373
Relative humidity (RH), 12
Reproductive medicine specialists, 1
Reproductive Technology 

Accreditation 
Committee (RTAC), 18

Restriction endonuclease (RE), 363
amplification refractory 

mutation system, 
363–364

array comparative genomic 
hybridization, 364

digestion, 363, 367
DNA microarray technology, 

364
karyomapping, 364–365
mini-sequencing, 364
next-generation sequencing 

aneuploidy screening, 
364

Reverse transcription (RT), 360
Reverse transcription polymerase 

chain reaction 
(RT-qPCR), 254

rFSH, see Recombinant FSH
RH, see Relative humidity
RIF, see Recurrent implantation 

failure
Risk management, 10; see also 

Quality control
Risk priority number (RPN), 30
Robert G. Edwards, xxv, xxx

American diversion, xxviii
birth of Louise Brown, 

xxxvi–xxxvii
at Bourn Hall, xxxviii
with “Bunny” Austin, xxx
challenges in IVF and embryo 

transfer, xxxvi
childhood background, 

xxv–xxvi
crucial egg maturation studies, 

xxviii–xxix
discussion, xxxvii–xxxviii
Edwards, research scientist, 

xxvii–xxviii
extract from letter, xxxiii
family life, xxvi–xxvii

fertilization of human egg 
achieved at last, 
xxxiii–xxxiv

Glasgow and stem cells, xxix
Jean Purdy, xxxi
Julio Sirlin with, xxvii
key points in program of 

research, xxxi
Marshall laboratory, xxix
meeting with Patrick Steptoe, 

xxxii–xxxiii
move to Cambridge, xxix–xxxii
on National War Service, xxvi
problem of fertilization of 

human egg, xxxii
professional attacks on, 

xxxiv–xxxvi
Ruth Fowler in laboratory, xxvi
sperm capacitation, xxxii

ROC, see Receiver operating 
characteristic

Room temperature (RT), 269
ROS, see Reactive oxygen species
Routine sperm preparation 

techniques, 117
Royal College of Obstetricians and 

Gynaecologists (RCOG), 
xxxv

RPN, see Risk priority number
RS, see Recommended Standard
RT, see Reverse transcription; Room 

temperature
RTAC, see Reproductive Technology 

Accreditation 
Committee

RTM, see Real-time monitoring
RT-qPCR, see Reverse transcription 

polymerase chain 
reaction

S
Sabouraud dextrose agar (SDA), 23
Safety Data Sheets (SDS), 6
SAPK/JNK, see Stress-activated 

protein kinase/Jun 
kinase

SART, see Society for Assisted 
Reproductive 
Technology

SCD test, see Sperm chromatin 
dispersion test

Scientists in Reproductive 
Technologies (SIRT), 26

SCSA, see Sperm chromatin 
structure assay

SDA, see Sabouraud dextrose agar
SDS, see Safety Data Sheets; Sodium 

dodecylsulfate
SDSCs, see Skin-derived stem cells
Seeding, 296
SELDI, see Surface-enhanced laser 

desorption/ionization
Semen analysis, 36–37, 65

abnormal, 50
biochemical tests, 45
collection, 51, 141–142
computer-assisted, 41–42
hemizona assay, 45–46
hypo-osmotic swelling test, 44
liquefaction and viscosity, 37–38
mannose binding assay, 46
quick-stained spermatozoa, 41
reference values for, 37
and selection, 142
semen volume, 38

Semi-automated vitrification 
process, 296

Seminal collection devices, 37; see 
also Sperm evaluation

sER, see Smooth endoplasmic 
reticulum
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Serum albumin, 206
Serum substitute supplement (SSS), 

130, 292
SET, see Single-embryo transfer
Severe male factor infertility, 326

consequences and 
recommendations in 
clinic, 330

controversies, 332
future findings, 333
genetic counseling, 326
genetic evaluation of infertile 

males, 330–331
genetic evaluation of 

pregnancies and 
children conceived 
through ICSI, 332

genetic testing during ART use, 
331–332

genetic testing vs. screening, 332
globozoospermia, 330
and ICSI, 333
Kallmann syndrome, 331
macrozoospermia, 330
PGD for aneuploidy screening, 

332–333
testing, 332
translocation, 331

sHLA-G, see Soluble human 
leukocyte antigen G

Short tandem repeat (STR), 361
Simulated physiological oocyte 

maturation (SPOM), 136
Single-cell biopsy, 168; see also 

Embryo biopsy
Single-donation cycle, 316
Single-embryo transfer (SET), 201, 

212–213, 350; see also 
Culture systems

Single-nucleotide polymorphism 
(SNP), 352

SIRT, see Scientists in Reproductive 
Technologies

Skin-derived stem cells (SDSCs), 
383; see also Artificial 
gametes

Slow cooling rate protocol, 274
Slow-freezing procedure, 267, 

269–270
Smooth endoplasmic reticulum 

(sER), 89, 135
SNP, see Single-nucleotide 

polymorphism
Society for Assisted Reproductive 

Technology (SART), 
305, 306

Sodium dodecylsulfate (SDS), 72
Sodium saline citrate (SSC), 343
Soluble human leukocyte antigen G 

(sHLA-G), 260
SOPs, see Standard operating 

procedures
SPA, see Sperm penetration assay
Spanish Assisted Reproduction 

Law, 320
Sperm  see also Advanced sperm 

selection techniques; 
Sperm evaluation

acrosome assays, 44–45
antibodies, 42
apoptotic sperm binding, 

120–121
collection, 51
concentration, 38
cryopreservation, 142, 280
DNA damage reduction 

strategies, 78–79
DNA integrity assays, 46–47
epididymal sperm aspiration, 59
extended search, 146
head with intact acrosome, 44

intracytoplasmic injection, 117
malformations, 40
morphology, 39, 41
motility, 38, 60
movement and function, 393
penetration assay, 45
preparation techniques, 117
progression, 38–39
selection techniques, 146–147
separation, 393–394
sorting, 121
surface charge, 118–119
vitality, 39, 43–44

Spermatozoa, 117
Sperm chromatin assessment, 65, 

66, 68, 79
AAB staining, 69–70
for abnormalities, 69
abortive apoptosis, 66–67
AO assay, 72–73
ART, 68
cancer patients, 69
chromatin abnormalities, 66
chromatin repackaging, 66
chromatin structure, 65–66, 68, 

76–77
CMA3 assay, 71
comet assay, 74–75
contributing factors, 67–68
DBD–FISH assay, 71–72
defective sperm chromatin 

packaging, 66
deficiencies in recombination, 67
DNA damage reduction 

strategies, 78–79
doughnut loops, 66
embryonal loss, 68–69
Fas protein, 66–67
indications for, 68
in situ NT assay, 72
male infertility diagnosis, 68
measurement of 8-OHdG, 78
oxidative stress, 67
SCD test, 73–74
SCSA, 68, 76–77
sperm chromatin abnormalities, 

66
TB staining, 70–71
Tunel assay, 75–76

Sperm chromatin dispersion test 
(SCD test), 69; see 
also Sperm chromatin 
assessment

spermatozoa embedded in 
agarose microgel, 74

sperm chromatin, 73–74
Sperm chromatin structure assay 

(SCSA), 68, 76–77; see 
also Sperm chromatin 
assessment

Sperm evaluation, 36, 47
acrosome-reacted sperm, 45
additional cell types, 39
biochemical tests, 45
computer-assisted semen 

analysis, 41–42
container labeling, 37
hemizona assay, 45–46
hypo-osmotic swelling test, 44
immunobead binding test, 43
kinematic measurements 

involved in single-sperm 
tracing, 43

liquefaction and viscosity, 37–38
mannose binding assay, 46
MAR, 42–43
patient history, 36
progression, 38–39
quick-stained spermatozoa, 41
reference values for, 37
semen analysis, 36–37

semen volume, 38
seminal collection devices, 37
specimen, 37
sperm acrosome assays, 44–45
sperm antibodies, 42
sperm concentration, 38
sperm DNA integrity assays, 

46–47
sperm head with intact 

acrosome, 44
sperm malformations, 40
sperm malformations, 40
sperm morphology, 39, 41
sperm motility, 38
sperm penetration assay, 45
sperm vitality, 39, 43–44
subfertility, 36

Sperm penetration assay (SPA), 
44, 45; see also Sperm 
evaluation

Sperm preparation, 51–52
abnormal semen, 50
areas, 29
for ART, 53
aspirates or tissue samples, 54
choice of method, 57–58
collection of semen or sperm, 51
complications, 57
density gradients, 52–54, 58
epididymal sperm aspiration, 59
freezing protocol for 

oligozoospermia and 
washed sperm, 59–60

future directions and 
controversies, 57

from HIV-infected men, 54–55
hypo-osmotic medium, 60
media preparation, 57
methods, 51, 53
modifications of, 50
motility stimulants, 60
results, 55, 56
seminiferous tubules by 

aspiration, 52
slow-frozen, 59
sperm collection sites, 51
sperm for ICSI, 60–61
sperm selection from immotile 

samples, 54
sperm selection techniques, 55
from surgical aspirates or tissue 

samples, 54
swim up, 52, 58–59
testicular biopsy, 59
wash and resuspension, 59

Sperm selection
for ICSI, 60–61
from immotile samples, 54
techniques, 55

Spinal and bulbar muscular atrophy, 
see Kennedy’s disease

SPOM, see Simulated physiological 
oocyte maturation

SSC, see Sodium saline citrate; 
Standard saline citrate

SSS, see Serum substitute 
supplement

Staining techniques, 69
Standard operating procedures 

(SOPs), 18; see also 
Assisted reproduction 
technology laboratory 
standards

Standard saline citrate (SSC), 72
Stein–Leventhal operation, xiv
Stem cells, 381; see also Artificial 

gametes
STR, see Short tandem repeat
Stress-activated protein kinase/Jun 

kinase (SAPK/JNK), 
257

Structural chromosomal 
aberrations, 340

Subfertility, 36
Supernumerary oocyte freezing, 266
Surface-enhanced laser desorption/

ionization (SELDI), 257

T
Tandem MS (MS/MS), 257
TB staining, see Toluidine blue 

staining
TdT, see Terminal deoxynucleotidyl 

transferase
TdT-mediated dUTP nick end 

labeling assay (TUNEL 
assay), 68

TE, see Tris-EDTA
TE biopsy, see Trophectoderm 

biopsy
TEM, see Transmission electron 

microscopy
TEPs, see Trophectoderm 

projections
Terminal deoxynucleotidyl 

transferase (TdT), 68
Terminal deoxynucleotidyl 

transferase dUTP nick 
end labeling (TUNEL), 
46

TESE, see Testicular sperm 
extraction

Testicular biopsy, 59
Testicular sperm extraction (TESE), 

142
Test-tube babies, xxi
Thawing solutions (TSs), 270, 

282; see also Cryotec 
vitrification method

Thaw process modification, 289–290
Time-lapse systems (TMS), 243
Time-lapse technology, 243; see 

also Embryo quality 
evaluation

advantages of, 243
features compared between 

time-lapse systems, 244
kinetic parameters, 244–245
kinetic variables up to eight-cell 

stage, 245
models on market, 243
studies associating blastocyst 

formation with kinetic 
markers, 246

technical features compared 
between time-lapse 
systems, 244

Time-of-flight (TOF), 257
TMS, see Time-lapse systems
TOF, see Time-of-flight
Toluidine blue staining, 69, 70; see 

also Sperm chromatin 
assessment

advantages and limitations, 71
clinical significance, 71
human ejaculate stained with 

toluidine blue, 70
principle, 70
sperm chromatin, 70–71
technique, 70

Top-quality embryo, 227
Traditional slow-rate freezing, 

281; see also Cryotec 
vitrification method

Transcriptomics, 92
Transmission electron microscopy 

(TEM), 144, 271
Transport IVF, 1
Tris-EDTA (TE), 367
Trophectoderm biopsy (TE biopsy), 

168, 173–175see 
Blastocyst—biopsy
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Trophectoderm cells aspiration, 174
Trophectoderm projections (TEPs), 

156
Trypticase soy agar (TSA), 23
TSA, see Trypticase soy agar
TSs, see Thawing solutions
TUNEL, see Terminal 

deoxynucleotidyl 
transferase dUTP nick 
end labeling

Tunel assay, 75; see also Sperm 
chromatin assessment

advantages and limitations, 76
BD Accuri C6 flow cytometer, 76
clinical significance, 76
sperm chromatin, 75–76
technique, 75–76

Turbulent versus laminar flow, 391
Two-dimensional polyacrylamide 

gel electrophoresis 
(2D-PAGE), 257

2D-PAGE, see Two-dimensional 
polyacrylamide gel 
electrophoresis

U
UAE, see United Arab Emirates
Ubiquitin, 261
UBS, see Uneven blastomere
U.K. National External Quality 

Assessment Service 
(UKNEQAS), 25

UKNEQAS, see U.K. National 
External Quality 
Assessment Service

Undocumented zygotes, 196
Uneven blastomere (UBS), 251
United Arab Emirates (UAE), 19
U.S. Food and Drug Administration 

(FDA), 11
Uterine receptivity diagnosis, 

373–375

V
Validation, 10–11; see also Quality 

control
Vasa, 381
Viscosity, 38
Visible pronuclei (VP), 193

Vital stains, 43
VitMaster, 299
Vitrification, 281, 298; see also 

Cryotec vitrification 
method

and AAR, 304–306
in embryology, 303
high-speed, 301
human embryo, 303–304
plate, 282
safety of, 306
semi-automated, 296
vs. traditional freezing, 281

Vitrification solution (VS), 282; see 
also Cryotec vitrification 
method

Vitri-Plate, 284
VOCS, see Volatile organic 

compounds
Volatile organic compounds 

(VOCS), 2, 
23, 317

VP, see Visible pronuclei
VS, see Vitrification solution

W
WGA, see Whole-genome 

amplification
Whole-genome amplification 

(WGA), 352, 
361–362

Window of implantation (WOI), 
373

WOI, see Window of implantation
Womb-on-a-chip microfluidic 

perfusion system, 
401; see also 
Microfluidics

Z
ζ-potential technique, 118
Zona pellucida (ZP), 141, 

156, 271; see 
also Assisted 
hatching

breaching procedure, 172
thinning, 159–160

ZP, see Zona pellucida
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