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To My Family





Preface

The past three decades have witnessed significant advances in the field
of assisted human conception. Following the remarkable perseverance and
triumph of Robert Edwards, Patrick Steptoe, and Jean Purdy, numerous
scientists and physicians from around the world have worked to develop
more effective and safer procedures to treat infertile couples. Along with
improvements in the areas of ovarian stimulation, embryo culture, and
cryobiology, we have seen the introduction of assisted fertilization through
intracytoplasmic sperm injection, the development of techniques to remove
and perform genetic analysis on polar bodies or blastomeres, and the
enhancement of methods for assessing the viability of the developing
conceptus.

It is the aim of this book to not only to review the achievements of the
biomedical community involved in assisted conception, but also to highlight
ongoing and potential future treatments and procedures. Throughout this
body of work is the premise that basic science often derives tremendous
advances in medicine. This text also offers much practical information with
which one can readily translate theory into clinical practice. To this end, the
chapters found within have been written by acknowledged pioneers and
experts in each respective area.

Together with the advancements in assisted human conception should
come careful monitoring of outcomes, including the children conceived.
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Outcomes research is well accepted by the reproductive biomedical com-
munity and is discussed within this text. While no single volume can
adequately cover the enormity of this diverse field of reproductive medicine,
this book will be of value to clinicians, cmbryologists, scientists, and all stu-
dents of biomedical sciences.

David K. Gardner
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1

In Vitro Fertilization: The First
Three Decades

Jean Cohen

International Federation of Fertility Societies, European Society of
Human Reproduction and Embryology, Paris, France

Howard W. Jones, Jr.

Eastern Virginia Medical School, Norfolk, Virginia and Johns Hopkins
University Hospital, Baltimore, Maryland, U.S.A.

The birth of the world’s first baby born as a result of in vitro fertilization
(IVF) in July 1978 was by no means a chance event. Indeed, in the long evolu-
tion of reproduction, conception by IVF represents the end of a continuum
which originated with childbirth wholly dependent on chance but which
today is almost exclusively under human control. Today, nearly all forms
of infertility can be treated by the various techniques of assisted repro-
duction, which are now responsible for the birth of around two million
children worldwide.

THE HISTORY OF THE PAST

Although the origins of our medical knowledge of human reproduction are
usually attributed to Hippocrates, so often described as the ‘‘father of medi-
cine,’’ we do know that in the fifth century B.C. it was believed that both
males and females each produced two seminal liquors, one stronger than
the other; a blend predominantly with the former would produce a male
offspring, with the latter a female. In the following century, Aristotle
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proposed that the first stage of a human being was indeed the egg found in
females. Sperm had the power to give that egg its shape; the male would
bring immaterial strength, the female material substance. For centuries,
people lived with this concept of pre-formation, even after De Graaf
described the follicle in 1672 and, at the same time, Leuwenhoek the sperma-
tozoa. Only in 1875 would Hertwig demonstrate in the sea urchin that only
one sperm cell would penetrate the egg to achieve fertilization.

In 1786, Hunter performed the first artificial insemination in humans,
and in 1866 Sims the first donor insemination. In 1833, the cytologist
Van Beneden demonstrated that gametes had only two chromosomes
in the ascaria. The two chromosomes of the male nucleus would join with
the two chromosomes of the female to form the nucleus of a new zygote,
thereby laying the foundations for the discovery of the hereditary principle.
In 1903, a Danish pharmacist, Johannsen, coined the term ‘‘gene,’’ from
which Bateson 3 years later defined the new science of ‘‘genetics.’’ Almost
50 years later, in 1953, Watson, Crick, and Wilkins discovered the double
helic structure of DNA and in 1956 Tijo and Levan identified 46 chromo-
somes in the human.

Equally important were the advances made by gynecologists in their
understanding of the physiology of reproduction. By observing the effects
of ovariectomy, they were able to explain the function of the ovary and in
particular the menstrual cycle; the first treatments were developed as a result
of injecting extracts of ovarian tissue. The concept of ‘‘hormone’’ activity
was proposed by Baylin in 1904, and the subsequent discovery of the differ-
ent hormones persisted throughout the rest of the 20th century.

1950–1978

Studies of animal and then human fertilization began in the second half
of the 20th century. In 1954, Thibault achieved the first fertilization in vitro
in the mammal (in the rabbit); the following year, Chang (1,2) succeeded in
growing rabbit embryos derived from oocytes fertilized in vitro, and in 1959
achieved a live birth by transfer of an in-vitro-fertilized oocyte. In 1965,
Edwards (3) determined that human oocytes removed from ovarian biopsies
required 37 hr to complete their maturation in vitro.

This time was also the beginning of the gynecologist’s interest in infer-
tility. It was in 1959 that the first Congress on Infertility was held in
New York. Five years earlier, in 1954, the first human pregnancy derived
from frozen sperm was achieved, and the following year Pincus (4), who
at the time was best known for his (unsuccessful) attempts to fertilize human
oocytes in vitro, published the first results on hormonal contraception (for
Enovid1, Searle Pharmaceuticals). In 1958 and 1960, Gemzell and Lunen-
feld obtained the first pregnancies following treatment with human pituitary
gonadotrophin (hPG) and human menopausal gonadotrophin (hMG),
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respectively (5,6). In 1961, Klein and Palmer (7) described the first aspir-
ation of a human oocyte during laparoscopy.

However, throughout this time there was also a man working to
achieve in humans what had seemed possible from work in animal models,
much of it his own work in mice: IVF and embryo transfer. Eventually, in
his scientific rigor and disciplined success, this man would change the face of
human reproduction, demonstrating throughout persistence, self-denial,
and exceptional confidence. This man was Edwards.

Edwards had completed his Ph.D. in 1958 on developmental genetics
in mice. His studies, using diakinesis and metaphase-2 as markers, had
shown that mice needed around 12 hr to achieve oocyte maturation, but
now, as his work progressed from mouse models to the human, it was clear
that human eggs required much longer. However, at the same time he and
colleagues in Glasgow had produced the world’s first embryonic stem cells
from rabbit embryos. Intrigued by the therapeutic potential of these stem
cells, Edwards turned to the maturation and fertilization of human oocytes
in vitro—as a source of stem cells and for other research purposes. And it
was from this work with human embryos—during an intense 6-wk period
at Johns Hopkins Hospital in Baltimore—that Edwards found that human
oocytes required 37 hr to reach full maturity, and thus 35–40 hr after ovu-
lation before insemination could be carried out. By 1969, working with
Ph.D. student Barry Bavister, Edwards was able to fertilize human eggs
without any obvious need for sperm capacitation.

It was at this time—in 1967—that one of us (Cohen) first met Edwards.
Both (Cohen and Edwards) were attending a conference on immunology in
reproduction in Bulgaria. We met again in 1972 at an IFFS Congress in
Tokyo, and here we talked of the possibilities of IVF in humans. At least,
I listened, as he explained his vision of the future of human repro-
duction—IVF, cryopreservation, preimplantation, and genetic diagnosis.
I asked myself if he was serious, but I quickly understood that his was the
vision of a true prophet.

Edwards had tried unsuccessfully to collaborate with clinicians in
Cambridge and London to supply him with human oocytes. Frustrated
in these efforts, he thus turned to the United States and in 1965 had joined
Georgeanna and Howard Jones at Johns Hopkins where ovarian tissue
(from wedge biopsies) was more readily available. And it was here, during
this 6-wk working visit, that he obtained human oocytes, confirmed the pre-
cise timing of human oocyte maturation. Back in the United Kingdom, his
clinical collaborations continued to prove fruitless, until his chance meeting
at a London conference with the gynecologist Steptoe. At the time Steptoe
was working in the small northern town of Oldham and already had much
experience in the surgical use of laparoscopy. Steptoe immediately agreed to
collaborate with Edwards, and so began—in 1968—the partnership that
would leave such a lasting legacy in reproductive medicine.

In Vitro Fertilization 3



The story of Edwards and Steptoe is well known, but for them it was
also a difficult one—the long drives of Edwards from Cambridge to Oldham
(180 miles each way), the laparoscopic recovery of oocytes from the ovary,
the start of embryo transfers in 1971, ovarian stimulation with hMG, clomi-
phene, luteal support, and constant failure—until the first ectopic pregnancy
in 1975. Finally, despite accusations of malpractice by some U.K. colleagues
and after 32 embryo transfers, their first healthy pregnancy was achieved
with the birth of Louise Brown on July 25, 1978 (8).

I was surprised that the announcement of the world’s first IVF birth
was received in such a variety of ways. Certainly, there were very few people
in the world who immediately understood the huge importance of its scien-
tific achievement. Many doubted it, or did not even pay it much attention.
I remember that I made the trip to London in early 1979 to hear Edwards
and Steptoe report their medical and scientific success to the Royal College
of Obstetricians and Gynaecologists, and I remember, too, the discussions
and doubts when I arrived. However, after their precise and somewhat
unsettling lecture (both the biologist and the clinician presenting data),
any doubts in the audience evaporated and the meeting ended to the tune
of ‘‘For he’s a jolly good fellow . . . .’’

Immediately after the birth of Brown, the attention of Edwards and
Steptoe turned to extending their clinical work, but their progress was halted
by the retirement of Steptoe from Britain’s nationalized health service. It
took two more years before an alternative private service could be set up
at Bourn Hall near Cambridge, which in time would become one of the most
progressive and best known in the world.

However, while Edwards and Steptoe planned their move to Bourn
Hall, other groups throughout the world were inspired by the U.K. success
and set about their own efforts to repeat it. Like Edwards and Steptoe, they
were contemplating a treatment for tubal infertility, with the idea that IVF
would circumvent the tubal blockage if tubal surgery had failed.

1978–1982

The embryo that became Brown was derived from a natural—and not
stimulated—cycle. Thus, with the success of Edwards and Steptoe showing
the way, the predominant scenario of these first IVF attempts was the natural
cycle, determination of the luteinizing hormone (LH) peak and follicle punc-
ture during laparoscopy. There was also a new demand for the development
of culture media.

In Australia at the time there was already a long history in repro-
ductive medicine. By 1970, Prof. Wood had established a combined research
team in Melbourne involving the Royal Women’s Hospital and the
University of Monash. Johnston was the Medical Director at the former,
while Leeton and Talbot comprised the medical staff at the latter, with
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Lopata and Trounson handling the biology. This joint group was working
with hormonally stimulated IVF cycles throughout the mid-1970s, using
hPG or clomiphene and hMG. However, following the birth of
Brown, the Melbourne group also turned its attention to the natural cycle.
Improvements in culture media were initiated by Trounson, while the devel-
opment of Teflon-lined catheters by Buttery and Kerin improved the
technique of embryo transfer. Australia achieved its first IVF birth—
the third in the world—in June 1980 when Candice Reed was born at the
Royal Women’s Hospital.

In June 1978, Howard and Georgeanna Jones had retired from Johns
Hopkins—where Edwards had joined them for his 6-wk working visit in
1965—and had been asked by Andrews to set up a division of reproductive
medicine at the Eastern Virginia Medical School in Norfolk. They began
their IVF program in 1980, but, following 41 laparoscopies to collect
oocytes, they had achieved embryo cleavage in only 13 patients, and no
pregnancies following transfer.

In 1981, Georgeanna Jones proposed a change to hMG and the stimu-
lated cycle to obtain more oocytes, a move which yet again prompted
intense debate on the relative merits of the natural or stimulated cycle in
IVF. The Norfolk group had its first success in the 13th attempt in a
stimulated cycle, the first American IVF baby born in December 1981.

In France, two groups were making progress in friendly compe-
tition. At the university hospital in Clamart, Frydman as clinician and
Testart as biologist were focusing their research on the LH peak, and in
1981 developed an assay for the initial rise of LH in plasma (LHSIR) (9).
This assay would allow the accurate prediction of the start of the LH
surge, and thus more time for the organization of follicle puncture.
In Sevres, a non-university hospital, the biologists Mandelbaum and
Plachot and I found ourselves frustrated by the absence of a laboratory
on site, and adopted a policy of transporting oocytes by thermos flask to
the INSERM laboratory of the Hospital Necker, 30 minutes away by taxi.
It was also at Sevres that Pez and I began tracking follicular growth by
ultrasound.

Both French groups benefited from the help of veterinary researchers
at INRA (Institut National de la Recherche Agronomique), one of whom,
Menezo, had developed the B2 culture medium known as the ‘‘French
medium.’’

France’s first IVF babies were born at Clamart in February 1982 and
at Sevres the following June. And there were now several other live births
being reported from groups elsewhere—in Sweden, Finland, the
Netherlands, and Germany, as well as in the United Kingdom, United
States, and Australia. In Vienna, Feichtinger and Kemeter began with clo-
miphene cycles in the summer of 1981 and, doing their own biology, had
their first live births (twins) in August 1982.
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One catalyst for the surge of activity in IVF at this time was a meeting at
Bourn Hall in September 1981 organized by Edwards for those groups world-
wide now actively involved and reporting results—from Bourn Hall itself,
Basel, Gothenburg, Kiel, Manchester, Melbourne, Norfolk, Paris, and
Vienna. It was here that many of us met for the first time, and the atmosphere
was warm and friendly. Comparing experiences was reassuring for everyone,
and one important conclusion did emerge—a preference for stimulated cycles,
which would generate more oocytes and allow a better prediction of the tim-
ing of ovulation. Now, looking back through the proceedings of that 1981
meeting and the reported discussions, I can see the following:

1. ovarian stimulation was mainly with clomiphene,
2. ultrasound was already in use (with Feichtinger) for monitoring

follicular growth,
3. a concern for the effect of gas on oocyte quality during laparoscopy,
4. a concern about quality control in culture media and during lab-

oratory processes,
5. and the conviction of Edwards that his former use of Primolut1

(norethisterone) during the luteal phase of his earlier stimulated
cycles would explain the failure of his first attempts at IVF; most
participants at the meeting seemed to agree that, if post-aspiration
progesterone values were low, a progesterone supplement would
be needed during the luteal phase. Primolut, Edwards concluded,
was probably an abortifacient.

If my descriptions of this first clinical phase of IVF seems to focus on
just a few groups, it is because there was so little reporting of scientific data
from elsewhere and because only the announcement of a pregnancy allowed
some form of recognition from the scientific and lay communities. A fuller
review of these pioneering days of IVF can be found in a series of articles in
Human Reproduction Update by, Trounson, Dawson, Jones, Hagekamp,
Nygren, Hamberger, and myself (10).

This was also, let us not forget, a period of general doubt in the scien-
tific integrity of IVF and in its wider clinical application. In 1982, there were
only 11 reported IVF births in the world, but this does not mean that the
‘‘celebrity’’ groups were the only ones doing IVF successfully. In many cit-
ies, there were young groups making their first attempts, and many of them
traveled to the United Kingdom, United States, and Australia for their
training. In the years which followed, they too would achieve their first preg-
nancies and live births.

1982–1992

The next decade was a time of huge progress in IVF. There was an explosion
in the number of centers performing IVF in many countries, and it was also
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at this time that the first discussions on the ethics of assisted reproduction
began in earnest, many of which would pave the way for subsequent
legislation and guidelines.

Each year saw important new clinical and scientific developments.
Among the milestones were

1982: The recognition of poor and high responders to hMG, the first
ultrasound-guided aspiration of follicles, and the first reports of
GnRH agonist use for the downregulation of pituitary hor-
mones in IVF (11–13)

1983: Human embryo freezing (14)
1984: The first pregnancy following gamete intrafallopian transfer

(GIFT) (15)
1986: The first pregnancy following zygote intrafallopian transfer

(ZIFT) (16)
1986: The first human pregnancy following oocyte freezing (17)
1988: The first report of a human pregnancy following sub-zonal

insemination (18)
1989: Vitrification of human oocytes (19)
1990: The first live birth following preimplantation genetic diagnosis,

the detection of aneuploidy following polar body testing, and
the first description of assisted hatching (20–22)

1991: The first clinical use of GnRH antagonists for the suppression of
pituitary hormones (23)

1992: Intracytoplasmic sperm injection (ICSI) (24)

ICSI would become the most successful technique introduced in the
decade, thereafter applied throughout the world to overcome fertilization
failure as a result of male factor or unexplained infertility. The success of
ICSI would also be shown to be independent of the three basic sperm
parameters, motility, morphology, and concentration.

Throughout the decade, there was a huge increase in the use of assisted
reproduction and in its success. In 1986, approximately 2000 babies were
born following IVF, with half of them conceived at Bourn Hall. However,
by 1989, the first year of data presented in the initial world collaborative
report at the Seventh World Congress of IVF in Paris in 1991, that total
had increased to more than 18,000 (Table 1).

In January 1984, Seppala had sent a questionnaire to 65 individuals
or groups then working in IVF which had produced data on 10,028 cycles.
Success rates according to the type of ovarian stimulation is shown in
Table 2, and according to the number of embryos transferred in Table 3.
In 1988, I reported a similar collaborative study at the Sixth World
Congress of IVF in Melbourne which showed that, of 2342 pregnancies
in the database, 24.8% were spontaneously lost and 5.2% were ectopic
(Tables 4 and 5).
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Table 2 Type of Ovarian Stimulation and Number of Pregnancies Achieved

Stimulation

No. of
reporting

teams
No. of pregnancies/

No. of cycles
Success (%)

per cycle

None; natural cycle 7 41/352 11.6
Clomiphene/hCG 44 256/3083 8.3
Clomiphene/hMG/hCG 50 377/3847 9.8
Clomiphenea 14 167/980 17.0
Clomiphene/hMGa 7 53/340 15.6
hMG/hCG 41 235/1591 14.8

aSpontaneous LH surge.

Abbreviations: hMG, human menopausal gonadotropin; hCG, human chorionic gonadotropin.

Source: From Ref. 36.

Table 1 In Vitro Fertilization: 1989 General Data

FR USA UK

Aus/

NZ DE Scand BE JP CA ES

Clinics

reported

115 180 24 40 33 14 124 14

Clinics

participating

50 161 35 23 37 25 14 67 10 10

Studied

cycles

15,880 18,211 10,489 9345 8385 6245 4578 3726 3180

OPU

cycles

15,725 15,392 8514 7356 5759 5379 3750 3438 2724 1247

Transfer

cycles

10,531

(þ999)

13,523 6553 6261 4365 4581

(þ100)

3040 2571

(þ93)

2233 1158

Clinical

pregnancies

2526

(þ142)

2811 1354 1040 900 997

(þ21)

741 421

(þ5)

391 244

Deliveries 1893a 2146 982 755 646 705a 306a 264 194

Babies

including

stillborn

2531a 2929 964 926a 391 286 232

Total

babies

reported

since start

11,127 11,015 4595 3275 1864 2428 552 1337

Abnormal

babies

181 27 18 22

aIncluding frozen-thawed transfers (numbers in parentheses).

FR; France, USA; United States of America, UK; United Kingdom, AU; Australia,

KR; Korea, CZ; Czechoslovakia, GR; Greece, Yug; Yugoslavia, NL; Netherlands,

Abbreviation: IVF, in vitro fertilization.

Source: From Ref. 35.
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KR CZ GR Yug NL SG CN BR IN PT EG TR IE Total %OPU

5 5 8 7 1 6 7 3 9 3 4 1 1 �649

3 5 6 2 1 6 4 3 4 2 1 1 1 469

1456 1456 1232 769 696 617 504 383 271 243 66 >87,732

1240 1234 1000 857 656 618 509 455 322 222 168 66 34 76,030 100

1019

(þ41)

524 835

(þ21)

655 531

(þ49)

483

(þ60)

358 383 267

(þ18)

178 139 65 29 60,282 79.3

191

(þ2)

51 156

(þ1)

89 140

(þ7)

110

(þ11)

94 85 51 51 27 8 2 12,480 16.4

137a 32 100 61 112a 95a 68 33a 40 20 6 0 >8595 12.0

122a 34 98 72 162a 137a 90 50a 62 31 8 >9125

151 55 206 153 399 139 202 171 109 117 105 13 >38,013

3 0 4 1 15 0 2 2 3 0 0 >278 1.5

New Zealand, DE; Germany, Scand; Scandinavia, BE; Belgium, JP; Japan, CA; Canada, ES; Spain,

SG; Singapore, CN; China, BR; Brazil, IN; India, PT; Portugal, EG; Egypt, TR; Turkey, IE; Ireland.

It seems worthwhile to pause here and reflect on our main concerns
during this decade of such great progress in reproductive medicine. First,
our main scientific efforts were concentrated on fertility itself, whether to
prevent pregnancy with contraception or to facilitate it with assisted repro-
duction. In IVF, we were looking for ways to increase the number of oocytes
available for fertilization but to decrease the number of sperm cells neces-
sary to achieve it (as it was by now quite clear that the failure of fertilization
was often the result of a low concentration of motile sperms). At the same
time, we were also searching for ways—as reflected in the techniques of zona
drilling or partial zona dissection, or indeed in GIFT or ZIFT—to bring
gametes closer together in time and space, and break through the physio-
logical barriers of the oocyte.

However, the indications for IVF were not yet changing in any major
way—and would not until the introduction of ICSI opened a door to the
treatment of male infertility. From the beginning, IVF had remained indi-
cated mainly for the treatment of tubal infertility as a result of blocked or
damaged Fallopian tubes. Thus, there was a lively debate in the early
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1980s following developments in microsurgery on how tubal blockage might
best be treated; the microsurgeons were insistent that their new surgical
techniques were potentially more effective than IVF. However, IVF quickly
won that debate by gradually extending its indications far beyond the range
of surgery, first into tubal infertility with patent but diseased tubes, and then
into polycystic ovary disease and other idiopathic conditions. By the time
the indications had been stretched to male infertility following the introduc-
tion of ICSI in the early 1990s, the debate between assisted reproduction
and surgery was long over. Today, ICSI accounts for around 40% of all
the indications for assisted reproductive technology (ART).

Table 3 Clinical Pregnancies Relative to Number of
Embryos Replaced

No. of embryos
replaced

No. of pregnancies/
No. of replacement cycles

Success
rate (%)

One embryo 317/3321 9.5
Two embryos 366/2514 14.6
Three embryos 259/1340 19.3
Four or more

embryos
197/818 24.1

Source: From Ref. 36.

Table 4 Features of the Population Under Study: 2342 Pregnancies in Women of
Mean Age of 33 Yr

(%)
Indications

for IVF
Type of ovarian

stimulation
Oocyte

collection

Tubal 67.9
Idiopathic 11.0
Male infertility 3.5
Other 16.7
Clomiphene 3.9
hMG 20.8
FSH 3.4
CC/hMG 62.7
hMG/FSH 7.4
Other 1.8
By ultrasound 22.6
By laparoscopy 77.4

Abbreviations: IVF, in vitro fertilization; hMG, human menopausal gonadotropin; FSH, follicle

stimulating hormone.

Source: From Ref. 37.
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There was also another trend evident throughout this important
decade. It was clear by the early 1980s that ovarian stimulation with gona-
dotrophins would allow the collection of more oocytes for fertilization and
more embryos for transfer. However, with no limit on the number of
embryos transferred and clinics anxious to increase their success rates, the
number (and proportion) of multiple pregnancies was seen to increase in
parallel to the wider use of ovarian stimulation. Multiple pregnancies would
become one of the real issues of ART, both in terms of health and cost.

There were also major changes introduced in the technicalities of IVF:
egg collection via laparoscopy was almost totally replaced by the far less
invasive, ultrasound-guided transvaginal route; and there were also at this
time great improvements made in the composition of culture media and in
the processes of laboratory quality control.

And for the patient, what was the benefit of these developments? There
were still those who argued that IVF was an inefficient procedure, with suc-
cess rates improving only marginally with each scientific advance. However,
in the adoption of embryo freezing, patients had more opportunity for
embryo transfer from a single stimulation, and with it a much greater chance
of success. Even in 1991, when I presented results from the world collabora-
tive report in Paris, I reported a 20.7% pregnancy rate from fresh embryo
transfers, and 13.7% from frozen (25). And it is also worth noting that
throughout the decade the application of gamete donation developed
remarkably such that with the introduction of oocyte and embryo donation,
even those women with premature ovarian failure now had the chance to
have their own babies, even if from a donated egg.

There were other developments too, outside the laboratory and clinic.
Even before the birth of Brown, both Edwards and Steptoe were in favor of
ethical discussion about IVF. The British government was the first to
appoint a commission of enquiry into all forms of assisted conception in
1982 (under the chairmanship of Warnock), which reported 2 years later
with a list of recommendations, including a statutory licensing authority.
The United Kingdom was the first country to introduce legislation and regu-
lation to assisted reproduction.

Table 5 Incidence of the Different Pregnancy
Outcomes (2329 cases)

Early abortions 24.5 (%)
Late abortions 1.5 (%)
Ectopic pregnancies 5.2 (%)
Births 62.5 (%)
Ongoing pregnancies 7.5 (%)

Source: From Ref. 37.
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What was, clear, however, with legislation or not, was that each suc-
cessive discovery in IVF stimulated some ethical discussion, and the press,
politicians, theologians, and medical groups all raised concerns about such
rapid progress into new forms of human conception. These discussions are
clearly set out in a chapter titled ‘‘The History and Ethics of Assisted Con-
ception’’ in a 1995 textbook on ART by Edwards and Brody (26).

There was a broad disparity in how different countries adopted different
moral positions with respect to the new reproductive technologies. In some
countries, politicians and representatives of society were the final arbiters,
whereas in others clinicians and scientists were left to define their own codes
of practice. In 1999, Jones and I, on behalf of the IFFS, published a review of
the guidelines and legislation in place in 38 countries, and could not find even
two of those countries sharing the same legal positions (27). Indeed, even in
the same geographical group of countries, there were significant differences:
in Australia, there were even different laws on the two sides of a state border;
in France, patients were forced to go to Belgium for pre implantation diag-
nosis (PGD) or oocyte donation; in the Nordic countries, Iceland and Finland
had no legislation in place, whereas Denmark, Norway, and Sweden each had
contradictory legislation with respect to gamete freezing and donation.

These paradoxes were essentially created by politicians and healthcare
regulators and resulted mainly in sizable traffic of infertile couples seeking
treatment beyond their own legislative borders, thereby initiating the
‘‘import and export’’ of ART. Even if the legislation has changed over the
years, the problem of ‘‘reproductive tourism’’ has not.

Thus, even from the pioneering days of IVF, clinicians and biologists
have shared a concern for the moral responsibility of providing IVF that
was not always the same as the legislators’. Both of the leading scientific
societies in reproductive medicine have continued to encourage discussions
on its ethics, with debate, taskforce review, and publications. However, 25
years after the birth of Brown, there remain different opinions adopted by
ethicists on the status of the human embryo which find their way into the
contradictory laws which still persist in many countries.

1992–THE PRESENT

Although the outcome of ART procedures appears to have shown a
constant, if slow, improvement throughout the 1990s, it has always been dif-
ficult to record precise results and compare them from one year to the next
or from one country to another. Many registries have been set up, but most
submissions and results were not audited, and wide methodological discre-
pancies remain between one registry and the next. Nevertheless, most
reports show that, although the mean delivery per embryo transfer increased
from 22% in 1995 to 31% in 2000, some individual groups achieved pub-
lished rates of 40% or more.
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Any progress in these results appears to have been modest in recent
years, but the problems emerging in the 1990s have remained: a high rate
of pregnancy loss (25%) and a high incidence of multiple pregnancies (25–
40%) (28). The result is that today the avoidance of multiple pregnancies after
ART has become one if its main goals, with legislation now in place in some
countries to limit the number of embryos transferred to two or even one.

In recent years, there have also been several studies showing that even
singleton children born after ICSI or IVF have an increased risk of malfor-
mation or some developmental abnormality. The possible source of these
risks has been associated with ovarian stimulation, laboratory procedures,
or infertility itself. Prospective studies designed to identify the etiology of
these problems are needed, even though most studies so far suggest that
the causes of the infertility itself are the main associations with risk.

Since the introduction of ICSI in the early 1990s, ART has continued
to pass significant milestones:

1994: Pregnancy following fertilization with sperm cells retrieved from
the testes or epidydimis, and in vitro maturation (29,30)

1997: Blastocyst transfer (31)
1998: Mitochondrial transfer between oocytes (32)
2001: Single embryo transfer (33)
2004: First pregnancy following implantation of an embryo obtained

from frozen ovarian tissue (34)

In the 21st century, it is clear how much the new reproductive technolo-
gies have allowed and initiated advances in genetics. The ability to transfer
embryos screened for chromosomal and single gene defects has reduced the risk
of many inherited diseases, while immunoassay technology has provided
detailed insight into the cellular processes involved in gene expression. How-
ever, such developments—as well as the publicly perceived ability to select
embryos for their sex and genetic characteristics—have raised fears of ‘‘designer
babies’’ and a move towards some kind of eugenics under pressure of parents.

Since the birth of Dolly, the sheep in Scotland in 1996, the issue of
reproductive or therapeutic cloning has been exposed. In therapeutics, the
transplantation of human embryonic stem cells now holds great promise
for the treatment of diseases such as Parkinson’s or diabetes, whereas devel-
opments in stem cell biology will lead to a better understanding of infertility,
implantation failure, genomic imprinting, and meiosis. The gynecologist
could take part in that research, but for now the initiative lies with the
scientists and the active work of the geneticist.
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Evaluation and Preparation
of the Infertile Couple for

In Vitro Fertilization

David R. Meldrum

Reproductive Partners Medical Group, Redondo Beach, California, U.S.A.

Thorough evaluation of the infertile couple before in vitro fertilization (IVF)
is critical in achieving the best outcomes and avoiding complications. Most
IVF centers organize the evaluation by using a checklist that the nurse coor-
dinator and physician assure is complete before proceeding with the cycle.

DAY 3 FOLLICLE-STIMULATING HORMONE

A level exceeding 25 mIU/ml (about 12 mIU/ml using current assays) has
been correlated with a very low chance of pregnancy (1). More recent studies
have shown that mild elevations in women below 40 yr of age predict a more
modest reduction in the pregnancy rate, whereas an elevated level carries
much more meaning in older women. Sometimes, particularly in older
women, follicular maturation is very rapid and the follicle-stimulating hor-
mone (FSH) can already be decreasing by day 3. Therefore, the level of
estradiol (E2) should also be measured. The impact of an increased day 3
E2 level (over 70–80 pg/ml) in the presence of a normal FSH concentration
is unclear, but using gonadotropin releasing hormone (GnRH) agonist and
assisted hatching, an elevated E2 level correlates with increased cycle cancel-
lation but not with a reduced pregnancy rate (2). An elevated day 3 E2 has
less importance in young women. We also use the FSH assay to predict the
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optimal level of stimulation, because the ovarian response has been shown
to vary inversely with the FSH level (1). For women with an FSH level over
10 mIU/ml, we generally choose a low responder protocol.

FSH assays vary considerably in their normal ranges. Ideally, if switch-
ing from the Leeco Diagnostics, Southfield, Michigan Company, (now
Binax, Inc., Scarborough, Maine) assay on which older research was based
(1), a series of samples should be run in parallel using both methods, so that
the new assay levels can be interpreted appropriately. In our case, when
switching to the Immulite (DPC) system, a level of 12 mIU/ml corresponded
to 25 mIU/ml in the BINAX system. In the absence of such direct compari-
son, one can use the College of American Pathologists survey booklet, which
gives mean levels for all labs using each kit and standard sera.

FSH levels also vary from cycle to cycle. A consistently elevated FSH
predicts a poorer prognosis than a single elevated level with others being
normal. The quality of ovarian stimulation is not improved when IVF is
done in a cycle with a more normal FSH level (3). There is an agreement
that women with a single elevated FSH level have a high cancellation rate,
but studies conflict regarding the extent of reduction of pregnancy outcome
(4,5). FSH levels are similar on days 2, 3, and 4. Women with premenstrual
spotting should be advised to count the first day of full flow as day 1.

ANTRAL FOLLICLE COUNT

It is the antral follicles that respond to stimulation. With a high-quality
transvaginal ultrasound scan, these can be accurately counted. Follicle
count decreases with age in normal women (6). In women with 5–10 follicles
per side, one expects a normal response to stimulation. With more than 10
per side [polycystic ovary (PCO)-like], a lower level of stimulation should be
chosen than otherwise would be used based on weight and FSH level. A low
follicle count (fewer than 5 or 6 in total) predicts a lower prognosis (7,8) and
should prompt a higher level of stimulation. Total follicle count correlates
positively with the number of oocytes retrieved and negatively with day 3
FSH and ampoules of gonadotrophins, with fewer than 10 total follicles pre-
dicting an increased chance of cancellation (9). By multivariate analysis,
antral follicle count was found to be the best single predictor of ovarian
response and therefore prognosis, with FSH having a small additive effect
(10). As the outcome of IVF is very low in women above 40 years of age
who develop fewer than three follicles with stimulation (11), a low resting
follicle count can be used together with other data (age, day 3 FSH,
duration of infertility) to suggest egg donation as a better option.

CLOMIPHENE CITRATE CHALLENGE TEST

The clomiphene citrate challenge test (CCCT) has been used to identify
patients with a low prognosis and low ovarian reserve who have a normal

18 Meldrum



day 3 FSH level (12). CC is taken at 100 mg/day from days 5 to 9. The day
10 FSH level should be less than 10–12 mIU/ml. In normal women, although
FSH is stimulated by CC, the rising E2 brings it back into the normal range.
In women with low ovarian reserve, the pituitary responds with a more
prominent FSH rise which is not suppressed as promptly by the rising E2

level. Clearly there is a group of women with a normal day 3 FSH with
an abnormal CCCT who have a reduced prognosis, but in the usual instance
the couple will choose to go ahead regardless, and other information such as
the antral follicle count will be sufficient to plan the ovarian stimulation. A
recent study looking at various markers of ovarian reserve failed to find any
clear additional predictive value for poor ovarian response in addition to
FSH and antral follicle count (13).

POLYCYSTIC OVARIAN DISEASE

Women with PCO produce more follicles with stimulation. More oocytes
are retrieved, having a lower fertilization rate. The pregnancy rate is as good
as other women having IVF. Provided a GnRH agonist is used, the miscar-
riage rate is normal (14).

Metformin, which lowers circulating insulin levels and the ovarian pro-
duction of androgens, has been found to reduce the follicular and estradiol
response to stimulation and to increase the number of mature oocytes and
embryo quality and the pregnancy rate in clomiphene-resistant women with
PCO (15). In a subsequent study of unselected PCO women, the success rate
was significantly increased only in normal weight women (16). As insulin
resistance is more common in women who are clomiphene-resistant, that
clinical group and insulin resistance may be particularly strong indications
for this adjunctive treatment. PCO women on metformin who are coasted
have lower peak estradiol levels and fewer days of coasting (17). As insulin
is one of the main factors that stimulate vascular endothelial growth factor
production by luteinized granulosa cells, and metformin decreases ovarian
response and circulating insulin levels, metformin may be an important aid
in reducing ovarian hyperstimulation syndrome in these women.

SEMEN ANALYSIS WITH WHITE BLOOD CELLS STAIN AND
CULTURE

A semen analysis is done before the cycle to assure that semen quality is not
at a nadir for that individual due to recent factors such as stress or a febrile
illness. In general, IVF is preferred with reduced semen quality, as gamete
intrafallopian transfer (GIFT) has been less successful than with normal
sperm, and IVF allows confirmation of whether fertilization occurred. Pyos-
permia can reduce sperm function (18). We attempt to clear pyospermia
before proceeding to IVF. Frequent ejaculation may augment the action
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of antibiotics. Semen culture is probably worthwhile as a routine, in order to
prevent the occasional contamination of the culture which will otherwise occur.

STRICT MORPHOLOGY

Cases of unexplained failure of fertilization have been found to be due to
unrecognized subtle abnormalities of sperm structure. When strict mor-
phology shows 4% or fewer normal sperm, the chance of failed fertilization
is high. Insemination with a larger sperm number raises the fertilization rate
to almost normal but the percentages of implantation and ongoing preg-
nancy/delivery are reduced by 40–50% (19), whereas intracytoplasmic
sperm injection (ICSI) has been as successful as with other infertility factors
(20). These findings suggest an embryotoxic effect of a high concentration of
these very abnormal sperm which can be avoided by achieving fertilization
with ICSI. In some cases, sperm morphology improves with observation or
treatment with antioxidants. Sperm morphology may be impaired in
smokers and may be improved by giving vitamin C, 1.0 g daily.

ANTISPERM ANTIBODIES

Antisperm antibodies (ASAs) in the female can impair or prevent fertiliza-
tion if the female partner’s serum is used in the insemination medium (21).
Routine or selective use of fetal cord serum, human serum albumen, or
donor serum will prevent this problem. As ASAs are also present in
follicular fluid, we do extra washes of the cumulus and add an increased
number of sperm. Although GIFT has been just as successful in women with
as without ASAs (22), most women with high levels have probably been
advised to have IVF. Female ASAs are more common when testing is done
with her partner’s sperm, suggesting antibody production to husband-
specific antigens as well as non-specific sperm antigens. We currently test
the husband’s sperm against his wife’s and against a negative control serum
using the immunobead test.

Male ASAs may result from infection, trauma, or surgery, or may
occur without any positive history. With greater than 70% IgG and IgA
binding, there is a high chance of fertilization failure with routine insemi-
nation of the oocytes. ICSI is usually advised with high ASA levels.

SPERM PENETRATION ASSAY

It has been controversial whether the sperm penetration assay (SPA) is
helpful, but one large study showed a very high predictive value of a 0% pen-
etration rate with failed fertilization using a standard insemination number
(23). Alternative methods of sperm preparation can improve both the SPA
(24,25) and the fertilization rate (e.g., test yolk buffer and follicular fluid).
If we have a couple who had their SPA done with test yolk buffer (TYB),

20 Meldrum



we always use TYB for their IVF. Otherwise, one could have failed fertili-
zation in an individual whose sperm only develop adequate capacity with
TYB. As we have found consistent good results with the SPA with TYB,
we now routinely use a 2-hr incubation with TYB for the IVF cycle but sel-
dom do the SPA.

SPERM CHROMATIN STRUCTURE ASSAY

Fragmented DNA can be an unrecognized cause of infertility. This can now
be determined clinically by flow cytometry sperm chromatin structure assay
(SCSA). Although there is some correlation of abnormal sperm parameters
with the SCSA (26), a high level of DNA fragmentation may occur with nor-
mal or mildly impaired morphology. In a recent study, antioxidant therapy
was shown to improve the SCSA score. The impact of a high SCSA can be
lessened by density centrifugation. A 450% improvement in nuclear integrity
has been achieved with a 45–90% PureSperm1 (Nidacon, Gothenburg, Swe-
den) gradient (26). Retrieval of testicular sperm may be an option for men
with continuing high DNA fragmentation (27). In the same individuals, the
level of fragmentation in testicular sperm averaged 5%, compared to 24% in
the ejaculate. As there is a correlation with motility and morphology, choos-
ing the most active and morphologically normal sperm for ICSI will also
choose the sperm most likely to have intact DNA.

CHLAMYDIA

A number of reports have found a negative relationship of positive chlamy-
dia antibodies to successful pregnancy (28,29). In one study, a significantly
higher miscarriage rate was noted (30). This may be due to chronic endome-
trial infection or permanent effects of prior infection. Unfortunately, the
endometrium can be positive with negative cervical cultures (31). In fact,
in one study of 28 infertile couples with negative cultures or DNA probe
assays, 40% were found to have active chlamydia infection by PCR.
Because of these findings, we have elected to routinely treat both partners
with a 10-day course of doxycycline. This may also eradicate ureaplasma
and unrecognized semen or pelvic infections which could also compromise
the outcome.

TRIAL TRANSFER

We have always done a rehearsal of the transfer with measurement and
mapping of the endometrial canal. A controlled study has documented a
significant increase in the pregnancy rate with this having been done
with a reduced incidence of difficult transfers (32). It is helpful to do this
under ultrasound guidance, in order to define the optimal conditions for
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embryo transfer. Cervical dilation has been shown to reduce the incidence of
difficult transfers (33). Hysteroscopy has been used in very difficult cases to
shave away ridges or cysts obstructing passage of the catheter (34).

UTERINE AND TUBAL ABNORMALITIES

The success rate with GIFT in women with tubal disease is not greater than
with IVF, and the risk of tubal pregnancy is higher. Therefore, IVF is most
appropriate with significant tubal abnormalities. We examine the uterine
cavity with ultrasound before and during ovarian stimulation. Significant
polyps or myomata are often easily visualized. A sono-hysterogram or
hysteroscopy should be done if there is a further question of uterine disease.
A recent randomized, controlled study has shown a higher pregnancy rate
following hysteroscopic excision of small (mean 16 mm) polyps, underlining
the importance of a thorough evaluation of the uterine cavity (35). Gener-
ally, a uterine septum should be incised before going on to IVF because
of the higher risk of spontaneous abortion. Several recent studies have
found approximately a 50% reduction in the rate of delivery in women
with a hydrosalpinx compared with women with tubal disease without a
hydrosalpinx (36). The success rate increases to normal after tubal repair
or salpingectomy (37). Endometrial integrin is reduced in many patients with
hydrosalpinx and reverts to a normal pattern after salpingectomy (38).
Occlusion of the proximal tube seems to be equally efficacious (39). Spon-
taneous pregnancy can occur when a unilateral hydrosalpinx is removed
(40) or repaired. It has been suggested that only hydrosalpinges which are
visible on transvaginal ultrasound should be removed (41). However, hydro-
salpinges enlarge during stimulation (42) and may become visible only during
the IVF cycle. A recent randomized study showed increased fecundity fol-
lowing excision of polyps compared to only biopsy. Other studies have
suggested that the polyp excision itself may enhance implantation from the
healing process. A randomized study showed that a biopsy done in the cycle
immediately preceding IVF was associated with increased implantation.

HIV AND HEPATITIS

Most programs screen for HIV and hepatitis for safety of personnel. It would
also be tragic to expend the amount of effort required to achieve an IVF
pregnancy only to have the offspring at risk for a potentially fatal disease. With
hepatitis B, the female partner should be immunized. With HIV, sperm separation
and ICSI is being used by some programs to avoid transmission of the virus.

ENDOMETRIOSIS

Some studies have shown reduced rates of implantation with severe or
extensive endometriosis, and unexplained failure of fertilization has been
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reported in some women with endometriomas. A recent meta-analysis
showed an odds ratio of successful pregnancy with IVF of 0.56 in women
with endometriosis (43). Even in the presence of mild endometriosis, quan-
titative defects of the secretory response of endometrial glandular cells and
other endometrial abnormalities have been described. Any endometrioma
fluid should be kept separate from aspirates containing oocytes, and aspir-
ating needles and pipettes should be changed. Two randomized studies have
shown that a 3–6-mo course of GnRH agonist leading directly into IVF is
associated with an increased pregnancy rate in women with stage III and
IV endometriosis (44,45).

DIETHYLSTILBESTER (DES) EXPOSURE

Viable pregnancy is reduced by about 50% with a history of DES exposure
(46). Outcome is particularly poor with constrictions or a T-shaped cavity
but is normal when the cavity is merely small.

UTERINE FIBROIDS

Submucus fibroids markedly reduce the pregnancy rate with IVF (47).
Studies have been conflicting regarding the role of intramural myomas, with
some studies showing a significant reduction of outcome (47–49) and others
not showing an effect (50–52). With relatively small studies, the statistical
power is such that some studies may not detect a significant impact. It is
likely that intramural myomas reduce implantation, but the effect is prob-
ably small unless the uterine cavity is distorted. Very large numbers would
be required to accurately quantify such an effect. At the present time, we
advise excision if they are large or distort the cavity.

SEXUAL DYSFUNCTION

Rarely, anxiety can lead to total inability to provide a semen specimen on
the day of retrieval. Frozen husband’s sperm has been found to yield a fairly
normal rate of fertilization provided an increased number of sperm is added
(53). In our detailed instructions to patients, we state in bold print: ‘‘If you
anticipate any problems providing a semen specimen on the day of retrieval,
please tell us. We can arrange for you to freeze a specimen as a back-up.’’ A
supply of Viagra should be available for any male having difficulty collect-
ing a specimen.

PERSONAL HABITS

Meta-analysis of studies on the effect of smoking on IVF conception rate
revealed an odds ratio of 0.54 (95% CL 0.34–0.75) (54). Smoking also
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increases the rate of spontaneous abortion. We strongly recommend that all
women stop smoking before having IVF.

A study of caffeine use found that intake of 2 mg (equivalent to one
cup of decaf coffee) or less was associated with the highest pregnancy rate
with IVF (55). Although not confirmed by other studies, avoiding caffeine
is a simple measure to undertake.

Obesity correlates negatively with implantation (56). Therefore, weight
loss may improve IVF results.

Studies on alcohol and fertility are conflicting, with some showing
impaired fertility with small amounts of alcohol (57), whereas in one study,
wine drinkers had a shorter time to conception (58).

PSYCHO-SOCIAL ASPECTS

Stress, anxiety, and depression have been linked to lower IVF outcomes
(59–61), and psychological intervention improves the chance of success
(62). Paying attention to these factors will also improve interactions of
patients and staff, and will help adjustment to the stresses of child rearing.
Multiple pregnancies have been shown to cause considerable personal and
marital stress. Early intervention may enhance the long-term well-being of
these families. Couples should plan their IVF cycle for a time of lowest
possible stress.

GENERAL HEALTH

Regular health screening such as pap smear or mammography can be easily
forgotten during an extended course of fertility treatments. All appropriate
health screening should be completed before embarking on pregnancy to
avoid a significant health issue arising during pregnancy. For all egg
donation recipients, we do a more extensive evaluation including a stress
electrocardiogram, chemistry panel, and chest X-ray.
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Testing Ovarian Reserve

James P. Toner

Atlanta Center for Reproductive Medicine, Atlanta, Georgia, U.S.A.

INTRODUCTION

Both the quantity of eggs and their quality are strong influences on IVF out-
come. Markers of ovarian reserve, such as basal follicle-stimulating hor-
mone (FSH) and basal antral follicle (BAF) counts, are good predictors
of the quantity of eggs which can be induced to grow. However, the quality
of those eggs seems better predicted by the age of the women. In women past
age 40, current success rates are low overall, even among those who make
many eggs; at this age, quantity does not make up for quality. By contrast,
young women with limited ovarian reserve can have good success rates
despite their limited cohort of eggs, because the eggs themselves are of high
quality; here quality matters more than quantity. The ramifications of these
observations include the following: Diminished ovarian reserve should not
be used as an exclusionary criterion in young women, because overall they
still have satisfactory pregnancy rates, though their risk of cancellation is
increased. In women past age 40, normal ovarian reserve testing is not
reassuring because even reduced egg quality is likely to limit the opportunity
for successful pregnancy no matter how many eggs are available.

Seventeen years ago, Muasher and Oehninger from the Norfolk in
vitro fertilization (IVF) program reported that basal follicle-stimulating
hormone (FSH) levels predicted ovarian response and pregnancy outcome
in IVF cycles (1). Since then, more than a hundred articles have sought to
refine our understanding of the link between markers of ‘‘ovarian reserve’’
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and pregnancy in assisted reproductive technology (ART). Although,
there have been important refinements to our original understanding, the
essence of the initial message has only been confirmed in the numerous stud-
ies that followed. In this chapter, we will consider the biological basis for the
links among the markers of ovarian reserve, the reserve itself, and the preg-
nancy potential. We will also review the original and newer elements of this
understanding.

PHYSIOLOGY OF OVARIAN RESERVE

Ovaries contain all the eggs they will ever have before birth. Depletion of
this supply begins before birth, and continues until menopause, when the
endowment is gone (Fig. 1). The rate of this depletion is fairly constant over
a woman’s life span, but accelerates at around 37 years of age on average. At
the beginning of every menstrual cycle, a fixed proportion of all remaining
eggs acquires gonadotropin sensitivity. In natural cycles, all but one of these
recruitable eggs undergo atresia, but the size of the recruitable cohort corre-
lates with the woman’s age. Given that the overall number of eggs in
younger women is higher than in later years, the size of the cohort of recruit-
able eggs in younger women is much larger.

As the number of remaining eggs decrease with age, certain predictable
concomitants have been observed. These include physical manifestations, such
as smaller ovaries and fewer antral follicles, but also hormonal events, such as
elevations of basal FSH and shorter follicular phases (2,3). Morris et al. (4)
have confirmed that the number of visible antral follicles on ultrasound cor-
relates with the actual number in the primordial follicle pool.

Figure 1 At birth, a women has all the eggs she will ever have, and steadily looses
them thereafter, until none remain at menopause. As her age increases and the supply
diminishes, fertility declines. This fall in fertility is often signaled by a rise in basal FSH
levels. Abbreviation: FSH, follicle-stimulating hormone.
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One clinically useful indicator of follicle depletion is elevated FSH.
Although basal (i.e., days 2–5 of the menstrual cycle) FSH fluctuates some-
what from cycle to cycle, three phases are distinguished: (i) Up until the time
that egg supply begins to become limited, basal FSH is never elevated. (ii) Once
menopause is well established, basal FSH is always elevated and (iii) During
the intermediate stage, FSH is sometimes elevated and sometimes normal
(Fig. 2). During this intermediate phase, however, fecundity is reduced
whether or not the FSH is elevated during a particular cycle. Several studies
have demonstrated that the ovarian response and the pregnancy rate in cycles
with normal FSH is low if any prior cycle displayed an abnormal FSH.

ORIGINAL UNDERSTANDINGS

Many elements of the initial reports are still valid, including:

1. High age is limiting even with normal FSH. Original reports
demonstrated lower pregnancy rates in women past 40 years of
age, no matter their basal FSH level (5). Even with today’s IVF,
deliveries in women past age 42 years are uncommon, and past
45 years are rare.

2. High FSH is limiting even with normal age. The original reports
saw a declining pregnancy rate as FSH rose above 20 IU/L and
no ongoing pregnancies beyond an FSH of 25 IU/L (5,6). Al-
though the assay has since changed and altered these cutoffs, there
is still a threshold above which declining performance (egg pro-
duction and pregnancy rate) is detected, and a higher threshold
above which egg production is quite limited, and almost no
pregnancies have occurred. Although this higher cutoff is not

Figure 2 The basal FSH level at the beginning of menstrual cycles can be divided into
three phases. In the first phase, fertility is normal and FSH is always low. In the second
phase, FSH is intermittently elevated and fertility is declining. In the last phase, FSH is
always elevated and fertility is nil. Abbreviation: FSH, follicle-stimulating hormone.
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commonly reached [only 5% of cases in one study (7)], it reliably
predicts low delivery rates.

3. Cutoffs for FSH depend on the lab test employed. Up through the
early 1990s, the most commercial assays reported FSH levels about
twice as high as those now in wide use. However, the typical assay
method switched from a standard radioimmunoassay to a double
antibody approach, and the assay standard changed. Consequen-
tly, the normal FSH cutoff of 20 IU/L is now just 10 IU/L.

4. The highest FSH is the best predictor of ovarian reserve. Several
early reports demonstrated the futility of delaying treatments until
a cycle with a normal FSH occurs. More recent studies have con-
tinued to affirm this effect (7–9). Once an FSH elevation is
observed, egg production capacity will be limited thereafter. This
is to be expected, given the on-again, off-again nature of basal
FSH elevations once egg numbers become critically short (Fig. 2).

5. Prediction of ovarian reserve is easier than predicting pregnancy.
Basal FSH levels are better able to predict outcomes more closely
related to ovarian function, such as cancellation (R2¼ 77%), folli-
cles aspirated (R2¼ 35%), and oocytes retrieved (R2¼ 21%) than
more distal events such as pregnancy rate (R2¼ 4%) (5,10,11). In
this regard, FSH is a better guide to selecting stimulation strength
than who will become pregnant with treatment.

REFINED UNDERSTANDINGS

1. High age and high FSH affect delivery rates, but in different ways.
FSH is the better predictor of the number of eggs that can be
induced to grow by gonadotropin administration and, conse-
quently, cancellation rate (12–16). Age, on the other hand, is the
better predictor of embryo implantation and miscarriage rate
(13,16–18). As prospects for delivery are affected by both quanti-
tative and qualitative deficiencies in eggs, both age and FSH are
important (Fig. 3).

Figure 3 The chance for successful pregnancy outcome in in vitro fertilization (IVF) is
influenced by both quantitative and qualitative factors regarding eggs. The quantitative
aspect seems best predicted by various markers of ovarian reserve such as basal FSH. The
qualitative aspect seems best predicted by maternal age, and is manifest in implantation
rates. Abbreviation: FSH, follicle-stimulating hormone.
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Initial claims (by this author) that FSH was more predictive of
outcome than age reflected a lack of understanding that both
ovarian reserve and age are important independent predictors.
The apparent strength of one over the other in any particular
study has more to do with the ranges of FSH levels and age in a
particular study than in any underlying physiological principle.
Furthermore, at extremes of either age or FSH (e.g., age> 45 years,
FSH> 20 IU/L), fertility is essentially nil (7,11,19,20). For
instance, in one large study, high FSH levels were associated with
a very low pregnancy rate (2.7%) even among women under age
35 years (21). And women aged 43 years or more have delivery rates
under 3% per attempt in every annual report of U.S. ART out-
comes. Clearly both factors are important predictors.

2. Young women with moderate elevations of FSH will make fewer
eggs and have a higher risk of cycle cancellation, but if eggs are
retrieved, they have reasonable chances for pregnancy. This ‘‘protec-
tive’’ effect of young age was not seen in the original study (5), but
has been seen repeatedly since (22–26) as described below.

For example, the van Rooij et al. study (23) noted that in
women under age 40 years with elevated FSH, the risk for cancel-
lation was high, but the pregnancy rate among those proceeding to
transfer was good (Table 1).

In another informative study (27), mild elevations of FSH
predicted the need for more stimulation to get an acceptable ovar-
ian response. Even with this adjustment, a lower response was in
evidence, but enough eggs were produced to achieve a roughly
equivalent transfer and pregnancy rate (Table 2). However, as
FSH became markedly elevated, pregnancy rates fell as stimu-
lation adjustments were unable to compensate for diminished
ovarian responsiveness.

Table 1 Comparison of Outcomes in Younger Patients with Diminished Ovarian
Reserve to Older Patients with Normal Ovarian Reserve

<40 years with
FSH 15þ

41þ years with
FSH <15

N 36 50
% canceled 31 8
% embryos implanted 34 11
% clinically pregnant 40 13
% ongoing pregnant 25 10

Abbreviation: FSH, follicle-stimulating hormone.

Source: From Ref. 23.
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The strength of the relation between basal hormone markers and
ovarian reserve is enhanced with luteal estradiol administration (28).

The combined effect of age and FSH on ultimate delivery rate is
illustrated in Figure 4. Note that women beyond age 42 years are
unlikely to deliver no matter what their basal FSH might be; this
reflects the significant reduction in egg quality (i.e., implantation

Table 2 Influence of Basal Follicle-Stimulating Hormone on Ovarian Response
and Pregnancy Outcomes

Basal FSH (IU/L)

<10 10–15 15–20 20þ

No. of amps 27.6 38.2
Estradiol at hCG 2391 1277
No. of eggs retrieved 13.1 6.5
No. of good embryos 2.9 2.5 2.1 1.7
Clinical pregnancy rate (%) 24.6 23.4 13.6 5.7
Live birth rate (%) 19.6 18.2 13.6 2.9

Abbreviations: FSH, follicle-stimulating hormone; hCG, human chorionic gonadotrophin.
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Figure 4 Simultaneous consideration of age and FSH is important for understanding
the chance for successful pregnancy in vitro fertilization (IVF) (theoretical model). High
age (> 42 years) is a significant impediment no matter what the ovarian reserve, but
high FSH also compromises success. Note that in young women, the success rate exceeds
that for older women even when FSH is elevated. This supports the observation that in
young women, even a few eggs can be sufficient; these women can and should be given
the chance to try IVF as long as they are counseled regarding the increased risk of can-
cellation. Abbreviation: FSH, follicle-stimulating hormone.
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potential) which is nearly universally seen at this age independent of
predicted or actual ovarian responsiveness. Also note that although
younger women’s success is dependent on basal FSH, even those with
FSH elevations have a chance for pregnancy.

3. Other Markers of Ovarian Reserve

a. An exaggerated FSH/luteinizing hormone (LH) ratio, even with
normal FSH, is a sign of diminished ovarian reserve. In fact, the
ratio of FSH/LH appears to be a clinically useful index, suggest-
ing a PCO-like high response when LH exceeds FSH on one end
of the spectrum, to diminished ovarian reserve when FSH
exceeds LH (29–32) at the other. It is interesting to note that
some PCO will develop regular cycles as their egg supply declines
(33), as their FSH levels rise and their inhibin B levels fall.

b. Decreased early follicular phase inhibin B levels may occur
before increases in FSH are observed (34).

c. Antral follicle count is a good predictor of ovarian reserve
(35–38), and in some but not all studies appear better than
the usual endocrine markers (including FSH) (35–39). Can-
cellation rate and egg production are better predicted by
the antral follicle count than pregnancy rate. Ovarian volume
seems less predictive than the follicle count (40).

d. Increased day 3 estradiol has been associated with both
diminished ovarian reserve and enhanced ovarian reserve
(ala PCO). This makes interpretation of this test problematic
without further information. Those with diminished ovarian
reserve display a high estradiol because of hurried folliculo-
genesis and will have a low antral follicle count. Those with
PCO can display a high estradiol as their many antral folli-
cles each make a bit of estradiol. Interestingly, cancellation
is increased with either low (<20 pg/mL) or high (>80 pg/
mL) estradiol levels (41,42), but these levels did not predict
pregnancy rate in those not canceled. The combined FSH
and estradiol in screening for diminished ovarian reserve
appears to be more sensitive than either test alone (43).

e. Provocative tests of ovarian reserve, such as exogenous FSH
ovarian reserve test (44), GnRH agonist stimulation test
(45), and Clomiphene citrate challenge test (CCCT) (46)
are more sensitive indicators of ovarian reserve than basal
tests. Among these, the CCCT seems to best predict ovarian
reserve (47,48). A large meta-analysis (49) recently showed
both FSH and the CCCT to be highly specific (each>98%,
i.e., an abnormal test result predicting no pregnancy); how-
ever, the CCCT was more sensitive (detecting about 25% of
those not pregnant vs. only 6% for FSH alone). In the CCCT,
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an abnormal day 10 appears to carry the same poor progno-
sis as does an abnormal day 3; the prognosis is even worse if
both are abnormal (50).

f. Premature luteinization and a short follicular phase can be
signs of diminished ovarian reserve (38,51,52).

4. Miscarriage risk is increased in those with diminished ovarian
reserve (53–55).

5. Birth defect risks may be increased in those with diminished ovar-
ian reserve (56).

6. Ovarian Reserve Effects in Natural Cycles. In a small study (n¼ 129)
of a general population of couples trying to conceive, FSH was not
predictive of pregnancy or miscarriage (57). Even in general subfer-
tility population, one small study of women with an FSH> 10 IU/L
did not predict more time to pregnancy, fewer pregnancies, or fewer
deliveries over a year’s effort to conceive naturally (58). In another
similar study of 103 young couples (average age of 33.2 years), preg-
nancy in the first year of unassisted reproduction was influenced by
the woman’s age, but not basal FSH, estradiol, or the basal follicle
count (59). Insofar as natural cycles generally produce and release
only one egg and that markers of ovarian reserve are more predictive
of egg production capacity than egg quality, this absence of effect in
unstimulated cycles is not surprising.

7. When an Elevated FSH does not Signal Trouble. On occasion, an ele-
vated FSH may not signal quantitative limitations in egg production
capacity per se, such as in cases of familial twinning or in the presence
of heterophilic antibodies to FSH. Further, although in many cases a
rise in FSH signals both quantitative and qualitative reductions in
eggs, after ovarian tissue loss (surgical extirpation for cysts, endome-
triomas, etc.), one would expect only a quantitative reduction.

CONTROVERSIES

Is BAF a Sufficient Test?/Can We Abandon
Day 3 Bloods?

For predicting the number of eggs retrieved, basal antral follicle count
(BAF) may be the best single test, but endocrine markers (FSH and inhibin)
add additional predictive power to BAF alone (34). In this study, egg num-
ber was not predicted by age, basal E2, and total ovarian volume.

Since the Predictive Power for Delivery is Low, does
any Testing Matter?

IVF is an expensive and inconvenient remedy for infertility. Basal markers
such as FSH and BAF are good guides for ovarian response potential and
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are an important tool for picking a stimulation protocol of appropriate
strength. And although our ability to predict pregnancy is generally poor
with these same markers, there remains a small group with high FSH levels
whose chance for pregnancy is almost nil (11). For instance, in the original
study of 1478 cycles, those with a basal FSH over 25 IU/L (5% of the group)
had a 5.5-fold increase in poor response and a 12-fold increase in nonpreg-
nancy outcome (5). Such effects are not unimportant, even if they identify a
small subset of the entire IVF population.

SUMMARY

Various means of predicting ovarian response have been identified. Of these,
basal FSH and ultrasound estimates of antral follicle count are the most use-
ful. Adjusting stimulation strength to the expected ovarian reserve is a useful
clinical practice. However, ovarian reserve is a relatively weak predictor of
pregnancy potential, except when it is extremely low (which is uncommon
overall). In the bulk of cases, maternal age is an important influence on
pregnancy potential that operates independent of ovarian reserve (although
the two are in many cases confounded).

As a rule of thumb, FSH and BAF are better predictors of ovarian
reserve than is the age of the women, whereas age is a better predictor of
the implantation potential of resulting embryos.

The ramifications of these observations include the following: abnormal
tests of ovarian reserve are the best predictors we have of egg production
capacity, but are not perfect. Thus diminished ovarian reserve should not be
used as an exclusionary criterion in young women because overall they still
have satisfactory pregnancy rates, although their risk of cancellation is
increased. In women past age 40 years, normal ovarian reserve testing is not
particularly reassuring because reduced egg quality is likely to limit the opport-
unity for successful pregnancy even when many eggs are available.
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INTRODUCTION

In this chapter, we shall review human ovarian physiology, clinical reproductive
endocrinology, and their application for ovarian stimulation for in vitro fertil-
ization (IVF). The chapter will focus on a practical clinical approach as used
daily in a large IVF program. Clinical guidelines, as suggested by the National
Collaborating Centre for Women’s and Children’s Health, commissioned by
the U.K. National Institute for Clinical Excellence (NICE), will be used
throughout this chapter to highlight the evidence base for the basics of ovarian
stimulation. Reference to other skills in clinical IVF ovarian stimulation will be
directed to other chapters in this book. For example, the reader is referred to
Chapters 2 and 3 (patient pre-treatment: testing ovarian reserve) for a practical
approach to endocrine evaluation before IVF treatment.

The use of gonadotrophin-releasing hormone (GnRH) antagonists in
human IVF is discussed in Chapter 5. The use of the natural cycle for
in vitro oocyte maturation and subsequent IVF is outside the scope of this
chapter and is covered in Chapter 8.
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HUMAN OVARIAN PHYSIOLOGY

The initiation of follicular growth is a continuous process that is believed to
not depend on hormonal stimulation. About 50 follicles each day begin
to grow in the human ovaries. Most follicles undergo rapid atresia. This
total growth phase occurs over approximately 90 days or over three ovarian
cycles. However, under the hormonal changes in the late luteal phase and
the beginning of the new cycle, a group of follicles will respond to small rises
in serum follicle-stimulating hormone (FSH) by processing to the preantral
stage (Fig. 1) (1). At this stage, the follicle is about 200 mm with multiple
granulosa cell layers. Under the influence of FSH, the number of FSH
receptors on the granulosa cell increases to about 1500 receptors per cell,
and, at the same time, the granulosa cells start to produce estradiol 17b
(E2) by aromatizing androgens that are supplied by the theca cells under
luteinizing hormone (LH) stimulation. E2 and FSH together cause prolifer-
ation of granulosa cells and increase the number of FSH receptors on the
granulosa cell plasma membrane. Production of follicular fluid increases.
Its accumulation in the intracellular space eventually forms a cavity—the
antrum. The size of the antral follicle is now about 500 mm in diameter (2,3).

By days 5–7, the dominant follicle is selected because of its ability to con-
vert androgens to estrogens. The other follicles will not continue to grow and
will undergo atresia. The dominant follicle continues to grow and secretes E2
and inhibin B that exert negative feedback on FSH production, causing a
decline in serum FSH levels. FSH induces the appearance of LH receptors
on granulosa cells, a process which is augmented by the concomitant presence
of high estrogen levels. E2 production gradually increases, and plasma E2
levels achieve a threshold concentration required for the generation of the
LH surge that starts 14–24 hr after the serum E2 reaches peak concentration.

Intra-ovarian peptides play important roles in modulating gonadotro-
pin effects on ovarian function. At least 33 putative paracrine–autocrine
regulators of follicular growth and atresia are identified (4). FSH enhances
the secretion of most of them by granulosa cells. Insulin-like growth factor I
(IGF-I) augments FSH-mediated aromatization, granulosa cell mitogenesis,
and the induction of LH receptors. Inhibin, in addition to its endocrine
negative effect on FSH secretion, inhibits aromatization and stimulates
LH-induced androgen production by theca cells (5). Activin has a positive
effect on aromatization (6,7), granulosa cell mitogenesis (8,9), and a nega-
tive paracrine action on LH-induced androgen production by theca cells (5).
Activin is also involved in the regulation of apoptosis in the ovary (10).
Follistatin, the third member in the inhibin/activin family, is antagonistic
to activin (11). Vascular endothelial growth factor (VEGF) and growth fac-
tors such as epidermal growth factor (EGF) and transforming growth
factors a (TGFa) also play important roles in modulating gonadotropin
effects on ovarian function (12,13).
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The LH surge initiates luteinization and the beginning of progesterone
production by the granulosa cells of the dominant follicle. It is also respon-
sible for the resumption of meiosis in the oocyte (14). Activin promotes and
inhibin inhibits the LH surge and superovolution in a rat model (15). LH stim-
ulates the synthesis of cytokines, the best known of which is interleukin-1
(IL-1) which modulates activation of prostaglandins (16) and the proteolytic

Figure 1 A schematic representation of the ovarian and menstrual cycles.
Abbreviations: FSH, follicle-stimulating hormone; LH, luteinizing hormone.
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cascade that are essential for follicular rupture (17). Ovulation occurs 24–36
hr after the onset of the LH surge, when the follicle, which is about 20 mm,
ruptures and the oocyte is released from the ovary.

After ovulation, the dominant follicle becomes the corpus luteum
(Fig. 1), producing progesterone, E2, and inhibin, which suppress the
growth of new follicles in the ovary. At the end of the cycle, luteolysis causes
decline in both steroids and inhibin, allowing the elevation in serum LH and
FSH that is necessary for the initiation of a new cycle.

Intra-Ovarian Growth Factors

As introduced above, ovarian follicles produce a number of TGFb-related
proteins. Anti-mullerian hormone, TGFbs, activins, and inhibins are pro-
duced by granulosa cells. Both bone morphogenetic protein 15 (BMP15)
and growth differentiation factor 9 (GDF9) are expressed exclusively by
the oocyte of several species (18–20) BMP15 and GDF9 stimulate granulosa
cell mitogenesis (21). BMP15 is a potent inhibitor of FSH-receptor
expression and participates in negative feedback influencing granulosa cell
mitosis (22). BMP6 is also expressed in the oocyte and inhibits FSH action,
probably by downregulation of adenylate cyclase (23). There is a rapid
decrease in BMP6 concentration in granulosa cells around the time of
dominant follicle selection.

BMP Receptors

Members of the TGFba superfamily signal through the activin/TGFb and/
or BMP pathways (24). The BMP receptors (BMPRIA/ALK3, BMPRIB/
ALK6, and BMPR2) are transmembrane serine/threonine kinases closely
related to the transforming growth factor beta receptors (TGFBRI/
ALK5, TGFBR2) and activin receptors (ACVR1, ACVR1B, ACVR2,
and ACVR2B). BMP receptors are expressed in granulosa cells and oocytes
(25) and the BMPs exert their biological actions by forming heteromeric
complexes with type I and II receptors (26). Ligands bind to the type II
receptors leading to transphosphorylation of the type I receptor. The type
I kinase activates proteins which migrate to the nucleus and together with
other proteins regulate expression of target genes. GDF9, BMP15, BMP4,
and BMp7 all use BMP2 as a binding receptor (27). BMP15 signals through
interaction of BMPR1B and BMPR2 activating the SMAD1/5/8 pathway
(28). Consequently, BMP proteins appear to interact with a limited number
of receptors to activate two downstream Smad pathways. Moreover, several
high-affinity binding proteins including follistatin, noggin, and gremlin
antagonize BMP signaling (29). How granulosa cells and other cell types
in the ovary differentiate between signals from multiple ligands in this path-
way remains unclear.
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Species Differences in BMP Signaling

There are both similarities and important differences between species in
regulation in BMP signaling and consequences of gene knockouts in this
pathway. Both mice and sheep with knockout mutations in GDF9 are infer-
tile. In contrast to the dramatic consequences of homozygous mutations of
BMP15 in sheep, targeted deletion of the second exon of Bmp15 in the
mouse has little effect on folliculogenesis (30). However, the knockout mice
are sub-fertile due to defects in the ovulation process and early embryo
development. Reasons for the difference are not clear, but may relate to
the relative importance of BMP15 and GDF9 in regulating follicle develop-
ment in the different species. Another possibility is differential effects of the
gene disruptions on processing and formation of GDF9/BMP15 homo- and
heterodimers (22). BMP15 seems essential for human fertility (31). Two sis-
ters with hypergonadotropic ovarian failure due to ovarian dysgenesis carry
a non-conservative amino acid substitution in the promoter region of
BMP15 (tyr235Cys) which acts in a dominant negative fashion by altering
processing of BMP15.

CLINICAL REPRODUCTIVE ENDOCRINOLOGY

Stimulation Protocols

The first IVF baby was born as a result of an oocyte picked up in a natural
cycle. However, the success rate of this protocol was very low, and the
Monash group first reported large numbers of eggs and improved pregnancy
rates using a stimulation protocol of clomiphene citrate and human meno-
pausal gonadotropin (HMG) together (32). Several other regimens using
these two medicines were subsequently reported. The common problems
with these protocols were that endogenous gonadotropins led to premature
luteinization in 30–40% of the cases, and, in others, ovulation occurred at an
inconvenient time of the day. The major step in simplifying IVF induction of
ovulation protocols and preventing these unwanted phenomena came with
the introduction of GnRH agonists. GnRH analogs were created by a series
of modifications in the GnRH molecule that led to the availability of new
agonists and antagonists. The agonists initially enhance gonadotropin
released from the pituitary but, with continuing administration, caused
downregulation of the pituitary and reduced LH and FSH secretion for as
long as the analog was given. This effect was a powerful tool with which
to control the stimulated IVF cycle. GnRH antagonists are now available
for routine clinical use (see Chapter 5).

Initially, the use of GnRH agonists was confined to women with a his-
tory of unsatisfactory response to other stimulation protocols, a premature
LH surge, or elevated plasma LH and FSH levels (33,34). There are now
many reports advocating their use in all IVF cycles including those women
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with normal basal gonadotropins (35–37). Tan et al. (38) have reported life
table analysis of conception and live birth rates in 3000 women undergoing
IVF-ET with and without different regimens of the GnRH agonist busere-
lin. They found that the cumulative conception rate and cumulative live
birth rate were significantly higher in those patients treated with a
downregulation regimen. The mechanism by which GnRH analogs improve
follicular response is not yet known. Palermo et al. (34) reported improve-
ment in synchronization of follicular development leading to a larger cohort
of developing follicles, whereas others related it to the longer gonadotropin
stimulation in the GnRH analog cycles.

Urinary gonadotropin preparation, HMG, which contains FSH and
LH, was used since 1980 for ovarian stimulation for IVF (32). In 1991, a
highly purified FSH preparation was introduced, suggesting that endogen-
ous LH was sufficient for satisfactory folliculogenesis (39). A meta-analysis
of randomized trials of FSH versus HMG performed on 599 patients
indicated that the use of FSH was associated with a significantly higher
clinical pregnancy rate than HMG (40).

Further meta-analyses by NICE have addressed cost-effective studies
relating to gonadotropins. The National Collaborating Centre for Women’s
and Children’s Health found that HMG, urinary FSH, and recombinant
FSH were equally effective in achieving a live birth when used following
pituitary downregulation as part of IVF treatment. NICE recommended
that consideration should be given to minimizing cost when prescribing.
In the United Kingdom, use of urinary FSH products could represent a
potential cost saving of £15 million/year.

Typical protocols of ovarian stimulation in a typical IVF program are:

1. GnRH agonist/FSH—long downregulation protocol.
2. GnRH agonist/FSH—short (‘‘boost’’ or ‘‘flare-up’’) protocol.
3. Clomiphene citrate/HMG.

The objective of the protocols is to obtain a cohort of codominant fol-
licles in both ovaries with adequate E2 levels suitable for oocyte retrieval on
days 11–15.

GnRH Agonist/FSH—Long Downregulation Protocol

This protocol (Fig. 2) is currently the protocol of choice for first cycle
patients and previously normal or high responders in many IVF programs.
A GnRH agonist [Leuprolide, 1 mg SC, Buserelin 600 mg SC; or Nafarelin
acetate (Synarel)], 400 mg nasal spray, is given for 10–14 days before starting
gonadotropin treatment (‘‘long-protocol’’), and may be commenced in the
mid-luteal phase of the previous cycle or on day 2 of the cycle. We, in addi-
tion to other researcher found that pituitary suppression was more effective
when the therapy commenced in the mid-luteal phase of the previous cycle
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rather than in the early follicular phase of the treatment (35). Urbancsek
and Witthaus (41) found that clinical pregnancy and live birth rates were
better when a GnRH agonist was started in the mid-luteal phase rather
than in the early follicular phase. Another advantage in commencing the
analog in the mid-luteal phase was the decreased occurrence of ovarian cysts
compared with commencing the GnRH agonist at the beginning of the fol-
licular phase (42). These cysts, especially if functional, should be aspirated
before commencing gonadotropin treatment.

Suggested criteria for pituitary–ovarian downregulation are E2 levels
<180 pmol/L, LH levels <2 IU/L, and P4 levels <2 nmol/L. FSH com-
mences after achievement of adequate downregulation and continues by
daily injections according to individual endocrine and ovarian ultrasonic
response until the day before the human chorionic gonadotropin (hCG)
injection. A 5000 IU IM injection is given when the follicular cohort consists
of at least three follicles of 17–20 mm in diameter and serum E2 level is
appropriately rising. Egg pick-up follows 36 hr later.

Disadvantages of this protocol include a greater consumption of
GnRH agonist and FSH and, therefore, greater patient cost, as well as
the uncertainty of possible pregnancy upon initiation of GnRH agonist
treatment if the GnRH analog is started on day 21 of the previous cycle.

Figure 2 A representation of the luteal-phase commencement long downregulation
protocol using FSH for ovarian stimulation for assisted reproductive technology.
Abbreviations: hCG, human chorionic gonadotropin; GnRH, gonadotrophin-releasing
hormone; FSH, follicle-stimulating hormone.
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For this reason, we ask our patients to avoid unprotected sexual intercourse
in the cycle where GnRH analog treatment begins. However, published data
suggest that pregnancy outcome is not adversely affected by GnRH agonist
administration in the luteal phase of the conception cycle (43). Luteal sup-
port is important in these patients to avoid early abortion.

Patient age and follicular-phase serum FSH values are two useful pre-
dictors of gonadotropin dosage. FSH starting dose for the different patient
groups in our program are listed in Table 1. The duration and daily doses of
FSH are adjusted according to individual patient age and response as judged
by serum E2 levels and follicular number and size in an ultrasound scan of
the ovary.

The National Collaborating Centre for Women’s and Children’s Health
have reviewed ovarian monitoring during gonadotropin therapy for IVF.
NICE found that serum estradiol monitoring provided no additional infor-
mation compared with ovarian ultrasound and, therefore, do not recommend
it. This is different to the above guidelines for basic ovarian stimulation and
monitoring. We are comfortable with this contradiction. We consider that
serum E2 measurement does assist inexperienced units towards effective multi-
follicular ovulation induction. It also helps minimize ovarian hyperstimulation
syndrome (OHSS). The above endocrinology guidelines may assist those units
less experienced in IVF stimulation and monitoring.

GnRH Agonist/FSH—Short Boost Protocol

This protocol (Fig. 3) is typically reserved for poor responders, namely
patients with day 3 FSH >10 IU/L and patients with a previous IVF cycle
in which they have been cancelled or less than three oocytes were retrieved
(‘‘poor responders’’) or women who previously had a live delivery with a
boost cycle. This protocol ‘‘boosts’’ the exogenous gonadotropin injected

Table 1 Follicle-Stimulating Hormone Starting Dose in In Vitro Fertilization
Ovarian Stimulation Protocols

Patient group Dose (IU/day)

First cycle <37 year old 150
First cycle with baseline scan suggesting PCOS 112
First cycle patient 37–39 year old 225
First cycle patient �40 year old 300
Previous normal response (�5 oocytes) 150
Previous OHSS 75
Previous poor response (serum E2, 5th percentile) 450
BMI >30 kg/m2 (PCOS excluded) Increase by 75
Severe endometriosis Increase by 75

Abbreviations: PCOS, polycystic ovarian syndrome; OHSS, ovarian hyperstimulation syn-

drome; BMI, body mass index.
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into the patient by a rise in serum concentration of her endogenous FSH. In
this protocol, the GnRH agonist administration begins on day 2 of the cycle
and FSH starts on day 3 of the cycle. Both medicines continue on the same
regimen as the downregulation protocol. hCG administration criteria and
dosage are the same as for the downregulation protocol.

The most important disadvantage of this protocol is the high P4 levels
during the early follicular phase. This is most probably caused by rescue of
the preceding corpus luteum. If the serum P4 is >6 nmol/L in the late
follicular phase, we recommend cancellation of the cycle. NICE guidelines
confirm a decreased clinical pregnancy rate per cycle using the short proto-
col compared with the long GnRH agonist protocol. The relative cost of
agonists in the various regimens required for IVF require further economic
studies to ascertain whether there is any true difference in cost.

Clomiphene Citrate and FSH/HMG Protocol

This protocol used to be the preferred protocol in most IVF units prior to
development of GnRH analogs. As mentioned, it was abandoned in our
program as the dominant superovulatory regimen because of the high
cancellation rate due to untimely LH surges and some reports of the possible
adverse effect of clomiphene citrate on the endometrium. In our unit, this

Figure 3 A diagram of the procedures, monitoring, and medicines used for short or
Boost protocol commencing on day 2 of the menstrual cycle. Abbreviations: GnRH,
gonadotropin-releasing hormone; FSH, follicle-stimulating hormone; hCG, human
chorionic gonadotrophin.
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protocol is used only for patients who have responded well (>5 oocytes
retrieved) to clomiphene citrate and HMG in the past and who did not
respond well to the downregulation or boost protocols, or to patients who
did not want to use GnRH agonists and who previously responded well
to the combination of clomiphene citrate and FSH/HMG.

In this protocol, clomiphene citrate 100 mg/day commences on day 2
of the cycle and proceeds for 5 days. HMG begins on day 3 and continues,
as do the other protocols, until 1 day before the hCG injection. hCG (5000
IU in IM injections) is given when the estimated leading follicle is 18–19 mm
in diameter with serum E2 levels >1800 pmol/L.

Natural Cycle

In natural cycle IVF, one aspirates the oocyte that has matured during the
natural follicular growth just after the natural LH surge. In the first success-
ful IVF-ET treatment described by Edwards and Steptoe in 1978, the
mature oocyte was retrieved from such a natural cycle. However, the success
rate of this protocol was low and with some exceptions it is currently not in
use in most IVF units (see Chapter 8).

Cycle Monitoring

NICE guidelines recommend ultrasound monitoring only to measure follicle
size and follicle number for patient management during multi follicular
folliculogenesis for IVF. Specifically, serum E2 monitoring is not recommen-
ded. We have minimized the use of serum E2, P4, and LH measurements
during cycle monitoring in our IVF program and still find these helpful in
our IVF program for basic ovarian stimulation. We do accept that experien-
ced IVF units may have no difficulty in preventing ovarian hyperstimulation
in all their patients without using endocrine measurements. However, we
find OHSS still unpredictable to prevent and do recommend serum endocri-
nology to assist clinical IVF decision-making and minimize OHSS risk. That
advice is summarized below.

As clinical knowledge about the nature of IVF cycles accumulates,
cycle monitoring has become easier and less complicated. In our IVF
program, cycle monitoring initially comprised daily serum E2, LH, and P4
estimations and ovarian ultrasound determinations. Currently, cycle moni-
toring consists of blood sampling for E2 levels at days 7 and 9 of the cycle
and ultrasound scan of the ovary only on day 9. According to the results
on day 7, a decision about FSH dose is made using the following criteria:

1. 1000 > E2 < 4500 pmol/L—continue with the same dose.
2. E2 < 1000 pmol/L—increase FSH dose [except polycystic ovarian

syndrome (PCOS)].
3. E2 > 4500 pmol—decrease FSH dose.
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On the second visit (day 9), if six or more follicles are >16 mm and E2
is >4000 pmol/L, hCG will be given the following day, followed by oocyte
retrieval 36 hr later. If the criteria for hCG administration have not been
met, a third blood sample is necessary to determine the right time for
hCG injection and egg pick-up.

About 10% of patients on the IVF program are discharged before egg
pick-up. Cancellation criteria in our unit are:

1. Serum P4 >6 nmol/L on day 9.
2. Fewer than three follicles >16 mm and E2 less than 3000 pmol/L

on day 9 or 10.
3. Serum LH >30 IU/L during a clomiphene citrate cycle.
4. Abnormal finding by ultrasonography.
5. Falling serum E2 levels despite increasing FSH dose,
6. Serum E2 >25,000 pmol/L.

It is uncertain why all women with regular menstrual cycles do not
respond to ovarian hyperstimulation protocols in a satisfactory fashion.
We investigated spontaneous menstrual cycles after failure of multiple
IVF folliculogenesis in 131 consecutive cycles. Thirty-six percent of the
cycles were endocrinologically normal, whereas the rest had a range of endo-
crine abnormalities including low luteal phase P4, premature P4 elevation,
occult ovarian failure, and hyperprolactinemia.

Although the importance of plasma P4 levels at the time of hCG
administration is still controversial, most authors concluded that the subtle
P4 elevation during GnRH agonist/FSH ovulation induction for IVF/ET
does not predict IVF outcome (44). We do not measure serum P4 in down-
regulation/FSH cycles. Repetition of the same superovulation regimen after
inadequate stimulation in an IVF program results in improved folliculogen-
esis in only 10% of our patients. A review of patient history and the previous
response to IVF folliculogenesis is therefore necessary before a decision is
made about the next stimulation cycle protocol.

POLYCYSTIC OVARIAN SYNDROME

PCOS is the most common cause of anovulatory infertility. This syndrome
was first described by Stein and Leventhal in 1935. The PCOS Rotterdam
Consensus Conference recently defined PCOS as a clinical syndrome com-
prising any two of the three features: amenorrhea or oligomenorrhea; clinical
or biochemical hyperandrogenism, and bilateral polycystic ovaries on ultra-
sound (45). Although no single biochemical test is diagnostic of PCOS, most
patients showed a characteristic ovarian ultrasonographic appearance,
namely the presence of > 10 follicles between 2 and 10 mm in diameter.
On the other hand, ultrasonographically identified polycystic ovaries are
a common finding in apparently normal women, with a prevalence of
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20–23% (46,47). On careful review, menstrual irregularities and evidence of
hyperandrogenism are frequently associated with the presence of polycystic
ovaries in these apparently healthy women (48).

Infertile women with PCOS represent a difficult therapeutic problem
for assisted reproductive techniques because they have a higher incidence
of OHSS (refer following section) (49). On transvaginal ultrasound scan-
ning, the prevalence of polycystic ovaries has been reported to be 25–33%
in an assisted reproduction treatment population (50). These data underline
the fact that polycystic ovaries are prevalent in infertile women who often
lack the clinical characteristics of classical PCOS.

It has been proposed that a dysfunction of cytochrome P-450c 17a in
PCOS leads to an increased 17-hydroxyprogesterone (17-OHP) response to
a GnRH agonist-induced gonadotrophin rise (51). We investigated 106 IVF
patients undergoing a boost stimulation regimen by correlating the ovarian
ultrasound pattern with serum testosterone, 17-OHP, androstenedione, and
estradiol responses and with the clinical outcome. There was a significantly
higher prevalence of ovarian hyperandrogenism (serum testosterone >0.5
nmol/L after dexamethasone administration) in patients with polycystic
ovaries (23%) compared with normal ovaries (7%). Patients with polycys-
tic ovaries had approximately double the 17-OHP and estradiol responses
to GnRH agonist. The number of oocytes retrieved was positively corre-
lated with the estradiol responses. Although there was no difference in
the total amount of FSH used between the patients with polycystic and
normal ovaries, the median peak estradiol concentration was 1.6 times
greater and the oocyte yield 2.3 times greater in patients with polycystic
ovaries. The overall pregnancy rate per transfer was 32% and did not differ
between patients with or without polycystic ovaries. We concluded from
this study that the presence of polycystic ovaries on a vaginal ultrasound
scan was the single most important marker for ovarian abnormality in
an assisted reproduction patient population. Detection of polycystic ovaries
predicts a subset of patients with abnormal ovarian androgen metabolism,
exaggerated 17-OHP and estradiol responses to a GnRH agonist, and a
higher oocyte yield. The ultrasonographic changes characteristic of PCO
should be sought in all women undergoing assisted reproduction. In such
cases, the ovarian-stimulating protocol is modified by reducing FSH start-
ing dose (Table 1) and careful follow-up of serum E2 levels and follicular
number and size.

IVF-ET is an effective therapy for PCOS patients who are refractory
to ovulation induction in vivo even in the absence of other associated infer-
tility factors (52). However, laparoscopic diathermy of the ovarian surface
and hilum should precede an IVF attempt in these patients, as this
procedure can reduce serum androgen concentration and normalize ovarian
function. Following this procedure, spontaneous ovulation rate is about
90% and conception rates are 40–70% (53). Thus, many authors recommend
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this operation even before gonadotrophin treatment (54). Furthermore, it
should be considered for patients who had difficulties in multifolliculogen-
esis or had severe OHSS after IVF treatment (refer following section).

The overall conception rates per cycle in PCOS patients compared
favorably to conception rates in patients with other infertility diagnoses
(55–58). The use of GnRH agonist is associated with a significant reduction
in the incidence of pregnancy loss and improvement in the cumulative preg-
nancy rates (58). Salat-Baroux et al. (55) found that the longer the period of
pituitary desensitization (the long protocol vs. shorter ones), the lower the
levels of circulating androgens. The current protocol for PCOS patients in
Monash IVF is the long downregulation protocol with starting FSH dosage
of 112 IU/day.

OVARIAN HYPERSTIMULATION SYNDROME

OHSS is the major serious and potentially life-threatening complication of
ovulation induction in IVF-ET treatment. It is characterized by transu-
dation of protein-rich fluid from the vascular space into the peritoneal cavity
and to a less extent, pleural and pericardial cavities. The basic pathophysio-
logic event in OHSS is an acute increase in capillary permeability; however,
the exact factors responsible for this phenomenon have, until recently, not
been clear.

Because intensity of the OHSS is related to the degree of ovarian
response to ovulation induction therapy, OHSS is probably an exaggeration
of normal ovarian physiology. Part of the angiogenic response, which occurs
in the follicle at the time of ovulation, is increased vascular permeability
VEGF. VEGF stimulates endothelial cell mitogenesis and renders capillaries
highly permeable to high-molecular-weight protein (59). VEGF has been
identified in rat (60) and primate ovaries predominantly after the LH surge.
Luteal-phase treatment with GnRH agonist, to suppress LH secretion,
decreased VEGF messenger-RNA expression, implying such expression is
dependent on LH. We first reported the role of VEGF in OHSS (61). We
have demonstrated that VEGF is the major capillary permeability factor
in OHSS ascites. Although other capillary permeability factors may not
have been detected, 70% of the capillary permeability activity in OHSS
ascites was neutralized by recombinant human VEGF antiserum. Abramov
et al. (62) subsequently followed the kinetics of VEGF in the plasma of
seven patients with severe OHSS from the time of admission to the hospital
until clinical resolution. They found that compared with normo-responders,
IVF patients suffering OHSS had VEGF plasma levels which were
significantly higher and correlated to the clinical picture. Ascitic fluid
obtained from OHSS patients contained high VEGF levels.

The incidence of OHSS after induction of ovulation varies between 1%
and 30%, as reported in various publications. This variation is probably due
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to the difference in the definition of OHSS. OHSS is classically divided into
three categories:

1. Mild OHSS, with high serum E2 levels, mild abdominal distension,
and large ovaries of about 5 cm due to the presence of multiple fol-
licular and corpus luteal cysts.

2. Moderate OHSS, characterized by more abdominal distension,
mild ascites, and gastrointestinal symptoms such as nausea, vomit-
ing, and less frequently, diarrhea, some gain in weight, and ovaries
enlarged up to 12 cm.

3. Severe OHSS which can be a life-threatening situation, character-
ized by pronounced abdominal distension, ascites, pleural
effusion, hemoconcentration, electrolyte imbalance, oliguria/
anuria, and sometimes disseminated intravascular coagulation
and hypovolemic shock. The ovaries are enlarged to more than
12 cm in diameter.

The treatment of OHSS is conservative. Bed rest and symptomatic relief
are usually sufficient for mild and moderate OHSS. In mild cases, symptoms
subside usually within a few days, whereas in moderate cases, symptoms can
require up to 3 wk to subside. When pregnancy occurs, OHSS will last longer.

Severe OHSS can be life-threatening and patients, therefore, should be
hospitalized and monitored closely. Patients are put on bed rest; daily body
weight and fluid balance monitoring are necessary; hematocrit, coagulation
and kidney functions, serum electrolyte, and albumin studies are obtained
daily, as well as ultrasound scan of the pelvis and chest; oxygen saturation
measurements (using an oximeter while breathing air and if less than 85%
using blood gases) should be performed if dyspnoea is notified; and pelvic
examination should be avoided because of the fragility of the enlarged ovar-
ies and ovarian surgery is relatively contraindicated.

Hypovolemia and hemoconcentration need immediate corrections.
When necessary, intravenous crystalloid infusion or plasma expanders are
given to maintain central venous pressure. Replacement may require central
venous pressure monitoring. Diuretics should not be given with, as the fluids
in the abdominal and thoracic cavity are not responsive to diuretics and the
further intravascular depletion can cause hypotension, shock, and thrombosis.
Administration of low-dose heparin to prevent thromboembolism needs to be
balanced against the risk of ovarian bleeding, possible need for paracentesis,
and the possibility of heparian-induced thrombocytopenia. Most of our hospi-
talized patients are commenced on heparin 5000 U� 2/day subcutaneously on
admission and reviewed after 24 hr. Heparin should be continued until
discharge from the hospital if the patient has risk factors or past history of throm-
bosis, family history of thromboembolism, smoking, obesity, or varicose veins.
Heparin should also be continued if there is hemoconcentration, tense ascites
with inferior vena cava (IVC) compression, and late presentation with possible
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multiple pregnancies. Abdominal paracentesis under ultrasonographic guidance
is recommended where there are ascites with IVC compression and edema of the
lower limbs. Indomethacin has been shown to have beneficial effects on hyper-
stimulation syndrome, but its safety in early pregnancy is unknown (63).

The acute clinical manifestation of the severe form of OHSS usually
disappears within several days if there are no complications. If pregnancy
does not occur, the ovarian enlargement subsides usually within 30–40 days.
If, however, pregnancy occurs, the high serum E2 levels will continue to the
end of the first trimester.

Prevention of OHSS is vital. Low body mass index and PCOS are two
clinical predictors and gonadotropin dosage should be reduced in such
patients. When OHSS is suspected before hCG injection (as when serum E2
>25,000 nmol/L), hCG should be withheld. If, however, OHSS is diagnosed
after oocyte retrieval, embryos should be frozen in order to avoid conception
and replaced later in a natural cycle (64) or with estrogen/progesterone
therapy. This approach also allows GnRH agonist administration to be
renewed immediately after oocyte retrieval and maintained until the onset of
subsequent menstruation, further reducing the risk of significant OHSS (65).
We use hCG at a dose of 5000 IU rather than 10,000 IU for final oocyte
maturation before retrieval in all our IVF patients to help prevent OHSS.

In 1993, Asch et al. (66) claimed that prevention of severe OHSS was
possible by administration of intravenous albumin at a dose of 5% in ringer
lactate in doses of 500 ml during oocytes retrieval and 500 ml immediately
thereafter. Subsequent prospective randomized trials by Shoham et al. (67),
Shalev et al. (68), and Shaker et al. (69) all showed that the frequency and
degree of OHSS developed in patients treated with intravenous albumin were
not different than in control patients. However, the pregnancy rate was
significantly higher in patients who had all embryos cryopreserved to be
transferred subsequently in hormonally manipulated cycle than in patients
treated with albumin and fresh ET.

POOR RESPONDERS

Poor responders to exogenous gonadotropins require markedly increased
quantities of gonadotropins to obtain multifollicular development. Moreover,
the number of oocytes, fertilization rates, embryo quality, and pregnancy rates
are all decreased in this patient population. The incidence of poor response
varies from 5% to 18% of unselected IVF patients (70). Poor response to
gonadotropins is a result of diminished ovarian reserve. The most important
cause is advanced female age. An age-related decline in fecundity, from
35 years in particular, has been observed in IVF. Other causes are prior chemo-
therapy, irradiation, ovarian surgery, severe endometriosis, autoimmune dis-
ease, or idiopathic. Some patients present with unexplained infertility and
regular ovulatory cycles.
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It is ideal to identify these patients before initiation of hormonal treat-
ment for IVF. In this way, the patients can be counseled concerning the
lower chances for pregnancy and stimulating protocols can be modified to
lower the risk of cancellation and improve pregnancy rates. In 1987, Navot
et al. (71) described the clomiphene citrate challenge test, a test measuring
serum FSH levels before (day 3) and after day 10, the administration of
100 mg of clomiphene citrate on cycle days 5–9. They found that patients
with an exaggerated FSH response, despite normal E2 response, had
diminished ovarian reserve. They suggested that diminished capacity of the
granulosa cells to secrete inhibin could explain the discrepancy between E2
and FSH response. This test was found to be a reliable method for predicting
IVF-ET outcome. Later, several studies have shown that elevated day 3 serum
concentrations of FSH (<6.5–15 IU/L) and/or E2 (<80 pg/ml) have poor preg-
nancy outcomes with fertility therapy (72). Martin et al. (73) evaluated 1868
cycles and found that no pregnancies occurred if day 3 FSH was >20 IU/L
at least in two cycles, but if it happened just once, the pregnancy rate was
5.6%. Recently, Seifer et al. (74) found that women with low day 3 serum inhibin
B concentrations (<45 pg/ml) demonstrated a poorer response to ovulation
induction and IVF-ET treatment relative to women with high day 3 inhibin B.

ORAL CONTRACEPTIVE PRETREATMENT

The role of GnRH antagonists in human IVF is discussed in Chapter 5. Oral
contraceptive pre-treatment for ovarian stimulation in a GnRH agonist or a
GnRH antagonist cycle has been recently investigated. Oral contraceptive
scheduling of a GnRH agonist or a GnRH antagonist protocol results in fol-
licular growth and hormone profile are similar to those observed in GnRH
agonist protocols. The number of premature LH rises remains low. Similar
numbers of oocytes and high-quality embryos are obtained. This is significant
because the use of the oral contraceptive pre-treatment method significantly
improves scheduling in a typical IVF program operating Monday to Friday.
The greater convenience of oral contraceptive pre-treatment scheduling
appears off-set by the need for longer stimulation protocols and more FSH
than with a nonschedule regimen.

OVARIAN STIMULATION AND OVARIAN CANCER

Concern has been expressed that exposure to fertility drugs might be asso-
ciated with a risk of ovarian cancer. In particular, pooled analysis of three
case-controlled studies by Whittemore et al. (75) suggested an odds ratio of
2.8 (95% CI 1.3–6.1) for invasive ovarian cancer infertile women treated
with fertility drugs compared with women with no diagnosis of infertility
or infertility drug treatment. This study, suggesting an apparent trebling
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of risk in infertile women treated with fertility drugs, has been controversial
and widely criticized for various biases in the study design.

In 1994, Rossing et al. undertook a study that yielded the best data, to
this time, examining the role of clomiphene citrate and ovarian cancer.
Rossing et al. used record linkage with a population-based cancer register.
They identified an increased incidence of ovarian cancer comprising both
borderline malignant tumors and invasive disease. They found a standar-
dized incidence rate (SIR) of 2.5 with 95% confidence intervals (1.3–4.7)
in a cohort of infertile women compared with age-standardized general
population rates (76). This, of course, is a similar rate of increase found by
Whittemore et al. in the previously mentioned study. In the Rossing data,
an increased relative risk was also found in women who had been treated
with clomiphene citrate for more than 1 year when compared with infertile
women who had not taken clomiphene citrate. This increased risk of ovarian
cancer was seen regardless of whether the patients did or did not have diag-
nosed ovarian abnormalities and were treated with clomiphene citrate. There
was no increased risk when patients were prescribed clomiphene citrate for
less than 1 year.

There are significant clinical differences between the prescription of
clomiphene citrate to a U.S. population of women compared with the admin-
istration of clomiphene citrate in other parts of the world. In Australia, e.g.,
clomiphene citrate is only available on prescription from specialist gynecolo-
gists and obstetricians rather than from general practitioners as in the United
States. Furthermore, clomiphene citrate can only be prescribed in Australia
for patients with polycystic ovary syndrome or related disorders and not
for women who are infertile but who are spontaneously ovulating. Moreover,
our general advice is to use clomiphene citrate in order to achieve four to six
ovulatory cycles but not more in the treatment of an infertile woman with
polycystic ovary syndrome and chronic anovulation. The use of clomiphene
citrate for more than 1 year in an infertile woman would be highly usual and
not recommended in our experience.

Previous studies of cancer after infertility have been limited by low stat-
istical power and difficulties in distinguishing possible effects of fertility drug
exposure from the underlying ovulation disorder they were used to treat. We
have completed a large study looking at the incidence of breast and ovarian
cancer after infertility and IVF (77). The great majority of these patients
received HMG or ovarian stimulation for IVF. In this study, we examined
the incidence of breast and ovarian cancer and a cohort of 10,358 women
referred for IVF treatment in Victoria, Australia, between 1978 and 1992.

The exposed group (n¼ 5564) had ovarian stimulation to induce mul-
tiple folliculogenesis for IVF. The unexposed group (n¼ 4794) had been
referred for IVF but were untreated or had a natural cycle treatment with-
out ovarian stimulation. The duration of follow-up in both groups ranged
from 1 to 15 years.
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Cases of cancer were determined by record linkage with data from popu-
lation-based cancer registries. We observed 34 cases of invasive breast cancer
and six cases of invasive ovarian cancer. A comparison with the expected num-
bers derived by applying age-standardized general population rates to the
cohort gave SIR for breast cancer of 0.89 (95% CI 0.62–1.56) in the unexposed
group. For ovarian cancer, the SIRs were 1.70 (0.55–5.27) and 1.62 (0.52–5.02),
respectively. In this large study, we were able to look at the rates of all cancers in
these two groups of individuals and not only their rates of breast and ovarian
cancers. The rates of all cancers in these two groups of women were not signifi-
cantly different from the general population rates in Victoria, Australia.

We found that the risk of cancer of the body of the uterus, particularly
endometrial adenocarcinoma, was increased in both these groups of infertile
women combined [SIR 2.84 (1.18–6.18)]. Women with unexplained infer-
tility, regardless of whether they had gonadotropin treatment for IVF or
not, also had a significantly increased risk of ovarian cancer [RR¼ 19.19
(2.23–165.0)] and cancer of the uterus [RR¼ 6.34 (1.06–38.0)] compared
with women with known causes of infertility.

This relatively short-term follow-up of patients after HMG treatment
for IVF indicates that ovarian stimulation with gonadotropins is not asso-
ciated with any increased risk of breast cancer. We also found no significant
increased risk of ovarian cancer after ovarian stimulation for IVF with
gonadotropins. However, the small number of cases limits the conclusions
that can be drawn. Longer-term follow-up of large cohorts of women
who have been prescribed gonadotropins for ovulation induction or IVF
programs will be necessary. NICE guidelines suggest that medical practi-
tioners should confine the use of ovulation induction agents to the lowest
effective dose and shortest duration of use (78).
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INTRODUCTION

Gonadotropin-releasing hormone antagonists (GnRH-nt) available for clini-
cal use are GnRH molecules with amino acid modifications in positions 1, 2,
3, 6, and 10. They are not associated with the histaminic-release effects of
previous compounds (1). These compounds immediately block GnRH recep-
tor in a competitive fashion (2). They decrease the luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) secretion within a period of eight
hours. Inhibition of LH secretion is more important than FSH. This is prob-
ably due to the different forms of gonadotropin regulation, the prolonged
FSH half-life, or the immunoactive and bioactive forms of FSH (3,4).

Administered during the follicular phase, GnRH-nt can prevent or
interrupt LH surges (5). In addition, their use has been proposed in in vitro
fertilization (IVF)–embryo transfer (ET) cycles to obtain results similar to
those obtained with GnRH-a, however with the simplest protocol and fewer
side effects (6).

Two different compounds are available: the Cetrorelix (Cetrotide1,
formerly ASTA Medica, now Serono) and the Ganirelix (Antagon1 or
Orgalutran1, Organon). Two different protocols of administration (Fig. 1)
have been proposed in the literature for using GnRH-nt in controlled
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ovarian stimulation (COH). In the multiple-dose protocol, small doses
(0.25 mg) of the GnRH-nt are injected in the middle of the follicular phase
(7–9). In the single-dose protocol, a higher dose (3 mg) is injected during the
late follicular phase, when the LH surge is most feared (10,11).

PHASE II DOSE-FINDING STUDIES

Single-Dose Protocol

In the first investigation with Cetrorelix, we simply reproduced the pre-
viously published Nal–Glu protocol consisting of two 5 mg injection 48 hr
apart in the late follicular phase (12,13). We therefore proposed two
administrations of 5 mg Cetrorelix 48 hour apart, the first injection being
administered on stimulation day 7. We observed that the second injection
was often unnecessary as hCG was given on the same day. We concluded
also that the 5 mg dose induced a deep suppression of LH and that a lower
dose should be tried (10). A single-dose protocol was designed where a single
injection of 3 mg of the GnRH-nt is performed on stimulation day 7 (11).

To determine the minimal effective dose, we conducted a dose-finding
study. We compared the use of 2 and 3 mg to investigate the ‘‘protection
period,’’ the time during which an LH surge is prevented after the antagonist
administration. The IVF-ET results were strictly comparable between the

Figure 1 Gonadotropin-releasing hormone antagonist multiple- and single-dose
protocols. Fixed day regimens. Abbreviations: FSH, follicle-stimulating hormone;
hMG, human menopausal gonadotropin; hCG, human chorionic gonadotropin.
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two doses and the 2 mg dose prevented LH surges for three days in all the
patients. However, we observed that the suppression of LH tended to
be reduced three days after the injection in the 2 mg dose and an LH surge
was observed four days after the 2 mg Cetrorelix administration. The 3 mg
dose was therefore selected as a safer choice, as a ‘‘protection period’’ of
at least four days can be obtained (14). No LH surge was observed in all
the patients treated with the 3 mg dose. In some patients, an LH rise
(LH> 10 IU/L) was observed on the day of the antagonist administration.
The Cetrorelix was able to prevent any further rise in LH, lowering immedi-
ately the LH levels and no surge was observed in these patients. Moreover,
the interruption of LH rises does not seem to have a deleterious effect on
IVF-ET results (15). The consumption of hMG was clearly reduced
(24–30 hMG ampoules) as compared to the use of GnRH-a in the long
protocol using a depot preparation (11).

The tolerance of the GnRH-nt Cetrorelix was excellent with only
transient erythema at the injection site in 15% of the patients.

Multiple-dose

The two GnRH-nts (Cetrorelix or Ganirelix) were studied in order to
achieve the best dose that blocks the premature LH rise and does not
oversuppress the pituitary. Sommer et al. (16) were the first in describing
the suppression of gonadotropin and estradiol secretion after 3 mg of
Cetrorelix daily in normal cycling women. After that, the dose-finding stud-
ies generally initiated the gonadotropins (recombinant or urinary) on day 2
of menstrual cycle and the antagonist daily administration was initiated on
stimulation day 6 (7–9,17). The risk for premature LH surge is higher after
the sixth day of ovarian stimulation, and this day was chosen to initiate the
antagonist injections (7). The authors of the different studies compared
different doses of Cetrorelix or Ganirelix to achieve the best dose with most
appropriate assisted reproductive technology (ART) results.

Comparing the Cetrorelix administration of three and 1 mg or 0.5 and
0.25 mg after day 6 of stimulation protocol, the authors showed that all
patients had a decline on LH serum levels. The group of patients receiving
0.5 and 0.25 mg/day showed the best ART results in terms of pregnancy and
implantation rates without the risk of a pituitary oversuppression which
occurred with one and 3 mg (7,17). Another study compared the starting
doses of 0.5, 0.25, and 0.1 mg/day (8). The authors demonstrated that
patients receiving 0.5 or 0.25 mg/day during the follicular phase did not
showed premature LH surge, evidenced by the lower LH serum levels.
However, one out of seven patients with 0.1 mg/day protocol showed a
premature LH rise with progesterone elevation and the 0.1 mg dose was
therefore abandoned. The results were similar between the patients receiving
0.25 and 0.5 mg/day in terms of clinical pregnancy and implantation rates.
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The group of investigators concluded that the minimal necessary and effec-
tive dose to prevent premature LH surge was 0.25 mg/day with Cetrorelix.

The Ganirelix Study Group (9) also investigated the minimal safe/
effective dose to achieve good IVF results. This study also showed that,
during the multiple dose protocol with Ganirelix, the minimal effective dose
was 0.25 mg/day, inhibiting the premature LH secretion without compro-
mising IVF results in stimulated cycles with recombinant FSH. This group
of patients, receiving Ganirelix 0.25 mg/day had the highest vital pregnancy
rate per transfer (40.3%) as the main clinical outcome if compared with the
others doses (0.0625–2 mg).

Observing very low implantation rates in the groups of daily 1 or 2 mg,
Kol et al. (18) analyzed the database from the Ganirelix dose-finding study
(9) concerning the effect of GnRH-nt in freeze–thaw cycles. The authors
concluded that high doses (1.0 and 2.0 mg/day) of Ganirelix did not affect
the biologic potential of embryos to develop clinical pregnancy.

PHASE III RANDOMIZED CONTROLLED TRIALS
AND OPEN STUDIES

Single-Dose Protocol

We have compared our single-dose protocol to the GnRH-a long protocol
using a depot formula of Triptorelin in a prospective randomized study (6).
A 3:1 randomization was selected including 115 patients in the Cetrorelix
group and 36 in the agonist long protocol group. No difference was
observed between the GnRH agonist and antagonist groups for demo-
graphic and baseline data.

One hundred and four patients (90.4%) out of 115 patients received
only one 3 mg dose of Cetrorelix. If the criteria for triggering of ovulation
were not reached within four days (the protection period), we administered
an additional dose of Cetrorelix (0.25 mg). Only nine (7.9%) of the patients
received one additional dose on the morning of the hCG and two pati-
ents (1.7%) received two additional doses of 0.25 mg.

Moreover, a total of 18 patients of the Cetrorelix group (15.7%)
presented an LH rise (LH> 10 IU/L) on the day of Cetrorelix injection.
The administration of the Cetrorelix inhibited LH secretion. Four of them
became pregnant (22.2%). These interrupted LH rises seem to have no
measurable deleterious effect in this study. Only one patient in the Triptor-
elin group (2.8%) experienced an LH surge. None of the 115 patients of the
Cetrorelix group experienced an LH surge after the Cetrorelix administra-
tion. No LH surge has been reported so far within the four days following
the single administration of 3 mg Cetrorelix.

The mean length of stimulation was significantly lower in the Cetror-
elix group. The mean number of ampoules was significantly higher in the
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Triptorelin group. The E2 levels on the day of hCG were significantly lower
in the Cetrorelix than in the Triptorelin group. The total number of follicles
�15 and �17 mm was higher in the Triptorelin group (5.0� 3.9 vs.
3.4� 2.6; CI 0.5–2.8). The long GnRH agonist protocol resulted in more
oocytes and more embryos as already demonstrated in the literature when
compared to other stimulation regimens. However, the percentage of mature
oocytes, fertilization rate, clinical and ongoing pregnancy rates, and mis-
carriage rates were not statistically different between the two groups. The
incidence of ovarian hyperstimulation syndrome (OHSS) was lower in
the GnRH-nt group. This difference did not reach statistical significance
but some patients of the GnRH-a group were cancelled for being at risk of
OHSS. Adding these patients brought the difference to significance.

In conclusion, this study has confirmed the efficacy of a single dose of
3 mg of Cetrorelix, administered in the late follicular phase, in preventing
premature ovulation as indicated by LH surges. The single-dose protocol
is easy to use and assures patient compliance. The 3 mg dose of Cetrorelix
was tolerated well, with only mild and transitory reactions at the injection
site. This protocol provides a shorter duration of treatment, uses less gona-
dotrophins, and has a lower incidence of OHSS. In some of the patients
treated with rec-FSH, a decrease in the E2 level is observed after the injec-
tion of the Cetrorelix. This was also observed in our first study using a
higher dose of Cetrorelix (5 mg) with human menopausal gonadotrophin
(hMG) (11). An increase of the hMG dose, on the day of the antagonist
administration, suppresses most of these E2 decreases, probably related to
the LH suppression but not exclusively (19). However, no difference is
observed in our experience in the IVF-ET results in the patients with or
without an E2 decrease following the Cetrorelix administration (unpub-
lished results). One study done in an oocyte donor model (20) found a lower
implantation rate of embryos coming from oocytes collected in patients
with an E2 drop as compared to patients with continuous rise of E2.

Multiple-Dose Protocol

In all the studies presented, the multiple-dose protocol uses 0.25 mg/day of
Cetrorelix or Ganirelix. To compare the antagonist multiple dose protocol
(0.25 mg/day) to the GnRH-a in IVF cycles, the European Cetrorelix Study
Group (21) published the results of an open randomized trial. They studied
188 patients treated with Cetrorelix and 85 patients treated with the long
(Buserilin) agonist protocol; both groups received hMG. The authors trans-
ferred embryos in 83.5% of Cetrorelix group versus 79% of Buserelin group.
The clinical pregnancy rate was 22.3% and 25.9% per started cycle in the
Cetrorelix and Buserilin groups, respectively; these differences were not
statistically significant. The duration of treatment with gonadotropins and
the estradiol serum levels on the day of hCG were lower in the antagonist
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group. The incidence of ovarian hyperstimulation syndrome (OHSS II and
III) was higher in patients using agonist treatment.

The European Ganirelix Study Group (22) also performed a
controlled, multicentric, randomized trial to compare two treatment regi-
mens for ovarian stimulation (multiple-dose antagonist vs. long-agonist)
in women receiving recombinant FSH. A total of 672 patients were investi-
gated and randomized. The total dose of FSH administered was higher in
the Buserilin group (1500 and 1800 IU). In addition, patients receiving antag-
onist had a shorter stimulation duration than the agonist group. The estradiol
serum levels on the day of hCG administration were higher in patients using
Buserelin than Ganirelix and the incidence of OHSS was higher (5.9 vs. 2.4%)
in the Buserelin group. Otherwise, the number of good quality embryos, fer-
tilization rate (62.1% in both groups), and replaced embryos were similar
between the two treatments schemes. The implantation rate was lower in
the Ganirelix group (15.7%) than in Buserelin group (21.8%), however the
clinical pregnancy rates per attempt were not statistically significant.

The North American Ganirelix Study Group (23) was organized to
evaluate the efficacy and safety of Ganirelix (multiple-dose protocol) versus
leuprolide (long-protocol) in IVF patients. This multicenter (United States
and Canada) trial demonstrated that the mean number of retrieved oocytes
was similar between the groups (11.6 in antagonist group and 14.1 in agonist
group). Moreover, the fertilization rates (62.4% and 61.9%) and implan-
tation rates (21.6% and 26.1%) were also similar in both groups. The
ongoing pregnancy rates per attempt were 30.8% in ganirelix group and
36.4% in leuprolide group; however, the antagonist group showed fewer
local site reactions after injection administration (12.5%) than the leuprolide
group (25.5%). The authors proved the effectiveness and safety of multiple
antagonist drug protocol with a shorter stimulation period and fewer side
effects when compared with the long agonist (leuprolide) protocol.

Another multicentric European (The European and Middle East)
Orgalutran Study Group (24) trial, comparing two treatment schemes
(Ganirelix and Triptorelin) in 337 women, demonstrated that the median
dose of FSH recombinant was lower in the antagonist protocol. The authors
showed also that the estradiol serum levels were lower in Ganirelix group on
the day of hCG. The fertilization rates (64% Ganirelix and 64.9% Triptor-
elin), the mean number of good quality embryos (2.7 and 2.9, respectively),
the implantation rates (22.9% both treatments), and finally the ongoing
pregnancy rate per attempt were similar between the two treatments (31%
and 33.9%, Ganirelix and Triptorelin, respectively).

The multiple-dose protocol, compared with the long-agonist regimen,
offers a simple, safe, and efficient option, with comparable IVF results. The
OHSS risk is decreased (25), the total dose of gonadotrophin needed to
stimulate the ovulation is lower, and the stimulation period is also shorter
than in the long protocol. Patients receiving antagonist treatment had lower
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estradiol serum levels at the time of hCG administration, probably because
of the lower number of follicles. The impact of this finding in implantation
rates is disputed and unknown.

In the multiple-dose protocol, there is a small incidence of LH surge
(between 1% and 2.5%). These surges were often associated with a lack of
compliance by the patients, forgetting one antagonist administration. This
point is important to stress to the patients. More recently, some centers have
observed a higher incidence of LH surge in poor responders using the
multiple-dose protocol (unpublished data). These reports should be con-
firmed and documented. The dose of 0.25 mg might not be always sufficient.
This dose might also have to be adapted to the weight of the patients.

The follicular development was also studied in a controlled random-
ized multicentric study, in patients using Ganirelix with different doses
(0.0625–2.0 mg/day). Patients received recombinant FSH after day 2 of
menstrual cycle and Ganirelix were administrated daily after day 6 of ovar-
ian stimulation protocol (26). Overall, 311 patients were studied and
compared in terms of number of follicles, total follicular surface area, serum
gonadotropin, and steroid hormones levels. Increasing GnRH-nt doses
demonstrated an additional suppressive action on estradiol and androstene-
dione serum levels, probably by an important inhibition of LH secretion,
which may have exerted a harmful effect. The follicular growing pattern
was not affected by the dose of GnRH-nt. The decreased secretion of
androstenedione and estradiol was not totally explained by the LH
inhibition. Other mechanisms could be involved in GnRH-nt action and
influence the cycles stimulated with this regimen protocol.

Wikland et al. (27), in a prospective randomized trial, evaluate two
starting doses (150 vs. 225 IU) of recombinant FSH with the multiple-dose
Cetrorelix protocol. The purpose was to increase the number of follicles,
oocytes, and embryos to increase the pregnancy rates. Despite a higher
number of recovered oocytes in the group of patients receiving 225 IU of
recombinant FSH, pregnancy and implantation rates were similar.

The effect of GnRH-nt on oocyte and embryo quality could also be measu-
red by studying the implantation and pregnancy rates after cryopreservation of
pronuclear oocytes or embryos. The first study to evaluate this aspect was con-
ducted with 62 patients divided into two groups (28). One group received the
multiple GnRH-nt dose protocol (group I) and the other group the conventional
GnRH long protocol (group II). The implantation and pregnancy rates, after
frozen-thawed procedure in pronucleous oocyte stage, were similar between
the groups (3.26% and 8.33% for group I; 3.73% and 10.25% for the group II).

GnRH-nt IN MILD STIMULATION

Mild stimulation protocol is aimed at reducing the intensity of stimulation
to obtain a lower number of oocytes. The advantages of those regimens
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are a reduction in the intensity of side effects, a reduction in the incidence of
OHSS, and a reduction in costs and complication. Other advantages lie in
the potential adverse effects on endometrium of heavy stimulation regimens
and the possible benefit of a natural selection of the best oocytes.

Those protocols include mainly the association between citrate of clo-
miphene and gonadotrophins, the modified natural cycle, and the reduced
amount of gonadotrophin dose. In both these protocols, the GnRH-nts
were used to prevent LH surges.

Very few data are available on the use of CC-hMG/rec-FSH and
antagonists in IVF (29,30). Pregnancy rates appear satisfactory but a high
incidence of LH surges was observed (31). It was demonstrated in an animal
model that CC increases the sensitivity of the pituitary to GnRH and that
the dose of antagonists might need to be increased when CC is used. A
prospective study found a lower pregnancy rate in CC-hMG cycles and
did not support the interest in this protocol (32).

The revival of the natural cycle was proposed as the use of GnRH-nts
could prevent premature LH surges. The objective of this regimen is to com-
bine the possible prevention of an LH surge by the administration of the
GnRH-nt and the simplicity of the natural cycle with minimal stimulation
(Fig. 2). We investigated the administration of the Cetrorelix in the late
follicular phase of minimally stimulated cycles in women of good prognosis.
These patients had an age between 26 and 36 years old (mean 34.1� 1.4),
normal menstrual cycles, day 3 FSH < 8 UI/l, day 3 E 2 < 50 pg/ml, less
than three previous IVF procedures, male factor infertility requiring IVF,
and ICSI (33). A single subcutaneous injection of 1 or 0.5 mg Cetrorelix
was administered when plasma estradiol levels reached 100–150 pg/ml,
and a lead follicle was between 12 and 14 mm to assess the minimal effective
dose. Since studies with Nal–Glu (34) and Cetrorelix (35) demonstrated that
estradiol secretion can be reduced after the GnRH-nt administration, daily
administrations of 150 IU of hMG were performed at the time of the first
injection of Cetrorelix and repeated thereafter until hCG administration.

Figure 2 Modified natural cycle using Gonadotropin-releasing hormone antago-
nists. Abbreviations: hCG, human chorionic gonadotropin; FSH, follicle-stimulating
hormone; hMG, human menopausal gonadotropin; OPU, oocyte pick-up.
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This treatment scheme is not a complete natural cycle since a low
gonadotrophin support is associated (minimal stimulation). Triggering of
ovulation (5000 IU of hCG) was decided when the lead follicle reached
16–20 mm and estradiol values were above 200 pg/ml. Oocyte pick-up was
performed 36 to 40 hours later without anesthesia (36).

A total of 33 patients (44 cycles) were included. The mean number of
hMG ampoules was 4.7� 1.4 and the mean time between the Cetrorelix and
hCG administration was 2.0� 0.7 days. We canceled four cycles (9.0%).
Follicular growth and E2 secretion were not altered by the Cetrorelix
administration. A total of 40 oocytes retrievals leading to 22 transfers
(55%) were performed. In 10 cycles, no oocyte was obtained. Fertilization
failure occurred in six cycles, and in two patients the transfer was not
performed because of a developmental arrest of the embryo at the two pronu-
clear stages. The fertilization rate was 80% (24 embryos/30 oocytes). A total
of five clinical pregnancies were obtained (32.0%/transfer, 17.5%/retrieval) of
which four are ongoing.

The number of patients in whom the cycle was canceled for premature
LH surge was very low (9.0%) as compared to previous reports on natural
cycles, confirming the efficacy of the antagonist administration. In addition,
the pregnancy rate (17.5% clinical pregnancy rate per retrieval; 32.0% per
transfer) seems interesting, even though it has to be confirmed in larger ser-
ies. The same protocol was used in a recent study with rec-FSH as follicular
growth support (37).

Another form of mild stimulation was proposed recently by delaying the
start of gonadotrophin stimulation. The mild ovarian stimulation protocol
resulted in pregnancy rates per started IVF cycle similar to those observed
after profound stimulation with GnRH agonist cotreatment, despite shorter
stimulation and a 27% reduction in exogenous FSH. A higher cancellation rate
before oocyte retrieval was compensated by improved embryo quality con-
comitant with a higher chance of undergoing ET (38).

The high burden and drawbacks of ‘‘heavy’’ (stimulated) COH
protocol (side effects, multiple pregnancies, and potential serious health
complications) make a clear demand for softer protocols (39,40), a ‘‘friendly
IVF’’ (41).

If these preliminary results with spontaneous cycle and hMG sup-
port are confirmed on large numbers, the repetition of two or three of
these cycles could lead to acceptable cumulative pregnancy rates without
the potential adverse effects of COH (42–44) and be more cost-
effective (45).

Another use of natural cycle with GnRH-nt was proposed recently.
The protocol was proposed in poor responders (46). The number of studies
evaluating this approach is very low so far and results are controversial (47).
Further studies are needed to analyze the possible interest of the modified
natural cycle in poor responders.
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REMAINING QUESTIONS ON GnRH-nt

Pregnancy Rates

There is a trend in most of the controlled studies using GnRH-nt (with both
compounds and protocols) to find slightly lower pregnancy rates as compared
to the GnRH-a long protocol. This led to the questioning of IVF-ET results
of GnRH-nts. A meta-analysis concluded there were significantly lower preg-
nancy rates in GnRH-nt cycles as compared to GnRH agonists (48). However,
the difference was very close to being nonsignificant (OR 0.79; 95% CI 0.63–
0.99). Adding one study, Ludwig et al. (49) did not find a significant difference
in pregnancy rates for Cetrorelix. A recent meta-analysis presented by Daya did
not find a difference in ongoing pregnancy rate (unpublished data). Care should
be taken in drawing conclusions on these observations. Some population factors
were not equivalent in the groups despite randomization. In addition, the learn-
ing curve, inherent to the use of new treatment schemes, could have influenced
some of the studied outcome. The trend towards higher pregnancy rate (PR) in
the GnRH-a group may be associated with the relatively higher number of
obtained embryos due to the higher number of oocytes. This hypothesis was
not confirmed by the study presented by Wikland et al. (27). The difference
could be related to the absence of desensitization of the previous luteal phase.
In fact, a difference of the same magnitude in the pregnancy rates is found
between the short and long protocols (50). The clear reasons for this difference
are still not clear. The potential deleterious effect of the GnRH-nt on the endo-
metrium or even on the fertilization process has been presented (51). However,
there is no clinical data to confirm these hypotheses in the human species (52,53).
Therefore, a careful analysis is needed before drawing conclusions on the PR. In
fact, a comparative study designed to assess a 5% difference for PR situated in
the region of 20% will require over 1200 patients in each treatment group.

The important issue about GnRH-nt pregnancy rates is that there are
still major questions to be answered on the best way to use them.

Single Versus Multiple-Dose Protocols

The two protocols have not been prospectively compared in large studies.
The only large available study presents the results of two large multicentric
studies using the single- and multiple-dose Cetrorelix protocols (54). No
differences are observed between the two regimens but as this is not a pro-
spective randomized study; firm conclusions cannot be drawn from those
data. A propspective randomized study compared the Ganirelix multiple
dose protocol to the Cetroreliw single dose regimen and did not find a stat-
istical difference in the PR between the two protocols (55,56).

Fixed Versus Flexible Administration of the Antagonist

In the first study using GnRH-nt, the protocol included a fixed day of
GnRH-nt administration. In the multiple-dose protocol, the antagonist

76 Olivennes



was started on day 6. In the single dose, the 3 mg administration of Cetror-
elix was proposed on day 7. We proposed a more flexible approach by
adapting the moment of antagonist administration to ovarian response
(Fig. 3) (11). The antagonist could be administered when the leading follicle
reached 14 mm and/or E2 reached 600 pg/ml. The same approach was later
proposed by Ludwig et al. (57) in the multiple-dose protocol (Fig. 3). Some
authors have predicted a lower pregnancy rate when the flexible approach
was proposed (58). Data remain controversial on this question. A recent
meta-analysis did not find differences in the pregnancy rates between the
flexible and fixed approaches (59).

A very early start of the antagonist, injected at the beginning of the
stimulation, was proposed to reduce the LH levels at the beginning of
the follicular phase. A prospective randomized study failed to demonstrate
an advantage to this proposal (60). Moreover, a long period of injection of
antagonist will really alter the main benefit of GnRH-nts.

INDICATIONS

PCOS Patients

The use of GnRH-nts in large series of polycystic ovarian syndrome (PCOS)
patients has not been published so far. One of the most important hormonal

Figure 3 Gonadotropin-releasing hormone antagonist multiple- and single-dose
protocols. Fixed day regimens. Abbreviations: FSH, follicle-stimulating hormone;
hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin.
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aspects of PCOS patients is the increased LH tone secretion. This group of
patients is characterized by anovulation, and ovarian ovulation induction is
usually performed using clomiphene citrate, FSH associated or not with
GnRH agonists. The rationale for the use of GnRH-nt in PCOS patients
is the fact that the LH/FSH ratio will be decreased since LH secretion is
more affected by the antagonist administration than FSH secretion (2). In
IVF, another clear advantage is the reduced incidence of OHSS with the uti-
lization of GnRH-nt. The use of GnRH-nt protocol allows also to induce
the oocyte final maturation with GnRH agonist, to elicit an endogenous LH
surge and, subsequently, decreasing the risk of OHSS (61). However, a large
prospective trial is necessary to confirm these physiological hypotheses (see
infra). Lubin et al. (62) described two case reports of PCOS patients treated
with GnRH-nt before the treatment with GnRH agonist to induce ovula-
tion. The patients showed a normalization of LH and testosterone serum
levels, however, the authors failed to induce an appropriate ovarian response.

Two recent prospective randomized studies compared GnRH-nt to
agonists in PCO patients (63,64). Those studies found similar pregnancy rate
but failed to find a significant advantage to GnRH-nts.

Larger studies are needed to further evaluate the potential benefits of
the association of GnRH-nt in PCOS patients.

POOR RESPONDERS

The definition of poor responders and the heterogeneity of this group of
patients cause an important bias in published series. The rational for using
ovarian stimulation protocols with GnRH-nt in poor responders is that
GnRH-nts do not require desensitization and are not causing an important
depression on gonadotropin secretion during the stimulation.

Forty-two patients who are poor responders were divided into two
groups for ICSI treatment (long GnRH agonist or Cetrorelix multiple-dose
protocols) (65). The stimulation protocol also included, in some patients,
clomiphene citrate associated with gonadotropins. Age, number of oocytes
retrieved, number of fertilized oocytes, transferred embryos, score of
embryo quality, and clinical pregnancy were not significantly different
between the groups. A trend was observed in the pregnancy rates (14.28%
for Cetrorelix vs. 9.52% for GnRH agonist treatment) but the difference
was not significant. The authors discussed the sample size utilized. Probably,
with an adequate power calculation this difference in terms of pregnancy
rate can become statistically important.

With the same objective of the above-mentioned paper, Akman et al.
(66) presented a randomized trial comparing the microdose flare-up GnRH-a
protocol versus the antagonist multiple dose protocol. Forty-eight patients
were divided into the two regimen protocols. The implantation rates (15.07%
for flare-up protocol and 11.36% for Cetrorelix) and the ongoing pregnancy
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rates per transfer (21.05% and 16.6% for flare-up and Cetrorelix protocol,
respectively) were similar between the two groups.

Other small studies have been published recently (67–69). Those
studies did not find an improvement in pregnancy rates, but similar results
were achieved.

The Need for LH Activity Adjunction

The need to counteract the dramatic decrease in LH observed in the
GnRH-nts cycle has been proposed. No large prospective study is yet pub-
lished comparing patients treated with GnRH-nt in which LH activity was
added. LH activity could be added by the adjunction of rec-LH or by a
small dose of hCG (70). It could also be obtained by using hMG. Profound
suppression of LH was not found to be associated with lower pregnancy
rates (71). No significant advantage was found by adding rec-LH on a sys-
tematic basis in GnRH-nts single and multiple-dose protocols (72,73). This
remains to be confirmed in large published studies.

Programmation of GnRH-nt Cycles

The programmation of GnRH-nt cycles is important to organize the work
load of large IVF centers. Programmation could be obtained with progester-
one administration in the late luteal phase or oral contraceptive pill (74).
A more original way of programming the cycle was proposed by Fanchin
et al. (75). The authors proposed luteal administration of estradiol in the late
luteal phase as proposed by de Ziegler (76). The administration of estradiol
prevents the FSH rise induced by the luteolysis and could synchronize the
follicular cohort (75). Some authors (Kolibianakis et al., unpublished data)
found lower pregnancy rates when an estro-progestative pill is used. The
results of this study are not yet confirmed by other authors. In poor respon-
ders, the use of contraceptive pills to program GnRH-nt cycle was found to
be associated with increased cancellation rate (77).

Luteal Phase

The LH secretion is fundamental for the development of a normal luteal
phase and for progesterone secretion. The luteal-phase defect induced by
agonist administration is well known and studied, caused mainly by the pro-
found pituitary suppression (78). The antagonist exerts a transitory LH
inhibition and, hypothetically, the luteal phase is less disturbed. Some
authors (78,79), comparing LH serum levels in the early and mid-luteal
phase of hMG treated cycles with or without antagonist (Cetrorelix multiple
dose), concluded that there is a decrease in LH serum levels in Cetrorelix
groups. However, the implications of this phenomenon were not studied.
In a small group of patients treated with Cetrorelix multiple doses without
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luteal support, no pregnancy was obtained (80). A recent study comparing
triggering of ovulation with hCG, rec-LH, and Triptoreline in IVF patients
without any luteal support and treated with GnRH-nts showed an abnormal
luteal phase in those three regimens (81). However, it must be emphasized
that the authors used Antide as an antagonist and those results might
not be extrapolated to Cetrorelix or Ganirelix. Others (82) demonstrated
that, comparing antagonist and agonist treatment, the granulosa cells
cultured in vitro from IVF patients were less impaired, in terms of progester-
one secretion, in the antagonist group. Ragni et al. (83) showed, on intra-
uterine insemination (IUI) cycles, that the utilization of GnRH-nt is safe
and do not affect the luteal-phase duration or progesterone secretion. The
fact that the intensity of the stimulation is much lower in IIU cycles could
explain those contradictory results, as luteal phase is affected by strong
stimulation regimens.

Until full scientific data and controlled studies are available, it seems
preferable to maintain luteal support of GnRH-nt treated cycles.

Triggering Ovulation with GnRH-a
in GnRH-nts Cycles

We described the use of GnRH agonist to induce endogenous LH surge
during an ovarian stimulation cycle with GnRH-nt (61). All patients showed
an appropriate LH and progesterone rise after the GnRH agonist adminis-
tration, confirming that this approach can be used to induce LH secretion
during the final stage of COH.

Others (84–87) previously proposed this strategy to decrease the risk of
OHSS, as the endogenous LH has a lower half-life than hCG. However, this
approach is not suitable in patients previously down-regulated with
GnRH agonist.

A recent study, comparing hCG, Lupron (0.2 mg), and Triptorelin
(0.1 mg) to trigger ovulation in IVF patients treated with Ganirelix, found
similar IVF-ET results between the three groups of patients (88). Other
studies found lower pregnancy rates in patients treated with a combination
of GnRH-nts and agonists (89). A small group of high responders were
treated with a combination of GnRH-nt and agonists and no OHSS was
observed in this preliminary report (90). As mentioned earlier, a study using
Antide as GnRH-nt showed an altered luteal phase in cycles combining
GnRH-nt and agonist (81). Some authors advocate that the luteal phase
needs to be supported by both progesterone and estrogens (Itskowitz, per-
sonal communication). In a prospective randomized study, reduced preg-
nancy rate was found in GnRH-nt cycle in which GnRH-a was used to
trigger ovulation, despite using progesterone and estradiol as luteal supple-
mentation (91).

More studies are needed before recommending this approach.
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IUI

Few papers on the use and potential benefits of GnRH-nt protocol in IUI
cycles are yet available. Some found higher pregnancy rates (92,93). Others
found only a trend in higher success rate (94).

Some of the advantages shown in IVF cycles can be applied for IUI.
In case of premature LH surge when criteria of optimal follicular matu-
ration are not obtained, GnRH-nts could be proposed to prevent and
postpone ovulation. The luteal phase of stimulated cycle in IUI cycles was
studied by Ragni et al. (83).

Programmation of the timing of IUI could also be obtained with
GnRH-nt. Of course, this is not a medical indication and IUI can be
advanced if an LH surge is detected, however this is not always possible.
It remains to be demonstrated that postponing the triggering of ovulation
with GnRH-nt when adequate follicular size and E2 levels are reached does
not adversely affect the results.

Perinatal Outcome of Pregnancy After GnRH-nt for
Ovarian Induction

Recently, two papers have been published on the perinatal outcome of IVF
pregnancies obtained with GnRH-nt.

One report followed 67 pregnant patients after ovarian induction with
Ganirelix multiple-dose protocol (95). The miscarriage rate was 9%, and full
data on perinatal outcome was obtained in 61 patients. The mean gesta-
tional age was 39.4 week for singleton pregnancies and 36.6 week for
multiple pregnancies. A birth weight lower than 2500 g was present in
8.7%, one baby had a major congenital malformation, and seven minor
malformations were reported in five infants. These results were not different
from data available on IVF pregnancies.

Another study addresses the same objective with the use of Cetrorelix
(multiple- and single-dose protocols). Pregnancies that resulted from phase
II and III trials were followed to investigate the safety of GnRH-nt (96). A
total of 227 children born were evaluated in terms of outcome of pregnancy,
delivery, birth weight, and after one and two years of age to search for some
developmental disorder. The incidence of major congenital malformation
was 3.1% and minor malformations occurred in 2.6% of the cases. The
clinical abortion rate was 16.8% and the ectopic pregnancy rate 3.4%.
The follow-up data on physical development did not show any significantly
abnormality.

The authors of both studies concluded that the use of GnRH-nt in
ovarian stimulation protocols did not cause a harm or detrimental effect
on the pregnancy course or perinatal outcome of those patients. These
two studies concern a too small number of cases to discuss the malforma-
tions rates.
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Recommended Regimens

As we saw in this paper we still have questions on the best protocol to be used
with GnRH-nts. From available literature, we can suggest that GnRH-nt
can be used in a single- or multiple-dose regimen. The flexible or fixed
approach appears also to give similar results. Programming the cycle can
be obtained with OC pill or luteal estrogen. The latter lacks a prospective
study to confirm its interest as opposite to the OC pill which is already used
in many IVF cycles. The supplementation with LH activity is not supported
by available scientific data. The supplementation of the luteal phase is
recommended. If GnRH-nt appears to give comparable results in good
responders, it should be studied in poor responders, patients with PCOS
or IUI deserve further study.

CONCLUSION

In COH, the different studies presented have confirmed the efficacy of a
single dose of 3 mg of Cetrorelix to prevent premature LH surges when
administered in the late follicular phase. The single-dose protocol is easy
to use and assures patient compliance. When compared with the long pro-
tocol using a depot formula of Triptorelin, the IVF-ET results showed a
shorter duration of treatment, less amount of hMG used, and a lower occur-
rence of OHSS in the group of patients treated with Cetrorelix. Clinical
trials showed that the multiple-dose protocol using Cetrorelix or Ganirelix
is effective and safe. A shorter duration of treatment, less amount of gona-
dotropins, and a lower occurrence of OHSS was observed in the group of
patients treated with Cetrorelix or Ganirelix. Single- and multiple-dose
protocols have not yet been compared prospectively. Fixed day or flexible
day schemes have not been compared either. The single dose is simple but
requires monitoring of the cycle. The multiple doses, in a fixed regimen,
could reduce the need for hormone assessments but compliance is manda-
tory. Patients report a better quality of life with GnRH-nt protocol as
compared to the long GnRH-a regimen, but this aspect was not
scientifically evaluated.

The pregnancy rates are not statistically different within the GnRH
agonist treatment. A trend in lower pregnancy rates observed in most of
the antagonists group of the controlled studies suggests further data are
needed on this point. Meta-analyses found the difference significant in favor
of the GnRH agonist.

However, there are still major questions to be answered to define the
best way to use GnRH-nts (97). Therefore, it should be mentioned that there
is room for optimization of the antagonist protocol. The antagonist admin-
istration can be proposed on a fixed day of the stimulation or based on
monitoring with a flexible approach. This could reduce the amount of
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antagonists. However, the optimal timing of the flexible approach of
GnRH-nt administration is difficult since prediction of LH surge is difficult.
The programmation of the treatment through manipulation of the luteal
phase with progestative and/or estrogen has to be evaluated. The luteal-
phase supplementation remains mandatory so far.

The use of the GnRH-nt in mild stimulation regimen (CC/gonadotro-
pins or natural cycle with hMG support) allows reduction of the rate of
premature LH surges and therefore the cancellation rate. Stimulation can
be minimal and pregnancy rates, in some preliminary report, are satisfactory.
If larger studies confirm these results, mild stimulation protocols associated
with GnRH-nt single or multiple dose administration could represent an
interesting first-choice IVF treatment regimen in selected indications. These
protocols could reduce the complications and risks of the actual COH pro-
tocols. The reduction of the costs associated with the possibility of offering
the retrieval on an outpatient procedure is also of clear interest. Successive
cycles with an acceptable success rate could result in interesting cumulative
pregnancy rates. More studies are needed to clarify some important clinical
questions regarding the utilization of antagonist in PCO patients and in poor
responders. In IUI cycles, small studies showed an increase in pregnancy rate
when GnRH-nt multiple-dose regimens were use in the stimulation regimen.
These results need to be confirmed on larger samples.

New GnRH-nts are already available for clinical use in most countries. It
will certainly change our protocols of ovarian stimulation. If similar pregnancy
rates are achieved by a better understanding of the effect of GnRH-nts, the
main advantage of these compounds is the reduction of the side effects and
complications of our actual stimulation protocols, a clear benefit for our
patients. They could also allow us to design softer stimulation schemes.
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Imaging has become such an integral part of clinical care in the assisted
reproductive technologies that it is difficult to imagine how in vitro fertiliza-
tion (IVF) was done before we had the ability to visualize the ovaries and
uterus easily. Recall that IVF was once done using laparoscopic retrieval
of oocytes following ovarian stimulation cycles monitored only by hormonal
assay of systemic estradiol levels, that embryos were transferred back into a
uterus when we had no real idea about the physiologic status of the endo-
metrium, and only a clinical touch was used to guide the placement of the
embryo transfer catheter. Easily accessible, and easy-to-use, ultrasono-
graphic imaging in the hands of the individuals performing the assisted
reproductive technology (ART) procedures has delivered us from those
uncertainties. The quality and quantity of the information we received from
the ultrasonographic images that are now an essential part of every pro-
cedure have been a very important aspect of the incredible increases in
ART success rates we have seen over the past decade. It is important to
remember that the integration of enhanced understanding of anatomy,
physiology, endocrinology, and pathology we have gained with imaging in
the patients undergoing IVF are as important as the fantastic increase
in knowledge in the embryo laboratories. The confluence of technologies
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we now used in ART care have greatly increased the probabilities of success-
ful pregnancies for our patients.

The purpose of this chapter is to describe the primary uses of ultra-
sound imaging in IVF and to identify some promising new areas where
imaging has the potential to enhance our understanding in assisted repro-
duction. The essentials of ultrasonography in IVF are in monitoring the
course of ovarian stimulation protocols, visually guided retrieval of oocytes,
assessment of the endometrium, and visually guided embryo transfer. Each
of these areas also provides a springboard for new research areas which may
be incorporated into clinical care. Awareness of new frontiers is essential to
progress in ART and in understanding the changes that will surely come.
We rely so heavily on imaging in general gynecology, infertility workup,
and early obstetrical care that it becomes challenging to narrow our focus
to only IVF; however, with the general caveat that ultrasonography has
forever changed our understanding of female reproduction, my goal is to
provide a synopsis of imaging in IVF integrated into a framework within
which we provide the highest quality of care for the patients who require
ART to complete their families.

OVARIAN ASSESSMENT

Monitoring the Course of Ovarian Stimulation

Ovarian stimulation protocols vary tremendously and have evolved
from fairly simplistic administration of exogenous hormones derived from
urinary sources to quite sophisticated blends of gonadotrophin-releasing
hormone (GnRH) analogs, recombinant follicle-stimulating hormone
(FSH), luteinizing hormone (LH), and other compounds. The common
denominator in all ovarian stimulation protocols is that ultrasonography
is used to determine their effects on the ovaries of each patient. All the
protocols have been designed to override the physiologic mechanism
of selection of a single dominant follicle, obviate atresia in the cohort of
follicles recruited into the follicular wave, and foster and sustain the devel-
opment of many follicles to an imminently pre-ovulatory state so that
properly matured oocytes may be retrieved for IVF. Ultrasonography is
essential in determining the numbers and fates of individual follicles stimu-
lated by exogenous gonadotrophins. Toward this end, the follicular
response of each woman to the stimulation protocol and the number of
oocytes desired and clinical assessment of the risk of ovarian hyperstimula-
tion will dictate increasing or decreasing daily doses of gonadotrophins. It is
important to note that the expected linear relationship between circulating
estradiol concentrations and follicular diameter may not exist during
ovulation induction. Similarly, we understand that all follicles probably
do not contribute equally to the concentrations in the systemic circulation.
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In all the ART ovarian stimulation protocols, regardless of their tech-
nical complexity, the timing for human chorionic gonadotrophin (hCG) or
recombinant LH administration is critical to establish a time for oocyte
retrieval which will yield the highest quality of oocytes in the proper stage
of development with the highest probability of fertilization. Although transab-
dominal ultrasonography has been used, transvaginal ultrasonography
(TVUS) is the best means that we have to follow the course of follicular
growth and development (1,2). With TVUS, we have a rapid, non-invasive,
and highly visual approach to following the fates of individual follicles and
cohorts of follicles. When we combine our knowledge of natural ovarian
physiology with concomitant assessment of circulating estradiol concentra-
tions and oocyte development, we may predict the optimal timing for
induction of the final stages of folliculogenesis and oogenesis and oocyte
retrieval (3–5). The relationships between follicle size and oocyte maturity
remain not particularly well elucidated; however, the oocyte maturity certainly
plays a role in the ability of the resulting embryos to develop to the blastocyst
stage (6–8).

hCG is usually administered to trigger the final phases of follicular
maturation when the largest follicle first attains a predetermined diameter
(e.g., 18–20 mm). The time of hCG administrations varies in many programs
based upon the individual clinician’s feel for the stimulation cycle and lab-
oratory logistics. Most commonly, 5000 or 10,000 IU hCG is administered.
Oocyte retrieval for IVF is then typically scheduled for 30–34 hr thereafter.
Many programs use only ultrasonographic monitoring to determine the
course of ovarian stimulation and it has been demonstrated that including
estradiol monitoring during the stimulation protocol seldom changed the
timing of hCG administration and did not affect pregnancy rates or the risks
of ovarian hyperstimulation syndrome (OHSS) (9).

The characteristics and appropriate sizes of follicles which produce
mature oocytes ready for fertilization remain the subject of much contro-
versy and research. Although we know that mature oocytes yield the highest
fertilization rates (Fig. 1), through recent developments in the embryo lab-
oratory, we know that in vitro maturation and fertilization are quite viable
ideas in ART practice (10,11). The role of ultrasonography in vitro matu-
ration (VM)–IVF protocols will very definitely revolve around the optimal
timing of oocyte retrieval for optimal fertilization and cleavage rates (11–
14). Ovulation has been reported from follicles as small as 14 mm and
oocytes collected from small follicles may indeed fertilize. In a recent study,
oocytes from follicles less than 10 mm in diameter and in vitro maturation
were used to increase the number of transferable embryos (15). Through
research in animal models, we know that there appears to be a correlation
between computer-assisted ultrasound image attributes of follicles and the
ability of the oocyte to fertilize; however, similar studies in humans have
apparently not yet been completed (16).
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Examination of growth rates for individual follicles may be a useful
characteristic with which to predict the number of follicles which may
develop during ovarian stimulation protocols. This information is equally
important when assessing the risks of ovarian hyperstimulation. In the past,
follicular growth rates during induced cycles were observed to be faster than
those of natural cycles (17). However, a mathematical equation developed to
equate follicular growth rate to follicular age was used to conclude that the
growth rates of individual follicles in spontaneous cycles were similar to
those recruited by human menopausal gonadotrophin therapy (18).
Reduced growth rates of follicles in cycles where a pregnancy was estab-
lished led to the conclusion that growth rate was a more useful characteristic
for prediction of ovulation than follicular diameter (19). Follow-up work
does not appear to have been done. It will be logistically challenging to
combine daily detailed ultrasound measurements of individually mapped
follicles with per follicle outcomes from the embryo laboratory and final
pregnancy outcomes. However, the rationale that follicular growth rates
may be more accurate in predicting the actual maturity of the ova is
intriguing. Recent detailed studies on follicular growth have shown that
follicles grow at approximately 1.5 mm per day regardless of whether they
developed during natural menstrual cycles, oral contraceptive cycles, or dur-
ing ovarian stimulation (20,21). These data fit well with a new mathematical
model developed to predict the ovarian response to superstimulation

Figure 1 Image of an ovary with three dominant follicles visible in the plane of sec-
tion. The image was acquired 24 hours prior to oocyte retrieval. The thick walls of
the follicles are consistent with collection of oocytes with a high probability of
fertilization.
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protocols and based upon daily data on follicular growth rates (22,23). It is
evident that new imaging-based studies are required.

Assessment of Ovarian Follicular Reserve

Changes in demographic trends in the age at first pregnancy in our times have
combined to yield more and more women seeking pregnancy when they are
older and less fertile. Numerous studies in recent years have demonstrated
that fertility declines progressively as age advances. In IVF, the main focus
of attention is on assessment of what is termed the ovarian reserve. Ultraso-
nography is now being used to investigate follicular dynamics in aging women
as are detailed endocrine-based tests (24). A decrease in the ovarian reserve,
or number of follicles capable of being stimulated, is a primary reason for
declining fertility. Similarly, the ovarian response to exogenous gonado-
trophin stimulation also decreases, but the range of individual variation is
extremely wide and it is well known that age is only a rough guesstimate of
the ovarian reserve and hence the ovarian stimulation response.

There are several tests of ‘‘ovarian reserve’’ that include clomiphene
citrate challenge and the GnRH agonist stimulation tests (24–27). Ovarian
biopsy is available, although it remains controversial (24,28). The endocrine
tests offer prognostic information valuable in the counseling of aging infer-
tile women. However, there is much recent evidence to suggest that ultraso-
nography may be used to estimate the number of antral follicles at specific
times of the menstrual cycle and provide additional useful information of
clinical relevance (29–32). Ultrasound assessments take place using antral
follicle counts or measurement of ovarian volume. Early follicular-phase
antral follicle counts, typically done on days 3 to 7 post-menstruation,
may be used to predict the number of follicles likely to develop during ovar-
ian stimulation with exogenous gonadotrophins (31,33–36). Women having
fewer than five follicles under 10 mm in diameter before ovarian stimulation
begins have a relatively poor prognosis for success (35). Studies to determine
the extent to which antral follicle counts correlate with endocrinologic mea-
sures of ovarian reserve (e.g., cycle day 3 FSH and estradiol concentrations)
remain to be widely confirmed (30). Ovarian volume assessments are based
on the presumption that there is a significant correlation between the popu-
lation of primordial follicles remaining in the ovary and the volume of the
ovary, measured using either two- or three-dimensional ultrasonography
(27,29,33,37). A very clear relationship between decreased ovarian volume
and antral follicle counts and advancing age combined with increased
FSH has been demonstrated (26,30). Although there remains a good deal
of work yet to do in order to standardize the imaging based assessments,
ultrasonography remains an important aspect of ovarian reserve estima-
tion and prediction of the probability of a successful ovarian stimulation
cycle (35).
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Ovarian Hyperstimulation Syndrome

OHSS is a potentially serious complication of ovarian stimulation with
exogenous gonadotrophins. The risk of serious disease is much higher when
exogenous gonadotrophins are employed. In women with the disorder,
transvaginal or transabdominal ultrasonography often demonstrates grossly
enlarged ovaries containing numerous large follicular cysts with thin, highly
echogenic borders, and dramatically increased local blood flow (38). The
ovaries may enlarge to diameters in excess of 10 cm, and echotexture inter-
preted as intrafollicular hemorrhage in some of the large cysts frequently
may be observed. Serial TVUS during ovarian stimulation cycles and careful
tailoring of the dose of exogenous gonadotrophins has helped to limit the
risk of OHSS (38,39). Clinicians take an active role in the prevention of
OHSS by aborting the treatment cycle and cryopreserving the embryos
for later, or replacement of a single embryo when excessive numbers of pre-
ovulatory follicles develop in association with markedly elevated serum
estradiol concentrations and the risk of OHSS is high (40). When OHSS
does occur, torsion of an enlarged ovary is a complication that must be kept
in mind. When torsion is suspected, color flow Doppler imaging can help to
establish an early and accurate diagnosis (41,42).

Computer-Assisted Ultrasonographic Imaging of Follicular
Development

New work in application of computer-assisted image analysis is demonstrat-
ing that ultrasound images have the potential to aid in the identification of
healthy versus atretic follicles in natural and ovarian stimulation cycles
(22,43,44) (Fig. 2). Physiologically dominant ovarian follicles are identifiable
by ultrasonography at approximately day 7 post-menstruation in unstimu-
lated cycles (22), and ovulatory and non-ovulatory follicles are identifiable
in ovulation induction cycles (43). The image attributes of ultrasonographic
images of normal preovulatory follicles include thick, low-amplitude walls
and a gradual transformation zone at the fluid–follicle interface. The
walls of preovulatory follicles are characterized by increased heterogeneity,
increased wall breadth, and a more gradual transformation at the fluid–
follicle wall interface. Atresia is characterized by thin walls, high numerical
pixel value (bright) signals, and highly variable signals from the follicular
fluid. Evaluation of the acoustic characteristics indicative of viability and
atresia is an active area of research that has profound implications for
development of safer and more effective ovarian stimulation protocols.

ULTRASOUND-GUIDED OOCYTE RETRIEVAL

The most visible use of ultrasound imaging in IVF has been the tremendous
advance facilitated by transvaginal retrieval of oocytes (45–55). Oocyte
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retrieval was a procedure-limiting step when IVF was first done. Retrievals
were done laparoscopically or using ultrasound guidance from transure-
thral, transvesicular, or transabdominal approaches (48,51,55–58). The
advent of transvaginal transducers and concerted efforts to develop effec-
tive, accurate tracking of the needles used for follicle aspiration was
probably the single most important step in making IVF as safe and effective
as it is today (Fig. 3) (45,53–55,59–63).

Retrieval of oocytes in IVF cycles is now routinely performed under
TVUS guidance (49). An aspirating needle is introduced through a guide
attached to a transvaginal probe and is inserted into first one ovary, then
the other, via the vaginal fornices. Almost all aspiration needles now in com-
mon use have a small band of highly reflective surface near the tip of the
needle to facilitate ease of visualization as the needle enters the ovary and
once it is in the follicles. The path of the needle as it is guided into each ovar-
ian follicle may be accurately defined by a biopsy guideline imposed on the
ultrasound screen, although, the highly reflective walls of the needle make
identifying its path quite easy in most cases. The needle tip can be observed
directly as it is maneuvered within the ovaries and into each follicle. The fol-
licular fluid containing the oocyte/cumulus complex is then aspirated by
application of gentle suction. The walls of the follicle collapse as the fluid
is aspirated and the needle moved within the follicle to ensure that all the
follicular fluid is withdrawn.

There are two main types of aspiration needles used for oocyte
retrieval, single and double lumen needles. Single lumen needles typically

Figure 2 Power-flow Doppler image of a dominant preovulatory follicle showing
the perifollicular vascularization consistent with follicular maturity.
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have a smaller diameter and tend to cause less discomfort (49). In many, if
not most, IVF centers follicle aspirations are done using single lumen needles
and no follicle flushing. The double lumen needles were developed for a
technique involving constant infusion of oocyte collection media into the fol-
licle at the same time as the follicular fluid is being removed. The double
lumen flushing technique is thought to increase the turbulence within the fol-
licle, assist in dislodging the oocyte–cumulus complex from the follicle wall,
and increase the chances of oocyte collection. A single lumen needle flushing
technique may also be used. In this technique, all the follicular fluid is first
aspirated from the follicle and the follicle is then refilled with collection
medium and re-aspirated. A back-and-forth motion on the plunger of the
infusion syringe may be used to increase the turbulence of flow which may
be easily visualized on the ultrasound screen. No significant differences were
found in the number of oocytes collected in either a prospective, randomized
trial or a retrospective examination of 2378 cases and the time required for
retrieval in women whose follicles were flushed was increased (49,64,65).

Unsuccessful oocyte retrieval following apparently normal ovarian
stimulation reportedly occurs in 1–7% of cycles—the so-called ‘‘empty fol-
licle syndrome.’’ The etiology appears to be multifactorial and may involve
both technical and biological mechanisms (49,66).

The complication rates of oocyte retrieval are reportedly extremely
low and almost all procedures are performed under conscious sedation on
an outpatient basis (52,60,61,67–72).

ASSESSMENT OF THE ENDOMETRIUM AT EMBRYO TRANSFER

Endometrial Thickness and Pattern for Assessing Endometrial
Receptivity

Ultrasonography has been used, with varying degrees of success, to correlate
the probability of pregnancy in ovarian stimulation–ovulation induction
cycles and IVF cycles (73–77). Most imaging studies have been attempting
to predict the probability of implantation. A thicker endometrium was
observed on the day of oocyte retrieval in women who conceived during that
cycle (74). The IVF pregnancy rate increased in cycles when the endo-
metrium was > 9 mm but <14 mm (75). In another study, no correlation
was observed among endometrial pattern or thickness and estradiol levels,
number of oocytes retrieved, or progesterone level on the day of embryo
transfer; however, the authors appeared to appreciate the pattern of the
endometrium on the day of hCG administration, but stated that pattern
assessment was of no value (78). In another IVF study, the endometrium
on the day before embryo transfer was nearly 2 mm thicker in women
who conceived (10.2 mm) than in those who did not (8.6 mm) (79). Only
two pregnancies were reported when the endometrial thickness was less than
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7.5 mm, and no pregnancies were observed when the endometrial thickness
on the day of embryo transfer was less than 5 mm. However, no differences
were observed in endometrial thickness among women who conceived
compared to those who did not in a similar study (80). Subsequently, a more
favorable outcome has been suggested when embryos were transferred when
the endometrial thickness was greater than 9 mm and a ‘‘triple-line’’ pattern
was observed (81). This observation was supported by a retrospective analy-
sis in which the pregnancy rate was significantly higher in women who
exhibited a triple-line pattern than in those with other endometrial patterns
(Fig. 4) (82). These contradictory reports and the apparent lack of corre-
lation between ultrasonographic endpoints and histologic staging of the
endometrium in women undergoing IVF can be interpreted to suggest that
ultrasonography using simple measurements is simply not yet sensitive
enough to be useful in predicting endometrial receptivity and the probability
of implantation with the exception of a strong negative correlation when the
endometrium is thin (81,83,84). It is also possible that inconsistencies in
the day on which measurements were done among the many studies and
measurement techniques have played a role in our seeming inability to inter-
pret the data. Consensus among studies is that implantation may occur as
long as the endometrial thickness is greater than 6 mm, although there is
a single case report of a pregnancy established when the endometrium
measured 4 mm (74,85–87).

Figure 3 Ultrasound image taken during oocyte retrieval. The highly echogenic
band around the distal end of the needle and the tip of the follicle aspiration needle
are visualized in the superior-most follicle. The needle is maneuvered within the
ovary to aspirate all follicles. Source: Image courtesy of Dr. Roger Stronell.
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Collections of fluid are sometimes found within the uterine lumen on
the day of embryo transfer (88) (Fig. 5). In a retrospective analysis of case
records, approximately 5% of cycles were compromised by the presence of
lumen fluid accumulation at some time during the IVF cycle procedures,
and in 2% of the cases the fluid accumulations persisted until the day of
embryo transfer. The pregnancy rate among women with fluid accumula-
tions was markedly lower than those who did not exhibit intralumenal fluid.
Interestingly, fluid accumulations were found in almost three times as many
women with tubal factor infertility compared with other causes (88).
Although lumenal fluid collection does not appear to be a common problem
in IVF cycles, it does appear to have a negative impact on implantation and
pregnancy rates.

Spectral Doppler and Color Flow Doppler Ultrasonography

The history of Doppler ultrasonography of the uterine arteries in the litera-
ture is confusing because many reports failed to differentiate between spec-
tral Doppler and color flow Doppler imaging. Early studies tend to be based
on spectral Doppler examinations, which are a means of evaluating the
resistance to blood flow using calculations of the pulsatility index (PI), resis-
tance index (RI), Vmax, or the systolic-to-diastolic ratio (S/D ratio). Color
flow Doppler and power flow Doppler imaging are means of turning
motion, either toward or away from the transducer in the case of color flow

Figure 4 Midsagittal view of the uterus. The cervix is to the right of the image and
the fundus is to the left. The endometrium is well demarcated and shows a
pronounced, thick ‘‘triple-line’’ pattern associated with a higher probability of
implantation following embryo transfer.
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Doppler, or motion in any direction in the case of power flow Doppler, into
a visually detectable color overlay on the two-dimensional ultrasound image
(Fig. 2) (89).

Initially, attempts to determine if evaluation of blood flow in the uterine
arteries could be useful were based on RI calculations to look for differences
in uterine receptivity, where in a small series of women, no differences were
found between women who conceived and those who did not (90). When
the PI of uterine arteries was examined and data were grouped into low,
medium, and high categories, no differences were found between cycles where
women either conceived or did not; however, no pregnancies were established
in the women with high PI values (91). Elevated PI, as a measure of impe-
dance to vascular flow in the uterine artery, was associated with a significantly
lower pregnancy rate (92). However, no differences in uterine artery PI were
observed between conception and non-conception cycles (93). A study asses-
sing RI of the uterine arteries was inconclusive, except that absent or low
diastolic flow was associated with failure to conceive (93). Uterine artery
vascular impedance measured by RI was not found to be useful for predicting
the probability of pregnancy, but if the PI values were found to be greater
than 0.79 before hCG administration, poor uterine vascular perfusion was
assumed (94). A subsequent study reported the PI and RI in the uterine
arteries to be lower in conception cycles, and the authors suggested that a
PI greater than 3.3 and an RI greater than 0.95 before embryo transfer were
associated with a low probability of conception (95). Furthermore, a study of
women undergoing cycles in which embryos were produced using ICSI
reported no demonstrable differences in PI on the day of embryo transfer
between conception and non-conception cycles (96).

In a critical review of the literature prior to 1996, some ultrasonographi-
cally detectable criteria were observed to be associated with negative pregnancy
outcomes; however, no prognostic value was observed in any measurement of
vascular perfusion (97). A more recent study appears to confirm the results that
women who conceived exhibited lower PI than those who did not (98).

Studies that evaluated endometrial perfusion on the day of hCG
administration consistently reported that values for PI and Vmax were not
different, irrespective of whether or not conception was established
(95,97,99–101). However, when only the color flow data were examined,
absence of detectable subendometrial vascular flow, indicative of poor vas-
cular penetration, was associated with failure of implantation (99). Power
flow Doppler ultrasonography was subsequently used to examine women
whose endometrial thickness was >10 mm. Intra-endometrial flow calcula-
tions of the maximal area that showed evidence of motion indicative of
vascular flow of< 5 mm2 were associated with a lower pregnancy rate
(100). Subsequently, a high degree of endometrial perfusion visualized using
three-dimensional ultrasonography was thought to indicate a more favor-
able endometrium (102). The most recent study in this line of inquiry
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concluded that spiral arterial flow and uterine artery flows were not different
between pregnant and non-pregnant women; however, if spiral arterial flow
could not be detected, there was no probability of conception (101).

Imaging-Based Uterine Scoring System

An imaging-based scoring system to predict uterine sensitivity has been pro-
posed which appears to be based on an earlier uterine biophysical profile
system (103,104). The scoring system was designed by assigning ‘‘points’’
for various criteria and then adding the cumulative columns. Comparisons
of uterine scores in conception with non-conception cycles demonstrated
no differences in any criteria measured, including endometrial thickness,
endometrial pattern, PI, RI, color Doppler, and other vascular indices.
Development of the scoring system appears to have ceased.

Three-Dimensional Imaging of the Endometrium

Three-dimensional (3D) ultrasonography first became available in the late
1990s and 3D is now a part of almost all high-end imaging systems. There
are several methods used to provide 3D information and there are no studies
comparing the same endpoints with different imaging systems (105). The
prospects for predicting the probability of implantation in IVF programs
have now extended into 3D exploration of endometrial receptivity (106).

When endometrial volumes were compared among women who
conceived and those who did not, pregnancy and implantation rates were
significantly lower in women with volumes of less than 2 mL, and no
pregnancies were established when endometrial volumes were less than
1 mL. A contemporary study found no relationship between 3D volume
of the endometrium and conception (106,107). Nor was a correlation found
among estradiol levels, endometrial thickness, or endometrial volume, lead-
ing the authors to conclude that there was no predictive value for conception
in assessing endometrial volume. Endometrial thickness and endometrial
volumes were not correlated with probability of pregnancy; however, 3D
power flow Doppler indices used to measure endometrial perfusion may
have some predictive value (101,102,108,109). Spiral artery blood flow mea-
surements in 3D had positive predictive value when performed on the first
day of ovarian stimulation, whereas women who became pregnant had
lower RI and a higher 3D flow index than those that did not (101,102).
Taken together, these observations provide rationale for further investi-
gation, although it is clear that a predictive index is beyond the limits of
our current technology.

Motion Analysis

Motion analysis, or direct measurement of subendometrial contractions, is a
method of evaluating the endometrium based on the observation that the
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uterus and endometrium are in constant motion (110–117). Objective assess-
ment of these contractions has now been applied to assisted reproduction
cycles (118–120). A computer is interfaced with an ultrasound instrument,
digital frames are acquired, and the pixels comprising the endometrial image
along a single line are isolated (Fig. 6). A line is serially acquired from
images taken one or two times per second over a 5–10-min period, the pixel
data from the line are concatenated, and the result is displayed as a graph of
the velocity and amplitude of endometrial contractions.

Endometrial contractions may have a predictive effect on the prob-
ability of pregnancy in IVF cycles (114,121). Women with a higher frequency
of uterine contractions were found to have lower pregnancy rates (119).
However, contradictory evidence has been reported (122). Exogenous
progesterone has demonstrably reduced uterine contractility on the day of
embryo transfer and it has been hypothesized that progesterone supple-
mentation before embryo transfer may improve endometrial receptivity by
lowering the possibility that embryos might be expelled from the uterus
by contractions (123–125). Uterine contractility at the time of blastocyst
transfer was lower and reached a nadir 7 days after hCG administration
in IVF cycles. The low amplitude and frequency of contractions are
hypothesized to facilitate blastocyst implantation (126). The effects of pro-
gesterone on uterine contractions have been demonstrated by the obser-
vation that higher progesterone concentrations correlated with lower
amplitude and frequency uterine contractions (115,125). It was suggested

Figure 5 Midsagittal view of a uterus with a pronounced intraluminal fluid collec-
tion. The cervix is visualized to the left of the image and the fundus to the right. Fluid
collections on the day of embryo transfer are associated with a very low probability
of pregnancy.
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that progesterone could be administered to reduce endometrial contractions
and have a positive impact on pregnancy rates, although this hypothesis does
not appear to have been critically tested (123).

ULTRASOUND-GUIDED EMBRYO TRANSFER

Ultrasonographic imaging is now being used to guide the placement of the
embryo transfer catheter in an effort to facilitate optimal embryo placement

Figure 6 Ultrasound-based motion analysis images (A–C) of 1.5 minutes in
duration, showing individual women with slow (A: 3 contractions per minute),
medium (B: 5 contractions per minute), and fast (C: 7.5 contractions per minute).
The amplitude and frequency of the contractions are easily visualized. Source: From
Ref. 159.
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and enhance the probability of a successful pregnancy (127–137). Transab-
dominal ultrasound guidance is a more common means of directing the
embryo transfer catheter, however, transvaginal scanning may also be used
(134,138). It is also important to note that ultrasound guidance of embryo
replacement does not prevent the establishment of an ectopic gestation
(139). The recent advent of easy-to-use and relatively inexpensive 3D ultra-
sonography has facilitated a new wave of enquiry into the utility of 3D
imaging to guide the embryo transfer catheter (136,140). Early impressions
are that 3D imaging may be beneficial in identifying the site of optimal
embryo placement with respect to anatomic variations in individual women.

Clinical and laboratory preparations for embryo transfer are the same,
regardless of whether the transfer is to be ultrasound guided or not. Patients
are placed in the lithotomy position and the cervix exposed using a bivalve
speculum. Mucus and secretions are removed using culture media and the
tip of the transfer catheter is introduced into the os cervix. The addition of
transabdominal ultrasound imaging simply involves placement of the trans-
ducer, typically using 3–4 MHz large aperture probe, on the lower abdomen
and pelvis in the sagittal plane and imaging the full sagittal plane of the
uterus and cervix through a full bladder window (Fig. 7) (133,141,142). Most
standard embryo transfer catheters are easily visualized as a pair of highly
echogenic lines within the cervix; however, a transfer catheter system has
been developed to increase the ease of imaging (143). Once the catheter
has been identified, the tip may be carefully guided through the uterine
lumen using real-time imaging. Once the clinician attains the optimal place
with in the uterus, the embryos are gently expelled (144). Opinion on exactly
what optimal placement means is varied (145–148). The fluid droplet con-
taining the embryos is visualized as a very small hypoechoic blip deposited
at the tip of the transfer catheter. Transvaginal ultrasound guidance is done
in a similar fashion, except that a probe designed for intracavitary use is
introduced through the speculum and placed into contact with the anterior
vaginal fornix (134,138). The transfer catheter is visualized and the tip
guided to the optimal uterine location for embryo deposition.

There is a measure of controversy regarding the usefulness of ultraso-
nographic guidance during embryo transfer versus non-visually guided
clinical touch (131,137,141,149–155). Some clinicians prefer to rely on ultra-
sound guidance for mock transfers in cycles before IVF and embryo transfer
and clinical touch in the actual procedure, others use ultrasound guidance
for all procedures, and still others make a decision regarding its use based
on whether or not the transfer is likely to be classified as easy or difficult
(137,144,155). Two recent meta-analyses and a subsequent randomized
controlled trial have been interpreted to mean that transabdominal ultra-
sound guidance versus clinical touch for embryo transfer significantly
increased the pregnancy rate, although the rates of miscarriage, ectopic
pregnancy, and multiple pregnancy were not affected (154,156–158).
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Figure 8 Gray-Scale and Spectral Doppler image of an embryo 5 weeks post
transfer. The gestational sac, embryo and yolk sac are visualized in the top half of
the image. the Dopplar gate is placed directly over the embroyomic heart and the
resulting spectral doppler trace is seen in the lower half of the image reflecting
cardiac activity.

Figure 7 Midsagittal view of the uterus imaged with transabdominal ultrasonog-
raphy during embryo transfer. The transfer catheter is visualized as the highly
echogenic line in the middle of the uterus. Calipers (þ) mark the distance from the
tip of the catheter to the fundus. The image documents optimal replacement of
the embryos. Source: Image courtesy of Dr. Roger Stronell.
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CONCLUDING REMARKS

It seems strange to envision ART care without ultrasound imaging. The
ability to see the effects of ovarian stimulation and optimize the protocol
for individual patients, easy accessibility of the ovaries for oocyte retrieval,
direct visualization of the endometrium at the time of embryo transfer, and
embryo replacement under direct visual guidance are all easy to take for
granted. Ultrasonography also provides direct visual access to all the events
in human reproduction and allows us to elucidate biological phenomena
approaching the natural state. One of the most joyous occasions we have
in our work is when we are able to confirm pregnancy in our patients
(Fig. 8). There is little that approaches the drama in the imaging suite when
we can point out an embryo to our patients and listen to the heartbeat of
their new life. When we combine the essential contributions to ART made
by the dramatic advances made in the embryo laboratory with those
made possible by advanced imaging technology, we enrich not only our
scientific knowledge base, but also the lives of many couples who have
struggled with infertility.
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INTRODUCTION

Laparoscopy

Before the era of clinical in vitro fertilization (IVF), oocytes were acquired
by laparotomy (1). Aside from the escalating scientific interest in fertilizing
and culturing human oocytes in vitro, the development of laparoscopic sur-
gery also facilitated the use of IVF in treatment of infertile couples. At the
end of 1960, the laparoscopic technique made it possible to retrieve human
oocytes quite simply for both research and clinical purposes. The technique
played a key role in the start of collaboration between Edwards, the scientist
with the knowledge of how to fertilize and culture human oocytes in vitro,
and Steptoe, a clinician mastering a technique that could be used to harvest
oocytes in women with tubal infertility (2). Subsequently, laparoscopy
became the technique of choice for oocyte aspiration during the first 10 years
of this clinical IVF era. Different technical aspects surrounding this tech-
nique were published at that time by those groups involved in the early
clinical practice of IVF (3–5). Retrieving oocytes under the guidance of a
laparoscope was a fairly simple technique with a high oocyte recovery rate.
However, general anesthesia was routinely needed and only in certain
patients was it performed with local anesthesia (6). Furthermore, laparos-
copy exposes healthy women to risks that are not negligible and it is rather
an expensive method. In order for IVF to evolve into a procedure that could
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be afforded by many women, there was a need to find a technique for oocyte
retrieval that could be performed as an outpatient surgical procedure. Even
in those cases when laparoscopy was performed using local anesthesia, it
was still quite a technically demanding technique using expensive instru-
ments and unsuitable to performing multiple oocyte collections on the same
day (6). With the introduction of ultrasound in monitoring follicular
maturation and the knowledge that ultrasound could be used for guiding
puncturing procedures, it is not surprising that ultrasound-guided follicle
aspiration became a very interesting alternative technique.

Ultrasound

Clinical IVF started at the time when ultrasound imaging in obstetrics
and gynecology developed rapidly. This was due to a rapid technical devel-
opment within diagnostic ultrasound. Ultrasound was applied early for
ovarian imaging and in some early studies it was elegantly shown that the
technique could be used for monitoring follicular maturation (7,8). Further-
more, one of the Danish pioneers within diagnostic ultrasound proved
earlier that the technique could be used safely and accurately for guidance
of percutaneous puncture of cystic as well as homogenous tumors within dif-
ferent organs of the body (9). With the experience of ultrasound-guided
puncture developed by Holm et al., it is not surprising that another Danish
group lead by Lenz (10) demonstrated the first successful oocyte collection
under the guidance of ultrasound. Parallel to Lenz et al., our own group in
the beginning of 1980 started to use a similar technique for ultrasound-
guided follicle aspiration (11). The technique used at that time utilized
abdominal ultrasound scanning and transabdominal, transvesical puncture
of follicles. This technique had to be performed in light general anesthesia
with a full urinary bladder (12). Although it was not as technically demand-
ing as laparoscopy, it was still preferable to perform in general anesthesia
and as such the advantages in comparison to laparoscopy were not widely
appreciated. However, many IVF groups did adopt the technique and some
tried new approaches that could be used with local anesthesia. One such
interesting development was the introduction of the puncturing needle
through a urinary catheter to the urinary bladder. By scanning abdominally,
the needle could be directed to the follicles (13).

In 1983, our group started to work on vaginal ultrasound scanning. At
that time, we used small abdominal mechanical sector transducers that after
some modification could be used for vaginal scanning. However, those
probes were not ideal for puncturing transvaginally. We, therefore, started
a collaboration with the Danish ultrasound company Bryel and Kjaer. They
had developed a probe for cranial scanning during neurosurgical proce-
dures. After minor modifications of this probe, it could be used as a vaginal
transducer. Ovaries could now easily be scanned without the full bladder
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technique, and oocyte aspiration could be performed as an outpatient pro-
cedure with local anesthesia (14). Manufacturers of diagnostic ultrasound
very soon realized the potential of vaginal sonography for gynecological
diagnostic and interventional procedures and consequently started to pro-
duce vaginal probes. It did not take long for other IVF groups to realize
the potential of this new technique. One group that begun early was Dellen-
bach et al. in France (15,16) and they published their initial experiences
already in 1984. Another group that contributed early on to the develop-
ment of this technique were Feichtinger and Kemeter (17).

Transvaginal ultrasound-guided oocyte retrieval (TVOR) has since
then become the gold standard for oocyte aspiration in assisted reproductive
technology (ART). Even though no large prospective-controlled, rando-
mized trial comparing laparoscopic-guided and transvaginal-guided oocyte
retrieval has ever been performed, the latter has become the method of
choice. The reason for this is probably that TVOR is such a simple method
and does in the majority of patients result in enough oocytes to guarantee a
good chance of becoming pregnant.

The technique has, over the years, in many ways been improved. The
ultrasound equipment has become more sophisticated, resulting in
extremely refined images as compared to the equipment used more than
20 years ago. This has meant a lot for the safety of this technique and the
ease with which it can be used.

TECHNICAL ASPECTS

Equipment

Today most ultrasound equipment with a vaginal transducer can be used for
safe and accurate puncture of follicles via the vaginal route. It is, however,
important to chose a fairly long (total length 40–50 cm) transducer, which
makes it easy to handle during the scanning and puncture procedure.
A frequency of 5–7 MHz gives a sufficient penetration depth and enough
resolution for accurate scanning of the lower pelvis. The transducer should
have a shape that is easy to put into a slim sterile cover or a finger of a sterile
surgical glove. The needle guide should be easy to attach to the transducer
when it has been placed in a sterile cover (Fig. 1).

There are today many different needles that are specially designed for
oocyte aspiration. Most companies, like Cook Ltd., Swemed International
Lab, and Wallas Ltd., which have specialized in equipment for IVF, offer
different types of needles for oocyte retrievals. Our opinion after nearly
20 years of experience with TVOR and having tested most of the available
needles on the market is that the sharpness of the needle is the most impor-
tant factor. A sharp needle means less pain if the puncture is performed in
analgesia. Furthermore, it is important that the surface of needle tip has
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some kind of preparation that will increase the ultrasound echo, making it
easier to identify the position of the needle tip. Most needles used for ultra-
sound-guided puncture do have such a preparation. The diameter of the
needle is important for two reasons. A thin needle 18–20 gage means less
pain when the analgesia only is used. The other is that a needle with too
small inner diameter may be harmful to the oocyte cumulus complex (18).
As long as the inner diameter of the needle is 0.8–1 mm, it seems as if the
oocyte cumulus complex is unaffected, provided that the aspiration pressure
is <120 mmHg. A needle too thin often causes problems by deviating away
from the puncturing line, particularly if the ovary is situated high up in the
pelvis. A nicely shaped fingertip handle on the distal end of the needle is
preferable because it makes it possible to puncture with good clinical touch.

To increase the recovery, it was shown earlier that Teflon tubing
between the needle and the sampling tube was important. Commercially
available follicle aspiration needles do have such tubing as well as a sam-
pling tube. Today, manufactures provide sterile and mouse embryo tested
follicle aspiration sets including needle, tubing, and sampling tubes. The set
is ready to use and only needs to be connected to the suction pump. The
set is made for single use and thereby guarantees sterility and non-toxicity
to the oocyte. Over the last 15 years, our group has used such follicle
aspiration sets and found them to be very convenient. In our opinion, an
18 gage needle (outer diameter) thin walled with an inner diameter of 20
gage is ideal.

Suction of follicular fluid can be performed either with a syringe or a
suction pump creating the negative pressure needed. It was shown earlier
that a negative pressure of 90–120 mmHg seems to be optimal for a good
recovery and exerts no harm on the oocyte cumulus complex when aspirat-
ing mature follicles. However, aspirating immature oocytes from follicles of

Figure 1 Schematic illustration of transvaginal ultrasound-guided oocyte retrieval.
The needle is inserted through the needle guide that is mounted on the vaginal trans-
ducer. The ultrasound image shows a punctured follicle, and the needle tip is
presented as a white echo inside the follicle.
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5 mm diameter with very small volume needs much less pressure,
40–60 mmHg (19,20). Creating a negative pressure by means of a suction
pump where the pressure can be controlled in a standardized manner is
probably the safest and the best way. Today there are several such suction
pumps available specifically manufactured for oocyte aspiration. In the
early days, aspiration of follicular fluid was often performed by means of
a syringe connected to the puncturing needle. This is a risky alternative
because it is difficult to control the negative pressure and it was earlier
shown that the effect of a high negative pressure in the system might cause
damage to the oocyte cumulus complex (21).

In conclusion, one should use a ready-to-use follicle aspiration set and
connect it to a calibrated suction pump using a negative pressure of
100 mmHg for retrieval of mature oocytes and 50 mmHg for immature
oocytes.

Aspiration technique

The actual TVOR technique has been described extensively over the years
and in principle has not changed very much (Fig. 1) (22,23). I will, therefore,
in this part only focus on the following: anesthesia/analgesia; flushing folli-
cles or not, and complications.

The first two topics are interesting because almost all IVF clinics have
their own methods of management. It is also very important to discuss
updates related to complications within a technique. The longer a technique
has been in use, the more information we will acquire about its safety.

Anesthesia or Analgesia

Already from the beginning our group performed TVOR combined with
conscious sedation. Our reason was driven by the belief that if TVOR could
be accepted by the patients and performed under local anesthesia, it would
bring down the cost of the whole IVF treatment.

Oocyte retrieval is supposed to be physically the most painful part of
the IVF procedure, and various methods of analgesia have been tried over the
years. Many groups therefore use general anesthesia. In our opinion, one of
the leading advantages of transvaginal follicle puncture is then lost. A good
analgesic method for oocyte retrieval has to give a satisfactory pain relief with
rapid onset, rapid recovery, and ease of administration and monitoring. It is
also important that it is safe and has no toxic effect on the oocytes.

Conscious sedation appears to be the most commonly used method of
pain relief for oocyte retrieval in the United Kingdom and in the United
States (24,25).

Randomized, controlled trials (RTC) suggest that pain relief is
superior when a paracervical block (PCB) is used combined with sedation
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as compared to sedation alone (26,27). It has also been shown that patients
who received only a PCB during egg collection experienced 2.5 times higher
levels of vaginal and abdominal pain as compared to those who received
both PCB and conscious sedation (28). With the PCB, the local anesthetic
is usually deposited in four locations around the cervix in the vaginal
mucosa. Accordingly, today we use in total 100 mg lidocaine (10 ml of 1%
lidocaine, XylocaineTM 10 mg/ml, AstraZeneca Sverige AB, Södertälje,
Sweden) injected at four points around the cervix and alfentanil 0.5 mg
IV. If needed, a supplementary 0.25 mg alfentanil (Rapifen 0.5 mg/ml;
Janssen-Cilag AB, Sollentuna, Sweden) is given once or twice during the
procedure. With this combination, 99.5% of our oocyte aspirations are per-
formed. The majority of our patients seem to have sufficient pain relief (29).

An interesting method for pain relief during oocyte aspiration is elec-
tro-acupuncture. The reason for exploring this method arose from an earlier
study from our group where we tried to evaluate a possible positive effect of
electro-acupuncture on ovarian blood flow (30). This study led us to also
explore the possible positive effect on pain during oocyte aspiration (29).
A recently published study comparing electro-acupuncture and conven-
tional medical analgesia during oocyte aspiration showed, however, that
no method seems to be superior to another (31). Hence, our experience is
that electro-acupuncture can in many patients be a good alternative for pain
relief during oocyte aspiration (32).

Flushing Follicles or Not

Flushing follicles or not has been debated for years. The rationale is that
flushing of the follicle offers an advantage to the patient, with a larger
number of oocytes being collected and therefore a higher potential for preg-
nancy. Kingsland et al. were the first to perform a randomized trial. They
demonstrated that when performing transvaginal ultrasonically guided
oocyte recovery, there were no significant differences in number of oocytes
retrieved, fertilization rate, or pregnancy rate between those where flushing
had been used as compared to no flushing. However, they could show that
the operating time was significantly shortened in the non-flushing group
(33). Similar results were later demonstrated in another prospective random-
ized study (34). In a recent publication, a study by Bagtharia and Haloob
found that 40% of the oocytes were retrieved in the primary aspirate,
whereas up to 82% of oocytes were retrieved with two flushes and 97% of
oocytes were retrieved in up to four flushes. Based on this study, they con-
cluded that the optimum number of follicular flushings was four times (35).
It could be argued that in this particular study it is not known if the oocytes
were trapped in the needle or the tubing after the first aspiration. In our IVF
program, we do not flush follicles and have had a recovery rate of 70% per
punctured follicle over the last 10 years. Based on our own experience and of

122 Wikland



published prospective randomized studies, in our opinion routine flushing
would seem superfluous in ART.

COMPLICATIONS

In this part, I will only deal with complications related to TVOR because
this is the gold standard today for oocyte collection in ART. Complications
related to laparoscopic procedures are dealt with elsewhere.

Despite all the advantages with TVOR during IVF treatment, the
aspiration needle may injure pelvic organs and structures leading to serious
complications. The most common complications are hemorrhage, trauma,
and injury of pelvic structures and pelvic infection. Other complications
described include adnexal torsion, rupture of endometriotic cysts, and even
vertebral osteomyelit (36).

Bleeding from the vaginal vault is the most common consequence
and has been reported to occur between 1.4% and 18.4% (37). However,
such a bleeding generally ceases spontaneously at the end of the procedure.
Sometimes, the bleeding site needs to be identified and application of a
sponge is necessary.

Injury to intraperitoneal or retroperitoneal pelvic blood vessels and
subsequent bleeding have been reported to occur from 0% to 1.3% (38–40).
Retroperitoneal bleeding can be difficult to diagnose due to the absence of
free fluid in the pouch of Douglas and can be present several hours after
oocyte pickup (41).

Acute severe intraabdominal bleeding is often detected by symptoms
immediately after the OPU. Such symptoms are weakness, dizziness, dys-
pnea, abdominal pain, tachycardia, and low blood pressure typical for
any severe bleeding. In such cases, early hemodynamic monitoring with
serial measurement of hemoglobin concentrations should be performed.
A drop in hemoglobin indicates intraabdominal bleeding and should be
regarded as such until the opposite is proved. With the wide variation in
TVOR and how it is performed today, one has to be aware that intraabdom-
inal bleeding can always occur and any sign indicating bleeding should be
taken seriously.

Pelvic infections after TVOR have been reported to occur between
0.2% and 0.5% (40,42). Symptoms such as lower abdominal pain more than
a week after TVOR, dysuria, and fever should always make one suspicious
of a pelvic infection. If endometrioma has been punctured during TVOR,
there is always a risk for an infection. There are reports about tubo-ovarian
or abscess after OPU (42). Owing to the risk for pelvic infections after OPU,
it has been debated if prophylactic antibiotics should be given. However,
even though the role of prophylactic antibiotics is controversial, they should
be considered in the presence of risk factors (43). Our group does not use
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any prophylactic antibiotics. Over the years, we have had four cases of pel-
vic abscess in almost 12,500 OPU. Of course, the risk of pelvic infection is
related to many things such as if the patient is at risk for PID or not.
Another important factor is the type of vaginal cleaning performed before
the OPU. Over the years, we have only used sterile saline for washing of
the vagina before OPU and still have had very few proven pelvic infections.
However, one has to be aware of the risk of infection and if the patient pre-
sents herself with symptoms before embryo transfer, it is recommended to
freeze the embryos for later transfer when the infection has been treated.

CONCLUSION

For more than 20 years, oocyte aspiration has been performed under the
guidance of transvaginal ultrasound. The technique has proved to be a
simple and safe procedure that is well accepted by the patients even if it is
performed under local anesthesia with conscious sedation. It can thus be
performed as an outpatient procedure. Since it was introduced and till today
the technique has been refined in many ways and is regarded as the gold
standard for oocyte pickup. The simplification that transvaginal ultra-
sound-guided oocyte retrieval has meant for the IVF procedure has probably
given more patients access to ART.
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INTRODUCTION

Since the first live birth resulting from in vitro fertilization (IVF) was
reported 26 years ago (1), over two million live births have been reported
as a result of IVF. IVF success rates have steadily improved over the years
(2,3) and in many leading IVF centers today, the live-birth rate per cycle in
women younger than 35 years may approach 50% (Table 1). Conventional
IVF treatment requires that the ovaries be stimulated with gonadotropins,
which contain follicle-stimulating hormone (FSH) and luteinizing hormone
(LH), in order to increase the number of mature oocytes retrieved, the num-
ber of embryos available for transfer, and, consequently, to improve preg-
nancy rates. Using controlled ovarian stimulation protocols, the success
rates of IVF treatment have steadily increased and the results of many
leading IVF centers today exceed those of spontaneous conceptions in
healthy, fertile couples (3). However, ovarian stimulation protocols are asso-
ciated with high costs, daily injections of gonadotropins and close monitor-
ing, and carry a considerable risk of causing ovarian hyperstimulation
syndrome (OHSS) (4). Although mild or moderate degrees of OHSS may
not be very dangerous, severe OHSS may be associated with significant
morbidity. Patients with polycystic ovaries (PCO) or polycystic ovarian

127



syndrome (PCOS) are particularly prone to develop OHSS with an incidence
of up to 6% (5). The most severe manifestation of OHSS involves massive
ovarian enlargement and multiple cysts, hemoconcentration, and third-space
accumulation of fluid. The syndrome may be complicated by renal failure and
oliguria, hypovolemic shock, thromboembolic episodes, and adult respirato-
ry distress syndrome which, in extreme cases, can even be fatal. Despite many
years of clinical experience, no precise methods have been developed that will
completely prevent severe OHSS after ovarian stimulation (6) and the only
certain method is to avoid stimulating the ovaries with exogenous FSH.
Some patients may also be deterred by the suggested association between
multiple repeated cycles of ovarian stimulation and potential increased inci-
dence of malignant diseases, a worrisome but unproven association (7).
Avoiding ovarian stimulation and collection of immature oocytes would
eliminate the risk of OHSS. Indeed, research on immature oocytes and their
maturation was conducted as early as the mid-1930s (8).

OOCYTE MATURATION IN VIVO AND IN VITRO

Follicle Development and Oocyte Maturation In Vivo

The development of human oocytes is arrested at the prophase I stage of
meiosis during fetal life. At birth, there are approximately one million pri-
mordial follicles in the ovaries (9), each of which consists of an oocyte
surrounded by a few flattened pregranulosa cells enclosed by a basement

Table 1 Results of Fresh In Vitro Fertilization (IVF) Cycles Including IVF and
IVF-Intracytoplasmic Sperm Injection Excluding Oocyte Donation Cycles

Age group <35 35–37 38–40

Cycles started (% of total) 150 (33.6) 123 (27.6) 110 (24.7)
Cycles cancelled 6 6 2
Oocytes collected (mean) 14.4 14.0 12.0
Embryos transferred (mean) 2.6 2.9 3.3
Pregnancy rate per cycle started (%) 60.0 48.8 41.8
Pregnancy rate per embryo transfer (%) 65.7 53.1 45.1
Implantation rate per embryo (%) 36.6 24.5 15.1
Live birth rate per started cycle (%) 46.0 33.3 25.5
Live birth rate per embryo transfer (%) 50.4 36.3 27.5
Number of babies born 94 57 36
Singletons 46 25 22
Twins 21 16 7
Triplets 2 0 0

Source: McGill Reproductive Center.
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membrane. Although large numbers of follicles can leave the primordial
pool and begin to grow, very few will be selected to mature and to ovulate
for potential fertilization. Follicles respond to rising levels of gonadotropins
by growing and fully maturing, then being released into the fallopian tube
by ovulation only after the onset of puberty. During a woman’s repro-
ductive life, only about 400–500 mature oocytes will be released from the
ovaries for potential fertilization. The process of follicular development
within the ovary is directly influenced by gonadotropins, namely FSH and
LH. From the growing cohort of antral follicles, only a portion is able to
respond to the rising levels of FSH; consequently, a large number of follicles
die at the early antral stage of development. During the early antral stage,
the follicle has multilaminar granulosa cell layers and acquires vascularized,
distinct layers of thecal cells that are separated from the granulosa cells by
the basement membrane. It appears that approximately 20 antral follicles
are selected and continued through the preovulatory stages of development
during each menstrual cycle (10). During the later antral stage of follicular
development, granulosa cells rapidly proliferate and differentiate into two
populations, namely the mural granulosa cells that are adjacent to the
basement membrane and the cumulus cells that surround the oocyte. Gona-
dotropins (FSH and LH) are necessary for follicular development in vivo,
and both these hormones use the cyclic adenosine monophosphate pathway
system as the intracellular second messenger. In addition, there are many
other growth factors and cytokines that modulate the actions of gonadotro-
pins; the follicle-enclosed oocyte being, as mentioned previously, arrested at
the prophase stage of the first meiotic division. The resumption of the first
meiotic division occurs in preovulatory follicles following the preovulatory
LH surge. The nuclear membrane dissolves and the chromosomes progress
from the metaphase I to the telophase I stage. The dissolution of the nuclear
membrane is known as germinal vesicle breakdown. After the first meiotic
division, which is characterized by the extrusion of the first polar body,
the second meiotic division begins and a secondary metaphase plate
(metaphase II) is formed. Therefore, oocyte maturation is defined morpho-
logically as the reinitiation and completion of the first meiotic division from
the germinal vesicle stage to the metaphase II stage with accompanying
cytoplasmic maturation necessary for oocyte fertilization and early embryo-
nic development. Oocytes that have not reached the metaphase II stage
cannot be fertilized and undergo embryo cleavage. Knowledge of meiosis
at the molecular level has accumulated rapidly in the last two decades.
A major breakthrough was the discovery of a non-specific factor,
the maturation-promoting factor, which is responsible for the G2 to the
M-phase transition of the cell cycle (11). Molecular characterization of
the maturation-promoting factor has shown that the active form is a pro-
tein dimmer composed of catalytic p34cdc serine/threonine kinase and
regulatory cyclin B subunits.
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In Vitro Maturation Oocytes

Although it is clear that the LH surge triggers the resumption of meiosis in
vivo, cumulus–oocyte complexes can be spontaneously induced to resume
meiosis when they are released from follicles into culture in vitro. Therefore,
the action of endocrine factors affecting oocyte maturation in vitro may be
quite different from in vivo conditions. Immature oocytes, with or without
surrounding cumulus cells, can be matured to the metaphase II stage; how-
ever, the capacity of early embryonic development from the denuded
oocytes is questionable. The beneficial effects of cumulus cells on early
embryonic development have been reported in many species including
humans (11). The actions of endocrine, paracrine, and autocrine factors that
control oocyte maturation in vitro, either directly or indirectly, are mediated
by the cumulus cells. Although FSH and LH play an important part in the
development and maturation of preantral, antral, and preovulatory follicles
in vivo, these gonadotropins may not play the same role in promoting
oocyte maturation in vitro. Currently, most in vitro maturation (IVM) pro-
tocols supplement FSH or LH in a culture medium for oocyte maturation.
However, the effects of FSH or LH on oocyte maturation and subsequent
fertilization as well as early embryonic development are still controversial.
The idea of supplementing these hormones in a culture medium is based
on their physiological role in oocyte maturation in vivo.

The contradictory reports that FSH or LH are major hormones
involved in IVM may be related to cross-contamination of FSH with LH
or LH with FSH, as each preparation is derived from urinary extracts
(12). Although it has been reported that using a combination of recombi-
nant FSH with recombinant LH in IVM of immature oocytes resulted in
significantly higher developmental competence, as evidenced by increased
development to the blastocyst stage compared with recombinant FSH
alone or no gonadotropins (13), conclusive results require further study.
In addition, recently Hreinsson et al. (14) showed that use of recombinant
human chorionic gonadotropin (hCG) or recombinant LH is equally effec-
tive in promoting oocyte maturation in vitro, although there was no proper
control group in their study to substantiate this conclusion. It was initially
considered that FSH and LH probably act to induce oocyte maturation in
in vitro conditions through an indirect action mediated by cumulus cells,
because it is believed that there are no FSH or LH receptors on the
oocytes (15). However, recent reports (16,17) indicate that messenger RNA
for FSH and LH receptors is present in mouse and human oocytes, zygotes,
and preimplantation embryos, indicating a potential role for gonadotropins
in the modulation of meiotic resumption and the completion of oocyte matu-
ration. In addition, it has been known that culture medium supplemented
with a physiological concentration of FSH or LH stimulates steroid secre-
tions (estradiol and progesterone) from cultured granulosa and cumulus
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cells (18). Therefore, it is likely that one of the actions of gonadotropins is
mediated by either estradiol or progesterone, which may control oocyte
maturation in vitro. A recent report indicated that LH-receptor forma-
tion in the cumulus cells surrounding porcine oocytes plays an important
role in oocyte cytoplasmic maturation (19). However, its importance in
oocyte maturation in vitro and how this action is linked to other signal
transduction (pathways) are still largely unknown.

Estradiol and progesterone are mediators of normal mammalian ovar-
ian function. Inhibition of steroid synthesis in whole cultured follicles
impairs the subsequent fertilization and developmental capacity of oocytes
in sheep (20). The presence of estradiol in the culture medium of in vitro
matured human oocytes had no effect on the progression of meiosis but
improved fertilization and cleavage rates (21). However, it may not be neces-
sary to add estradiol to the oocyte maturation medium when the oocytes are
cultured with cumulus cells because the culture medium supplemented with
gonadotropins stimulates estradiol secretion from the granulosa and cumu-
lus cells during culture in vitro (18). Little information is currently available
about how progesterone contained in the culture medium affects oocyte
maturation. However, we have found that progesterone has a negative effect
on bovine oocyte maturation in vitro, and it is well known that many
growth factors are contained in follicular fluid. These growth factors must
be secreted from the granulosa and cumulus cells that respond to gonado-
tropins and subsequently act on the oocyte via paracrine and autocrine
pathways. Although a growing number of studies have indicated that
growth factors produce beneficial effects on oocyte maturation, it seems
that only denuded oocytes require the supplementation of growth factors
in the culture medium for proper oocyte maturation (22). This suggests that
the granulosa and cumulus cells can secrete some growth factors during
culture and play some functional roles during oocyte maturation in vitro.
In practice, the culture medium is also supplemented with the patient’s
own serum or human serum albumin as a protein source. Both serum and
human serum albumin are a rich source of growth factors. Therefore, it is
not necessary to add growth factors to the IVM medium for oocyte matu-
ration in vitro, especially when the IVM medium contains serum or human
serum albumin.

IN VITRO MATURATION OF OOCYTES IN
INFERTILITY TREATMENTS

The research into maturation of immature oocytes initiated by Pincus and
Enzmann (8) and continued by Edwards et al. (23) was not incorporated
as a treatment for human infertility until 1991. Cha et al. (24) reported that
human follicular oocytes were harvested from unstimulated ovaries during
gynecological surgery, matured in vitro, then fertilized, and five embryos
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were transferred to a woman with premature ovarian failure. The recipient
subsequently delivered healthy triplet girls. Trounson et al. (25) further sug-
gested that immature oocyte recovery could be developed as a new method
for the treatment of women with infertility due to PCO because the oocytes
of these patients retain their maturational and developmental competence.
However, the initial reported IVM pregnancy rates were low. Our group
demonstrated that priming with hCG 36 hours prior to immature oocyte
collection significantly improved the maturation rate, and the pregnancy
rate exceeded 30% (26,27). IVM was initially considered as a treatment
for patients with PCOS, but the indications are now expanding to include
various other fertility problems.

IVM of Oocytes from Women with PCOS

PCOS is a very heterogeneous syndrome, often first diagnosed when the
patient presents complaining of infertility; approximately 75% of these
women suffer infertility due to anovulation. The majority of women with
anovulation or oligo ovulation due to PCOS have menstrual irregularities,
usually oligo- or amenorrhea, associated with clinical and/or biochemical
evidence of hyperandrogenism. In almost all these patients, ultrasonic scan
of the ovaries typically reveals numerous antral follicles (28,29). Fertility
treatments for women with PCOS include lifestyle management, administra-
tion of insulin-sensitizing agents, laparoscopic ovarian drilling, ovulation
induction, ovarian stimulation, and IVF. As previously mentioned, this
group of patients has an increased risk of severe OHSS from gonadotropin
stimulation compared with women who have normal ovaries (5,30). The risk
of multiple-follicle ovulation and subsequent multiple pregnancies is also of
crucial importance (5,31). However, the high number of antral follicles in
patients with PCO makes them prime candidates for IVM treatment, even
if the appearance of PCO in the scan is not associated with an ovulation
disorder. Indeed, the main determinant clinically of success rates of IVM
treatment is antral follicle count. When hCG priming is used before oocyte
retrieval, it has been found that immature oocytes retrieved from normal
ovaries, PCO, or women with PCOS have a similarly high maturation, fer-
tilization, and cleavage potential (32). However, although the implantation
rate was lower, the live-birth rates were not significantly different and, as
expected, the OHSS rate was significantly lower in the IVM group. These
results suggested that IVM is a promising alternative to conventional IVF
treatment for women with PCO or a high antral follicle count who require
assisted conception (33).

IVM for High Responders to Gonadotropin Stimulation

When patients receiving gonadotropins hyper-respond to treatment, there
are no precise methods to completely prevent severe OHSS. However, the
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risk can be reduced by withholding the ovulation-inducing trigger of hCG
(34). Thus, in conventional ovarian stimulation for IVF where there has
been an over-response and there is a high chance of developing OHSS,
the cycle would be cancelled. Immature oocyte retrieval followed by IVM
and IVF may provide an alternative to cancellation of these cycles. Initially,
one live birth was reported from immature oocytes collected from a patient
at substantial risk of developing OHSS (35). More recently, Lim et al. (36)
reported 17 patients with a high risk of developing OHSS during the course
of their IVF cycles. Instead of canceling the cycles, they undertook imma-
ture oocyte collection followed by IVM. hCG was administered 36 hours
before oocyte collection when the leading follicle had reached a mean dia-
meter of 12–14 mm and indeed 11.6% of the oocytes had already reached the
metaphase II stage at collection. Eight out of 17 (47.1%) clinical pregnancies
were achieved in this group of patients. Even though the safest method of
preventing OHSS is to withhold hCG administration (34), no cases of OHSS
were reported among these patients, who were at a high risk of developing
the syndrome (36). To date, more than 30 healthy live births have been
reported from this group of patients following oocyte retrieval and IVM
treatment (personal communication). Therefore, patients who are at risk
of developing OHSS during controlled ovarian hyperstimulation can resort
to immature oocyte retrieval followed by IVM as an alternative to canceling
the cycle.

IVM for Poor Responders

Poor response to gonadotropin stimulation occurs more often in older
women but may also be present in young women, including those with
normal endocrine profiles as well as those with abnormal endocrine
parameters—namely, high baseline FSH and estradiol (E2) levels—known
to be associated with poor response. Some poor responders appear to
respond to stimulation but have a low estrogen level, whereas others have
few or slow-growing follicles. Normally, these patients require prolonged
stimulation and higher doses of gonadotropins. They also experience a high
cancellation rate because of the smaller number or size of follicles. Many
different ovarian stimulation protocols have been tried for treatment of
poor responders in IVF. No single protocol seems to benefit all poor respon-
ders and treatment continues to challenge those involved in IVF programs
(37–39). Although oocyte donation would be the ideal treatment for these
patients, some may refuse this option because they would prefer to try using
their own oocytes. In these cases, poor responders to previous gonadotropin
stimulation may benefit from immature oocyte collection from unstimulated
ovaries. In a study by Child et al. (40), eight women with a previous poor
response to IVF underwent oocyte collection without ovarian stimulation.
hCG was administrated 36 hr before collection. An average of 2.3 immature
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oocytes were collected and an average of 1.7 matured in vitro. Six of the
eight women underwent embryo transfer of 1–3 embryos (average of 1.7);
one patient became pregnant and subsequently delivered. The number of
embryos produced and available for embryo transfer was similar to that
for previous IVF treatments (40). During ovarian stimulation, the small
number and size of follicles often warrant cancellation of the cycle. As an
alternative to cancellation, immature oocytes could be collected from the
stimulated but unresponsive ovaries and then matured in vitro. Such preg-
nancies were first reported after cryopreservation of in vitro matured
oocytes (41). Liu et al. (42) reported eight cases of immature oocyte collec-
tion in young patients who had shown poor response to gonadotropin
stimulation; three pregnancies were achieved. In another report (43),
41 patients were identified as being resistant to gonadotropin stimulation
as the follicles did not grow despite increasing the dosage of gonadotropins.
To optimize the successful pregnancy rate among these poor responders,
hCG was administered and oocyte retrieval performed 36 hours later
because at least some in vivo matured oocytes could be collected after
hCG administration. This indicates that immature oocyte retrieval followed
by IVM is a possible alternative to cancellation of the treatment cycle in
women with poor response following ovarian stimulation (41–43). Based
on the results of these preliminary studies, it seems that IVM is a possible
option for patients with a poor ovarian response in an ongoing stimulated
IVF cycle or with a history of a previous low response to gonadotropin
stimulation. Although IVM does not always produce better results than
conventional IVF in these cases, it will at least give comparable results with-
out the need for prolonged stimulation with large doses of gonadotropins.

Oocyte Donation

Oocyte donation has become a standard treatment for women with dimin-
ished ovarian reserve and/or who are of advanced reproductive ages women
affected by, or who are carriers of a significant genetic defect; and
women with poor oocyte and/or embryo quality (44). Oocyte donation
results in a high pregnancy rate for patients with an otherwise grave repro-
ductive prognosis; the accumulated pregnancy rate may increase up to
94.8% after four transfers (45). The risk of OHSS, complications associated
with oocyte collection, and concern about the inconvenience of a large num-
ber of hormone injections as well as possible long-term side effects (46,47)
may deter some potential oocyte donors. Indeed, results of a recent survey
indicate that three-quarters of potential donors changed their mind about
donating after receiving information on the procedures involved (48).
Avoiding ovarian stimulation would obviously eliminate the associated risks
to oocyte donors and would drastically reduce the costs of donation cycles
(49). As discussed earlier, the first reported IVM pregnancy was conceived

134 Holzer et al.



from immature oocytes retrieved and donated to a woman with premature
ovarian failure (24). At our center, 12 oocyte donors (age 29� 4) with high
antral follicle counts (29.6� 8.7) underwent immature oocyte collection
without ovarian stimulation. A mean of 12.8� 5.1 germinal vesicle (GV)
oocytes were collected, 68% matured and underwent intracytoplasmic sperm
injection (ICSI). A total of 47 embryos were transferred to 12 recipients and
six (50%) conceived, of which four have resulted in live births (Holzer H,
Chian RC, Scharf E, Tan SL. IVM oocyte donors: oocyte donation without
ovarian stimulation, in preparation). Therefore, collecting immature oocytes
from a donor’s unstimulated ovaries in oocyte donation programs seems
prudent and worthwhile.

IVM and Preimplantation Genetic Diagnosis

Preimplantation genetic diagnosis (PGD) is a procedure whereby embryos
produced by couples who are at risk of having children with an inherited
disease or genetic defect, or by patients who have had three or more
unexplained miscarriages, can be tested prior to implantation. Couples
can therefore choose to have only those embryos diagnosed as being unaf-
fected implanted in the woman’s uterus, thus improving the chances of a
successful pregnancy. IVF is normally necessary for patients who elect to
undergo this procedure in order to generate multiple embryos for genetic
analysis. We have recently used IVM as an alternative for selected patients
with PCO/PCOS who require PGD so as to avoid the side effects of
fertility-drug administration and avoid the risk of OHSS. We recently
treated a 35-year-old patient with recurrent miscarriage who had been un-
successfully treated with two IUI and two IVF cycles in Germany. We
collected one MII and 14 GV oocytes and biopsied eight embryos generated.
After the transfer of two normal embryos following aneuploidy screening,
she became pregnant and we had the world’s first live birth after combined
IVM and PGD (50).

Fertility Preservation

In the modern era, cancer is a common lethal disease. It was estimated that
in 2003 over 650,000 new cases of female cancer were diagnosed in the
United States. An encouraging fact is that during the last three decades, a
tremendous improvement in the success rates of cancer treatments has
resulted in a steady increase in the survival rates. Although the agents used
for treatment of many types of cancer are successful in up to 95% of
patients, they unfortunately carry a considerable risk of causing the loss
of future fertility potential. Because many cancer patients are in the early
reproductive age group, they would like to have the option to preserve their
fertility potential to allow them to lead a future normal, healthy life. Mature
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oocytes could be harvested from ovaries of cancer patients after controlled
ovarian hyperstimulation. However, there are two major drawbacks asso-
ciated with conventional IVF; first, the time interval needed for IVF ranges
from 2 to 6 weeks beginning with the patient’s next menstrual period, which
may sometimes be too long due to the natural course of the malignant dis-
ease without therapy. Second, ovarian hyperstimulation is associated with
high estradiol levels which may not be safe in some cases of estrogen-
sensitive breast cancer. Ovarian stimulation for oocyte collection could be
totally avoided by collecting immature oocytes (51). We recently reported
the retrieval of immature oocytes from unstimulated ovaries before gonado-
toxic therapy for oocyte vitrification purposes (52). This resulted in the
successful preservation of fertility with no delay in chemotherapy, no sur-
gery, and no necessity for hormonal stimulation. Since that report, 26 cancer
patients have undergone immature and mature oocyte collection from
totally unstimulated ovaries. Collection can be performed during the follicu-
lar phase prior to ovulation for normal ovulating patients and on almost
any given day for PCOS patients (51,52). The immature oocytes are then
matured in vitro. The oocytes can either be fertilized utilizing the partner’s
sperm and the resulting embryos cryopreserved or, if the patient does not
have a partner, the mature oocytes are vitrified. Vitrification of oocytes
collected from unstimulated ovaries seems like a promising procedure for
preservation of fertility, as this technique avoids hormonal stimulation
and is not associated with considerable delay in cancer treatment. Vitrifi-
cation of the matured oocytes will hopefully yield much higher oocyte
survival and pregnancy rates than do the currently used methods (51).

OUTLINE OF AN IVM TREATMENT CYCLE

Ultrasound

A baseline scan is performed between days 2 and 5 of the menstrual cycle. If
the patient is amenorrheic, a withdrawal bleed with progestogens is induced.
At the baseline scan, ovarian volume, ovarian stromal blood flow velocity,
number of antral follicles, size of the follicles, endometrial thickness, and
any ovarian or uterine abnormality are recorded. The antral follicle count,
ovarian volume, and ovarian stromal maximal blood velocity are all predic-
tors of the number of oocytes retrievable; however, we have found that
when the other factors were controlled by multiple regression analysis, the
antral follicle count was the only significant predictor (53). A second scan
is performed on days 6–8 of the cycle to repeat all the above-described mea-
surements. Along with others we had recently reported that when a domi-
nant follicle is present, atresia does not occur in the other nondominant
follicles (54–56). Therefore, we no longer cancel the procedure in patients
with a dominant follicle.
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Priming with hCG and Pretreatment with FSH

Some studies suggest that pretreatment with FSH during the early follicular
phase will enhance the number of oocytes retrieved and their rate of matu-
ration (57), whereas others have shown no benefit from pretreatment with
FSH (58,59). At our center, we do not stimulate the ovaries with FSH prior
to an IVM oocyte collection.

We have shown that hCG priming prior to IVM oocyte collection
increases the maturation rate of oocytes in vitro (27) and we administer
10,000 IU of hCG 36 hours prior to collection. A prospective, randomized
controlled trial demonstrated no improvement in oocyte maturation rates
with 20,000 IU of hCG compared with 10,000 IU of hCG; therefore, there
is no benefit from the higher dose (60).

Immature Oocyte Retrieval

Oocyte retrieval is done under spinal anesthesia or intravenous sedation
using fentanyl and midazolam (1–2 mg). Intravenous fentanyl is adminis-
tered at intervals of 15–20 min up to a total dose of 150–200 mg. Local
infiltration of bupivacaine 0.5% in the vagina reduces the discomfort of mul-
tiple needle punctures. Retrieval is performed under ultrasound guidance
with a 19-G, single-lumen aspiration needle. The aspiration pressure is
reduced to 7.5 kPa. The follicular fluid is collected in culture tubes contain-
ing 0.9% saline with 2 U/mL of heparin. Because immature oocytes are
enclosed in tightly packed cumulus cells, curettage of the follicle wall will
dislodge the cumulus oocyte complex. In an immature oocyte collection,
multiple needle punctures are needed. Because the aspiration pressure is
low and a small-gauged needle is used, the bloodstained aspirate may often
block the needle. Therefore, the needle is withdrawn from the vagina after
aspirating a few follicles to flush and clear any blockage. The procedure is
repeated until all follicles seen are aspirated.

Maturation In Vitro and Fertilization

Immature oocytes are incubated in a culture dish containing maturation
medium. The maturation medium is supplemented with 75 mIU/mL of
FSH and LH. The oocytes are cultured at 37�C in an atmosphere of 5% car-
bon dioxide and 95% air with high humidity. Oocytes are checked for
maturity 24 and 48 hours after culture. The oocytes are denuded of granu-
losa cells, and mature oocytes (detected by the presence of an extruded polar
body) are fertilized by ICSI. ICSI is performed for in vitro matured oocytes
because it reduces the risk of unexpected poor fertilization as compared with
IVF. However, it has been demonstrated that ICSI may not always be essen-
tial for the fertilization of in vitro matured human oocytes collected from
unstimulated ovaries when the sperm parameters are normal (61). After
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ICSI, the oocytes are transferred into 1 mL of IVF medium in a tissue cul-
ture dish. Fertilization is assessed 18 hours after ICSI by examining the
oocytes for the appearance of two distinct pronuclei and two polar bodies.

Embryo Transfer

The fertilized oocytes are further cultured up to day 2 or 3, and then embryo
transfer is performed. Assisted hatching is performed to avoid reduced
implantation due to a hardened zona pellucida. When a large number of
embryos have been formed, alternative approaches could be either an
extended culture to the blastocyst stage or a double transfer (62). A double
transfer is performed on day 2 or 3 and a blastocyst transfer on day 5 or 6.
The embryo transfer technique is the same as that employed for conven-
tional IVF.

Endometrial Preparation and Luteal Support

To achieve optimum endometrial growth, exogenous estradiol 17b (micro-
nized) is started on the day of retrieval. The dosage is determined by
endometrial thickness measured on the day of retrieval. If the endometrial
thickness is less than 6 mm, then 12 mg a day is started; if the thickness is
between 6 and 8 mm, then 10 mg a day is started and if the thickness is more
than 8 mm, then 6 mg is used, all in three divided doses. Recently, we have
begun administering the estradiol treatment even before oocyte collection,
when an extremely thin endometrium (i.e., <4 mm) is recorded on an ultra-
sound scan prior to the collection. We are currently investigating an
alternative approach whereby the in vitro matured oocyte is vitrified when
the endometrial lining is thin. The endometrium is then prepared in an
artificial cycle and, once it reaches 8 mm, the oocytes are thawed, fertilized,
and transferred. In an IVM treatment cycle, luteal support is started on the
day that oocyte maturation is achieved and ICSI is performed, with daily
intramuscular injections of progesterone in oil or Prometrium (Schering
Canada) 200, tid. Estradiol and progesterone supplementation is continued
until the 12th week of pregnancy (Fig. 1).

IVM TREATMENT OUTCOME

Pregnancy rates with IVM are correlated with the number of immature
oocytes retrieved. In women younger than 35 years from whom we retrieved
more than 10 immature GV oocytes, we have achieved a clinical pregnancy
rate of 38% per cycle. With an oocyte retrieval rate of more than 50% from
the follicles present, women with 20 or more follicles at the baseline scan for
IVM would be the best candidates for IVM. Our implantation rates are
approximately 12%. As with IVF, clinical pregnancy and implantation rates
decrease with increasing age. In women younger than 35 years, we have
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achieved a clinical pregnancy rate of 38% per oocyte retrieval and an
implantation rate of 13%. In women between 36 and 40 years old, the clini-
cal pregnancy rate is 21% per retrieval and the implantation rate 5%
(Table 2). Based on more than 1000 IVM cycles in four centers performing
IVM cycles with hCG priming before oocyte collection, the pregnancy rates
reached 30–35% and the implantation rates 10–15% (63). Some authors have
expressed concerns regarding the safety of IVM, especially in relation to
imprinting gene disorders (64–66). In various published series, no increased

Figure 1 Immature human oocyte retrieved from a follicle at 4 mm in diameter. The
oocyte with several layers of compacting cumulus cells. Source: From R.C. Chian, with
permission.

Table 2 Results of Fresh In Vitro Maturation Cycles Excluding Oocyte Donation
Cycles

Age <35 35–40

Oocyte collections 46 19
Embryo transfers 45 17
Number of oocytes collected (mean) 15.0 13.2
Number of embryos transferred (mean) 3.7 4.5
Pregnancy rate per collection (%) 41.3 21.1
Pregnancy rate per embryo transfer (%) 42.2 23.5
Implantation rate (%) 14.4 5.2
Live birth rate per collection (%) 21.7 15.8
Live birth rate per embryo transfer (%) 22.2 17.6
Number of babies born 12 3
Singletons 6 3
Twins 3 0

Source: McGill Reproductive Center.
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rates of congenital malformations have been reported with IVM (67,68).
A recent analysis of the obstetrical, neonatal, and infant outcome in our
IVM conceptions showed pregnancy rates of 73% singleton, 24% twin, and
2.7% triplet. The median gestation age was 39 weeks for singletons and 37
weeks for multiple pregnancies. There were only two malformations, includ-
ing a ventriculo septal defect and a congenital dislocation of the hips (69).
There was no increased relative risk of malformations when IVM pregnan-
cies were compared with IVF and spontaneous pregnancies (70). Similar
reassuring results have been published by others (71).

CONCLUSIONS AND FUTURE CONSIDERATIONS

IVM is an evolving technique which was initially indicated for patients with
PCO because it avoids the necessity of ovarian stimulation, thus eliminating
the risk of OHSS; however, this technology should now be extended to other
causes of infertility. IVM cycles require less monitoring and fewer clinic vis-
its, lessening the burden on patients and further reducing costs which are
already lower due to the lack of gonadotropin stimulation. IVM treatment
could be offered as an alternative to IVF to all infertile patients who have a
high number of antral follicles, and who are at increased risk of developing
OHSS. For patients who are over-responding to ovarian stimulation,
treatment can be converted to IVM when the follicles are still small. Poor
responders may benefit from IVM treatment if they refuse oocyte donation,
as they do not need to receive large doses of gonadotropins. For cancer
patients seeking to preserve their fertility, IVM enables them to avoid
hormonal stimulation and saves precious time. IVM combined with oocyte
vitrification is also an option for fertility preservation for women who wish
to delay childbearing, and IVM may also be a boon to oocyte donation pro-
grams by eliminating the need for ovarian stimulation of potential donors.
The pregnancy rates are encouraging and, at 30–35% per cycle, are compa-
rable to the IVF results of many IVF centers. However promising the results
may be, the implantation rates need to be improved and much further pro-
gress is needed. With the development of fluorescent in situ hybridization
and spectral karyotyping for genetic analysis of oocyte and polar body chro-
mosomes, it may soon be possible to assess the frequency of IVM oocyte
meiotic errors. These and other predictors of embryo competence, if
developed, will lead to improved implantation rates. Culture conditions will
probably also be improved in future thanks to the vast amount of research
currently being undertaken and the progressing clinical experience. The
improved implantation rates will enable us to transfer fewer embryos and
reduce the multiple gestation rate. Long-term follow-up of the children con-
ceived through IVM is of crucial importance in establishing this treatment
modality. Altogether, IVM is a promising technique which will have increas-
ing applications in the coming years.
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INTRODUCTION

Human spermatozoa at ejaculation are incapable of in vivo fertilization and
must undergo maturational change during which they acquire the ability to
fertilize oocytes. This process, known as capacitation, was described more
than 50 year ago by both Austin (1) and Chang (2). Capacitation is preven-
ted in ejaculated spermatozoa by at least one factor in seminal plasma (3).
Additionally, prolonged exposure to seminal plasma can inhibit the ability
of spermatozoa to undergo the acrosome reaction in vitro (4) and diminish
their capacity to fertilize (5). In the female genital tract, motile spermatozoa
separate themselves from seminal plasma, immotile spermatozoa, and debris
by actively migrating through the cervical mucus. This active migration
selects progressively motile spermatozoa and allows them to undergo
capacitation. Due to the inhibitory effects of seminal plasma on sperm func-
tion, it is critical that spermatozoa used for clinical procedures such as
in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) be
separated from the seminal plasma as quickly as possible after ejaculation
and liquefaction.

Although IVF started as a treatment for tubal infertility, the increas-
ing number of men with poor semen quality led to the development of a
variety of sperm preparation techniques. These techniques generally fall
into four categories: (i) simple dilution and washing, (ii) sperm migration,
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(iii) density gradient centrifugation, and (iv) filtration or adherence. Regard-
less of the technique, the objective of sperm preparation is to recover an
enriched population of motile and functionally competent spermatozoa
while eliminating dead spermatozoa and other cells, including bacteria
and leukocytes. The technique should also minimize damage to the sperma-
tozoa and eliminate decapacitation factors and toxic substances such as
reactive oxygen species (ROS). Some of these techniques as well as their
advantages and disadvantages are presented here.

SPERM COLLECTION

Ejaculation

The semen specimen should be collected by masturbation and the ejaculate
produced into a sterile glass or disposable plastic jar that has been checked
for sperm toxicity. As soon as the seminal plasma has liquefied, the speci-
men should be analyzed according to the WHO guidelines (6) and prepared
for sperm isolation. A second semen specimen may be requested if the semen
specimen on the day of IVF is of very poor quality (7). When liquefaction is
delayed or the specimen is especially viscous, drawing the sample through a
21 gage needle into a syringe may help break up viscous globules. For men
who are unable to collect semen by masturbation, nontoxic condoms are
commercially available; guidelines for their proper use should be strictly
abided by patient and laboratory personnel. Ordinary contraceptive con-
doms must not be used (even those without spermicide) because of their
sperm toxicity. Coitus inter-ruptus is also not recommended because of
the risk of incomplete recovery and potential iatrogenic contamination
of the ejaculate.

Semen may be collected from men who are unable to achieve erection,
emission, or ejaculation because of neurological or psychogenic problems by
electroejaculation using direct vibratory stimulation of the penis or electrical
stimulation of the prostate. Ejaculates from spinal cord injured patients will
frequently have high sperm concentrations, decreased motility, and red
blood cell contamination. Sperm may also be recovered from the urine of
patients whose ejaculation is retrograde into the bladder. It is advisable that
these patients be prescribed stomach-acid buffering medications to make the
urine pH more hospitable for sperm.

Surgical

The collection of epididymal and/or testicular spermatozoa requires an
office or outpatient surgical procedure. Epididymal spermatozoa can be
retrieved either by microsurgery or by percutaneous needle puncture. As
the typical indication for epididymal aspiration is obstructive azoospermia
rather than testicular dysfunction, it is not uncommon for relatively large
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quantities of sperm to be obtained and subsequently used for IVF, or even
intrauterine insemination (IUI), and any excess sperm may be frozen for
future use. Depending on operator skill, epididymal aspirates can be
obtained with minimal red blood cell and non-germ cell contamination,
making the isolation and selection of motile sperm quite easy. If large
numbers of epididymal spermatozoa are obtained, then density gradient
centrifugation (see below) is an effective method for preparing those sper-
matozoa for subsequent use.

Testicular spermatozoa can be retrieved by open biopsy (with or with-
out microdissection) or by percutaneous needle biopsy. Testicular specimens
are contaminated invariably with large amounts of red blood cells and tes-
ticular tissues; additional steps are needed to isolate a clean preparation of
spermatozoa. In order to free the seminiferous tubule-bound spermatozoa,
it is necessary to use either enzymatic (collagenase) or mechanical methods.
For the latter, testicular tissues in supportive culture medium is macerated
using glass cover slips until a fine slurry of dissociated tissues is produced,
and the resulting suspension can then be processed for therapeutic use. Excess
testicular spermatozoa obtained in this manner can be frozen for future use in
order to avoid further surgeries. Testicular spermatozoa can also be obtained
from a needle biopsy, although only a small amount of tissue is usually
retrieved and the resulting sperm yield is proportionately low.

SPERM PREPARATION METHODS

Simple Washing and Dilution

The sperm preparation method used for the first IVF cases involved dilution
of the semen with culture medium (usually at 2–10 times the volume) and
separation of the spermatozoa by centrifugation. After removal of the
supernatant, the pellet is resuspended in another aliquot of culture medium.
Repeat centrifugation, usually two or three times in total, is often used to
ensure removal of contaminating seminal plasma. The centrifugation is
usually performed at 200–300 g and it should certainly be performed at cen-
trifugal forces less than 800 g (8). Advantages of this method are that it is the
simplest and the least expensive to perform. One disadvantage of this tech-
nique is nonviable, and immotile spermatozoa as well as any leukocytes,
squamous epithelial cells, or non-cellular debris that contaminated the
original semen sample will still be present in the washed sample. Another dis-
advantage is the concern about potential damage caused by centrifugation.

Aitken and Clarkson (9) reported that techniques involving the
repeated centrifugation of unselected populations of human spermatozoa
generate cell suspensions with significantly reduced motility. Moreover,
these detrimental effects of centrifugation were associated with a sudden
burst of ROS produced by a discrete subpopulation of cells characterized
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by significantly diminished motility and fertilizing capacity. The ROSs were
found to impair the functional competence of normal spermatozoa in the
same suspension, reflected in impaired capacity for sperm–oocyte fusion. It
has also been shown that ROS can cause DNA damage in human spermato-
zoa when exposed for time periods consistent with clinical sperm preparation
techniques for ICSI or IVF (10). Thus, sperm preparation techniques that
involve a washing step in which semen is diluted with culture medium and
centrifuged have mostly been abandoned for alternative techniques such as
direct swim-up from semen or density gradient centrifugation.

Sperm Migration

Motile spermatozoa separate themselves from seminal plasma in vivo by
actively migrating through cervical mucus in the female reproductive tract.
There are a variety of sperm preparation techniques that involve migration
of spermatozoa, and the element common and prerequisite to all these tech-
niques is the self-propelled movement of spermatozoa.

Swim-Up from Washed Pellet

The swim-up of spermatozoa from a washed pellet technique was originally
described by Mahadevan and Baker (11) and it is still a standard method for
patients with normozoospermia and female infertility (12). The procedure
involves dilution and centrifugation (repeated two to three times) of a semen
specimen to separate spermatozoa from seminal plasma. The pellet of sper-
matozoa formed after the final centrifugation can either be left intact or
gently resuspended in the small residual volume of supernatant in the bot-
tom of the centrifugal tube. Swim-up from an intact sperm pellet requires
that centrifugation speeds be such that the final pellet is loosely compacted.
This can be verified by gently and slowly tilting the test tube and observing
whether the pellet tilts as well. Each laboratory should determine the centri-
fugation time and speed that will afford this attribute. If one chooses to
resuspend the sperm pellet, then extreme care must be taken to ensure that
no mixing occurs when overlaying the non-compacted pellet with culture
medium. If mixing occurs, then the final aspirated supernatant (containing
sperm for subsequent use) can be contaminated with immotile sperm, debris,
and non-germ cells. This latter technical problem is less of an issue when the
sperm pellet is left intact. Regardless of whether an intact or disrupted sperm
pellet is used, culture medium is layered over the pellet and the tube is incu-
bated at 37�C for 30–60 minutes to allow the spermatozoa to swim up from
the pellet.

As with all techniques involving the mixing of spermatozoa with
medium, it is important to choose a culture medium that is buffered appro-
priately for the atmosphere in which the technique takes place. Therefore, if
the incubator atmosphere is the same as the laboratory and the temperature
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is 37�C, then the medium should be buffered with HEPES or a similar buffer,
and the caps of the swim-up tubes should be tightly closed. If the incubator
atmosphere is 5–6% CO2 and the temperature is 37�C, then the medium is
best buffered with sodium bicarbonate or a similar buffer, and the caps of
the test tubes should be loose. Adherence to the aforementioned will ensure
culture pH that is compatible with sperm survival.

To facilitate the release of motile spermatozoa from the sperm pellet,
the test tube may be placed at 45�, thereby increasing the surface area
interface between the sperm pellet and the culture medium. Alternatively,
aliquots of the resuspended pellet may be placed in 4-well dishes before cul-
ture medium is layered over each aliquot. The use of 4-well dishes will also
increase the interface between the pellet and the culture medium (13). Evi-
dence that sperm have successfully swim-up into the overlaying culture
medium is reflected by an increase in turbidity. If the culture medium
appears clear, then more time may be needed to allow spermatozoa the
opportunity to swim out of the pellet. After the incubation, the upper layer
of culture medium containing spermatozoa is carefully aspirated without
disrupting the interface and transferred to a clean test tube from which con-
centration, motility, and morphology can be assessed.

Advantages of the swim-up from washed pellet method include the
recovery of a high percentage of motile sperm and the absence of other cells
and debris. Another advantage of this technique is that it consistently pro-
duces suspensions of spermatozoa with increased swimming velocity and
more normal sperm morphology (14). The swim-up method also results in
significant improvement in the rates of acrosome reaction, hypo-osmotic
swelling (HOS), and nuclear maturity (15). A disadvantage of the swim-
up from washed pellet is the low overall recovery of motile spermatozoa;
motile spermatozoa trapped at the bottom of the pellet may never be able
to reach the interface with the culture medium. Thus, the efficiency of the
technique is based not only on the initial sperm motility in the ejaculate,
but also on the size, level of compaction, and exposed surface area of the
final pellet. Another disadvantage is the previously discussed concern about
potential damage caused by centrifugation of unselected populations of
human spermatozoa.

Direct Swim-Up from Semen

A swim-up technique that avoids centrifugation of unselected populations
of spermatozoa is the direct swim-up from semen, in which aliquots of lique-
fied semen are placed underneath a layer of culture medium in either 4-well
dishes or a series of test tubes. The interface between the semen layer and the
culture medium is increased by placing the tubes at 45� in the incubator.
Depending on the initial ejaculate volume, sperm concentration, sperm
motility, multiple test tubes, or 4-well dishes may be used to increase the
recovery of motile spermatozoa. The interface can often be cleaner when
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the liquefied semen is layered under the culture medium with a syringe and
needle rather than layering the culture medium over the semen (16).

The test tubes are incubated at 37�C for 30–60 minutes to allow the
spermatozoa to swim up from the liquefied semen. Evidence that sperm have
successfully swum up into the overlaying culture medium is reflected by an
increase in turbidity. If the culture medium appears clear, then more time
may be needed to allow spermatozoa the opportunity to swim out of the
pellet. After incubation, the upper layer of culture medium in each tube is
carefully aspirated and removed to a clean centrifugal tube. The suspension
is then centrifuged at 300–600 g for 4–10 minutes after which the super-
natant is removed and the pellet resuspended in fresh culture medium to
achieve the desired concentration of motile spermatozoa.

Advantages of the direct swim-up method include the recovery of a
high percentage of motile sperm and the absence of contaminating dead
or immotile spermatozoa, non-germ cells, and debris. In a comparison of
four methods for sperm preparation, Ren et al. (17) found that the direct
swim-up method provided the best sperm motility. Another advantage is the
elimination of the centrifugation step prior to the swim-up, which reduces
ROS production by white blood cells and dying spermatozoa. A disadvantage
of the direct swim-up from semen is the low recovery of motile spermatozoa.

Migration Sedimentation

The migration-sedimentation method was developed by Tea et al. (18) and it
combines the swim-up technique with a sedimentation step in special glass
or plastic tubes containing an inner cone. Spermatozoa swim up directly
from liquefied semen into the overlying culture medium and subsequently
settle gravitationally in the inner cone of the tube. Incubation is usu-
ally 60 min at 37�C, after which the medium in the cone is removed and
centrifuged at 300g for 5–10 minutes. Sperm count and motility are then
determined on the resuspended pellet.

The advantages of the migration-sedimentation method are similar to
those of the direct swim-up technique: the migration-sedimentation method
is a very gentle separation method and it yields a clean fraction of highly
motile spermatozoa. In addition, ROSs are reduced because of the lack of
centrifugation prior to sperm migration. The disadvantages of the technique
include a very low yield of motile spermatozoa and the requirement for spe-
cial glass or plastic tubes.

A comparative study by Gabriel and Vawda (19) demonstrated that
specimens from fertile males processed using the migration-sedimentation
method had the greatest increase in motility and the only increase in
morphology versus specimens processed either by filtration (SpermPrep1)
or swim-up from washed pellet. Specimens from subfertile males also
showed significantly increased sperm motility and morphology when the
migration-sedimentation method was used. Gabriel concluded that migration
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sedimentation should be the method of choice unless the original sperm
count is low.

Sanchez et al. (20) modified the migration-sedimentation method to
include an initial centrifugation of the neat semen at 400 g for 10 minutes
with the resulting pellet diluted in 500 mL of seminal fluid before being
placed under culture medium in special glass tubes and incubated for 2–3
hours at 37�C. After the incubation, the medium in the cone is removed
and centrifuged at 300 g for 5–10 minutes. Sperm count and motility are
then determined on the resuspended pellet. The extra centrifugation step
and the lengthened incubation allowed them to recover a sufficient number
of motile spermatozoa even in cases with severe oligozoospermia and/or asth-
enozoospermia. Using this modified method, Sanchez et al. demonstrated
significantly better results in progressive motility, normal morphology,
chromatin condensation, and reduction in the percentage of dead sperma-
tozoa when compared with density gradient centrifugation. In spite of the
findings of Sanchez et al., one must bear in mind the same cautions when
subjecting unselected sperm populations to centrifugation.

Density Gradient Centrifugation

Density gradients may be either continuous or discontinuous although
the discontinuous gradients have been used almost exclusively since the late
1980s (21). Discontinuous gradients are usually prepared with two or three
layers. Colloidal silica with covalently bound silane molecules is probably
the most common density gradient material currently used for clinical
IVF and andrology. PureSperm1 (NidaCOn International AB, Göteborg,
Sweden), Isolate1 (Irvine Scientific, Santa Ana, California, U.S.A.), IxaPrep
(MediCult, Copenhagen, Denmark), and Enhance1 (Conception Technol-
ogies, San Diego, California, U.S.A.) are examples of silane-coated silica
particle solutions that can be used for discontinuous gradients. These pro-
ducts are made isosmotic by the inclusion of polysucrose; they have very
low toxicity, are nonirritating, and are approved for human in vivo use. As
with any product, it is important to follow the manufacturer’s recommen-
dation for proper use and application.

In the discontinuous density gradient method, the ejaculate is placed
on top of the density gradient medium and is centrifuged at 300–400 g for
15–30 minutes. As the density gradient medium is a colloid rather than a
solution, it has low viscosity and it does not retard the sedimentation of
spermatozoa due to centrifugation (21). Highly motile spermatozoa move
actively in the direction of the sedimentation gradient and can penetrate
the boundary faster than poorly motile or immotile spermatozoa (12). Thus,
the soft pellet at the bottom is enriched for highly motile spermatozoa. The
pellet is washed with culture medium and centrifuged at 200 g for 4–10
minutes. The wash and centrifugation is then repeated to ensure removal
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of contaminating density gradient medium. The final pellet is resuspended in
culture medium so that concentration and motility can be determined.

Density gradient centrifugation usually results in a clean fraction of
highly motile spermatozoa. As the whole volume of the ejaculate is used
in density gradient centrifugation (as it is in the swim-up techniques), it
yields a significantly higher total number of motile spermatozoa and it can
be used for patients with varying degrees of suboptimal semen parameters
(e.g., oligozoospermia and asthenozoospermia). Other advantages of den-
sity gradient centrifugation include the elimination of leukocytes and the
significant reduction of ROS (12). Additionally, Nicholson et al. (22)
demonstrated that centrifugation through one brand of silane-coated silica
particles (PureSperm) efficiently reduces bacterial contamination. Hamma-
deh et al. (23) reported that another advantage of the density gradient
method is the recovery of a higher percentage of morphologically normal
spermatozoa than found in conventional swim-up or glass wool filtration.
The technique has also been shown to yield sperm populations with better
DNA quality and chromatin packaging (24,25). Further, preliminary
reports suggest that specimens known to be contaminated with sexually
transmissible viruses can effectively be ‘‘cleaned up’’ using density gradient
centrifugation and the isolated spermatozoa can be used for therapy with
exceptionally low risk for horizontal disease transmission (26). One disad-
vantage of density gradient centrifugation is that the density gradient
medium is a bit more expensive than either of the swim-up techniques.

Adherence—Filtration

These methods are based on the phenomenon that dead and moribund sper-
matozoa are extremely sticky and will attach to glass surfaces even in the
presence of relatively high concentrations of protein (16).

Glass Wool Filtration

In this method, motile spermatozoa are separated from immotile sperma-
tozoa by means of densely packed glass wool fibers. The principle of this
technique involves both the self-propelled movement of the spermatozoa
and the filtration effect of the glass wool. The method initially employed ver-
tical Pasteur pipettes filled with glass wool fibers on to which the ejaculate
was placed and allowed to filter by gravity (27). The method has evolved
such that in a current variation (28), the filter is created by placing 30 mg
of pre-cleaned glass wool microfibers in the barrel of a 3 mL disposable syr-
inge and gently packing it down using the syringe plunger (minus its rubber
tip). The syringe is suspended vertically in a 15 mL centrifuge tube and
rinsed several times with culture medium to remove any loose wool fibers
prior to filtration. Meanwhile, the ejaculate is washed with an equal volume
of culture medium, pipetted into 15 mL centrifuge tubes (no more than
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3 mL/tube), and centrifuged at 300 g for 3 minutes. Each resulting pellet is
resuspended in 1 mL of culture medium, and centrifuged again at 300 g for
3 minutes. The pellet in one tube is resuspended with 300 mL of culture
medium, and this single supernatant is sequentially added to resuspend
the sperm pellet in any remaining tubes (the total volume should not exceed
400 mL). The washed sperm suspension is gently pipetted over the pre-wet
glass wool column and then allowed to filter by gravity into a clean
15 mL centrifugal tube. When the dripping stops, 100 mL of culture medium
is added to the filter and allowed to drip through. The filter is removed and
the filtrate can be assessed for sperm concentration and motility.

The success of this method is related to the kind of glass wool used—
the chemical nature of the glass, the surface structure and charge of the glass
wool, and the thickness of the glass wool fibers. Glass wool from Manville
Fiber Glass Corporation (Denver, CO) or SpermFertil1 columns from
Mello (Holzhausen, Germany) has been tested extensively in clinical prac-
tice (12). Glass wool filtration and two-layer, discontinuous density gradient
centrifugation resulted in an average recovery of 50–70% of the progress-
ively motile and about 50% of the HOS-positive spermatozoa (29).
Additionally, glass wool filtration tended to be more successful than density
gradient centrifugation when the ejaculates were asthenozoospermic or had
an abnormal HOS test. After processing, the activity of the zona lysing
enzyme acrosin increased approximately two- to threefold, but no significant
improvement in the percentage of normal sperm forms occurred. Glass wool
filtration was also more effective in removing non-motile and HOS-negative
spermatozoa than density gradient centrifugation when the percentage of
these types of spermatozoa in the ejaculate is high.

This method can use the whole volume of the ejaculate and thus yield a
significantly higher total number of motile spermatozoa, which means it can
be used for patients with oligozoospermia and/or asthenozoospermic. It is
also possible to prepare motile spermatozoa from patients with retrograde
ejaculation (12). Another advantage of glass wool filtration is the elimination
of up to 90% of the leukocytes present in the ejaculate (30). As leukocytes are
a major producer of ROS, elimination of a majority of leukocytes should
significantly reduce ROS. Finally, glass wool filtration was also found to
yield a significantly higher percentage of chromatin-condensed spermatozoa
than swim-up or density gradient centrifugation (30). Disadvantages of the
glass wool filtration method include the added expense of the glass wool
and a filtrate that is not as clean as it is with other sperm preparation meth-
ods because remnants of debris may still be present.

Sephadex Columns

Sperm separation using Sephadex beads is another filtration method (31),
and a kit based on this principle (SpermPrep) is commercially available
(Fertility Technologies, Inc.). Basically, liquefied semen is diluted with
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culture medium and centrifuged at 400 g for 6 minutes. The supernatant is
discarded and the sperm pellet resuspended in culture medium to a concen-
tration of 100� 106 sperm/mL. One milliliter of the washed semen is placed
in the filter column containing hydrated filtration beads and mixed gently.
The bottom cap is removed from the filter column and fluid is allowed to
filter for 15 minutes. The filtrate is centrifuged at 400 g for 6 minutes and
resuspended in 1 mL of culture medium before being assessed for concen-
tration, motility, and morphology.

In a comparative study, the yield of spermatozoa post-processing was
highest with SpermPrep than with swim-up or migration sedimentation in
both fertile and subfertile men (19), and for that reason the authors recom-
mended that specimens with a lower than normal sperm count but normal
motility and morphology should be processed with SpermPrep. Disadvan-
tages of Sephadex bead filtration include the added expense of the kit and
a filtrate that is not as clean as it is with other sperm preparation methods
because remnants of debris may still be present. In addition, the prefiltration
centrifugation step might generate ROS.

POST-SEPARATION TREATMENT OF SPERMATOZOA

Improvement of Motility and Sperm Function

Pentoxifylline

The use of methylxanthine derivatives such as pentoxifylline for the stimu-
lation of sperm functions, especially motility, is well known. Pentoxifylline is
a nonspecific inhibitor of phosphodiesterase that has stimulatory effects on
sperm motility and motion characteristics like sperm velocity or hyperactiv-
ity. The stimulatory effect is attributed to increased intracellular levels of
cAMP via inhibition of its breakdown by cAMP phosphodiesterase. Pentox-
ifylline is also reported to enhance the acrosome reaction (32) presumably
due to the increasing levels of cAMP. The results of pentoxifylline treat-
ment in assisted reproduction are equivocal. Depending on the conditions,
especially the time of stimulation relative to the capacitative state of the
spermatozoa and the concentration of pentoxifylline in the medium,
overstimulation can result in a premature acrosome reaction (12). Thus,
pentoxifylline tends to be used on a limited basis in IVF programs and some
programs choose to use pentoxifylline only in the preparation of epididymal
and testicular sperm for assisted IVF.

Spermatozoa retrieved from the testis have not experienced the
maturation-inducing influence(s) afforded during epididymal transport,
and therefore, are in a different physiologic state than epididymal or ejacu-
lated spermatozoa. Treatment of immotile or very poorly motile fresh or
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cryopreserved testicular spermatozoa with pentoxifylline very frequently
simulates some form of motion, whether it is twitching, nonprogressive
motility, or progressive motility. The goal in any ICSI procedure is to use
spermatozoa that are viable, and motion is the best indicator ensuring both
a functional (protective) plasma membrane and patent metabolic processes.
The combination of these two attributes lends greater assurance that the
DNA has not been made more vulnerable to the deleterious effects of ROS.

Platelet-Activating Factor

Platelet-activating factor (PAF) is a biologically active phospholipid
thought to be a cellular mediator in reproduction that has been found in
spermatozoa of many different species, including human (33). PAF has been
reported to have positive effects on motility, capacitation, acrosome reac-
tion, and oocyte penetration (34,35), and these stimulatory actions on sperm
function can be inhibited by PAF antagonists (36). Although the molecular
mechanism of action has yet to be fully elucidated, the positive effect of PAF
on sperm function has led to its use in assisted reproduction. Roudebush
et al. (37) reported that pregnancy rates in IUI cycles were significantly
increased after the spermatozoa from normozoospermic males were pre-
pared with a medium containing PAF.

Detection of Viability

Sperm motility is an important indicator of viability, especially when per-
forming ICSI. In the absence of native or stimulated sperm motility, the
assessment of viability becomes critical. There is a simple vitality test based
on the semi-permeability of the intact and physiologically functional plasma
membrane which causes spermatozoa to swell under hypo-osmotic con-
ditions, when an influx of water results in an expansion of cell volume (6).
This vitality test is known as the HOS test.

The HOS test can be used for specimens where the spermatozoa are all
immotile. When setting up a dish for the ICSI procedure, a small (5 mL) drop
of HOS solution is placed near the PVP drop and two extra drops of culture
medium are placed nearby. A small volume of sperm suspension is placed in
one of the extra drops. When spermatozoa are located, they are picked up
in the ICSI micropipette and placed in the HOS solution. Immediately after
contact with the hypo-osmotic medium, the tails of some spermatozoa will
begin to coil or swell. Tail swelling or curling indicates that the spermato-
zoon is undergoing hypo-osmotic stress, the plasma membrane is functional,
and the cell is still viable. The spermatozoon is then picked up in the ICSI
micropipette and placed in the other extra drop of medium in order to wash
off excess hypo-osmotic medium from both the micropipette and the sper-
matozoon. The spermatozoon is then placed in the PVP drop in order to
proceed with ICSI.
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SUMMARY

The choice and application of the appropriate sperm preparation technique
can be a major contributor in influencing whether a patient will become
pregnant. Ejaculates from subfertile males very frequently contain or have
the potential for producing ROS, which are known to compromise sperm
function and damage DNA. Therefore, it is imperative that the laboratory
technologist selects a technique that will directly separate functional and
highly motile spermatozoa from all that remains. Although it might be
argued that density gradient centrifugation is the most effective method,
not all laboratories may have access to the equipment and/or resources
needed to perform the technique. Thus, depending on the initial sperm
parameters, the direct swim-up from semen can safely and effectively be
used and the post-swim-up centrifugation step may be omitted.

Although every specimen is considered valuable, oftentimes the speci-
mens being handled are precious and/or expected to serve as a resource for
many attempts at paternity. Thus, one must be even more selective when
choosing a sperm-preparation technique. For example, a male undergoing
medical therapy may be producing his last sperm-containing ejaculate, so opti-
mization in the total number of motile sperm recovered is necessary. Further,
due care is advised when processing an operatively obtained specimen, as
repeat surgery exposes the patient to additional (and unnecessary) risk.

After reading this piece, one may ask: What kind of techniques might
be on the horizon? Current technologies have afforded new knowledge
about sperm biology. Expression of membrane proteins is not only a reflec-
tion of properly functioning spermatogenesis and spermiogenesis, but also
sperm maturation. This characteristic may be exploited by using techniques
that isolate cells based on the ionic charge of expressed membrane proteins
(i.e., electrophoretically) or by using reversible binding techniques that
involve cell function.
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23. Hammadeh ME, Kühnen A, Amer AS, Rosenbaum P, Schmidt W. Comparison
of sperm preparation methods: effect on chromatin and morphology recovery

Sperm Preparation for IVF and ICSI 159



rates and their consequences on the clinical outcome after in vitro fertilization
embryo transfer. Int J Androl 2001; 24:360.

24. Tomlinson MJ, Moffatt O, Manicardi GC, Bizzaro D, Afnan M, Sakkas D.
Interrelationships between seminal parameters and sperm nuclear DNA damage
before and after density gradient centrifugation: implications for assisted concep-
tion. Hum Reprod 2001; 16:2160.

25. Morrell JM, Moffatt O, Sakkas D, et al. Reduced senescence and retained
nuclear DNA integrity in human spermatozoa prepared by density gradient cen-
trifugation. J Assist Reprod Genet 2004; 21:217.

26. Politch JA, Xu C, Tucker L, Anderson DJ. Separation of human immunodefi-
ciency virus type 1 from motile sperm by the double tube gradient method versus
other methods. Fertil Steril 2004; 81:440.

27. Paulson JD, Polakoski KL. A glass wool column procedure for removing
extraneous material from the human ejaculate. Fertil Steril 1977; 28:178.

28. Jeyendran RS, Van der Ven HH, Perez-Peleaz M, Al-Hasani S, Diedrich K. Sep-
aration of viable spermatozoa by standardized glass wool column. In: Ratnam
SS, Teoh E-S, Ng S-C, eds. Vitro Fertilisation. Carnforth, UK: Parthenon Pub-
lishing, 1987:49.

29. Rhemrev J, Jeyendran RS, Vermeiden JPW, Zaneveld LJD. Human sperm selec-
tion by glass wool filtration and two-layer, discontinuous Percoll gradient centri-
fugation. Fertil Steril 1989; 51:685.

30. Henkel R, Ichikawa T, Sanchez R, Miska W, Ohmori H, Schill W-B. Differen-
tiation of ejaculates showing reactive oxygen species production by spermatozoa
or leukocytes. Andrologia 1997; 29:295.

31. Drobnis EZ, Zhong CQ, Overstreet JW. Separation of cryopreserved human
semen using Sephadex columns, washing or Percoll gradients. J Androl 1991;
12:201.

32. Tesarik J, Mendoza C, Carrera A. Effects of phosphodiesterase inhibitors
caffeine and pentoxifylline on spontaneous and stimulus-induced acrosome reac-
tion in human sperm. Fertil Steril 1992; 58:1185.

33. Minhas BS, Roudebush WE, Ricker DD, Dodson MG. The presence of platelet-
activating factor-like activity in human spermatozoa. Fertil Steril 1991; 55:372.

34. Sengoku K, Tamate K, Takaoka Y, Ishikawa M. Effects of platelet-activating
factor on human sperm function. Hum Reprod 1993; 8:1443.

35. Krausz C, Gervasi G, Forti G, Baldi E. Effect of platelet-activating factor on
motility and acrosome reaction of human spermatozoa. Hum Reprod 1994;
9:471.

36. Cheminade C, Gautier V, Hichami A, Allaume P, Le Lannou D, Legrand AB.
1-O-Alkylgycerols improve boar sperm motility and fertility. Biol Reprod
2002; 66:421.

37. Roudebush WE, Telede AA, Kert HI, Mitchell-Leef D, Elsner CW, Massey JB.
Platelet-activating factor significantly enhances intrauterine insemination preg-
nancy rates in non-male factor infertility. Fertil Steril 2004; 81:52.

160 Bossert and De Jonge



10

Assisted Fertilization
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INTRODUCTION

Since the birth of Louise Brown, the first test tube baby, in 1978 (1), in vitro
fertilization (IVF) has become a well-established treatment procedure for
certain types of infertility—including long-standing infertility due to tubal
disease, endometriosis, unexplained infertility, or infertility involving a male
factor. However, it became obvious that certain couples with severe
male-factor infertility could not be helped by conventional IVF. Extremely
low sperm counts, impaired motility, and poor morphology represent the
main causes of failed fertilization in conventional IVF. To tackle this prob-
lem, several procedures of assisted fertilization based on micromanipulation
of oocytes and spermatozoa have been established. These strategies have
culminated in intracytoplasmic sperm injection (ICSI), where a single sper-
matozoon is directly injected into the ooplasma. In 1992, our group reported
the first human pregnancies and births after replacement of embryos gener-
ated by this novel procedure of assisted fertilization (2). Since then, the
number of worldwide centers offering ICSI has increased tremendously,
as has the number of treatment cycles per year (3). Because of the wide-
spread application of ICSI as the ultimate and only option for successful
treatment of severe male infertility due to impaired testicular function or
obstruction of the excretory ducts, concern about its efficacy and safety
is appropriate.
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This chapter surveys the current status of ICSI, emphasizing patient
selection for ICSI, gamete handling prior to microinjection, the ICSI pro-
cedure and outcome parameters of fertilization, and embryo cleavage after
ICSI. Furthermore, outcome and children’s health after IVF and ICSI will
be summarized including pregnancy complications, major malformations,
and possible causes of adverse outcome.

INTRACYTOPLASMIC SPERM INJECTION

History of ICSI

Extremely low sperm counts, impaired motility, and abnormal morphology
represent the main causes of failed fertilization in conventional IVF. Today,
ICSI is the ultimate option to treat these cases of severe male-factor infer-
tility. One single viable spermatozoon, preferably of good morphology, is
selected by the embryologist and injected in each oocyte available.

ICSI is based on micromanipulation of oocytes and spermatozoa.
Initially, partial zona dissection (PZD) was established to facilitate sperm
penetration (4–7). The barrier to fertilization represented by the zona pellu-
cida was disrupted mechanically so that the inseminated sperm cells
obtained direct access to the perivitelline space of the oocyte. Subzonal
insemination (SUZI) represented the next step in micromanipulation tech-
niques (8–11). SUZI enabled the immediate delivery of several motile sperm
cells into the perivitelline space by means of an injection pipette. ICSI is
even more invasive because a single spermatozoon is directly injected into
the ooplasma, thereby crossing not only the zona pellucida but also the
oolemma. ICSI had been first used successfully to obtain live offspring in
rabbits and cattle (12), and a preclinical evaluation was reported by the
Norfolk group (13). The first human pregnancies and births resulting from
this novel assisted-fertilization procedure were reported in 1992 (2). There-
after, ICSI was revealed to be superior to SUZI in terms of oocyte fertilization
rate (14–17), number of embryos produced, and embryo implantation rate
(14–17). As a result, ICSI has been used successfully worldwide to treat infer-
tility due to severe oligo-astheno-teratozoospermia, or azoospermia caused
by impaired testicular function or obstructed excretory ducts (18,19).

Since the first publication describing the ICSI procedure, minor
modifications contributed to reduced rates of oocyte degeneration, oocyte
activation (one-pronuclear), and abnormal fertilization (three-pronuclear).
Hyaluronidase may be responsible for oocyte activation; therefore, the con-
centration used during oocyte denudation and the exposure time of oocytes
to the enzyme have been reduced (20). The moment of denudation relative to
oocyte pick-up (immediately or four hours later) does not influence the ICSI
results (21). The orientation of the polar body during injection does, how-
ever, influence embryo quality (22). Motile sperm cells are selected and

162 Van Steirteghem



immobilized prior to injection (23). Cytoplasm aspiration to ensure oolemma
rupture is critical to the success of the ICSI procedure because the method
of rupture has been correlated with oocyte degeneration (22). Furthermore,
the morphology of the injected spermatozoon is related to the fertilization
outcome of the procedure as well as to the pregnancy outcome (24).

Indications for ICSI

Before the era of ICSI, attempts were made to modify and refine conven-
tional IVF to achieve increased rates of conception in cases of male-factor
infertility. Today, ICSI has clearly overshadowed the use of modified IVF
procedures (including high insemination concentration) for the treatment
of severe male-factor infertility. ICSI requires only one spermatozoon with
a functional genome and centrosome for the fertilization of each oocyte.
Indications for ICSI are not restricted to impaired morphology of the sper-
matozoa, but also include low sperm counts and impaired kinetic quality of
the sperm cells. ICSI can also be used with spermatozoa from the epididymis
or testis when there is an obstruction in the excretory ducts. Azoospermia
caused by testicular failure can be treated by ICSI if enough spermatozoa
can be retrieved in testicular tissue samples. Table 1 gives an overview of
the current indications for ICSI.

Table 1 Current Indications for Intracytoplasmic Sperm Injection

Ejaculated spermatozoa
Oligozoospermia
Asthenozoospermia (caveat for 100% immotile spermatozoa)
Teratozoospermia (�4% normal morphology using strict criteria-caveat for

globozoospermia)
High titers of antisperm antibodies
Repeated fertilization failure after conventional IVF
Autoconserved frozen sperm from cancer patients in remission
Ejaculatory disorders (e.g., electroejaculation, retrograde ejaculation)
Epididymal spermatozoa
Congenital bilateral absence of the vas deferens
Young syndrome
Failed vaso-epididymostomy
Failed vasovasostomy
Obstruction of both ejaculatory ducts
Testicular spermatozoa
All indications for epididymal sperm
Failure of epididymal sperm recovery because of fibrosis
Azoospermia caused by testicular failure (maturation arrest, germ-cell aplasia)
Necrozoospermia

Abbreviation: IVF, in vitro fertilization.
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ICSI with ejaculated spermatozoa can be used successfully in patients
with fertilization failures after conventional IVF and also in patients with
too few morphologically normal and progressive motile spermatozoa
present in the ejaculate (<500,000). High fertilization and pregnancy rates
can be obtained when a motile spermatozoon is injected. Injection of only
immotile or probably non-vital spermatozoa results in lower fertilization
rates (25). In cases where only non-vital sperm cells are present in the ejac-
ulate, the use of testicular sperm is indicated (26). Other semen parameters,
such as concentration, morphology (except for globozoospermia) (27), and
high titers of antisperm antibodies (28) do not influence the success rates of
ICSI (25). Successful ICSI has also been described for patients with acro-
someless spermatozoa (29,30).

Any form of infertility due to obstruction of the excretory ducts can be
treated by ICSI with spermatozoa microsurgically recovered from either the
epididymis (31–33) or the testis (34–36). Obstructive azoospermia can result
from congenital bilateral absence of the vas deferens, failed vasectomy
reversal, or vaso-epididymostomy. When no motile spermatozoa can be
retrieved from the epididymis due to epididymal fibrosis, testicular sperma-
tozoa can be isolated from a testicular biopsy specimen.

Testicular biopsy has also proven to be useful in some cases of
non-obstructive azoospermia (37–40). In patients with severely impaired
testicular function due to (incomplete) germ-cell aplasia (Sertoli-cell-only
syndrome), hypo-spermatogenesis, or incomplete maturation arrest, sperma-
tozoa may be recovered, sometimes only, after taking multiple biopsies.
Testicular sperm recovery may not always be successful in all azoospermic
patients. Cryopreservation of supernumerary spermatozoa recovered from
the epididymis (41) or the testis (42) is an important issue because micro-
injection of cryo-thawed sperm cells can avoid repeated surgery in future
ICSI cycles.

The ICSI procedure cannot be carried out in approximately 3% of
the scheduled cycles. The most common causes for cancellation are either
no cumulus–oocyte complexes or metaphase II oocytes are available, or no
spermatozoa are found in testicular biopsies of patients with non-
obstructive azoospermia.

Gamete Handling Prior to ICSI

A successful ICSI program depends on ovarian stimulation, which is
essentially similar to methods used for conventional IVF. Current ovarian
stimulation regimens use a combination of gonadotropin-releasing hormone
(GnRH) agonists or antagonists, human menopausal gonadotropin (hMG),
or recombinant follicle-stimulating hormone (recFSH), and human cho-
rionic gonadotropin (hCG), which allows the retrieval of a high number
of cumulus–oocyte complexes (43,44). Administration of GnRH agonists
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allows for pituitary down-regulation to occur before the initiation of
exogenous FSH. Gonadotropin preparations or recFSH are administered
to stimulate multiple follicle development. Ovulation is usually induced with
hCG (10,000 IU), which is administered when the serum estradiol level
exceeds 1000 pg/mL, and when at least three follicles of 18 mm or more
in diameter are observed on ultrasound examination. The optimal time
for ultrasound-guided transvaginal oocyte aspiration is 36 hours after
hCG administration. On average, 11 cumulus–oocyte complexes per cycle
can be retrieved (45). After cumulus and corona cell removal, approximately
nine metaphase II oocytes per cycle are available for microinjection (45).

Although hCG may be used for luteal-phase supplementation, exogen-
ous progesterone (administered intravaginally) is frequently applied in an
attempt to avoid the risk of hCG stimulation of remaining growing follicles.

More recently, the clinical introduction of GnRH antagonists (46,47)
allows a powerful and immediate suppression of pituitary gonadotropin
release and a rapid recovery of normal secretion of endogenous LH and
FSH (48). By making optimal use of endogenous FSH, the amount of
exogenous FSH required for follicular growth could be substantially
reduced. A rapid recovery of pituitary LH and FSH release after cessation
of GnRH antagonist administration might permit the abandonment of
additional luteal-phase support.

Fertilization by means of micromanipulation requires denudation of
oocytes (i.e., removal of the surrounding cumulus and corona cells). This
strategy allows not only precise injection of the oocytes, but also the assess-
ment of their maturity, which is of critical importance for ICSI. Cumulus
and corona cells are removed using a combination of enzymatic and mech-
anical procedures (20). Both the enzyme concentration and the duration of
the exposure to the enzyme should be limited because they can result in par-
thenogenetic activation of the oocytes (49). Microscopic observations of the
denuded oocytes include assessment of the zona pellucida and the oocyte,
and the presence or absence of a germinal vesicle (GV) or a first polar body.
Ninety-five percent of the retrieved cumulus–oocyte complexes usually con-
tain an intact oocyte. The remaining 5% represent empty zonae, cracked
zonae, or morphologically abnormal oocytes.

Figure 1 shows different stages of oocyte nuclear maturity. On
average, 3.9% of the intact oocytes are at the metaphase I stage, having
undergone breakdown of the GV but not extrusion of the first polar body
(45). Approximately 10.3% of the intact oocytes are at the GV stage, and
about 85.8% of them are in the metaphase II stage, showing the presence
of the first polar body (45). ICSI is only carried out on metaphase II oocytes
because only such oocytes have reached the haploid state and, thus, can be
fertilized normally. Frequently, metaphase I oocytes achieve meiosis after a
few hours in vitro and are available for ICSI on the day of oocyte retrieval.
Despite lower fertilization rates (52.7 vs. 70.8%), injection of matured
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metaphase I oocytes results in embryos of similar quality to metaphase II
oocytes at the moment of oocyte retrieval (50). Denuded and rinsed oocytes
are incubated until the time of microinjection.

For microinjection, spermatozoa from three different origins are
processed: ejaculated sperm and surgically retrieved sperm from the epididy-
mis or the testis. For all three categories, ICSI in combination with sperm
cryopreservation is currently used successfully (41,51,52). All patients selec-
ted for ICSI with ejaculated semen undergo a preliminary semen assessment
prior to the treatment cycle to verify whether enough spermatozoa (prefer-
ably motile) are present to perform ICSI.

Routinely, sperm samples for ICSI are processed by density-gradient
centrifugation [using silane-coated silica particle colloid solutions (53)],
enriching the number of motile and morphologically normal sperm cells
needed for assisted reproduction. Only in cases of extreme oligozoospermia
(i.e., when gradient centrifugation results in an insufficient yield of sperm
cells for ICSI) is simple washing of the sperm sample performed to reduce
the loss of sperm cells for injection. Immediate injection of the oocytes is then
indicated because sperm cells lose their initial motility and often die when the
sample is simply washed. This consequence can be ascribed to the presence of
reactive oxygen species and other damaging substances (54,55).

During microsurgical epididymal sperm aspiration (56,57), several
sperm fractions are collected into separate tubes. Sperm fractions with
similar concentration and motility are pooled, and a density-gradient centri-
fugation is performed. Micro-droplets of the re-suspended pellet are placed
in separate medium droplets adjacent to a central polyvinylpyrrolidone

Figure 1 Oocyte maturity after cumulus and corona cell removal. (A) A germinal
vesicle (GV) stage oocyte is recognized by the presence of a typical GV. (B) Oocytes
that have undergone GV breakdown but not yet extruded the first polar body are
called metaphase I oocytes. (C) A typical metaphase II oocyte displays the presence
of a first polar body, which indicates that the oocyte is mature and has reached
the haploid state. Only metaphase II oocytes are submitted to intracytoplasmic
sperm injection.
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(PVP) droplet in the injection dish. This facilitates the search for and the
selection of single motile spermatozoa. Spermatozoa are collected using a
testicular sperm extraction (TESE) pipette, which is larger in diameter than
an injection pipette (outer diameter 8–10 mm instead of 6–7 mm). The sper-
matozoa are then transferred to the PVP droplet and immobilized prior
to injection. Whenever possible, some of the freshly recovered sperm should
be frozen for later use in subsequent ICSI cycles, thereby avoiding repeated
surgical procedures (56).

Testicular biopsy specimens, usually obtained by means of surgical
excisional biopsy (35), are shredded into small pieces with sterile microscope
slides (58) on the heated stage of a stereomicroscope. The presence of sper-
matozoa is assessed with an inverted microscope, which determines whether
the surgical procedure can be stopped or whether extra biopsy pieces need to
be taken. The pieces of biopsy tissue are removed, and the medium is cen-
trifuged at 300g for 5 minutes. The pellet is then re-suspended for the ICSI
procedure. Single motile spermatozoa are collected in a manner similar to
the way epididymal sperm are, using separate medium droplets that contain
fractions of the testicular sperm suspension. If no sperm cells can be found,
the tissue pieces can be treated with red blood cell lysis buffer (59) or an
enzymatic collagen digestion medium (60). Lysis of excess red blood cells
may facilitate the search for sperm cells, and the use of enzymes may result
in the recovery of otherwise inaccessible sperm cells that are initially
attached to the tissue. It is well known that it is not always possible to
retrieve testicular spermatozoa from biopsy specimens in patients with non-
obstructive azoospermia due to germ-cell aplasia or maturation arrest (61).
In cases where testicular spermatozoa are retrieved under local anesthesia by
means of the fine-needle aspiration approach (62), the aspirated fractions
are immediately collected in the injection dish. No further sample proces-
sing, except collecting the single motile spermatozoa with a microneedle
(TESE pipette), is needed prior to ICSI.

ICSI Procedure

For the ICSI procedure itself, an inverted microscope equipped with micro-
manipulators and microinjectors should be available (63). Magnification
capability of 200� and 400� is a prerequisite for precise procedures such
as ICSI. A heating stage on the inverted microscope maintains the tempera-
ture at 37�C. Ambient temperature control is of vital importance for the
survival of oocytes, which are very sensitive to a decrease in temperature that
can cause irreversible damage to the meiotic spindle (64). The micromanipu-
lators allow three-dimensional manipulation (coarse and fine movements)
of the holding and injection pipette on the left- and right-hand side, respec-
tively. The microinjectors are used to either fix or release the oocyte with the
holding pipette, or to aspirate and inject a spermatozoon with the injection
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pipette. The injectors can be air-filled or filled with mineral oil. A micrometer
controls the plunger. The whole setup is placed on a vibration-proof table to
avoid possible interfering motion. Several companies supply micro-tools for
holding and injection; however, some centers still prepare their own micro-
tools, which demands extra effort, time, and specialized equipment (63).

The ICSI procedure involves the injection of a single motile spermato-
zoon into the oocyte. The procedure is carried out in a plastic microinjection
dish containing micro-droplets covered with mineral oil. A fraction (�1 mL)
of the sperm suspension is added to the periphery of the central PVP drop-
let. Separate medium droplets are used in cases of epididymal or testicular
sperm. The oocytes, denuded from their surrounding cumulus and corona
cells, are placed in the eight surrounding medium droplets. The viscous
character of the PVP solution slows down the motility of sperm cells, thereby
facilitating the manipulation. It also allows better control of the fluid in the
injection needle and prevents sperm cells from sticking to the pipette.

During ICSI, the following steps can be distinguished: selection and
immobilization of a viable sperm cell, correct positioning of the oocyte prior
to injection, and rupture of the oolemma prior to the release of the sperm
cell into the oocyte.

Figure 2 illustrates the whole injection procedure. In the injection
pipette, which is filled with PVP, a single living, morphologically normal
spermatozoon is aspirated. Viability is evidenced by the motility of the
sperm cell, even if it is only a slight twitching of the tail. The sperm cell is
then released in a perpendicular position to the injection pipette, which
facilitates immobilization. Immobilization of a sperm cell involves rubbing
the tail with the pipette against the bottom of the dish, which results in a
breakage at one point, preferably below the midpiece. Immobilization of
spermatozoa has been proven to be important for oocyte activation, which
is achieved by release of sperm cytosolic factors via the ruptured membrane.
Increased fertilization rates with ICSI have been reported for the following
aggressive damage to the sperm tail plasma membrane (23,65).

After immobilization, the sperm cell is again aspirated (now tail-first)
to allow the injection of a minimal volume of medium together with the
sperm cell. The oocyte is held in position by means of minimal suction by
the holding pipette. The polar body is located at the six o0clock position,
which avoids damage to the spindle (22). Experiments in our laboratory
using Hoechst dye-stained oocytes for microinjection clearly showed no
interference with the spindle if oocytes are injected with the polar body at
the six o0clock position. If both the holding pipette and the oocyte are in per-
fect focus, the injection needle containing the immobilized sperm cell near
the tip can be introduced in the equatorial plane of the oocyte at the three
o0clock position. Permanent focus of the injection pipette tip ensures that
the needle remains in the equatorial plane of the oocyte. Passing through
the zona pellucida is fairly easy and achieved by simply advancing the
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injection pipette. In contrast, the oolemma is not always immediately pierced
by simple injection of the needle and often minimal suction needs to be
applied. The ooplasm then enters into the injection pipette, and sudden accel-
eration of the flow indicates membrane rupture. The aspiration is immediately
stopped, and the sperm cell is then slowly released into the oocyte with a mini-
mal volume of medium and the pipette can be withdrawn carefully.

Different patterns of oolemma breakage have been described, depend-
ing on whether the ooplasm breaks during insertion of the pipette, whether
slight or stronger aspiration of the ooplasrm is needed, or whether breakage
of the oolemma in another place has to be attempted (22,66). Immediate
rupture of the oolemma without any aspiration has been associated with
lower oocyte survival rates (22,66).

Figure 2 Intracytoplasmic sperm injection procedure. (A) A single motile spermato-
zoon is selected and immobilized by pressing its tail between the microneedle and
the bottom of the dish. The sperm cell is then aspirated tail-first into the injection pip-
ette. (B) Using the holding pipette, the mature oocyte is fixed with the polar body at
the 6 o0clock position. The sperm cell is brought to the tip of the injection pipette.
(C) The injection pipette is introduced at the 3 o0clock position and rupture of the
oolemma is ascertained by slight suction. Then the sperm cell is delivered into
the oocyte with a minimal volume of medium; afterwards, the pipette can be carefully
withdrawn. (D) A single sperm cell can be appreciated in the center of the ooplasma.
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Fertilization and Embryo Cleavage After ICSI

After the injection procedure, oocytes are rinsed and cultured in micro-dro-
plets covered with lightweight paraffin oil. The conditions are similar to
those employed for IVF inseminated oocytes: the oocytes are kept at
37�C in an atmosphere of 5% O2, 5% CO2, and 90% N2. Injected oocytes
are examined for integrity and fertilization about 16–18 hours after
ICSI (67). An average damage rate of approximately 9% of the injected
oocytes can be expected, irrespective of the origin of the sperm used (45).
Oocytes are considered normally fertilized when two individualized or frag-
mented polar bodies are present together with two clearly visible pronuclei
(2-PN) that contain nucleoli (Fig. 3).

The fertilization rate after ICSI is usually expressed per number of
injected oocytes and ranges from 57% to 67% according to the sperm ori-
gin (45). As shown in Figure 3, abnormal fertilization may occur, reflected
by one-pronuclear (1-PN) oocytes (about 3% of the injected oocytes) (45).
These oocytes are likely to be parthenogenetically activated as a result of
mechanical or chemical factors (68,69). The occasional finding of three-
pronuclear (3-PN) oocytes (about 4%) (45) after injection of a single
spermatozoon into the ooplasm is probably caused by failure of extrusion
of the second polar body at the time of fertilization (69). Neither type of
embryo resulting from 1-PN to 3-PN oocytes is transferred to patients.

Post-fertilization, about 90% of 2-PN oocytes obtained by ICSI enter
cleavage, resulting in multicellular embryos. Cleavage characteristics of the
fertilized oocytes are evaluated daily. Normally developing, good-quality
embryos reach the four-cell and eight-cell stage, respectively, on day 2
and in the morning of day 3 postmicroinjection (Fig. 4). Numbers and sizes
of blastomeres and the presence of anucleate cytoplasmic fragments are

Figure 3 Fertilization outcome after intracytoplasmic sperm injection. (A) Oocytes
are considered normally fertilized when two individualized or fragmented polar
bodies are present together with two clearly visible pronuclei (2-PN) that contain
nucleoli. (B) Abnormal fertilization may occur as one pronuclear (1-PN) oocyte,
probably due to parthenogenic activation. (C) The occasional finding of three pronu-
clear (3-PN) oocytes after injection of a single spermatozoon into the ooplasm is
probably caused by non-extrusion of the second polar body at the time of fertilization.
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recorded. The cleaving embryos are scored according to equality of size of
the blastomeres and proportion of anucleate fragments (70). Type A (excel-
lent quality) embryos do not contain anuclear fragments. Type B (good
quality) embryos have a maximum of 20% of the volume of the embryo
filled with anucleate fragments. In type C (fair quality) embryos, anucleate
fragments represent 21% to 50% of the volume of the embryo. Type D (poor
quality) embryos have anucleate fragments present in more than 50% of
the volume of the embryos. These embryos cannot be used for transfer to the
patients. Embryos in the former three categories (type A, B, and C) are eli-
gible for transfer.

Nowadays, most centers perform embryo transfers on day 3 or day 5
after oocyte retrieval. At that time, the embryos are expected to be at the

Figure 4 Embryo cleavage after intracytoplasmic sperm injection. Only embryos
resulting from normally fertilized oocytes (A) will be transferred to patients. Embryo
cleavage is evaluated daily. Two-cell embryos (B), four-cell embryos (C), and eight-
cell embryos (D) are usually obtained on day 1 (late afternoon), on day 2, and in the
morning of day 3, respectively. The blastomere number is recorded and the embryos
are scored accordingly to equality of size of the blastomeres and the presence of
anucleate cytoplasmic fragments. On day 4 (sometimes already on day 3), a certain
degree of compaction can be observed (E). For blastocyst (F) scoring, the classi-
fication system introduced by Gardner and Schoolcraft is used. Embryo transfer is
usually done on day 3 (eight-cell stage) or day 5 (blastocyst stage). Source: From
Refs. 70 and 75.
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eight-cell stage. Because the embryonic genome is fully activated after
the eight-cell stage (71), it may indeed be beneficial to evaluate embryos
at least until after the transition from maternal to embryonic genome,
making it possible to identify those embryos with a better developmental
potential. The number of embryos transferred depends on the age of the
woman and on the rank of trial. In women under 37 years of age who are
undergoing a first or second ICSI attempt, preference is given to transfer
of only two excellent or good-quality embryos. In other cases, three or more
embryos may be placed into the uterus. Higher pregnancy rates can be
obtained when elective transfer of two or three embryos is possible (45,72).
However, the number of embryos transferred should be limited in order to
avoid multiple pregnancies.

Today, commercially available sequential culture media allows the cul-
ture of human embryos up to the blastocyst stage (day 5 or 6) (73). On day 4
(sometimes already on day 3), a certain degree of compaction can be
observed. Compaction in the mammalian pre-embryo is a fundamental
event that leads to the formation of the trophectoderm, the inner cell mass
and the blastocoele. Full compaction (16–32-cell stage) is followed by
immediate cavitation and blastocoele expansion (74). For blastocyst scor-
ing, the classification system introduced by Gardner and Schoolcraft can
be used (75). A distinction between early and expanded blastocysts is made,
and the latter category is further scored, according to the quality of the inner
cell mass and the trophectoderm. The possibility of prolonged human
embryo culture allows for day 5 or blastocyst transfers. Preferably, expan-
ded blastocysts with a cohesive trophectoderm and a clear inner cell mass
are transferred. Possible advantages of blastocyst transfer are better embryo
selection and better synchronization between embryo and endometrium,
which may result in higher implantation rates per blastocyst transferred
(76,77). This in turn would allow transfer of fewer embryos, thereby decreas-
ing the number of multiple pregnancies (78).

OUTCOME AND CHILDREN’S HEALTH

For all forms of assisted reproductive technology (ART), the most impor-
tant outcome parameter is the health of the children born after ART. The
birth of a healthy singleton birth has to be considered as the most important
outcome parameter after ART (79). Even after several decades of ART
practice, one has to realize that it is impossible to give an answer with
regards to risks for pregnancy and birth complications for ovarian stimu-
lation in view of timed intercourse and intrauterine insemination. Only in
IVF and ICSI have enough data been collected to provide a valid estimation
of the risks. Even then, there are limitations in the study design of IVF and
ICSI follow-up which make it impossible to estimate whether it is the ART
procedure or the underlying infertility of the treated couples that influence
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the outcome (80). Several aspects of ART outcome will be reviewed: preg-
nancy complications, major malformations, possible reasons for adverse
outcome as well as the increase of multiple ART pregnancies.

Pregnancy Complications

Perinatal outcome of singletons born after IVF have been recently assessed
in a meta-analysis (81). The study compared for the period 1978–2002, a
cohort of 12,283 IVF and ICSI singletons to a control cohort of 1.9 million
spontaneously conceived singletons, matched for maternal age and parity.
In comparison with spontaneous conceptions, IVF and ICSI pregnancies
were associated with significantly higher odds of each of the perinatal out-
come parameters studied: perinatal mortality, pre-term delivery, low birth
weight, very low birth weight, and small gestational age. In the ART single-
tons, the prevalence was higher for early pre-term delivery, spontaneous
pre-term delivery, placenta praevia, gestational diabetes, pre-eclampsia,
and neonatal intensive care admission. IVF patients must be counseled
about these adverse perinatal outcomes, and obstetricians should manage
these pregnancies as high risk. A systematic review by Helmerhorst et al.
of perinatal outcome of singletons and twins after ART confirmed the data
for singletons of the Jackson et al. meta-analysis (82). The systematic review
comprises 25 studies (17 with matched and 8 with non-matched controls)
published between 1985 and 2002. For singletons, the review indicated a sig-
nificant increased relative risk for very pre-term (<32 weeks) and pre-term
(<37 weeks) deliveries. The relative risks were also increased for very low
birth weight (<1500 g), low birth weight (<2500 g), small for gestational
age, caesarean section, admission to neonatal intensive care unit, and peri-
natal mortality. Matched and non-matched studies gave similar results. For
matched and non-matched studies of twin gestations, the above-mentioned
outcome parameters were similar between ART and control pregnancies.
Perinatal mortality was lower in assisted conception twins compared to
natural conception twins.

Major Malformations

The question whether there is an increased risk for major congenital malfor-
mations after IVF or ICSI was recently reviewed in two meta-analysis
(83,84). The meta-analysis by Hansen et al. (83) indicated an overall increase
after IVF and ICSI. This was also the case when only singletons, IVF chil-
dren or ICSI children were analyzed separately. The pooled odds ratio risk
for major birth defects was 1.32 (confidence interval 1.20–1.45). A meta-
analysis by Lie et al. (85) compared major malformations in 5935 ICSI
children to 13,086 conventional IVF children. The relative risk for a major
malformation after ICSI was 1.2 (95% CI 0.97–1.28). The meta-analysis by
Rimm et al. (84) confirmed the higher risk of major malformations in IVF
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and ICSI children in comparison to spontaneously conceived children. There
was no significant difference in the risk when IVF and ICSI were compared.

A multicentric cohort study (86) of the physical health of 5-yr-old
children conceived after ICSI (n¼ 540), IVF (n¼ 538), or natural conception
(n¼ 437) indicated that in comparison with natural conception the odds
ratio for major malformations was 2.77 (CI 1.41–5.46) for ICSI and 1.80
(CI 0.85–3.81) for IVF children. Socio-demographic factors did not affect
these results. The higher rate observed in the ICSI group was partially
due to an excess in the (boys’) urogenital system. In addition, IVF and ICSI
children were more likely than naturally conceived children to have had a
significant childhood illness, to have had a surgical operation, to require
medical therapy, and to be admitted to hospital. It will be important to con-
tinue monitoring of these children. As reported by Ludwig (87), there are
major gaps in valid data to assess major malformations after the different
ART procedures as compared with spontaneously conceived children from
fertile couples. This is the case for ovarian stimulation and intrauterine
insemination. The major limitations of studies on major malformation rates
include the absence of a control cohort, the use of historical controls with
unclear definitions, the data collection in the control, and study group as
well as in the definitions of the term ‘‘major malformation’’ (88).

Possible Causes of Adverse Outcome

As indicated by Ludwig (89), factors may be involved at different steps of the
ART treatment that may lead to an increased risk of adverse outcome.

The genetics of the male and female partners may influence the
outcome. It has been well established that there are more constitutional
abnormal karyotypes in infertile males and females. Several studies also
indicated that abnormal sperm have more chromosomal abnormalities. In
a cohort of 1298 ICSI parents seen for genetic counseling, it was concluded
that there was an increased genetic risk for 557 of these children (45). This
increased risk was due to maternal or paternal age, chromosomal aberra-
tions, monogenic or multifactorial disease, and consanguinity. Slightly less
than 5% of infertile males and 1.5% of tested females had an abnormal kar-
yotype. With regard to fetal karyotypes after ART, there are only systematic
data available for ICSI (90). Results on 1586 fetal karyotypes indicated an
increased risk related to the chromosomal anomalies in the parents. The
majority of cases (17 out of 22) were paternally inherited. There were signifi-
cantly more de novo anomalies (1.6%), but the absolute risk is low. More
anomalies were observed when sperm concentration was <20�106 sperm
per ml and when sperm motility was impaired. Although the ICSI procedure
is much more invasive than conventional IVF, there is no difference in
outcome between ICSI and IVF (83–85,91). This contrasts with the observa-
tions of the abnormalities in the fertilization process after ICSI as compared
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to IVF in rhesus monkeys (92). In theory, all manipulations of gametes and
embryos such as gamete preparation and manipulation, in vitro culture,
blastomere biopsy, and assisted hatching could influence the constitution
of the embryo and ultimately the health of fetuses and children. Efforts
should be pursued to establish multinational registries to collect data on
the offspring, as has been done by the ESHRE Consortium on Preimplanta-
tion Genetic Diagnosis (93). Strict quality management in the IVF laboratory
(such as strict temperature control) is indicated because of its influence on
outcome. In recent literature, case reports and case–control studies have
been published on the occurrence of imprinting disorders in ART children.
There are cases of Angelman syndrome (94) and Beckwith–Wiedeman syn-
drome (95,96). The absolute risk for these imprinting disorders in ART
remains low, and so far the reason for an increased risk of imprinting
errors remains unknown. As outlined by Buck Louis et al.(80), a major
drawback of all outcome studies is that the control group is fertile, and the
study group is unfertile. It would therefore be indicated that a comparison
should be made between ART conceptions and spontaneous conceptions
in a subfertile population. With regard to pregnancy complications, a study
from the United Kingdom (97) indicated that there is an increased incidence
of abruptio placentae, pre-eclampsia, and Caesarean section in couples with
idiopathic infertility compared to fertile couples whether conception was
spontaneous or after infertility treatment. Similar observations were made
in the United States, Denmark, and Sweden (98–101). The question of why
the risks are increased remains unanswered: is it due to in vitro conditions
or to the infertility status per se? To assess the contribution of in vitro hand-
ling, risk assessment for malformations may be done comparing ovarian
stimulation alone or in combination with intrauterine insemination.

Multiple Pregnancies After ART

There is increasing evidence that the major outcome risk after all forms of
ART is the occurrence of multiple pregnancies and births. This is the case
for ovulation induction, ovarian hyperstimulation with or without intrauter-
ine insemination, and IVF or ICSI (102). For IVF–ICSI, the number of
children born has been estimated to be about two million. This positive
observation is overshadowed by the fact that at least half of these children
are not from singleton pregnancies. The occurrence of multiple IVF–ICSI
pregnancies and births is, of course, due to the placement of more than
one embryo. There is extensive evidence that multiple pregnancies and births
generate more problems not only during pregnancy and delivery, but also
later in life (102). Therefore, prevention of multiple ART gestation should
be considered as a top priority for all infertility treatments. It is obvious that
the practice of single embryo transfer may be the answer to this epidemic of
multiple births.
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INTRODUCTION

Fertilization is a process whereby two specialized parental cells, gametes,
unite to form a new entity the embryo. Even though the process of fertiliza-
tion is usually considered as completed as soon as the zygote—a new cell
resulting from the fusion between the male gamete (spermatozoon) and
the female gamete (oocyte)—is ready to enter the first embryonic mitotic
division, the exact time point at which fertilization begins is much less
clearly defined. The outcome of fertilization, i.e., a viable embryo, depends
on a variety of events beginning with the selection of the one spermatozoon
which will eventually fuse with the oocyte and culminate in the signaling
events that result from the interaction between sperm-derived and oocyte-
derived molecules after gamete union which initiates the early embryonic
development. It is in this broader sense that the topic of fertilization is dealt
with in this chapter.

Aware of the fact that the mere description of the cellular and molec-
ular events underlying fertilization would outreach the space allowed, this
biological background is reduced to a strict minimum necessary for the
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understanding of clinically relevant fertilization abnormalities, their diag-
nosis, and treatment. Particular attention is paid to the current possibilities
to predict embryo developmental potential by using data obtained by
noninvasive methods of fertilization assessment in assisted reproduction
treatment (ART) techniques. Possibilities of alleviating fertilization anoma-
lies in couples at risk are discussed.

BIOLOGICAL BASIS OF FERTILIZATION

Biologically speaking, fertilization involves four sequential steps: selection
of the spermatozoon that eventually will fertilize, penetration of the fertiliz-
ing spermatozoon through the oocyte vestments (which actually also makes
part of the selection process), fusion between the sperm and oocyte plasma
membranes (which leads to cytoplasmic syngamy), and nuclear syngamy
whereby the genomes of both gametes irreversibly blend to form a new
embryonic genome.

Sperm Selection

During sexual intercourse, several tens of millions of spermatozoa are
deposited in the vagina. From these, only one will fertilize the oocyte in
the end. The selection takes place at multiple sequential steps, when the ejac-
ulated spermatozoa have to negotiate environments that—owing to their
physical, chemical, or biological properties—act as barriers. The low intra-
vaginal pH is incompatible with sperm survival for extended time periods so
that only those spermatozoa that can rapidly enter the less hostile cervical
canal remain in play. Cervical mucus slows down sperm progression and this
phenomenon is accentuated by the complicated architecture of the cervical
canal. Because sexual intercourse and ovulation are not biologically linked
in humans, this situation increases the chance of conception by retaining
potentially fertilizing spermatozoa in the cervical crypts, thus allowing their
progressive release and enabling fertilization during a prolonged time after
sperm deposition in the vagina. Obviously, this phenomenon requires a suffi-
ciently long sperm survival and functional competence.

Sperm Penetration Through Oocyte Vestments

Before the fertilizing spermatozoon reaches the oocyte, it has to penetrate
two vestments, the cumulus oophorus and the zona pellucida. Sperm pass-
age through the oocyte vestments involves receptor-mediated interactions
with molecules present in the vestments, mainly progesterone in the cumulus
oophorus and the ZP3 glycoprotein in the zona pellucida (reviewed in
Ref. 1). These interactions are needed to prepare the spermatozoon for the
final phase of fertilization—this preparation is commonly called sperm capac-
itation. Sperm capacitation is a necessary prerequisite for the exocytotic
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event called acrosome reaction, which is essential to zona pellucida pen-
etration (1). Obviously these steps imply further selective pressure upon
spermatozoa, since those sperm cells that lack functional receptors and signal
transducing pathways cannot reach the oocyte.

Sperm–Oocyte Fusion and Oocyte Activation

After sperm penetration through the zona pellucida, the sperm plasma
membrane fuses with the oocyte plasma membrane in a narrow equatorial
region of the head, followed by incorporation of the whole spermatozoon
to the oocyte by a phagocytosis-like process (1). All components of the sper-
matozoon, with the exception of nuclear DNA, are subsequently dismantled
in the oocyte cytoplasm.

An immediate consequence of sperm–oocyte fusion is oocyte
activation (2). Shortly after the fusion, a particular type of calcium signal
is generated in mammalian oocytes. These signals were first described in
the mouse (3), but similar signals were later observed in oocytes of all mam-
malian species, including the human (4,5). The temporal pattern of these
signals is characterized by periodically repeated sharp increases (spikes) in
free cytoplasmic calcium ion concentration, also referred to as calcium oscil-
lations (Fig. 1). The spatial propagation of these signals takes the form of
calcium waves of which the first is triggered at the sperm-fusion site
(Fig. 2A). These phenomena are mediated by fluxes of calcium ions which
enter the cytosolic compartment along the pre-existing concentration gradi-
ents, both from the extracellular space and from the intracellular calcium

Figure 1 Calcium oscillations, visualized with the use of the intracellular calcium
indicator Fluo3, in a living human oocyte fertilized by subzonal insemination.
Source: From Ref. 5.
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organelles rich in calcium stores, mainly the endoplasmic reticulum (6). The
movements of calcium ions between different intracellular calcium-storing
organelles and the cytosol are mediated by two types of receptor-gated
calcium channels—the inositol-trisphosphate-gated one and the ryanodine-
gated one (7)—whose sensitivity to calcium-induced calcium release is
modified by an yet poorly defined sperm-borne factor (8) so as to promote

Figure 2 Confocal microscopy images of sperm-induced intracellular free calcium
concentration increases, and the effects of protein kinase C(PKC) activation and
inhibition. Calcium was visualized by fluorescence microscopy after loading oocytes
with intracellular calcium indicator Fluo-3. Differences in fluorescence intensity were
converted to color according to the scale bar where the lowest values are coded
black. (A) The first sperm-induced calcium increase in a control, without any PKC
modulation. (B) The first sperm-induced calcium increase in an oocyte pretreated
with the PKC activator 4b-phorbol 12-myristate 13-acetate before the exposure to
spermatozoa. (C) The first sperm-induced calcium increase in an oocyte pretreated
with the PKC inhibitor chelerythrine before the exposure to spermatozoa. (D) One
of the ongoing series of calcium increases in an oocyte exposed to the PKC inhibitor
chelerythrine after sperm penetration. Source: From Ref. 6.
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the ability of the oocyte calcium homeostasis machinery (the complex of cal-
cium channels and calcium pumps) to generate calcium waves and calcium
oscillations. The steady state required for the maintenance of calcium waves
and calcium oscillations is likely to depend on a fine tuning of the phosphor-
ylation status of components of the receptor-gated calcium channels, as
these phenomena are disturbed by both activators (Fig. 2B) and inhibitors
(Fig. 2C and D) of protein kinase C (PKC) (6).

Oocyte activation triggers the cortical reaction which modifies the
properties of the zona pellucida by rendering it resistant to penetration of
supernumerary spermatozoa (1). Moreover, it reactivates the cell cycle
of the fertilized oocyte by removing substances which maintain the tempo-
rary arrest at metaphase of the second meiotic division; this event launches
the beginning of the mitotic cell cycle of the newly formed embryo (1).

Pronuclear Development and Nuclear Syngamy

At the time of sperm penetration, the oocyte cell cycle is temporarily
arrested in the prolonged metaphase of the second meiotic division. The
removal of the cell-cycle-blocking substances, resulting from oocyte acti-
vation, will thus release molecular events leading to anaphase, the extrusion
of the second polar body and the reformation of an interphase nucleus
(female pronucleus). The sperm-derived DNA is more developmentally
advanced with regard to oocyte-derived DNA at the time of sperm pen-
etration, but it is not yet ready to respond to oocyte cytoplasmic factors
regulating the cell cycle because of its particular organization (packaging),
which has been necessary to reduce the sperm nuclear volume. The develop-
mental delay of the oocyte-derived genome with regard to the sperm-derived
genome is thus compensated by the delay required for the sperm-derived gen-
ome to rearrange. Ideally, these two phenomena are completed almost at the
same time.

Sperm nuclear packaging is mediated by a special type of DNA-
associated proteins, called protamins, which are different from histones,
the proteins associated with DNA in somatic cell and oocyte nuclei. The first
molecular modification experienced by the sperm nucleus after its deposition
in the oocyte cytoplasm is thus the removal of protamins and their replace-
ment with oocyte-derived histones (1). This step requires previous removal
of the sperm nuclear envelope. The assembly of a new nuclear envelope then
occurs simultaneously around the sperm-derived and the oocyte-derived
nuclear DNA, resulting in the formation of the male and the female pronu-
cleus, respectively.

Both pronuclei undergo rotation-like movements in the oocyte cyto-
plasm and approach each other progressively until they achieve a close
apposition. Concomitantly, the pronuclear chromatin differentiates and
nucleolar precursor bodies (NPBs) are formed (9) in a process which
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requires an early wave of RNA synthesis (10). The apposition of both pronu-
clei is mediated by microtubules that are organized with the participation of
a sperm-derived centriole. When pronuclear differentiation is complete, the
respective nuclear envelopes disassemble, and both the male and the female
nuclear materials merge together. This step is called nuclear syngamy. Shortly
after nuclear syngamy, the first embryonic cell division (cleavage) begins.

SPECIFIC FEATURES OF FERTILIZATION IN ASSISTED
REPRODUCTION

Conventional IVF

As compared with natural fertilization, sperm selection is less stringent in in
vitro fertilization (IVF) because the fertilizing spermatozoon does not need
to penetrate through the cervical mucus and to make its path along the
female genital tract until it meets the oocyte. Hence, the probability of fertil-
ization with less motile and less viable spermatozoa is higher. However,
nonprogressively moving and immotile spermatozoa are still excluded as
well as spermatozoa with defective function of binding sites for the zona pel-
lucida and oolemma on their plasma membrane and those with abnormal
acrosomal function.

Intracytoplasmic Sperm Injection

The fact that sperm entry into the oocyte is entirely independent of both
sperm movement and the integrity of the sperm functions required for the
zona pellucida binding and penetration for the binding and fusion with
the oolemma marks an additional important release of sperm selection strin-
gency. Sperm motility has no more importance, except for that of an easily
perceptible marker of sperm viability. The presence and function of sperm
surface binding sites and acrosomal enzymes becomes completely irrelevant
with regard to the fertilizing ability.

Under these conditions, however, the importance of another set of
factors, some of which were not perceived in the conventional IVF era
because of their association with other defects that impeded sperm entry to
the oocyte, gains importance. Most of these factors are related to success of
oocyte activation or failure and to the early development of the zygote (11).

Intracytoplasmic Injection of Immature Male Germ Cells

The success of intracytoplasmic sperm injection (ICSI) in cases of extreme
deficiency of sperm movement and morphology (12,13) has prompted
attempts at using immature male germ cells for fertilization. These efforts
were aimed at offering an ART option to men with azoospermia. Term
pregnancies were achieved with epididymal and testicular spermatozoa as
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well as with in vivo and in vitro matured spermatids and with secondary
spermatocytes (14).

Immaturity of male germ cell nucleus (incomplete chromatin conden-
sation) and cytoplasm (functional inferiority of developmentally relevant
cytoplasmic components—centriole and oocyte-activating factor) were sus-
pected to decrease success rates of assisted reproduction with immature male
germ cells (15). However, birth rates after fertilization with round sperma-
tids from healthy experimental animals were close to those achieved with
spermatozoa (16). Consequently, the relatively low clinical success rates
reported after fertilization with round spermatids from infertile men appear
to be related to the testicular pathology underlying maturation arrest rather
than to germ cell immaturity itself (14).

Fertilization with immature human germ cells often gives rise to
mononucleated ova (17). Even though this picture strongly resembles that
of artificial oocyte activation without the participation of the male genome,
in other cases the single nucleus apparently results from pronuclear fusion
(a syngamy nucleus), and the resulting embryos can implant and develop
to term (17). This particularity of nuclear syngamy has to be taken into
account while assessing fertilization results with immature male germ cells.

NORMAL VS. ABNORMAL FERTILIZATION

Cell Signaling Events

In humans, as all other mammalian species studied so far, normal fertili-
zation is characterized by a particular type of calcium signals consisting of
calcium oscillations and calcium waves (refer to previously discussed section
‘‘Sperm–Oocyte Fusion and Oocyte Activation’’). The same form of calcium
signals was observed after conventional IVF (4), subzonal insemination (18),
ICSI (5,18), and round spermatid injection (19). Animal experiments have
suggested that the quality of the signal encoded by the frequency and ampli-
tude of calcium oscillations is important not only for the immediate success
of fertilization, but that it conditions further post-fertilization development
during a relatively extended time period, up to the blastocyst stage (20–22).

It is reasonable to suspect that calcium waves and oscillations are
beneficial for normal embryonic development in humans, too. It was sug-
gested that truncated calcium signals in human oocytes at fertilization
compromise the completion of meiotic division (23) and may cause chromo-
some nondisjunction leading to aneuploidy (24). Abnormal patterns of
fertilization-associated calcium signals can be produced experimentally by
exposing oocytes to activators (Fig. 2B) and inhibitors (Fig. 2C and D) of
PKC (6). It was noted that experimental modifications of the temporal
and spatial patterns of sperm-induced calcium signals in human oocytes
often lead to abnormalities of subsequent developmental events, namely the
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formation and internal structural differentiation of the male and the female
pronucleus (11). Similar abnormalities occasionally occur spontaneously
after conventional IVF or ICSI and are particularly frequent in some cases,
suggesting the existence of sperm- or oocyte-derived activation abnormali-
ties as the underlying cause.

The Function of Microtubule Organizing Centers

The microtubule organizing center (MTOC) is responsible for the initiation
of microtubule organization in the meiotic and mitotic spindles. In humans,
as in most other mammalian species, the oocyte MTOCs disappear after
fertilization, and the sperm-derived centriole forms the basis for de novo
development of the embryonic MTOC (25,26). If the oocyte is fertilized
by a spermatozoon with a functionally abnormal centriole, microtubule
organization is impaired and the function of the meiotic and mitotic spindles
is defective (27,28). This functional abnormality can be revealed by a hetero-
logous ICSI test using bovine oocytes and cytochemical visualization of
microtubuli in newly formed asters with the use of antibodies against
acetylated- and b-tubulins (28).

Zygote Morphology

Formation and differentiation of pronuclei are the most prominent morpho-
logical events taking place in the early postfertilization period. This process
was studied in detail by electron microscopic analysis of male pronuclear
development in polyspermically penetrated human zona-free oocytes (9).
It was found that the assembly of NPBs in the pronuclei was dependent
on RNA synthesis (29), and on the activity of ooplasmic factors (30).

Cortical granule exocytosis and redistribution of cytoplasmic orga-
nelles (31), in particular those involved in calcium homeostasis (32), are
other submicroscopical features of the early post-fertilization development.
These events underlie morphological changes that can be observed by light
microscopy in living human zygotes. Some of these changes were proposed
as markers of zygote developmental potential (refer to subsequent section
‘‘Predictive Potential of Zygote Noninvasive Evaluation’’).

PREDICTIVE POTENTIAL OF ZYGOTE NONINVASIVE
EVALUATION

In the late 1990s, it was noted that the timing and regularity of develop-
mental changes in the male and the female pronucleus in human oocytes
fertilized in vitro, including pronuclear growth, rotation, and internal
differentiation and polarization (Fig. 3), are related to further embryonic
development (33–35). Several studies suggested pronuclear zygote scoring
systems which were based on the evaluation of the number, size, and
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distribution of NPBs (36). With the exception of one study (37), all other
studies agreed that the developmental potential of preimplantation embryos
can be predicted by pronuclear evaluation. In concrete terms, pronuclear
morphology was reported to predict cleavage speed and cleaving embryo
morphology grade (34,35), the risk of developmental arrest during the first
3 days after fertilization (35,38), the risk of blastomere multinucleation (35),
the chance of achieving the blastocyst stage in prolonged culture (39,40),
and the risk of chromosomal abnormalities (41–43).

From the clinical point of view, these studies made it possible to make
decisions about the selection of embryos to be transferred and of those to be
cryopreserved for later use as early as the pronuclear zygote stage. Zygote
cryopreservation was reported to give excellent outcomes (44), but it was
used relatively rarely for fear of not having enough fresh embryos for trans-
fer because of developmental arrest or abnormal development of those
embryos that were allowed to cleave. The possibility of prediction of the
quality of preimplantation development on the basis of noninvasive zygote
evaluation gave a new impetus to zygote cryopreservation. This was partic-
ularly important in countries in which cryopreservation of embryos after the
first cleavage division was banned by the law, namely in Germany. In fact,

Figure 3 Micrographs showing the size and distribution of nudeolar precursor body
(NPBs) in pronuclei of human zygotes at different phases of pronuclear develop-
ment. (A) Relatively early phase of pronuclear development, characterized by a high
number of NPB in both pronuclei (only part of them is visible at this focal level). The
NPBs are relatively small at this phase and are distributed randomly in the pronuclei.
(B) Later phase of pronuclear development, characterized by a low number of NPBs
in both pronuclei. The NPBs are larger at this phase and show a polarized
distribution, with accumulation near that pole of each pronucleus at which this pro-
nucleus makes contact with the other one. (Hoffman modulation contrast, original
magnification�200.). Source: From Ref. 35.
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several German studies reported satisfactory outcomes of assisted repro-
duction with embryo selection at the zygote stage with the use of pronuclear
assessment criteria (45–47).

These observations have underscored the interest in noninvasive
zygote evaluation not only as the only guide for embryo selection, as was
the case in Germany, but also as part of a combined sequential evaluations
at days 1, 2, and 3 after fertilization (48). With the use of a cumulative scor-
ing system, involving post-fertilization day 1, day 2, and day 3 parameters,
the efficacy of day 3 embryo transfer was shown to be comparable to that of
day 5 blastocyst transfer (49).

ETIOLOGY AND DIAGNOSIS OF ABNORMAL FERTILIZATION

Fertilization abnormalities mostly result from deficiencies of sperm-derived
oocyte-activating factor of those of the oocyte cytoplasmic systems that
have to generate an adequate response to the sperm factor (also refer to
section ‘‘Normal Versus Abnormal Fertilization’’). In either situation, the
signaling events implicated in nuclear and cytoplasmic reprogramming
required for the gamete-to-embryo transition are failing. In other cases, fer-
tilization problems are caused by sperm centriole abnormalities which lead
to disturbances of the MTOC function which is required for pronuclear
apposition, nuclear syngamy, and the subsequent cleavage divisions.

Many of the conditions underlying abnormal fertilization can now be
analyzed, but this is mostly possible only with the use of systems which imply
irreversible cell damage or destruction. In practice, however, maximum infor-
mation possible needs to be drawn from noninvasive observations on living
spermatozoa, oocytes, and zygotes.

Many abnormalities can be detected by noninvasive examination of
zygote pronuclei (also refer to section ‘‘Predictive Potential of Zygote Non-
invasive Evaluation’’). However, pronuclear alterations are nonspecific and
can be caused by both sperm-borne factors (50) and by those derived from
the oocyte (51). Hence, the identification of the gamete of origin can only be
evaluated indirectly, by putting together observations on zygotes and
embryos from the present and the past assisted reproduction trials and ana-
lyzing them in the overall clinical context of each case.

Sperm-derived, paternal factors are responsible both for abnormalities
of fertilization and for defective preimplantation development. The most
serious paternal deficiencies can cause complete fertilization failure or a fail-
ure of the male pronuclear development. Such conditions can be detected by
diagnostic tests using heterologous ICSI with the patient’s spermatozoa to
mouse, hamster, rabbit, or bovine oocytes (52–54). As mentioned pre-
viously, functional abnormalities of the sperm centriole can be revealed by
cytochemical visualization of microtubuli in newly formed asters after het-
erologous ICSI using bovine oocytes (28).
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On the other hand, paternal factors often cause much more subtle
anomalies. If the two pronuclei fail to get in apposition, the sperm centriole
is mostly to be blamed. As to other abnormalities, concerning pronuclear
size, orientation, and internal structure, the distinction of the male and
the female origin is virtually impossible.

Yet the gamete responsible for fertilization abnormality in question
can sometimes be suggested by the clinical context. In an oocyte donation
program, for instance, an abnormally high frequency of fertilization abnor-
malities is likely to be of sperm origin, especially if the infertile couple has
experienced a history of similar problems with the patient’s own oocytes.

On the other hand, oocyte-derived origin of fertilization abnormalities
can be suspected in cases of abnormal hormonal profiles recorded during
controlled ovarian stimulation (51). Lack of evidence for a sperm deficiency
from a heterologous ICSI test (see above) can further substantiate such
a conclusion.

CLINICAL MANAGEMENT OF FERTILIZATION ABNORMALITIES

If a fertilization abnormality is detected, there is hardly anything to be done
to rescue the abnormally fertilized oocytes in question. However, this situ-
ation should lead to a complex evaluation of the treatment cycle and to a
search for alternative with which to cope with. If the problem occurs in
the context of conventional IVF, the recourse to ICSI may be considered.

Modification of the ICSI Procedure

There is a body of evidence indicating that complete absence of pronuclear
formation after ICSI is mostly caused by a failure of oocyte activation
(55,56; reviewed in Ref. 11). Globozoospermia (round-headed sperm syn-
drome) is a well-defined condition in which the ability of spermatozoa to
activate the oocyte is known to be absent or severely impaired (52), although
spermatozoa from some globozoospermic patients fertilize normally (57).
Moreover, cases of sperm–oocyte-activating factor deficiency, leading to fer-
tilization failure, without the classical globozoospermia phenotype were also
observed (57–60). The oocyte, in its turn, may also be responsible for
complete fertilization failure, presumably because of deficiencies of the cyto-
plasmic machinery capable of transducing the sperm-derived signals to
adequate effector systems (57).

Both the sperm-borne and the oocyte-borne abnormalities of oocyte
activation can now be alleviated in the ICSI setting. Based on initial obser-
vations showing that fertilization failure after ICSI can be overcome by
subsequent treatment with a calcium mobilizing drug (56,61), several studies
reported successful fertilization and ongoing pregnancies in patients with
sperm- or oocyte-borne oocyte-activation failures after boosting oocyte
activation with a calcium ionophore after ICSI (57–59,62–64). In addition
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to the use of ionophores, oocyte activation can also be assisted by other
treatments increasing intracellular free calcium concentration in the sperm-
injected oocyte, such as electrical stimulation of sperm-injected oocytes (65)
or by simple modifications of the ICSI techniques, increasing the intensity or
duration of calcium influx from external medium to oocyte cytoplasm during
ICSI (57,60).

Unlike complete fertilization failure, alleviation of minor fertilization
abnormalities that often lead to the formation of poor-quality embryos is
a more complicated issue because of multifactorial etiology of such
conditions. If an oocyte factor is suspected, modification of the ovarian
stimulation protocol, with continuous readjustment of serum LH concen-
tration (51), may be attempted. In women of >40 years of age ovarian
co-stimulation with growth hormone can also be of help (66).

The recourse to more sophisticated gamete selection methods than
those currently used in the routine ICSI procedure has also been suggested.
These newly developed methods imply visualization of the oocyte meiotic
spindle by using a Polscope optical system (67,68) to select the best oocytes
for ICSI and the use of high-magnification sperm selection performed with a
specially adapted computerized Nomarski interference contrast system
working at a total magnification of �6000 (69,70). Performing ICSI through
a laser-drilled opening in the zona pellucida (laser-assisted ICSI) was
reported to improve embryo quality in some cases (71), and may also be
of help in cases of inherent oocyte fragility. However, the relevance of these
new treatment options to cases with minor fertilization abnormalities still
remains to be evaluated in large-scale prospective randomized studies.
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Embryo Development and Assessment
of Viability
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Germ cell wastage is a universal phenomenon throughout reproductive life
in mammals, including humans. Before puberty and adult life, the vast
majority of oocytes become atretic at various stages of follicular develop-
ment and, of those actually managing to ovulate, only a limited number
are capable of repeating the life cycle.

Compared to the natural cycle, the situation in controlled ovarian hyper-
stimulation is substantially aggravated because accidental maturation and
ovulation of germ cells of reduced developmental potential may occur (1).
In other words, the actual implantation potential may be overestimated
although oocyte morphology, fertilization, and cleavage rate may appear in-
conspicuous at first glance. On the other hand, even embryos of worst quality
may sometimes turn out to be viable, e.g., giving birth to healthy babies.

Taken together, viability of individual embryos is strongly correlated
to optimal maturational steps in the ovary, adequate fertilization, progress-
ive development through all pre-implantation stages, as well as subsequent
implantation in the endometrium. Combining cytogenetical analysis—
morphological evaluation throughout preimplantation development (2),
and embryo metabolism (3)—the ability to select the most competent
embryo out of a pool of concepti will further improve and definitely help
to reach the ultimate goal in assisted reproduction, namely a healthy single-
ton delivery.
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THE FOLLICLE

It is well accepted that the developmental fate of an embryo is largely dic-
tated by the quality of the oocyte, which in turn reflects the follicular milieu.

Most likely, affected gametes are derived from follicles with reduced
blood supply since various reports suggest a close relationship between fol-
licular blood flow and developmental competence of the corresponding
oocyte or embryo (4,5). If vascularization in ovaries is underdeveloped,
some follicles will be confronted with hypoxia which in turn causes a change
in energy metabolism by switching from oxidative phosphorylation to gly-
colysis. As a consequence, adenosine triphosphate (ATP) production in
the affected follicle will decrease dramatically, since glycolysis generates
only two molecules of ATP compared with oxidative phosphorylation (38
molecules). In addition, ATP depletion is increased since the vast majority
of ATP is used for remodeling the vascular network via angiogenesis which
is triggered by chronical underoxygenation (6). Since vascular endothelial
growth factor (VEGF) is a potent mediator of angiogenesis, it can be
expected that it is produced by granulosa and theca cells in response to
hypoxia. In fact, a significant correlation between elevated levels of VEGF
in follicles and a reduced viability of the corresponding embryo has been
described (7).

Since conventional parameters, such as follicle size or fluid volume, are
not considered to be adequate predictors of developmental potential of har-
vested oocytes and arising embryos, pulsed color Doppler ultrasound may
be the first-line indirect technique for screening for competent oocytes which
might serve as a basis for viable embryos or blastocysts, followed by follicu-
lar fluid analysis for oxygen, ATP, and/or VEGF.

THE OOCYTE

It is still unknown how follicular underoxygenation affects normal cellular
and genetic development of the human oocyte; however, there is evidence
that gametes with a reduced internal cytoplasmic pH and ATP content
may arise if oxygen saturation falls below a certain threshold of less than
or equal to 1% (8).

Nuclear Component

According to Gaulden (9), hypoxia is responsible for a reduction in meta-
bolic activity as well as for a change in internal pH both of which are likely
to affect organization and integrity of the meiotic metaphase spindle. This is
supported by data from pre-antral follicle culture indicating that in vitro
maturation at 5% oxygen tension (instead of 20%) resulted in a significant
reduction of gametes finishing nuclear maturation (10), e.g., characterized
by a complete spindle absence. More interestingly, the rate of unaligned
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chromosomes increased dramatically from 13% in the 20% oxygen group to
35% in the low oxygen cohort. Similarly, Van Blerkom et al. (11) reported
that 92% of the oocytes exhibiting chromosome displacement or abnormal
chromosomal alignment originated from follicles with dissolved oxygen con-
tents of less than 3%.

Considering the importance of the follicular and in vitro milieu and its
close relationship to the health of the gamete, it is not surprising that up to
38% of analyzed MII oocytes lack a spindle apparatus as shown using a
polarized light microscope (12). Though detectability improved with
increasing PolScope experience (Table 1), one characteristic remained con-
sistent, namely a reduction in developmental competence in spindle negative
mature oocytes as assessed by fertilization rate (13,15,16). Even in spindle
positive gametes, grading in terms of fertilizability is suggested (16) with
those oocytes of worst quality showing a spindle deviation of more than
90 degrees from the first polar body.

However, absence of a birefringent spindle does not predict fertiliza-
tion failure and developmental arrest. In fact, it has been found that human
oocytes with a polar body but without birefringent spindle may still be at
telophase I or prometaphase I stage (18). Thus, precocious intracytoplasmic
sperm injection (ICSI) in human prometaphase I oocytes with unaligned
chromosomes may be one reason why oocytes without a birefringent meta-
phase II spindle have a significantly worse prognosis.

Knowing the actual position of the birefringent spindle during ICSI can
improve embryo quality (14). If no spindle at all has been detected, the prob-
ability of a good quality embryo decreases dramatically (13,15), though this
suspected correlation is still subject to controversial discussion (16,17).

Table 1 Visualization of Metaphase II Spindle by Means of Polscope and its
Influence on Fertilization Rate

Authors Spindle positive

Spindle in
proximity to

Pb1

Fertilization rate

Spindle No spindle

Wang et al. (12) 327/533 (61.4) 61 (18.7) 202 (61.8)a 91 (44.2)a

Wang et al. (13) 1266/1544 (82.0) Nd 879 (69.4)b 175 (62.9)b

Cooke et al. (14) 115/124 (92.7) 35 (30.4) 81 (70.4) Nd
Moon et al. (15) 523/626 (83.6) 252 (48.2) 444 (84.9)c 78 (75.7)c

Rienzi et al. (16) 484/532 (91.0) 254 (52.5) 362 (74.8)d 16 (33.3)d

Cohen et al. (17) 585/770 (76.0) Nd 413 (70.6)e 115 (62.2)

a, b, c, eP< 0.05.
dP< 0.001.

Abbreviations: Nd: no data available; Pb: first polar body; Values in parentheses are percent-

ages.

Source: From Ref. 18a.
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The only paper correlating spindle detection with further preimplanta-
tion development to the blastocyst stage (13) reports increased rates of
blastocyst development by day five arising from spindle-positive oocytes
(51.1%) compared with the spindle-negative counterparts (30.3%), thus sup-
porting the hypothesis that spindle detection may be used as indicator of the
oocyte’s capacity to form a viable, chromosomally balanced embryo.

In addition, oocytes rather tend to show a visible spindle apparatus if
postovulatory age exceeds 38 hours (17), making spindle imaging a new
marker for optimal timing of the ICSI procedure and thus increasing the
chance to generate viable embryos.

First polar body morphology takes the same line, since the most
notable characteristic of postovulatory aging is the spontaneous division
or fragmentation of the first polar body (19). Bearing this in mind, it is
not surprising that a close correlation between the first polar body appear-
ance and the further fate of the oocyte was observed (20–23). In detail,
heavily fragmented first polar bodies were negative predictors of embryo
quality, blastocyst formation rate as well as rates of implantation and clini-
cal pregnancy. Apparently this benefit is somewhat reduced with increasing
time span between ovulation induction and injection, since a retrospective
study applying a different schedule could not find any relationship between
constitution of the first polar body and subsequent ICSI outcome (24).

In contrast to postovulatory age, chromosomal status of the oocyte is
not reflected by the morphology of the first polar body as suggested from
data of polar body biopsy. Regardless of the grade of the first polar body,
more than two-thirds of the oocytes were found to be aneuploid (25), but,
unfortunately, the most interesting grade consisting of large polar bodies
was not analyzed in this highly selected patient cohort.

It has been summarized that MII oocytes of good morphology should
be of regular size and show a clear, moderately granulate cytoplasm, a small
perivitelline space, and a colorless zona pellucida (2). As a precaution, eggs
with an observed deviation in size should not be kept in culture since, e.g.,
giant oocytes will mostly result in trigynic triploidy (26,27). On the other
hand, any reduction in diameter might reflect a certain cytoplasmic loss dur-
ing manipulation of the oocyte (28).

Cytoplasmic Component

The degree to which cytoplasmic abnormalities, probably being the result of
an impaired cytoplasmic maturation, influence fertilizability and further
developmental potential is still a matter of debate (29–33). According to
Van Blerkom and Henry (34), the further fate of female gametes is dependent
on the first occurrence of certain ooplasmic anomalies, e.g., those developing
early in maturation may be associated with failed fertilization and aneu-
ploidy while those occurring later in maturation may express developmental
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failure despite normal fertilization. However, summarizing the relevant
literature dealing with cytoplasmic abnormalities, one may conclude that
only few cytoplasmic dysmorphisms actually impair viability of the resultant
embryo (29,31,33).

On the one hand, aggregation of the smooth endoplasmic reticulum
(sER) was shown to significantly reduce rates of implantation and clinical
pregnancy (34), even if transferred embryos did not derive from sER aggre-
gation positive ova, which is presumed to be the result of an underlying
adverse factor that might have affected the entire follicular cohort (34). Only
one pregnancy went to term after transfer of an embryo developed from an
affected gamete (34), and to make matters worse, this baby was diagnosed
with Beckwith–Wiedemann syndrome.

On the other hand, vacuolization is the most apparent and dynamic
cytoplasmic anomaly in human oocytes. Vacuoles are membrane-bound cyto-
plasmic inclusions filled with fluid virtually identical with perivitelline fluid and
they vary in size as well as in number. It is assumed that vacuoles arise either
spontaneously (35) or by fusion of preexisting vesicles derived from the
smooth endoplasmic reticulum and/or Golgi apparatus (36).

Recently, a prospective analysis revealed that larger vacuoles above a
cut-off value (e.g., 14 mm) affect adequate fertilization and severely impair
blastocyst development (37). Two hypotheses could explain these phenom-
ena. First, it is likely that a larger vacuole or multiple vacuoles will cause
a much more detrimental effect to the oocyte than a small vacuole since a
larger portion of the cytoskeleton (e.g., microtubuli) cannot function as sup-
posed to. Secondly, large vacuoles are thought to displace the MII spindle
from its polar position which may result in fertilization failure (35).

Regardless of the different types of cytoplasmic inclusions, it has been
observed that a deficiency in ooplasmic texture can also reduce reproductive
success. Thus, oocytes with impaired fluidity of the cytoplasm, as assessed
by the persistence of the injection funnel after ICSI, had a developmental
disadvantage compared to MII gametes with regular viscosity (38). How-
ever, extensive cytoplasmic granularity is recognized as the most severe form
of cytoplasmic texture anomaly since more than half of affected gametes
show chromosomal abnormalities (39), which led to minimal rates of
implantation (4.2%) and clinical pregnancy (12.8%).

THE ZYGOTE

Normal fertilization follows a defined course of events, although the timing
of these events may vary considerably (for more details, refer to Chapter 11).
Either direct deposition (ICSI) or active propulsion [conventional in vitro
fertilization (IVF)] ensures presence of a spermatozoon in the cytoplasm.
Its head decondenses in the ooplasm prior to the extrusion of the second
polar body. The male pronucleus appears in the center of the oocyte
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and the female one in close proximity to the meta phase spindle at the per-
iphery of the gamete. Microtubuli growing from the paternal centrosome
organize central apposition of both pronuclei (40). This phase is
accompanied by final pronuclear growth, nucleolar movement, and coalesc-
ence as well as a certain withdrawal of ooplasmic components to the
perinuclear region (41).

Abnormal Findings

At least in terms of oocyte polarity, a good quality two-pronuclear zygote is
characterized by two polar bodies being located near the pronuclear axis
(42). Any deviation from this presumed optimal arrangement that cannot
be corrected by microtubuli-driven rotation of the pronuclei (43) could lead
to embryos of reduced morphology (42). This drawback is in line with a high
rate of complex genetic abnormalities found in embryos derived from
zygotes with impaired polarity (44).

However, it may happen that an intrinsic defect of the cytoskeleton or
the parental centrosome causes peripheral apposition of both pronuclei (42)
or a complete failure in alignment (45), which can result in chromosomal
aberrations (44).

The first 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
(42), e.g., spindle-near penetration of the zona could force eccentric forma-
tion of pronuclei (46). According to Garello et al. (42), zygotes with eccen-
tric pronuclei show a limited capacity to cleave regularly (47.4%).

The second phenomenon is less frequent in assisted reproduction tech-
nologies (approximately 1%) but much more detrimental since the vast
majority of zygotes with unaligned pronuclei fail to cleave or show develop-
mental arrest at early stages (47).

Though the female pronucleus usually is smaller than its male
counterpart (41), more extensive differences in size (7–10 mm) may occur.
This divergence most likely is the result of problems arising during male pro-
nucleus formation (48) and severely affects viability of the corresponding
embryos since more than 80% were found to be aneuploid (49,50).

Normal Fertilization

However, the vast majority of zygotes will present with two centrally aligned
pronuclei 18 to 20 hours post-insemination. Within these pronuclei, nucleoli
tend to align at the pronuclear junction, but since this condition is time-
dependent (51), embryologists may be confronted with various pronuclear
patterns at the time of fertilization check.

Scott and Smith (45) were the first to report a prognostic value of a
zygote score involving pronuclear appearance on implantation and delivery
rate. This rather complex score was simplified by focusing exclusively on
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pronuclear morphology (47). Thus, it could be shown that interpronuclear
synchronicity is a strong predictor of embryo viability (47,52–55). In fact,
there is only one report critically questioning this suspected correlation
(56), but since it is based on single embryo transfers, it may reflect the actual
implantation potential more accurately than studies dealing with double or
triple embryo transfers.

In addition to pronuclear pattern, cytoplasmic appearance at zygote
stage was part of the original Scott score (45). As demonstrated by time-
lapse video cinematography (41), ooplasm withdraws mitochondria and
other cell organelles to the perinuclear region during fertilization, leaving
a clear halo around the cortex.

Initial studies (56–58) analyzing a suggested relationship between halo
formation and outcome (45) were characterized by a lack of standardization
in terms of halo scoring, since they either pooled all variations of haloes
(e.g., concentric haloes and polar ones) or excluded certain subtypes from
analysis. Despite this fact, halo-positivity was found to influence embryo
quality (56,59) and blastocyst formation rate (58). Recently, it could be
proven that any halo effect, irrespective of its grade and dimension, is of
positive predictive power in terms of blastocyst quality and, consequently,
clinical pregnancy rate (55).

During evaluation of zygote morphology, it has to be considered that
both halo and pronuclear formation follow a fixed schedule. Since direct
ooplasmic placement of a viable spermatozoon is performed in ICSI, thus
bypassing most steps of fertilization (including acrosome reaction and zona
binding), the further course of development will be somewhat accelerated as
compared to conventional IVF (60). Consequently, more optimal zygotes
were observed in ICSI than in IVF at the time of analysis and pronuclear
pattern was performed (54). Therefore, different observation times for
microinjected and conventionally inseminated oocytes are recommended.

To summarize, though pronuclear morphology turned out to be an
unstable factor within the dynamic process of fertilization, optimal pronu-
clear patterns, e.g., those with alignment of fused nucleoli, may characterize
a subgroup of oocytes showing a developmental advantage compared with
zygotes developing more slowly (those showing pronuclear asynchrony).

This is in line with recent findings indicating that during syngamy
those zygotes with an accelerated breakdown of the pronuclear membranes
(PMB) 22 to 25 hours post-insemination or injection implanted significantly
more frequently than those with delayed dissolution (61).

THE CLEAVING EMBRYO

However, just like pronuclear appearance, dissolution of the pronuclei is not
a static event and, using it for selection purposes, embryologists may be
faced with undocumented zygotes in terms of pronuclear location, size,
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and number. Thus, it may happen that, unintentionally, chromosomally
imbalanced embryos may be kept in culture if pronuclear morphology could
not be checked due to abnormal developmental speed or intense ooplasmic
granulation (62,63).

First Cleavage

In this context, first mitotic cleavage (23 to 29 hours after IVF/ICSI) turned
out to be a reliable indicator of embryo viability. This morphological criterion
is less dynamic than pronuclear patterns, halo formation, or PMB and can be
checked easily at first glance. More importantly, it is less time consuming since
it does not require additional rotation of the zygotes which sometimes is
essential to determine the actual pronuclear pattern. As clearly indicated in
Table 2, subdivision of an oocyte pool according to early cleavage behavior
seems to be of great benefit in order to assess viability of concepti.

Interestingly, slow cleaving embryos at day 1 were shown to have less
blastomeres at later stages of preimplantation development (67), which
could be the reason for the observed decrease in blastocyst formation
(69), implantation, and clinical pregnancy.

Several reasons may account for this phenomenon. Apart from the
fact that, at least in conventional IVF, embryos dividing early may be asso-
ciated with earlier fertilization, oocyte intrinsic factors are considered to
promote early cleavage after fertilization (65). Though currently unknown,

Table 2 Prognostic Relevance of Early Cleavage Behavior on Pregnancy Rate

Authors Method

Hours post

IVF/ICSI

Day of

transfer

Clinical pregnancy
rate

Early

cleavage

No

cleavage

Shoukir et al. (64) IVF 25 2 33.3a 14.7a

Sakkas et al. (65) ICSI 27 2 25.9b 3.2b

Sakkas et al. (66) IVF/ICSI 23–27 2 45.0c 23.8c

Lundin et al. (67) IVF/ICSI 25–27 2, 3 40.5d 31,3d

Bos-Mikich et al. (68) IVF/ICSI 25–29 3 54.8e 25.0e

Fenwick et al. (69) IVF 25 2 31.3f 10.5f

Salumets et al. (70) IVF/ICSI 25–27 2 50.0g 26.4g

Windt et al. (71) ICSI 26 2, 3 37.5h 11.1h

Van Montfoort et al. (72) IVF/ICSI 23–28 2 37.1i 10.3i

a, b, e, fP< 0.05.
d, gP< 0.01.
c, h, iP< 0.001.

Abbreviations: IVF, in-vitro fertilization; ICSI, intracytoplasmic sperm injection.

Soruce: From Ref. 72a.
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such factors could be related to the expression of human leukocyte antigen
G (73), a candidate human functional homolog to the mouse Qa-2 antigen,
which, as a product of the preimplantation embryo development (Ped) gene,
promotes rapid mitotic divisions. An alternative explanation would be that
slow cleaving human embryos have an early lag phase in cell cycle, which
was found to be detrimental to blastocyst rate of bovine embryos (74).

Whether a genetic predisposition influences viability of the developing
embryo or to what extent metabolic disturbances (e.g., mitochondrial con-
tent, ATP production, mRNA, cytoplasmic maturation) cause late cleavage
is still matter of discussion. However, several data from embryo culture
rather support a genetic reason. On the one hand, it could be documented
that early dividing embryos show a lower rate of multinucleated blastomeres
(70), and on the other hand, tripronuclear zygotes show a limited capacity to
cleave early as compared to their binucleated counterparts (67).

Further Cleavages

As cleavage continues, the first blastomeres of the two-cell embryo divides
meridionally followed by approximately equatorial cleavage of the other cell
(75). This lesson from mouse embryos may explain the typical crosswise
appearance of the 4-cell human conceptus on day two of development.
Although a regular tetrahedral configuration of blastomeres with six inter-
cellular contacts is the most common outcome of second cleavage, both
the distribution and the relationship between blastomeres may vary, includ-
ing specimens that are essentially planar. This arrangement involves a
reduced number of cell–cell contacts which could impair compaction and
delay blastulation of the embryo (28,76).

Apart from the number of blastomeres, routine assessment of embryo
quality from day two onward also includes the degree of fragmentation.
There is a considerable lack of objective and standardized methods for
assessing embryonic fragmentation. In fact, a cell size of 45 mm on day
two has been suggested which allowed distinguishing between anuclear frag-
ments and blastomeres. Below this cut-off value, only 3% of the cells
contained DNA compared to 67% with a diameter above this cut-off. Simi-
lar results were published for day three embryos with the exception that, due
to ongoing cleavage, a threshold of 40 mm was indicative in terms of differ-
entiation (77).

It is generally accepted that minor fragmentation does not impair
viability of the embryo (78,79) and may disappear during in vitro culture,
either by lysis or resorption (80,81). Larger amounts of fragments, however,
significantly reduce the chance to achieve pregnancy (82) and, even more
importantly, perinatal outcome of babies derived from heavily fragmented
embryos (greater than equal to 50% fragmentation) was found to be worse
compared with that after transfer of more or less fragment-free embryos (83).
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As fragments are structures of blastomeric origin, the actual amount of
cytoplasmic fragmentation during cleavage stage can be estimated by the
difference between the previous zygote volume and the overall blastomere
volume (84). In cases of moderate fragmentation, it appears that different
spatial patterns of fragmentation are of more severe developmental conse-
quences than fragmentation per se (81,82). In detail, smaller, more localized
fragments did not impair viability, whereas larger and more scattered frag-
ments had a disastrous effect on implantation (82). Theoretically, the
detrimental effect of such patterns may be explained by the fact that anuclear
fragments lying in close proximity to an assumed cleavage axis may impair
further cleavage and/or reduce the number of cell-to-cell contacts required
for regular compaction and blastocyst formation. Viability of bad quality
embryos may be improved in certain instances if spatial relationship of blas-
tomeres is restored by cosmetical removal of the acellular remnants (82).

The higher the degree of blastomeric decay, the higher the risk of
chromosomal imbalances, such as mosaicism (63). In these cases, selective
fragmentation could function as a means to completely exclude affected
blastomeres from further cell aggregation (85). This process is most likely
related to programmed cell death (85,86), e.g., the ratio of the two apoptosis-
related gene families bcl-2 and bax (85). Others (87) question a direct
relationship between apoptotic phenomena and fragmentation and much
rather speculate that apoptosis may be triggered if the degree of mitochon-
drial and proteinic loss due to fragmentation reaches a certain level.

It is an undisputed fact that two morphological phenomena, namely
multinucleation and inequality of cleavage, reduce viability of the cleaving
embryos to a minimum. Frequently, both anomalies coincide (80), which
may be explained by the larger cell size of multinucleated blastomeres
(84). In general, it can be expected that about one-third of all day two
and three embryos show at least one multinucleated blastomere (88). The
overall incidence, however, will generally be underestimated since nuclei
are only visible at interphase. Most previous studies report a disastrous
implantation rate of less than 6% after exclusive transfer of bi-or multinu-
cleated embryos (88,89). This reduced outcome seems to be a reflection of
the chromosomal constitution of the embryos since the vast majority of
them (approximately 75%) were chromosomally abnormal (80,90). In detail,
cytokinesis may fail during any mitotic division (91) with the worst outcome
to be expected if problems arise during the first cleavage ending up with
both cells being multinucleated (92).

Even if the embryo is composed of a stage-appropriate number of
equally divided mononuclear cells, this does not mean that the texture
of the blastomeres will correspond to the assumed normal condition, which
is a translucent cytoplasm with moderate granulation. As a result of culture
conditions (e.g., media composition), cytoplasm of a day 3 embryo may
change to a more mottled appearance showing numerous small (1.5 mm) pits
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on the surface (93,94). Pitting is physically different from excessive granu-
lation and mostly affects embryos after embryonic genome activation (93).
In humans, this switch from maternal genome control is considered to take
place around the 8-cell stage (95). Definitely, it is an important hallmark of
preimplantation development prior to which it is an assessment of oocyte
quality rather than embryo viability.

However, this temporal coincidence of cytoplasmic pitting is not a
positive predictor of outcome (96); but much rather it seems to be com-
pletely unrelated to implantation and pregnancy. Recent findings, however,
suggest a certain influence on viability since some 30% of implantations van-
ished after exclusive transfer of pitted embryos compared to only 16% of
early pregnancy loss in a nonaffected control group (97).

Compacting

While at earlier cleavage stages embryos resemble an accumulation of soli-
tary blastomeres with a rudimentary level of biosynthesis, compaction phase
(beginning on day 3) is characterized by increased biosynthetic rates and the
capacity to metabolize glucose more efficiently. In addition, the compacting
embryo is capable of actively regulating ionic gradients, thus controlling its
internal environment (98).

Compaction is due to the formation and the number of tight inter-
cellular junctions (e.g., desmosomes, gap, and tight junctions) causing
blastomeres to become closely apposed (76,99). Due to this highly interac-
tive cell mass, blastomeres loose their totipotent characteristics.

In humans, compaction begins around eight-cell stage probably fol-
lowing an intrinsic developmental clock. Precocious compacting at day 2
could result in formation of trophoblastic vesicles leaving no predecessor
cells of inner cell mass (6). On the other hand, 16-cell embryos without
the slightest evidence of compaction are of reduced capacity and will hardly
reach blastocyst stage (99).

Tao and co-workers (100) successfully tried to predict implantation
scoring embryos at the compaction stage. These authors showed that the
implantation potential is positively related to the proportion of blastomeres
undergoing compaction. Consequently, embryos had the worst prognosis if
less than half of the blastomeres were involved in the compaction process.
Blastomeres and fragments that are unable to form appropriate contacts
are generally excluded from the compaction process and remain within
the empty zona pellucida after hatching (99).

EMBRYO METABOLISM

Despite the fact that numerous morphological criteria have been published
which could add to predictive power on further developmental potential of
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day 3 embryos, there is a tendency to question a close correlation between over-
all day 3 morphology and blastocyst formation as well as quality (101–103).

In this regard, biochemical criteria could be more appropriate to filter
out those embryos with metabolic activity within normal range, and thus
identify those embryos which will preferentially proceed to blastocyst stage.
However, the required techniques (e.g., ultramicrofluorescence, high-perfor-
mance liquid chromatography) usually are not available in standard IVF
laboratories, severely limiting their application in routine work.

Depending on developmental stage, metabolic activity and profile of
the embryos may differ enormously. Though sequential culture media try
to imitate uterine milieu (for more details, refer to Chapter 13) and therefore
fulfill all major requirements of the growing embryo, not all of the concepti
can adapt to the different environment. This incompetence may be expre-
ssed as a change in metabolic pattern which in turn may suggest reduced
viability to the embryologist.

Both glucose uptake and lactate production proved useful in quantify-
ing glycolytic activity, which was then used to prospectively select mouse
blastocysts for transfer (3). Out of a pool of blastocysts of similar expansion
and morphology, those blastocysts with glycolytic activity closest to that
observed for blastocysts developed in vivo showed the highest fetal develop-
ment rate (80%). An abnormal rate of glycolysis as expressed as excessive
lactate production led to a decrease in fetal development (6%).

The authors (104) also utilized carbohydrate metabolism as a means to
predict blastocyst formation in human embryos. Pyruvate, as well as glucose
uptake, were significantly higher in embryos that went to blastocyst stage
than in embryos with developmental arrest. Much more interestingly, glucose
(but not pyruvate) uptake was highest in blastocysts of highest grade, empha-
sizing the importance of glucose uptake in terms of noninvasive selection.

A similar approach is the noninvasive analysis of amino acid turnover.
It could be demonstrated that day 2 or 3 embryos with a future competence
to form blastocysts exhibit amino acid flux patterns distinct from those
in embryos with comparable morphology that stop development (105). In
those embryos that progressed to blastocyst stage, leucin was the only amino
acid being significantly depleted. This fact may emphasize the presumed role
of this essential amino acid as a stimulator of protein synthesis. Alanine was
the most striking amino acid found to have a net appearance, probably
due to its involvement in disposal of embryotoxic ammonium ions (105).
Nonviable embryos showed a 3.7-fold greater amino acid turnover than
competent concepti, strongly indicating a degeneration of metabolism simi-
lar to the negative effect of rather excessive glycolytic activity (3). Further
studies suggested that amino acids whose turnover predicted blastulation
are different from those predicting pregnancy and life birth (106). This
may reflect the fact that not all blastocysts forming in vitro are as viable
as they are expected based on their morphological appearance.
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THE BLASTOCYST

After compaction of the cleaving embryo, it begins to form a cavity. During
blastocyst formation, two clearly distinguishable cell lines are formed,
namely the trophectoderm and the inner cell mass. In humans, the pro-
liferation of the latter was found to be 1.5 times lower than that of the
trophectoderm (107). Similar to the developmental stage of the blastocyst
on days 5 and 6, which may range from a retarded morula to an expanded
or hatching blastocyst, a high variability in cell number has been observed.
A full human blastocyst at day 5 of development should exceed 60 cells and
should at least have doubled its cell number on day 6 (107,108). It should be
noted that blastocyst formation in vitro is not a reliable marker of chromo-
somal balance since certain genetic aberrations are compatible with good
morphology at blastocyst stage (109,110).

Expansion of the blastocyst and appearance of both cell lineages were
taken into account for scoring blastocyst morphology (111) and were suc-
cessfully used in an IVF programme (112,113). According to this grading
system (111), viable blastocysts are characterized by a cohesive trophecto-
derm composed of numerous sickle-shaped cells as well as a tightly packed
inner cell mass. In detail, such top quality blastocysts showed implantation
and pregnancy rates as high as 70 and 87%, respectively, in double blasto-
cyst transfers and 50 and 70% in single transfers (112).

It turned out that the expansion of the blastocyst on day 5 is the less
predictive parameter in terms of implantation (114,115). Nevertheless, other
investigators (116) reported highest viability in day 5 blastocysts, which were
expanded and derived from day 3 embryos of adequate blastomere number
(7–8 cells). This slight divergence may be explained by the simple fact that
quality of inner cell mass can only be evaluated from full blastocyst stage
onward (112), whereas morula and early blastocyst stage does not allow
for detailed inner cell mass scoring. The size and shape of this cell lineage,
however, was highly predictable in terms of implantation and pregnancy
(114). In detail, slightly oval inner cell masses above 4500 mm2 were of high-
est viability. On the other hand, necrotic foci within the inner cell mass were
correlated with a decrease in subsequent viability (115). Such bad quality
blastocysts usually show lower cell numbers and a higher degree of chromo-
somal aberrations (117).

Cells constituting the trophectoderm may also display abnormal fea-
tures, e.g., a deviation in number or shape; however, due to an increased
cleavage rate (107), the actual impact of trophectoderm morphology on
viability is somewhat limited. During blastocyst expansion, trophectodermal
cells situated in close proximity to the inner cell mass migrate from this
region to populate the mural end. During this migration, the cells stay
attached to the inner cell mass via cytoplasmic strings that withdraw as they
reach their final location (118). Persistence of these cytoplasmic strings until
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expanded blastocyst stage substantially impairs embryo quality and polarity
and is associated with a reduced outcome (119).

CONCLUSION

Considering the fact that certain potential methods of predicting embryo
viability, e.g., adequate measurement of follicles vascularization or correct

Figure 1 Timeline for optimal blastocyst development.
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assessment of embryo metabolism, are hardly applicable in routine IVF
laboratories, embryologists have to rely on the limited prognostic power
of morphological criteria at different stages of preimplantation development
(2,6). In fact, sequential assessment at different developmental stages
allowed for an increased prediction of blastocyst formation (120) and preg-
nancy (121–123).

Strategies to optimize selection based on morphological criteria should
include elimination of gametes or concepti with suspected chromosomal
imbalance (2). Thus, giant oocytes should never be inseminated or injected
(26,27). In addition, oocytes showing dense central granulation (39) or
aggregation of smooth endoplasmic reticulum (34) should be separated.
At cleavage stages, multinucleation and the presence of unequal blastomeres
(79,80) as well as large amounts of fragmentation (83) should be considered
as potential sources of aneuploidy.

Once these candidates with poor prognosis have been eliminated from
the pool of embryos/blastocysts considered for transfer those concepti
should be chosen which follow a specific time line of preimplantation devel-
opment (Fig. 1) but also combine as many positive predictors as possible.

By doing so, routine single embryo transfer will become a feasible
objective. This would definitely help to reduce multiple pregnancy and mal-
formation rates, the ultimate goals of assisted reproductive technologies.
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INTRODUCTION

The success of clinical IVF was initially compromised by sub-optimal cul-
ture conditions, resulting in impaired embryo development (1–6) and a
subsequent loss of viability. However, research during the past 10–15 years
has resulted in the development of more physiological and effective culture
media capable of maintaining the viability of the developing embryo (7–10).
This in turn has resulted in an increase in implantation rates and a decrease
in the number of pregnancies lost. Furthermore, more suitable culture
conditions produce embryos more able to survive cryopreservation (11).
Therefore, improvements in embryo culture technology have significantly
contributed to the increase in the overall success rates of human assisted
conception.

In this chapter, the role of embryo culture systems and their individual
components are analyzed along with the more recent development of multi-
step culture systems. It is envisaged that, after reading such work on embryo
culture, readers will be able to make informed decisions on the type
of culture system most suited for their clinical requirements.
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Types of Media for Embryo Culture

Culture media employed for clinical IVF vary greatly in their composition,
yet there appears to be little difference between media in their ability to sup-
port development of the human embryo in vitro for up to 48 hours or in
subsequent pregnancy rates after transfer (12). This has led to a great deal
of confusion concerning the formulation of embryo culture media and the
role of individual components in embryo development. An understanding
of the role of culture media and their components has been hampered by
the routine inclusion of serum in human embryo culture media. Serum
has the ability to both mask potential embryo toxins and suppress the ben-
eficial effects of other medium components. In light of this, there has been
considerable research into the development of serum-free embryo culture
media. Such studies have been invaluable in our understanding of the
embryo’s requirements during the preimplantation period.

Media used to culture the mammalian preimplantation embryo gener-
ally fall into one of four types.

Simple Salt Solutions with Added Energy Substrates

These media were originally formulated to support the development of
zygotes from certain inbred strains of mice and their F1 hybrids (13). Exam-
ples of this type of media used in clinical IVF are M16 (14), T6 (14), Earle’s
(15), CZB (16), and KSOM (17). Derived from such types of media were
human tubal fluid (HTF) medium (18,19), and P1 (20). As shown in Table 1
(21–25), there has been little change in the formulation of these media over
the past 30 years. Such ‘‘simple’’ media are usually supplemented with either
whole serum or serum albumin, and are used for the cleavage stage embryo
only, i.e., pronucleate oocyte to the 8-cell stage.

Complex Tissue Culture Media

These media are commercially available and are designed to support the
growth of somatic cells in culture, e.g., Ham’s F-10 (Table 2) (26). Such
media are far more complex, containing amino acids, vitamins, nucleic
acid precursors, and transitional metals, and are usually supplemented with
5–20% serum. Importantly, such media were not formulated with the speci-
fic needs of the human embryo in mind, and they contain components which
are now known to be detrimental to the developing embryo.

Simplex Optimized Media

This approach to formulate culture media depended on a computer program
to generate successive media formulations based on the response of mouse
embryos in culture (24,25). Once a specific medium was formulated, tested,
and blastocyst development analyzed, the computer program would then
generate several more media formulations for use in the next series of
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Table 2 Composition of Ham’s F-10 Medium

Component Concentration (mM)

NaCl 126.60
KCl 3.82
MgSO4�7H2O 0.62
Na2HPO4 1.31
KH2PO4 0.61
NaHCO3 14.28
CaCl2�2H2O 0.30
CuSO4�5H2O 0.00001
FeSO4�7H2O 0.0030
ZnSO4�7H2O 0.0001
Phenol Red 0.034

Sodium Pyruvate 1.00
Calcium Lactate 1.00
Glucose 6.11

Alanine 0.10
Arginine 1.21
Asparagine 0.11
Aspartic acid 0.10
Cysteine 0.26
Glutamate 0.1
Glutamine 1.0
Glycine 0.1
Histidine 0.14
Isoleucine 0.02
Leucine 0.10
Lysine 0.20
Methionine 0.03
Phenylalanine 0.03
Proline 0.10
Serine 0.10
Threonine 0.03
Tryptophan 0.003
Tyrosine 0.12
Valine 0.03
Biotin 0.0001
Ca pantothenate 0.0015
Choline chloride 0.005
Cyanocobalamine 0.001
Folic acid 0.003
Inositol 0.003
Nicotinamide 0.005
Pyridoxine 0.001

(Continued )
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cultures. This procedure was performed several times to generate media that
supported high rates of blastocyst development of embryos derived from the
oocytes of outbred mice (CF1) crossed with the sperm of an F1 hybrid male,
and were termed SOM and KSOM. Such media were subsequently modified
by another laboratory to include amino acids (KSOMAA) (27). This last
phase of medium development was based on previous studies on the mouse
embryo (28) and did not involve the simplex procedure. This single medium
formulation, KSOMAA, has been used to produce human blastocysts in
culture (29). In such types of media, the embryo therefore has to adapt to
its surroundings as it develops and differentiates.

Sequential Media

The approach taken in our laboratory has not only been to learn from the
environment to which embryos are exposed in vivo (23,30), but also to study
the physiology and metabolism of the embryo in culture, in order to deter-
mine what causes intracellular stress to the embryo (7,9,31–36). By being
able to identify and monitor such stress, we have been able to develop stage
specific culture media that substantially reduce culture-induced trauma. The
development and characterization of such sequential media has been pub-
lished in detail elsewhere (37–39).

Examples of sequential media include G1/G2 (Table 3) (37,40,41),
universal IVF medium and M3 (42), and P1 together with blastocyst
medium (43). Interestingly, medium M3 is a modification of Ham’s F-10
and F-12, while blastocyst medium is a mosdification of Ham’s F-10.

COMPOSITION OF EMBRYO CULTURE MEDIA

The composition of embryo culture systems can be broken down into the
following components:

� Water
� Ions

Table 2 Composition of Ham’s F-10 Medium (Continued )

Component Concentration (mM)

Riboflavin 0.001
Thiamine 0.003

Hypoxanthine 0.03
Lipoic acid 0.001
Thymidine 3.00

Note: Penicillin present at 100 U/mL. Streptomycin present at

50 mg/mL. Modifications as per the Center for Reproductive Medicine.
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Table 3 Composition of a Sequential Medium

Concentration (mM)

Component G1.2 G2.2

NaCl 90.08 90.08

KCl 5.5 5.5

Na2HPO4 0.25 0.25

MgSO4�7H2O 1.0 1.0

CaCl2�2H2O 1.8 1.8

NaHCO3 25.0 25.0

Sodium pyruvate 0.32 0.10

Sodium lactate (L) 10.5 5.87

Glucose 0.5 3.15

Alanine 0.1 0.1

Aspartic acid 0.1 0.1

Asparagine 0.1 0.1

Arginine — 0.6

Cystine — 0.1

Glutamate 0.1 0.1

Alanyl-glutamine 1.0 0.5

Glycine 0.1 0.1

Histidine — 0.2

Isoleucine — 0.4

Leucine — 0.4

Lysine — 0.4

Methionine — 0.1

Phenylalanine — 0.2

Proline 0.1 0.1

Serine 0.1 0.1

Taurine 0.1 —

Threonine — 0.4

Tryptophan — 0.05

Tyrosine — 0.2

Valine — 0.4

Choline chloride — 0.0072

Folic acid — 0.0023

Inositol — 0.01

Nicotinamide — 0.0082

Pantothenate — 0.0042

Pyridoxal — 0.0049

Riboflavin — 0.00027

Thiamine — 0.00296

EDTA 0.01 0.00

HSA 5 mg/mL 5 mg/mL

Penicillin present at 100 U/mL.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; HSA: human serum albumin.

Source: From Ref. 40.
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� Carbohydrates
� Amino Acids
� Vitamins
� Nucleic Acid Precursors
� Chelators
� Antioxidants
� Antibiotics
� Protein/macromolecules
� Hormones and growth factors
� Buffer system

The role of each component on embryo development in culture, with
focus on the pre- and post-compaction stages, will be discussed in turn.

Water

Water is the major component of any medium, making up around 99% of
the contents. The source and purity of water used for media preparation
is, therefore, a major factor in assuring the quality of media. The ability
of embryos to develop in culture is positively correlated to water quality.
Whittingham (14) demonstrated that the development of 2-cell mouse
embryos to the blastocyst in culture was enhanced when the media was pre-
pared using triple distilled water as opposed to double or single distilled
water. However, the process of distillation has inherent problems due to
the possible leaching of ions and pyrogens from the glassware. A more
reliable water purification system is ultrafiltration, which produces pyro-
gen-free water with a resistance >18 megOhms. Depending upon the local
water source however, it may be required to distill or pre-filter the original
supply before processing. An alternative to in-house water preparation is
commercially available high quality water, which should come endotoxin-
tested and contain endotoxin levels less than 0.1 IU/mL.

Ions

The ionic basis of culture media used for clinical IVF varies markedly
(Table 4). Surprisingly, relatively little is known about the role of ions dur-
ing preimplantation embryo development. The ionic composition of oviduct
fluid from the human and mouse has been sampled by micropuncture and
analyzed using an electron probe (Table 4) (30,44–46). Mammalian oviduct
fluid is characterized by high potassium and chloride concentrations and a
high overall osmolality (44,45). Interestingly, high osmolality balanced salt
solutions with added carbohydrates as energy sources do not support high
levels of embryo development in vitro (47,48).

Optimization of the ionic component of media has been compounded by
the ability of embryos from certain strains of mice to develop apparently nor-
mally in culture to the blastocyst stage in a wide range of ion concentrations.
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However, the suitability of using in vitro development to the blastocyst stage
as the sole criterion for assessing the suitability or otherwise of a culture
medium is highly questionable (49,50). The only true test of a medium’s
suitability is to transfer embryos to recipient females and quantify fetal
development. Unfortunately, however, there is relatively little information
available regarding embryo viability in animal models, and so almost all data
has come from in vitro studies. Wales (51) used the development of 2-cell
mouse embryos to the blastocyst in order to determine the range of ion con-
centrations capable of supporting development in vitro. Embryos formed
blastocysts in medium with a potassium concentration ranging between
0.4 and 48 mM, a magnesium concentration between 0 mM and 9.6 mM, a
calcium concentration between 0.1 mM and 10.2 mM, and a phosphate con-
centration between 0 mM and 7.2 mM, with a narrow range of optima for
all ions. Studies on the hamster have also shown that the first cleavage and
development of 2-cell embryos to the blastocyst occur in a wide range of
sodium, magnesium, calcium, and potassium concentrations (52,53). Unfor-
tunately, it is difficult to interpret the effects of individual ions on embryo
development and viability, as there are many subtle interactions which exist
between ions, carbohydrates, and amino acids (see below).

High potassium levels in culture media have been reported to have a
beneficial effect on sperm capacitation (54) and embryo development in
vitro (51,55,56). However, there is conflicting data on the positive effects
of potassium on embryo development (49,57,58). The interaction of ions
with other medium components must therefore be taken into account.

High concentrations of NaCl (125 mM) in culture media are detri-
mental to mouse embryo development to the blastocyst in vitro (17,48).
Reducing the sodium chloride concentration to 85 mM in the medium
increases the rates of both mRNA (27) and protein (59) synthesis of cleavage
stage mouse embryos in vitro.

Studies on the effect of magnesium and calcium in the medium for the
development of 2-cell mouse embryos in culture determined that magnesium
was not essential for development to the blastocyst stage; however, calcium
is essential for embryos to undergo compaction in vitro (51,60). More
recently, the effects of extracellular magnesium and calcium levels on the
ability of early embryos to regulate intracellular homeostasis have been
examined. Early hamster embryos up to six hours following fertilization
have a reduced ability to regulate intracellular calcium levels. This is exacer-
bated by low magnesium:calcium ratios in the medium (61,62). This reduced
ability of embryos to regulate ionic homeostasis is directly related to the loss
in viability (62) and increased calcium mobilization is reported to alter levels
of gene expression (63). Interestingly, the appearance of the appropriate
transporter systems in the hamster embryo correlates with the dispersion
of the cumulus cells, i.e., prior to this time the cumulus cells may have a pro-
tective action. Therefore, the premature removal of cumulus cells in an ICSI
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procedure may render the oocyte susceptible to ionic stress. The ionic com-
position of the culture medium is an important consideration as external ion
concentrations can have a profound effect on intracellular ion levels, and
therefore the regulation of normal cellular processes.

There has been much discussion in the literature in recent years regard-
ing the rationale of phosphate inclusion in embryo culture medium. In a
simple culture medium containing glucose such as HTF or Earle’s balanced
salts, the presence of phosphate resulted in retarded human embryo devel-
opment (19). Interestingly, phosphate is only inhibitory (with the exception
of the hamster 2-cell embryo) in the presence of glucose, the mechanism of
which is discussed in detail below. However, when phosphate is present in
more physiologically defined media, i.e., in the presence of specific amino
acids, it does not have an inhibitory effect. Such observations are consistent
with phosphate being present in the fluids of the human female reproductive
tract (44), confirming the artifactual nature of phosphate’s detrimental
effects in culture. Furthermore, it is consistent that at later stages of devel-
opment, when the cells of the embryo begin to take on a more somatic cell
like physiology, phosphate is beneficial (64).

Further to their specific functions, the ions in any medium make the larg-
est single contribution to osmotic pressure. The optimal osmolality for the
development of human embryos in culture has not been determined. However,
mouse (65) and hamster (52) embryos will develop in a wide range of osmolal-
ities (200–350 mOsm). Although conventional embryo culture media has an
osmolality of between 275 and 295 mOsm, enhanced development of mouse
embryos appears to occur at reduced osmolalities (13,17). Again, however,
it is important to note that such studies were performed using simple embryo
culture media, i.e., balanced salt solutions, in the absence of amino acids. It is
now evident that the inclusion of osmolytes, such as betaine, or specific amino
acids, such as glycine, in the culture medium can reduce any osmotic stress
(35,36,47,48,66,67), thereby allowing apparently normal embryo development
to occur over a wider range of osmotic pressures and ion concentrations.

Carbohydrates

Carbohydrates are present within the luminal fluids of the female repro-
ductive tract. Their levels vary both between the oviduct and uterus and
within the cycle (30,68). Therefore, the developing embryo is exposed to gra-
dients of carbohydrates as it develops (Table 4). Together with amino acids,
carbohydrates are the main energy substrates for the embryo. Most embryo
culture media contain the carbohydrates pyruvate, lactate, and glucose. If
one or more of these nutrients are absent from the medium formulation,
then they are frequently added in low concentrations when serum is used
to supplement the media. Furthermore, the cumulus cells surrounding the
oocyte and early embryo readily produce both pyruvate and lactate from
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glucose (23,30,69). The levels of carbohydrates in the fluid of the mam-
malian female tract and a variety of culture media are presented in Table 4.

The precise substrate requirements for the human embryo have yet to
be fully elucidated. However, analysis of carbohydrate uptakes in vitro has
revealed that the human embryo has an initial preference for pyruvate
(70–73), whilst glucose uptake increases with development (71,72,74). Such
data indicate that glucose is not utilized as a major energy source by the
early embryo. This pattern of carbohydrate utilization has been reported
for other mammalian species. Mouse and sheep oocytes and zygotes take
up little glucose compared to pyruvate. Around the time of compaction
there is a switch in carbohydrate uptake and metabolism (75–77). Such stud-
ies on nutrient uptake reflect the findings of earlier culture experiments
which found that the mouse oocyte and zygote exhibit an absolute require-
ment for pyruvate as an energy source (78). The omission of pyruvate from
the medium for the development of the human embryo results in 84% of
embryos arresting development at, or prior to, the 8-cell stage. Pyruvate
as the sole energy substrate is also able to support the development of
human zygotes to the blastocyst stage (79). It has, therefore, become dogma
over the years that the first cleavage division of the mouse embryo is depen-
dent upon the presence of pyruvate in the culture medium (78). However,
recent research has shown that in the presence of aspartate and lactate, there
exists sufficient activity of the malate–aspartate shuttle in the embryo’s
mitochondria to overcome this dependence on pyruvate. Indeed, viable
mouse blastocysts can be obtained from zygotes cultured in the complete
absence of pyruvate (80).

Interestingly in the mouse embryo, lactate can be utilized as an energy
source from the 2-cell stage and acts synergistically with pyruvate (81). There
have been conflicting studies on the optimal concentration of lactate in the cul-
ture medium to support mouse embryo development to the blastocyst stage.
Cross and Brinster (81) reported that a lactate concentration of 30 mM is opti-
mal to support zygote development to the blastocyst, while other studies have
reported 10 mM to be optimal (82,83). A subsequent study showed that mouse
zygotes cultured to the 8-cell stage in the presence of high lactate concentration
(20 mM) were more viable than embryos cultured in a low lactate (4.79 mM)
concentration (49). However, when the culture period was extended to the
morula stage prior to transfer, the reverse was true with viability increased
by culture in lower lactate. Significantly, the regulation of metabolism of these
carboxylic acids changes with development, which highlights the physiological
differences between the zygote and blastocyst stages (34).

An important point to note is that, in almost all embryo culture media,
lactate is present as a 50:50 mixture of both the D- and L-isomer in
sodium lactate syrup. As only the L-isomer is biologically active, the effec-
tive lactate concentration in embryo culture media is half of that given in
the formulation. Lactate is a weak acid which readily enters the embryo
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and at concentrations of 5 mM or greater induces a significant drop in intra-
cellular pH (84). Therefore, it is recommended that sodium lactate salt be
used in culture medium preparation in order to avoid the presence of excess
lactate present as the D-isomer which, although not biologically active, can
still induce a fall in pHi and therefore affect cellular physiology.

Glucose as the sole substrate cannot support mouse embryo develop-
ment prior to the late 4-/early 8-cell stage (22,85). This inability to utilize
glucose as an energy source during the first three cell cycles has been attrib-
uted to a blockade in glycolysis (86–88). Studies on the mouse (16), hamster
(89), sheep (90), cattle (91–93), and human (19,79) have all demonstrated
that glucose in the presence of phosphate is responsible for the retardation
or developmental arrest of cleavage stage embryos in culture. This has been
attributed to the premature stimulation of glycolysis, a phenomenon similar
to the Crabtree effect (7,94–98). The Crabtree effect, as described in tumor
cells in culture, depends on the continued activity of hexokinase in the pres-
ence of increasing product, glucose-6-phosphate. The isozyme of hexokinase
present in these cells must, therefore, be a form of the enzyme that is not
completely inhibited by glucose-6-phosphate. Kinetic analysis of hexokinase
in preimplantation mouse embryos indicates that there is a switch from iso-
zyme I at the zygote to isozyme II at the blastocyst stage (99). Indeed, these
two isoforms have differing sensitivities to phosphate, with the inhibition of
isozyme I by glucose-6-phosphate being overcome by phosphate (100). It is
possible that the differences in the ability to regulate metabolism in culture
media lacking amino acids by the early cleavage stage embryo and the
blastocyst stage may be due to differences in the isozyme of glycolytic
enzymes, such as hexokinase (7). Utilization of glycolysis is at the expense
of oxidative metabolism and could result in impaired energy production
(94). However, this inhibition of glucose can be alleviated by the inclusion
of amino acids (38,96,101,102), EDTA (7,103), and vitamins (32), highlight-
ing the interactions which exist between medium components and the
potential hazards of using simple salt solutions for embryo culture. In light
of the potential toxicity of glucose in such media as HTF, it has been advo-
cated to remove it from embryo culture media (19,20,104). Such a course of
action may work for the culture of the cleavage stage embryo, but the
removal of glucose from medium used for blastocyst culture results in a sig-
nificant reduction in subsequent fetal development, highlighting its intrinsic
role in the development of a viable embryo (105,106). Indeed, the removal of
glucose from a culture medium can be considered as alleviating a culture-
induced artifact by the introduction of a second artifact, i.e., the removal
of glucose from the culture medium when it is present in both oviduct
and uterine fluids (30), and when the oocyte and embryo have a specific car-
rier for this hexose (107–110). The reasons for the inclusion of glucose in
embryo culture media are, therefore, not only is it required for energy pro-
duction but it is also essential for biosynthesis. The metabolism of glucose
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through the pentose phosphate pathway not only generates NADPH
required for lipid/membrane biosynthesis, but generates ribose moieties
for nucleic acid and triacylglycerol biosynthesis. Furthermore, at the time
of implantation, the environment around the blastocyst is relatively anoxic
(111,112). This means that glycolysis may well be the only means of
generating energy before angiogenesis in the endometrium is complete
(98,113). A source of glucose for glycolysis could be the embryo’s own gly-
cogen stores. Should the embryo have prematurely used such glucose stores
during development because there was no glucose present in the culture
medium, then the embryo will have a reduced ability to implant. Indeed,
mouse blastocysts in culture which exhibit excessive lactate production from
their endogenous energy reserves have a significantly reduced developmental
potential after transfer (114).

Interestingly, glucose is used by sperm and is therefore often present in
the insemination medium. However, in all likelihood the oocyte and early
zygote are not exposed to high glucose levels as the surrounding cumulus
cells readily metabolize it to pyruvate and lactate (30).

In conclusion, the preimplantation embryo undergoes a switch in
carbohydrate utilization during development. Initially pyruvate and actate
are the preferred nutrients, with glucose utilization significantly increasing
post-compaction. Such changes in utilization mirror the availability of car-
bohydrates within the female tract. Pyruvate and lactate are at their highest
concentration within the human fallopian tube, while glucose is at its lowest
level. In contrast, within the uterus, pyruvate and lactate concentrations are
at their lowest and glucose at its highest (Table 4) (30), with the presence of
glucose ensuring the viability of the developing blastocyst.

Amino Acids

Oviduct and uterine fluids contain significant levels of free amino acids
(23,115–118). Oocytes and embryos possess specific transport systems for
amino acids (119) and maintain an endogenous pool of amino acids (120).
Indeed, amino acids are readily taken up and metabolized by the embryo
(121,122). Such data support the notion that amino acids have a physiologi-
cal role in the pre- and peri-implantation period of mammalian embryo
development.

Oviduct and uterine fluids are characterized by high concentrations of
the amino acids alanine, aspartate, glutamate, glycine, serine, and taurine
(116–118). With the exception of taurine, the amino acids at high concentra-
tions in oviduct fluid bear a striking homology to those amino acids present
in Eagle’s (Table 5) (123) non-essential amino acids. Analysis of human and
mouse oviduct fluids have also demonstrated that there are significant levels
of glutamine present (Table 4). Studies on the embryos of several mam-
malian species, such as mouse (28,105,124,125), hamster (8,66,126,127),
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sheep (102,128), and cows (37,91), have all demonstrated that the inclusion
of specific amino acids in the culture medium enhances embryo development
to the blastocyst stage. In the mouse embryo it has been determined that
inclusion of non-essential amino acids and glutamine in the medium signifi-
cantly increases the rate of zygote development to the blastocyst in culture,
and indeed can alleviate the 2-cell block (105). Non-essential amino acids
and glutamine stimulate cleavage rates (28,129,130), blastocyst formation
and hatching of cultured mouse embryos (Table 6) (28,50,130). Significantly,
the inclusion of amino acids in the culture medium is associated with the
production of mouse blastocysts in vitro at the same time as they would
form in vivo (40,131). It has been demonstrated that even a transient
exposure (<5 minute) of mouse zygotes to medium lacking amino acids
impairs subsequent developmental potential (Fig. 1) (105). It has subse-
quently been shown that during this 5 minute period in a simple medium
lacking amino acids, the embryo loses its entire endogenous pool, which
takes several hours of active transport to replenish after returning the

Table 5 Composition of Eagle’s Amino Acids (mM)

Non-essential
Alanine 0.1
Asparagine 0.1
Aspartate 0.1
Glycine 0.1
Glutamate 0.1
Proline 0.1
Serine 0.1

Essential
Arginine 0.6
Cystine 0.1
Glutamine 2.0a

Histidine 0.2
Isoleucine 0.4
Leucine 0.4
Lysine 0.4
Methionine 0.1
Phenylalanine 0.2
Threonine 0.4
Tryptophan 0.05
Tyrosine 0.2
Valine 0.4

aGlutamine is frequently used at a concentration of 0.5–1 mM

in embryo culture.

Source: From Ref. 123.
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embryo to medium with amino acids (Baltz JM. Personal Communications.
1998). This has implications for the collection of oocytes, and more impor-
tantly the manipulation of denuded oocytes during ICSI, where plausibly
the inclusion of amino acids in the holding medium will decrease or prevent

Table 6 Effect of Amino Acids on Development of Mouse Zygotes Cultured for 72
hours

Stage of development reached (%)

Amino acids <Morula Morula
Early

blastocyst
Expanded
blastocyst

Hatching
blastocyst

Total
blastocyst

None 0 78a 22 0 0 22a

Non-essential 6 6a,b 18 36 34 88a,b

Essential 8 70b 18 4 0 22b

Note: Base medium was modified mouse tubal fluid medium.
a, bLike pairs are significantly different: P< 0.01.

Source: From Ref. 28.

Figure 1 Effect of collection of CF1 mouse zygotes in medium without amino acids on
subsequent development. Zygotes were collected in medium either containing non-
essential amino acids and glutamine or in the same medium without the amino acids.
Embryos were in the collection medium for less than five minutes. Solid bars represent
morula/blastocyst development. Open bars represent blastocyst development. Shaded
bars represent blastocyst hatching. �Significantly reduced compared to collection with
amino acids (P< 0.05). Source: From Ref. 105.
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intracellular stress. Furthermore, it highlights the significant physiological
role of cumulus cells preventing homeostatic stress in vitro.

While addition of non-essential amino acids to the culture medium
increased cell numbers at the blastocyst stage, the increase in cleavage
rate was attributed solely to an increase in zygote cleavage rate up to the
8-cell stage (50,129,130). After compaction, non-essential amino acids and
glutamine stimulate cleavage of the trophectoderm and increase blastocoel
formation and hatching (50). In contrast, essential amino acids which are
at low concentrations in the oviduct reduce the cell number of blastocysts
from cultured zygotes (28,50). This inhibition of development can be attrib-
uted to the negative effect of essential amino acids at the concentration
present in tissue culture media during the first four cell cycles of develop-
ment (132). Interestingly however, after the 8-cell stage essential amino acids
stimulate cleavage rates and increase development of the inner cell mass
(ICM) in the blastocyst (50). Studies on the development of single amino
acids on hamster embryos by Bavister and co-workers (66,127,133) found
that asparagine, aspartate, glycine, histidine, serine and taurine stimulated
hamster zygote development to the blastocyst in culture, whilst cysteine, iso-
leucine, leucine, phenylalanine, threonine, and valine were inhibitory. All
the inhibitory amino acids are present in Eagle’s essential amino acids,
whilst the stimulatory amino acids to hamster embryo development other
than histidine are found in Eagle’s non-essential amino acids (Table 5). Ev-
idently, the term essential and non-essential have little meaning with regard
to embryology, they have served as convenient groupings in the initial analy-
sis of amino acids (28). Other terms, such as ‘‘cleavage amino acids’’ and
‘‘ICM amino acids’’ may be functionally more relevant (134). As research
progresses, other amino acids may be added to such groupings.

The beneficial effects of Eagle’s non-essential amino acids and gluta-
mine on early embryo development have been proposed to come from their
use not solely as energy substrates, but rather as intracellular osmolytes
(47,67,135) and regulators of intracellular pH (31). The use of amino acids
as intracellular regulators is common amongst unicellular organisms and
their use by the pre-compacted embryo may well stem from the simplistic
organization of individual cells within the embryo. Prior to compaction,
each cell is in direct contact with the external medium, while in post-com-
paction the embryo has a transporting epithelium and can therefore actively
regulate its internal environment. In support of this hypothesis is the
observation that the beneficial effects of betaine and glycine in medium
containing a high sodium concentration is restricted to stages prior to com-
paction (35). Furthermore, it has been demonstrated that the formation of a
transporting epithelium at compaction marks the ability of the embryo to
regulate against an acid load (31).

Most importantly, amino acids have been reported to increase viability
of cultured embryos from several species after transfer to recipients
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(37,49,102,136,137) as well as increasing embryo development in culture.
In the mouse, culture with those amino acids present at high levels in the
oviduct to the 6–8 cell stage prior to transfer significantly increased implan-
tation rates and fetal development after transfer (130). In contrast, embryos
cultured to the morula or blastocyst stage prior to transfer had greatest fetal
development rates after culture with all 20 amino acids, confirming that the
pre-implantation embryo undergoes a switch in amino acid requirements as
development proceeds from the zygote to the blastocyst stage. Furthermore,
mouse zygotes cultured to the blastocyst stage in the appropriate sequential
media are able to implant at equivalent rates to in vivo developed blasto-
cysts (40,50,131).

Such data therefore supports the notion that amino acids should be
included in human embryo culture media. Indeed, recently it has been
demonstrated that the addition of glutamine to a simple culture medium sig-
nificantly increases the development of human blastocysts in culture and
subsequent pregnancy rates (138). It is also evident that optimal develop-
ment in culture requires the presence of different groups of amino acids.
To this end, sequential media designed to support the development of the
human blastocyst in culture, G1 (pre-compaction) (37) and G2 (post-
compaction) (40) use the amino acids that stimulate cleavage stages for
development prior to compaction, and includes all of the amino acids that
stimulate blastocyst formation and ICM development for development post-
compaction (37,40).

Ammonium

Research on the role of amino acids in mammalian embryo development is
very exciting. However, there is a negative effect associated with the use of
amino acids in culture, which acts as a timely reminder that one is dealing
with artificial conditions which are not identical to those in the female tract.
The following ‘‘Catch 22’’ is in no way an isolated example of the problems
that are encountered in embryo culture. Within the female tract’s, changing
environment the embryo is exposed to a constantly which is altered by the
transporting epithelial cells lining the tract. The problem with amino acids
in culture media is that although they do regulate embryo development, they
are both metabolized by embryos to produce ammonia and more impor-
tantly they spontaneously breakdown at 37�C and release ammonia
(Fig. 2). This results in the build up of embryo-toxic ammonium ions in
the medium, a phenomenon which does not occur within the dynamic
environment of the tract, as levels of ammonium are close to zero in oviduct
fluid (116,139,140). Ammonium ions in the medium can not only alter
embryo differentiation, metabolism, and gene expression in vitro (141,142),
but also significantly reduce implantation and fetal development rates after
transfer (130). Furthermore, in the mouse a significant proportion of fetuses
resulting from embryos cultured in the presence of toxic concentrations of
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ammonium exhibited the birth defect exencephaly (130,143). Of all amino
acids, glutamine is the most labile. The substitution of this amino acid with
the more stable alanyl-glutamine, significantly reduces the generation of
ammonium in the culture medium. The detrimental effects of ammonium
on embryo development in vitro and in vivo after transfer can be alleviated
by the renewal of the culture medium after 48 hours of culture. Therefore, if
amino acids are included in the culture medium formulation, it is imperative
that media is not stored at 37�C and that the culture period does not extend
beyond 48 hours before embryos are transferred to fresh medium, because
birth defects can still be induced by the prolonged exposure of embryos to
amino acids, even in the absence of glutamine (144). Significantly, it has
now been reported that increasing concentrations of ammonium in the cul-
ture medium have a negative impact on human blastocyst development (145).

Vitamins

Although vitamins are present in complex media formulations, their effects
on embryo development remain largely unknown. while both human
(146,147) and mouse zygotes (13) will form blastocysts in culture in the
absence of vitamins, the rabbit blastocyst requires vitamins for blastocoel

Figure 2 Ammonium production in culture media incubated at 37�C. Levels of
ammonium production were examined in medium without amino acids (closed trian-
gles), medium containing amino acids (open circles), and in culture medium containing
amino acids and mouse embryos (closed circles). There was no detectable ammonium
production in the medium without amino acids. Ammonium production increased
linearly over time in the media containing amino acids. The level of ammonium
production was increased further when the embryos were also in the culture drop.
Source: From Ref. 28.
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expansion (148). However, Kane (148) found that B12, one of the vitamins
present in the tissue culture medium Ham’s F-10, caused a decrease in
blastocyst expansion. Furthermore, a distinction should be made between
the type of blastocyst formed by the rabbit compared to that of the human
and mouse. The rabbit blastocyst undergoes prolific expansion, whilst the
volume of the human and mouse blastocyst are only slightly larger than that
of the oocyte. In the mouse, culture of zygotes to the blastocyst stage has
been shown to be inhibited by the water-soluble vitamins present in both
Ham’s F-10 medium and MEM (149). Specifically, nicotinamide inhibited
blastocyst cell number in vitro and reduced viability after transfer (149).
Interestingly, however, the vitamins present in MEM had no detrimental
effect on mouse zygote development to the blastocyst stage when amino
acids were also present (49). These data further highlight the interactions
that exist between various medium components. Importantly, vitamins
and amino acids act in synergy to prevent perturbations in metabolism
and loss of viability induced by sub-optimal culture conditions (Fig. 3)
(7,32). As B-group vitamins are an integral part of carbohydrate and amino
acid metabolism, certain vitamins may therefore have an important role to
play in embryo development especially in the presence of amino acids. At
present their function in human embryo development remains unclear, but

Figure 3 Effect of amino acids and vitamins on blastocyst metabolism. Mouse blas-
tocysts developed in vivo have a low level of aerobic glycolysis. Culture for 6 hr in a
simple medium lacking amino acids and vitamins (mMTF) results in an abnormal
increase in glycolysis that is associated with reduced viability. Addition of amino
acids or vitamins to the medium reduces this perturbation in metabolism. Amino
acids and vitamins act in synergy to further reduce this increase in glycolysis. Note:
a–cDifferent superscripts are significantly different (P< 0.05). �Significantly different
to all culture treatments. Source: From Ref. 32.

Embryo Culture Systems 239



a role in maintaining adequate levels of oxidation and subsequently blasto-
cyst expansion and/or hatching cannot be excluded.

Nucleic Acid Precursors

The development of human and mouse zygotes to blastocysts in culture does
not require the presence of nucleic acid precursors in the medium, although
mouse embryos can incorporate exogenous radiolabeled nucleosides into
their RNA and DNA (2). The ability of embryos to grow in the absence
of nucleosides indicates that de novo pathways of nucleic acid synthesis
are active at this stage. Loutradis et al. (150) observed that hypoxanthine,
present in Ham’s F-10, induced a block in mouse embryo development at
the 2-cell stage in vitro. Hypoxanthine is thought to inhibit the purine
salvage pathway (151). Ham’s F-10 without hypoxanthine is available com-
mercially. Subsequent studies have revealed that both adenosine and inosine
are also detrimental to the development of mouse embryos after the first
cleavage division (152). Without further research into the role of nucleotides
in embryo development, their omission from embryo culture media formula-
tions would seem advisable.

Chelators

The addition of chelators of heavy metal ions to culture media has been
reported to enhance the development of pre-implantation embryos in vitro.
Addition of EDTA to the culture media increases the development of mouse
zygotes beyond the 2-cell stage and increases development to the blastocyst
stage (16,24,105,153,154). However, the stimulatory effect of EDTA was
only evident at concentrations between 10 mM and 150 mM, whereas a con-
centration of 200 mM inhibited development to the blastocyst (155). A recent
report on the human embryo showed that the inclusion of EDTA to medium
HTF without glucose and phosphate significantly increased the develop-
ment of zygotes to the blastocyst stage in vitro (19). In light of these studies
many new media formulated for the development of mammalian embryos in
culture such as CZB (16), KSOM (17,25,56), G1 (37), and mHTF (19) now
contain EDTA. A commercially available medium supplement, SSR2 from
MediCult contains a chelation system of 4.3 mM EDTA together with 40 mM
citrate, which appears to be a suitable chelation system based upon the sta-
bility of the iron chelates formed (156).

The beneficial effect of EDTA on embryo development in vitro has
been isolated to the cleavage stage embryo (103,105,157). The presence of
EDTA in the medium after compaction significantly reduces fetal devel-
opment after transfer (38,105). It is therefore apparent that whilst EDTA
stimulates development prior to compaction, the presence of EDTA for
blastocyst development compromises the subsequent developmental com-
petence of the embryos. Furthermore, in the cow, the presence of 100 mM
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EDTA in the culture medium for development post-compaction specifically
retarded development of the ICM (158). Interestingly, the ICM is dependent
upon glycolysis for its energy production (159). Therefore, the detrimental
effect of EDTA on ICM development may be explained by altered ICM
energy production resulting in reduced fetal development, as ICM develop-
ment is directly related with fetal development after blastocyst transfer (50).
As analysis of the glycolytic enzyme 3-phosphoglycerate kinase in 2-cell, 8-cell
and blastocyst stage embryos revealed that enzyme activity was significantly
reduced by 10mM EDTA as well as by 100mM EDTA, it would better to err
on the side of caution and not expose blastocysts to EDTA (103).

Another chelator of free metal ions, transferrin, has also been demon-
strated to increase development of mouse zygotes through the 2-cell block to
the blastocyst stage (160,161). It is proposed that transferrin increases
embryo development by the chelation of ferric ion, thus preventing the for-
mation of free oxygen radicals in the culture medium which cause oxidative
stress to the embryo. However, it has been shown that in a medium contain-
ing EDTA and non-essential amino acids and glutamine, the inclusion of
transferrin did not increase mouse embryo development to the blastocyst
stage (105). Therefore in the presence of EDTA and amino acids, transferrin
may not be essential.

Antioxidants

It has been proposed that one of the causes for the retarded development
of preimplantation embryos in culture compared to those developed in vivo
is oxidative stress. Potential sources of such stress include the use of high
oxygen tension (i.e., 20%), exposure to light, and the presence of transitional
metals in the culture medium (162). Therefore, several studies have
examined the effect of known antioxidants on preimplantation embryo
development, although the data to date remain rather contradictory.
Supplementation of medium with superoxide dismutase (SOD), which dis-
mutases superoxide radicals, increased the development of mouse zygotes
beyond the 2-cell block to the blastocyst stage (163,164). However, several
studies have reported that SOD had no effect on either mouse (165), rabbit
(166) or bovine (167) embryo development in vitro.

Similarly, Legge and Sellens (168) reported that addition of gluta-
thione to the medium stimulated development of mouse zygotes in culture,
whereas Nasr-Esfahani and Johnson (169) reported that the addition of
glutathione to the medium did not increase embryo development in culture.
Glutathione is present in fluid of the reproductive tract and, therefore, may
have a role in embryo development (170). Moreover, the beneficial effects of
the addition of cysteamine to the medium for bovine (171–174) and pig (175)
oocyte development have been attributed to an increase in intracellular glu-
tathione levels (176). Therefore, it is feasible to suggest that the maintenance
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of a high intracellular pool of glutathione may be important for high rates of
development of the oocyte and early embryo.

The conflicting reports as to the benefits of adding antioxidants to cul-
ture media may in part be explained by their use in isolation and not as part of
a more complete antioxidant system. For example, when SOD is present to
dismutase superoxide radicals to hydrogen peroxide, then catalase and/or glu-
tathione may be required to remove the peroxide formed. The presence of
more than one antioxidant may facilitate the cycling of antioxidants back into
the reduced forms. Alternatively, the generation of superoxide radicals will
depend on the medium used for culture. Interestingly, however, it has been
shown that pyruvate present in the culture medium is a powerful antioxidant
(177) and readily decreases intracellular hydrogen peroxide levels within the
embryo (178,179). As pyruvate is present in all media for embryo develop-
ment, by default embryo culture media are supplemented with an antioxidant.
Similarly, the amino acid taurine present in such media as G1 (38,40) and P1
(20), may also serve as an antioxidant (180). Finally, the addition of the water
soluble antioxidant ascorbate has been shown to be highly beneficial when
added to media used in slow freezing of embryos (181). Presumably, the
presence of such an antioxidant is beneficial in reducing the impact of reactive
oxygen intermediates generated during the freezing process.

Antibiotics

Traditionally, antibiotics such as penicillin, streptomycin, or gentamycin
have been routinely included in embryo culture media. However, a recent
study reported improved cleavage rates of human embryos in medium free
of antibiotics, questioning the practice of routinely adding antibiotics to the
culture medium (182). However, it is important to note that the washing of
embryos in medium supplemented with antibiotics can remove any bacterial
contamination (183) and this may be an important consideration for a
clinical setting. In contrast there can be no debate that the inclusion of anti-
biotics in medium for the preparation of sperm is a prerequisite.

Protein/Macromolecules

Historically, the most commonly used protein source in human IVF and
embryo culture was patient’s serum, added to the culture medium at a con-
centration of 5% to 20%. In some programs, fetal cord serum was used in
preference. The use of serum in embryo culture media has several inherent
drawbacks: the considerable expense and time required for its collection and
processing (and screening of the fetal cord serum), the risk of infection to the
laboratory staff, as well as the added stress to the patient. Serum contains many
components which are poorly characterized. Furthermore, proteins in serum
have macromolecules attached, such as hormones, vitamins and fatty acids,
as well as chelated metal ions and pyrogens (184,185). As the concentration
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of such macromolecules and other serum components varies between
patients and even within the menstrual cycle, it makes any comparison between
batches of medium which contain serum almost impossible. Furthermore,
serum from several groups of patients such as those with endometriosis,
PCO or unexplained infertility appears to be embryo-toxic (186–190). There
are several reasons for the elimination of serum from mammalian embryo cul-
ture systems. From a physiological perspective the mammalian embryo is never
exposed to serum in vivo. The fluids of the female reproductive tract are not
simple serum transudates (191), but rather specialized environments for the
development of the embryo (30). Serum can best be considered a pathological
fluid formed by the action of platelets. More disturbing however, is the growing
evidence that serum is detrimental to the developing mammalian preimplanta-
tion embryo in culture. Studies on the embryos of mice, sheep and cattle
have demonstrated that serum in the culture medium induces morphological,
metabolic, genetic and ultrastructural changes in blastocysts cultured
from the zygote stage. The trophectoderm of such blastocysts develops a
vesicular appearance due to the sequestering of lipid in the blastomeres
(37,102,128,192,193).

Furthermore, when ruminant pronucleate embryos were cultured to
the blastocyst stage in the presence of serum they possessed mitochondria
with abnormal folding of the cristae, possibly associated with reduced
oxidative capacity (128,192). Such blastocysts exhibited elevated levels of lac-
tate production, plausibly associated with mitochondrial damage and
impaired oxidative capacity (102). Finally, the inclusion of serum in the cul-
ture medium is associated with the birth of abnormally large lambs after the
transfer of blastocysts to recipient ewes (128,194). Such data is of great con-
cern and the mechanism(s) by which serum imparts such detrimental effects
is the focus of much research. The over expression of certain growth factor
genes in this phenomenon is a plausible mechanism (195–197). For example,
fetal overgrowth in the sheep following embryo culture in the presence of
serum has been associated with a decreased expression of M6P/IGF-IIR
through loss of methylation (196). M6P/IGF-IIR has a role in fetal organo-
genesis. Interestingly, this locus although imprinted in mice, sheep and cows,
is not imprinted in the human (198). Subsequently, this specific absence of
imprinting may mean that the human embryo is less susceptible to epigenetic
disturbances. This may therefore explain why Menezo and colleagues (199)
have not reported any adverse effects in children following blastocyst co-cul-
ture in the presence of serum, but that studies on mice, sheep and cattle have
all revealed long term effects on embryos cultured in the presence of serum.

So why was serum included in human embryo culture media? Undoubt-
edly the main reason for the inclusion of serum in media used in human IVF
is the limited ability of simple salt solutions and tissue culture media to sup-
port embryo development in the absence of serum. In a suboptimal medium
serum can act as a chelator and a buffer to minimize pH fluctuations when

Embryo Culture Systems 243



medium is outside of a CO2 environment. It may serve to supplement simplis-
tic media with known regulators of embryo development such as amino
acids, whereas when added to more complex tissue culture media such as
Ham’s F-10, it may help by binding the embryo toxic transitional metals
present. However, with the development of more physiological embryo cul-
ture media designed to fulfill the changing requirements of the embryo, and
the inclusion of appropriate chelators, the requirement for serum in embryo
culture has been eliminated (37,38,40,46,200). Serum should now reside only
in the annals of embryo culture, and certainly not in the media.

Protein can be added to culture media in the form of serum albumin.
The addition of a macromolecule such as serum albumin prevents gamete
and embryos from becoming ‘‘sticky’’ whereby their surface charges
make them stick to both glass and plastic. Macromolecules, therefore, facili-
tate gamete and embryo manipulation. Furthermore, albumin can negate
the effects of toxins (201). Both human serum albumin (HSA) (46,202–
204) and bovine serum albumin (BSA) (205) have been used successfully
in the culture of human embryos. The use of HSA requires adequate screen-
ing for HIV, hepatitis etc., while the use of animal products in human ART
is no longer acceptable. More recently, several commercially available serum
products have been used to great success in replacing serum in human
embryo culture systems. These range from therapeutic albumin solutions
(202,204,206) to globulin enriched albumin solutions such as Plasmanate
(207), Plasmatein (208) and Synthetic Serum Substitute (SSS) (209–211).
Of the latter products, SSS appears to be the most effective containing
84% HSA and 16% a- and b-globulins with less than 1% c-globulin. It
has been proposed that the glycoprotein components of serum (a- and
b-globulins) have a role in supporting embryo development in culture.
Glycoproteins, which possess numerous hydroxyl groups, may confer bene-
fit to the embryo by altering the solvent properties of the medium, making it
more akin to the tubal environment (208,212). However, there have been no
prospective randomized trials using such supplements.

Although serum albumin is a relatively pure fraction, it is still con-
taminated with fatty acids and other small molecules (213). The latter
includes an embryotrophic factor, which stimulates cleavage and growth
in rabbit morulae and blastocysts. This factor has been determined to be cit-
rate (214). Not only are there significant differences between sources of
serum albumin (215,216), but also between batches from the same source
(215,217). Furthermore, some HSA preparations contain the preservative
sodium caprylate, which binds to the hydrophobic domains of the proteins
and therefore cannot be removed by dialysis (Pool TB. Personal communi-
cation, 1998). The effects of such a preservative on embryo development
have yet to be determined. Therefore when using serum albumin or any
albumin preparation, it is essential for each batch to be screened for its
ability to adequately support embryo development in the mouse prior to
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clinical use. Importantly, recombinant human serum albumin has recently
become available, which eliminates the problems inherent with using blood
derived products, and certainly eliminates variability between lots. The use
of recombinant human albumin has been validated in a prospective random-
ized trial and has been found to be equally as effective as human serum
albumin in supporting IVF, embryo development in vitro, and subsequent
pregnancies (218,219). Furthermore, the inclusion of recombinant human
albumin appears to confer increased cryotolerance to those embryos cul-
tured in its presence (11).

Finally, there is much interest in developing alternative macromole-
cules to serum albumin, thereby facilitating the formulation of more defined
culture media. The synthetic polymer polyvinyl alcohol (PVA) has been
used extensively by Bavister’s laboratory (220), although its effects on post-
implantation development have yet to be fully elucidated in prospective
trials. A major component of oviduct and uterine fluids are glycosaminogly-
cans and proteoglycans. Similar to glycoproteins, glycosaminoglycans and
proteoglycans have the capacity to attract cations such as sodium due to
their high density of negative charges. Therefore these molecules will also
alter the solvent properties of the medium. The glycosaminoglycan hyalur-
onate can substitute for albumin when added to the culture medium and
increase the cryotolerance of embryos (219,221,222). Interestingly, albumin
and hyaluronate act in synergy to further increase mouse blastocyst develop-
ment in culture. The addition of hyaluronate to the culture medium has also
been shown to increase blastocyst development in porcine embryos (223). Of
greatest significance however is the finding that the addition of hyaluronate
to embryo culture medium significantly increases mouse blastocyst implan-
tation and fetal development after transfer (221). Interestingly, this increase
in viability was found to be due to the presence of hyaluronate in the
medium used for transfer (Fig. 4) (221). As the human endometrium and
embryo expresses the receptor for hyaluronate (224), it is plausible that hya-
luronate is involved in the initial phases of blastocyst attachment to the
endometrium. Therefore studies on the role of such glycosaminoglycans in
human embryo development and transfer are warranted.

Hormones and Growth Factors

Although the mouse blastocyst is capable of metabolizing exogenous steroid
hormones (225), there is limited data on the direct action of hormones on
the early embryo (226–229). Certainly, estradiol appears to have a direct
negative impact on mouse embryo development (230,231). However, prolac-
tin at a concentration of 300 ng/mL, has been shown to improve the rate of
blastocyst formation from cultured 2-cell mouse embryos (232). Available
evidence indicates that the effects of maternal hormones on the developing
embryo are mediated through the cells of the reproductive tract (233).
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The role of growth factors in the development of the preimplantation
mammalian embryo has been the subject of intensive research in recent
years resulting in a wealth of literature. Studies on the embryos from several
mammalian species have identified the transcripts for the ligand and/or
receptor for the following: insulin, IGF-I, IGF-II, EGF, TGF-a, TGF-b,
PDGF-A, FGF-4, LIF. These growth factors have been shown to stimulate
either cleavage, amino acid transport, protein synthesis, blastocoel forma-
tion, or ICM development. Several detailed reviews on the action of specific
growth factors have now been published (234–239). In the human there is
growing evidence that growth factors are present within the female tract
and embryo. Martin et al. (240) demonstrated that adding heparin-binding
epidermal growth factor to the culture medium for human embryos signifi-
cantly increased both blastocyst development and subsequent hatching.

Figure 4 Effect of hyaluronate in the transfer medium on subsequent viability of
cultured mouse blastocysts. Mouse zygotes were cultured to the blastocyst stage in
sequential media DM2/DM3 without protein or macromolecule supplement. Blasto-
cysts were placed in either medium DM3 or DM3 containing hyaluronate and
transferred to pseudopregnant recipients and subsequent viability was assessed. Open
bars represent medium DM3 without protein or macromolecule. Solid bars repre-
sent medium DM3 supplemented with hyaluronate. Note: �Significantly different
to medium DM3 (P< 0.05). ��Significantly different to medium DM3 (P< 0.01).
Source: From Ref. 221.
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Similarly, the addition of IGF-I stimulated blastocyst formation and
increased development of the ICM (241). Therefore, growth factors are
potential regulators of human embryo development (242–245). However,
it is possible that synergies may exist between two or more growth factors
and that simply adding an individual growth factor may not result in a
response by the embryo. Furthermore, many growth factors exhibit pleio-
tropic properties such that cells can be directed down certain pathways of
differentiation, even improper pathways, by exposure to inappropriate
growth factors.

Platelet-activating factor (PAF) has been implicated as one of the ear-
liest embryonic signals produced and its appearance, or otherwise, in culture
medium associated with viability. Furthermore, it has also been shown that
the addition of exogenous PAF is associated with an increase in pregnancy
rate (246).

However, as most human embryos are currently transferred around
the 2- to 8-cell stage, it is likely that expression of almost all growth factor
receptors occurs after the embryo is transferred to the female tract. Due to
the high costs of growth factors for media supplementation and the lack of
data on their role in human embryo development, it is considered prudent
that they are not included in media formulations for clinical IVF. With
the advent of culture systems for prolonged embryo culture, the inclusion
of growth factors in culture media will have to be re-evaluated, though
extreme care and extensive animal studies are required, especially at the
molecular level.

Buffer System

Most embryo media utilize a bicarbonate/CO2 buffer system to maintain a
physiological pH of between 7.2 and 7.4 in the medium. The inclusion of
sodium bicarbonate in the medium requires the use of a CO2 incubator to
maintain a 5–7% CO2 atmosphere. An advantage of the bicarbonate/CO2

system is that it is the physiological buffering system in fluid surrounding
mammalian cells. A major drawback, however, is the rapid pH increase that
occurs when medium is exposed to air, resulting in impaired embryo devel-
opment or even cellular necrosis if prolonged. A practical solution to this
problem is the use of an oil overlay to reduce gas exchange when culture
dishes are taken out of the incubator, e.g., for embryo scoring. This
approach is not feasible however, for oocyte collection or prolonged embryo
manipulation. A possible alternative, therefore, is the use of phosphate-
buffered medium, which does not require a CO2 environment to maintain
its pH in air. Unfortunately, phosphate-buffered media appear to be detri-
mental to embryo development in vitro (247–249). The detrimental effect of
phosphate on embryo development is exacerbated in a simple medium, such
as phosphate-buffered saline (PBS), i.e., the reduced rates of development
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associated with phosphate would be at its greatest in a medium such as PBS.
Furthermore, during cryopreservation procedures, PBS has limited buffer-
ing capacity, therefore, rendering the embryos susceptible to pH stress.
Therefore, the use of PBS for embryo collection, manipulation or cryopre-
servation should be avoided. An alternative to a phosphate buffer system is
N0-2-Hydroxyethylpiperazine-N0-2-ethanesulphonic acid (HEPES), with a
pKa of 7.55 at 20�C (250). HEPES has been used successfully as a buffer
in media for human oocyte collection and embryo handling. In such media,
it is usual to replace 20 mM bicarbonate with HEPES, leaving 5 mM bicar-
bonate (251). The rationale for this is that embryos require bicarbonate for
development (78,249). At lower concentrations of HEPES (<20 mM), the
bicarbonate competes with the HEPES, which subsequently loses its buffer-
ing capacity as the bicarbonate dissociates and consequently increases the
pH (252). More recently another zwitterionic buffer 4-Morpholinepropane-
sulfonic acid (MOPS) (250) has been used successfully for embryo handling
and manipulation. A potential advantage of MOPS over HEPES is that its
buffering capacity is less temperature dependent than HEPES.

CULTURE SYSTEM

Optimization of embryo development in vitro is not only dependent upon
the composition of the culture medium or media used, but is also affected
by physical parameters, such as the incubation environment and gas phase.

Figure 5 (Caption on facing page)
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Therefore, it is important to consider the ‘‘culture environment’’ when
attempting to improve embryo culture systems (Fig. 5).

Oxygen

The concentration of oxygen in the lumen of the rabbit oviduct is reported
to be 2–6% (259,260). It was subsequently determined that the oxygen con-
centration in the oviduct of hamster, rabbit and rhesus monkey was similar
at 8% (261). However, the oxygen concentration in the uterus was signifi-
cantly lower than in the oviduct ranging from 5% in the hamster and rabbit
to 1.5% in the rhesus monkey (261,262).

Studies on several types of mammalian embryo have demonstrated
that culture at a reduced oxygen concentration results in enhanced develop-
ment in vitro (263). In the mouse, culture at oxygen concentrations as low as

Figure 5 (figure on facing page) A holistic analysis of human IVF. This figure serves
to illustrate the complex and interdependent nature of human IVF treatment. For
example, the stimulation regimen used not only impacts oocyte quality (hence
embryo physiology and viability), but can also affect subsequent endometrial recep-
tivity. Furthermore, the health and dietary status of the patient can have a profound
effect on the subsequent developmental capacity of the oocyte and embryo. The die-
tary status of patients attending IVF is typically not considered as a compounding
variable, but growing data would indicate otherwise. In this schematic, the labora-
tory 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), that
one is going to mimic the results of a given laboratory or clinic. A major determinant
of the success of a laboratory and culture system is the level of quality control
and quality assurance in place. For example, one should never assume that anything
coming into the laboratory that has not been pre-tested with a relevant bioassay (for
example, mouse embryo assay) 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 come suitably tested. Therefore, it is essential to assume that everything
entering the IVF laboratory without a suitable pretest is embryo toxic until proven
otherwise. In our program, the 1-cell mouse embryo assay (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 materials fail the 1-cell
MEA (in a simple medium lacking protein after the first 24 hours). Therefore, if
one does not perform QC to this level, one in four of all contact supplies used clini-
cally could compromise embryo development. In reality, many programs cannot
allocate the resources required for this level of QC; and when embryo quality is com-
promised in the laboratory, it is the media that are held responsible, when in fact the
tissue culture ware is more often the culprit. Abbreviations: IVF, In vitro fertilization;
MEA, mouse embryo assay; QC, quality control; QA, quality assurance. Source:
From Refs. 131, 140, 253–258.
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1% were sufficient to support embryo development to the blastocyst stage
(264). Furthermore, several other studies have shown that a reduced oxygen
concentration, between 5% and 8%, enhances development to the blastocyst
stage in the mouse (105,164,264,265). Similarly, studies on the rabbit (266)
and on domestic animal species such as sheep (263), goats (215), and cows
(263) have also demonstrated that an oxygen concentration of 7% results
in increased development in vitro compared to 20% oxygen. Furthermore,
it has been observed that human blastocysts cultured in a low oxygen
environment (5%) have significantly more cells than those cultured in a high
oxygen environment (20%) (Gardner DK. Unpublished Data. 1998). Even a
transient exposure for one hour to 20% oxygen reduced mouse embryo
development in vitro (263). It has subsequently been determined that equili-
brating culture dishes at 20% oxygen for five hours prior to culture in 7%
oxygen decreases mouse zygote development to the blastocyst stage and
resultant blastocyst cell numbers. This inhibition can be attributed to the
fact that it takes more than five hours for the oxygen concentration to fall
to embryo-safe levels (105).

Interestingly however, human and mouse embryos can grow at ele-
vated oxygen concentrations and this has lead to some confusion regarding
the optimal concentration for embryo culture. The physiology of the
reproductive tract and the beneficial effects of using a reduced oxygen con-
centration as determined in controlled studies indicate that to employ low
oxygen concentrations appears prudent.

Carbon dioxide

Carbon dioxide is not only required to maintain the pH of bicarbonate buf-
fered medium, but is readily incorporated into protein and nucleic acids by
the mouse embryo at all stages prior to implantation (267). Culture systems
for the preimplantation mammalian embryo routinely employ a carbon
dioxide concentration of 5% coupled with a bicarbonate concentration of
around 25 mM. However, analysis of the uterine environment in the guinea
pig on day 4 of pregnancy determined the carbon dioxide concentration to
be 10% (268). Studies on the hamster 8-cell embryo showed that develop-
ment to the blastocyst stage is increased by a carbon dioxide concentration
of 10% (53,269). Similarly, rabbit zygote development to the hatching
blastocyst stage is increased in a carbon dioxide concentration of 10% com-
pared to 5% (270,271). It has been proposed that the beneficial effects of a
high carbon dioxide concentration is due to a decrease in the pH of the
medium as the beneficial effects of increased carbon dioxide could be
replaced with a weak acid (269). The pH of media containing 25 mM bicar-
bonate that is equilibrated in a CO2 environment can be calculated using the
Henderson–Hasselbach equation. Interestingly, at 5% CO2 the pH of
medium containing 25 mM bicarbonate is 7.45, while a CO2 concentration
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of 6% is required to maintain the external pH of the medium at around 7.4.
The optimal concentration of carbon dioxide for human embryo develop-
ment has yet to be determined; however the CO2 concentration is related
to pH of the medium which also needs to be considered. Typically, Fyrite
has been employed to quantitate CO2 within the chamber used. However,
the accuracy of such a procedure is rather low. Fortunately, there are
now available new hand-held infra red (IR) CO2 analysis meters with very
high accuracy (to 0.1%) (e.g., Vaisala, Helsinki, Finland).

pH

The pH of fluid collected from the reproductive tract of rhesus monkey was
reported to alter in parallel with changes in the bicarbonate concentration
increasing from 7.1 to 7.3 during the follicular phase of the estrous cycle
to 7.5–8.0 at the time of ovulation and during luteal phase (272). Dale et
al. (273) recently reported that the pH of the uterine fluid is lower than that
of the oviduct. External pH of culture media formulated for preimplanta-
tion embryos is commonly between 7.3 and 7.4 (depending on the CO2

concentration used). Studies on the mouse embryo determined that develop-
ment from the 2-cell stage to the blastocyst stage could occur in media with
a pH range from 5.9 to 7.8 (65). Similarly, hamster 8-cell embryos could
develop to the blastocyst stage in medium with an external pH range from
6.4 to 7.4 (269). In contrast however, it has recently been shown that a tran-
sient exposure of zygotes and 2-cell mouse embryos to medium with elevated
pH significantly reduced subsequent development to the blastocyst stage
(274). Although these studies demonstrated that some embryos could still
develop to the blastocyst stage in a wide range of external pH’s, the
subsequent viability of these embryos following transfer is unknown.
Subsequently, there has been considerable work in the area of intracellu-
lar pH (pHi) and its role in regulating embryo development. It has been
established that even relatively small fluctuations in pHi can significantly
retard subsequent developmental competence. Fluctuations in either the
acidic (84,275) or the alkaline (276) range can drastically reduce develop-
ment. Even more significantly, it has been determined that mammalian
oocytes and embryos for around six hours following fertilization lack any
functional transport systems to regulate pHi in either the acid (275) or the
alkaline (275,277) ranges. Therefore, care should be taken to avoid fluctua-
tions in the pH of media during embryo manipulation and culture. This is
especially relevant for oocytes that are stripped of their cumulus before an
ICSI procedure. Immediately following the denudation procedure these
oocytes and embryos cannot regulate their ionic homeostasis. Amino acids
are also known to increase the intrinsic buffering capacity of the embryo and
reduce fluctuations in intracellular pH of the embryo. Therefore, as dis-
cussed earlier, addition of amino acids to the culture or handling medium
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can also help to reduce pHi fluctuations (31). It is also important to consider
the relationship between the pH of the culture medium (pHo) and the pHi of
the embryo; over a pHo range of 7.0–7.6, the pHi of the mouse zygote
remained at 7.17. Rather than pHo affecting pHi directly, the presence of
weak acids or bases in the culture medium dramatically affects pHi (84).

The pH of a CO2/bicarbonate buffered medium is not easy to quan-
titate. A pH electrode can be used, but one must be quick and the same
technician must take all readings to ensure consistency. Solid state probes
are now available with a higher degree of accuracy. An alternative approach
is to take samples of media and measure the pH with a blood-gas analyzer.
A simple and reliable method of checking the pH of a medium is to use color
standards. The color standards use 0.067 M solutions of potassium phos-
phate and sodium phosphate. These solutions are then added together in
varying quantities to produce solutions of the required pH. The preparation
of such standards is shown in Table 7. However, this approach requires the
medium to contain phenol red.

Temperature

Temperature fluctuations at the early cleavage stages have been demon-
strated to decrease the subsequent development potential of embryos
in vitro. Exposure of mouse zygotes to room temperature for just five
minutes reduced cleavage rates. Increasing the exposure time to 10 and
15 minutes further decreased cleavage rates and reduced development to
the blastocyst stage such that blastocyst development was half of the control
after 15 minutes at room temperature (274). Exposure of rabbit cleavage
stage embryos to room temperature for three hours also decreased cleavage
rates as assessed by thymidine incorporation and development to moru-
lae and blastocyst stages (278). Exposure of human oocytes to room

Table 7 Preparation of Color Standards for pH of Media

pH at 18�C Solution A (mL) Solution B (mL)

6.6 62.7 37.3
6.8 50.8 49.2
7.0 39.2 60.8
7.2 28.5 71.5
7.4 19.6 80.4
7.6 13.2 86.8

Note: Stock A: 9.08 g KH2PO4 (0.067 M), 10 mg phenol red in 1 L of water. Stock B: 9.46 g

Na2HPO4 (0.067 M), 10 mg phenol red in 1 L of water. Measure the pH with meter, and adjust

pH as required, i.e., add solution A to lower the pH (make more acidic), add solution B to

increase the pH (make more alkaline). The pH standards should be filter-sterilized and can then

be kept for up to six months.
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temperature has been reported to induce damage to the meiotic spindle
(279). It would therefore seem advisable to maintain a constant tempera-
ture of 37�C when handling human oocytes and embryos.

Incubator/Incubation Chamber

As discussed above, for optimal development of human embryos in vitro
it is important to maintain both the pH of the medium and temperature.
The choice and use of incubators is therefore paramount for the success
of an IVF program. Several studies have determined that embryo develop-
ment in vitro is increased by restricting the opening of an incubator
(105,274). Furthermore, the use of IR sensor incubators which restore CO2

levels within two to three minutes helps to alleviate the detrimental effect
of repeated opening of the incubator (274). Alternatively, the use of modular
incubator chambers (MICs) inside the incubator enables the gas phase that
embryos are cultured in to remain constant. Mouse embryo development
in MIC’s at the same gas phase as the incubator (5% CO2 in air) was signifi-
cantly increased compared to development in the main chamber of the incu-
bator (105). The use of incubators that have multiple chambers within the
single incubator chamber can also reduce fluctuations in temperature and
CO2 levels induced by frequent door openings.

Light

Several studies have investigated the effect of exposure to visible light on the
development of mammalian preimplantation embryos in vitro. Collection
and culture of embryos from the hamster (280), and rabbit (278,281) under
low illumination increased development and cleavage in vitro. Exposure of
hamster oocytes for one hour to visible light prior to insemination disrupted
the completion of meiosis and fertilization (282). In the human, implemen-
tation of an oocyte collection system employing low light at low oxygen
concentration resulted in significantly increased rates of blastocyst forma-
tion of spare embryos and increased pregnancy and live birth weights
when embryos were transferred on days 2–4 of culture (283). Bedford and
Dobrenis (284) reported that a 20–30 minute exposure of rabbit oocytes
to light did not affect subsequent fertilization in vivo or resultant pregnancy
rates. However, these oocytes were immediately transferred to the repro-
ductive tract of a recipient and not maintained in culture. Therefore, it
would seem prudent to perform all oocyte and embryo collections and
manipulations under low illumination.

Incubation Volume/Embryo Grouping

Within the lumen of the female reproductive tract, the developing embryo is
exposed to microliter volumes of fluid (191). In contrast, the embryo grown
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in vitro is subject to relatively large volumes of medium up to 1 mL. Conse-
quently, any autocrine factor(s) produced 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 (up to 10) or reduced volumes (around
20 mL) (57,285–287). Of greatest significance is the observation that decreas-
ing the incubation volume significantly increases embryo viability (286) due
to an increase in ICM development (288,289). Similar results have been
obtained with sheep (102) and cow embryos (289). It is therefore apparent
that the preimplantation mammalian embryo produces a factor(s) capable
of stimulating development of both itself and surrounding embryos (Fig.
6) (290). Once the identity of the factor(s) responsible for this stimulation
of development has been determined, it can be added to the culture medium
to optimize the embryo’s response.

In order to culture in such reduced volumes (20–50 ml), an oil overlay is
required. Although the use of an oil overlay is time-consuming, it prevents
the evaporation 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. Furthermore, it has been proposed that an overlay of mineral
oil can actually act as a trap for potential embryo toxins (291). If oil is to be
used then paraffin or light mineral oils are recommended. Unfortunately
paraffin oil has the disadvantage of being highly labile and therefore has
a relatively short shelf-life. However, in a busy laboratory the oil is used
before it has a chance to become toxic. It is advisable to purchase paraffin
oil in small bottles (100–500 mL) to ensure rapid use once it is opened. It is
essential that each bottle of oil purchased is tested using the mouse bioassay
prior to clinical use. The use of silicone oil has also been advocated for
embryo culture, however it appears that embryo-toxic zinc can be a con-
taminant of this oil (292).

The washing of oil with medium is commonly recommended. How-
ever, the washing of oil has no effect on embryo development provided
the oil has passed the quality control (mouse embryo bioassay; see below).
Therefore, an oil which was borderline in the quality control can be made to
support higher rates of embryo development after washing. However, such
bottles of oil should not normally be accepted in the first place.

WHAT STAGE SHOULD THE HUMAN EMBRYO BE
TRANSFERRED?

It has been an accepted global practice to transfer embryos on day 2 (around
the 4-cell stage) or on day 3 (around the 8-cell stage) of development. How-
ever, such cleavage stage embryos reside in the fallopian tube and not in the
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Figure 6 Effect of incubation volume and embryo grouping on embryo develop-
ment and differentiation. (A) A single embryo cultured in a 4-well plate or test tube,
any factor produced by the embryo will become ineffectual as a result of dilution.
(B) Culture of embryos in reduced volumes and/or groups increases the effective
concentration of embryo-derived factors, facilitating their action in either a paracrine
or autocrine manner. (C) Effect of embryo grouping on bovine blastocyst development
and differentiation. Bovine embryos were cultured either individually or in groups of
two or four in 50ml drops of medium. Like pairs are significantly different (P< 0.05).
Abbreviation: ICM, inner cell mass. Source: From Refs. 289 and 290.
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uterus (293). The significance of this observation is that in other mammalian
species the transfer of cleavage stage embryos to the uterus results in lower
pregnancy rates than are attained by the transfer of post compaction or
blastocyst stage embryos (8). With the development of more effective culture
media, it has become possible to culture human embryos to the blastocyst
stage as a matter of routine (294,295).

The potential advantages of blastocyst culture and transfer in human
IVF include:

1. The synchronization of the embryo with the female tract (296),
leading to increased implantation rates (297), therefore reducing
the need for multiple embryo transfers.

2. The ability to assess embryo development and viability over
extended culture. This can be achieved by both the identification
of those embryos with little developmental potential, as manifest
by slow development or degeneration in culture, and by the intro-
duction of non-invasive tests of developmental potential to select
the most viable embryos from within a cohort for transfer.

3. Minimizing the exposure of the embryo to a hyperstimulated uter-
ine environment.

4. Culture for an extra 2–3 days increases the time available between
cleavage stage embryo biopsy and the time of transfer. This is of
particular importance where the biopsied material has to be sent
to a separate locale for analysis.

5. Assessment of true embryo viability, i.e., assessing the embryo
post genome activation (298).

6. Reduced uterine contractions on day 5 of embryo development,
minimizing the chance that an embryo will be expelled from the
uterus (299).

7. Increased ability to undergo cryopreservation (300–302).
8. The generation of blastocysts will facilitate the introduction of

trophectoderm biopsy for the screening of genetic diseases. Trop-
hectoderm biopsy represents the earliest form of genetic diagnosis
of non-embryonic material.

9. Reduced pregnancy loss (303).

From such a list, it would appear that blastocyst transfer on day 5
offers several advantages over the convention of transferring early embryos
on days 1 to 3 of development. However, many clinics around the world
have yet to adopt extended culture and blastocyst transfer. In a review on
blastocyst vs. cleavage stage transfer (304), it was noted that in most all
papers published on blastocyst transfer, very little information regarding
the culture system, save the medium type, was ever reported. This in turn
makes comparing various studies rather problematic. An analysis of 16 pro-
spective randomized trials revealed that 8 studies found a positive outcome
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when blastocysts were transferred compared to transfers on day 2 or day 3,
with only one finding a negative outcome. The remaining seven demon-
strated equivalency between days of transfer. However, more and more

Figure 7 Photomicrographs of a human blastocyst. (A) Human blastocyst on the
morning of day 5 after culture in medium G 1 for 48 hours from the pronucleate
stage, followed by culture in medium G 2 for 48 hours from the 8-cell stage. Note
the thinning of the zona pellucida. A dense group of cells, the inner cell mass, can
be seen in the middle of the blastocyst. The embryo would be scored as 4AA. (B)
Human blastocyst cultured under the same conditions as the embryo in (A). This
blastocyst has commenced hatching and would be scored as 5AA.
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reports are now leaning to blastocyst transfer, especially with regard to sin-
gle embryo transfer (303,305,306). Furthermore, it appears that cryopreser-
vation of human embryos is most effective at the blastocyst stage (300,302).
Consequently, extended culture, facilitated by the culture systems outlined
in this chapter, may represent a way to increase the overall efficiency of
human IVF.

Figure 7 shows the morphology of human blastocysts following culture
in sequential media, together with an alpha-numeric scoring system (Fig. 8).
It is evident that blastocyst score is correlated with subsequent implantation
potential (307), with implantation rates of > 60% being attainable.

Figure 8 Scoring system for human blastocysts. Initially blastocysts are given a nu-
merical score from 1 to 6 based upon their degree of expansion and hatching status:
(1) early blastocyst; the blastocoel being less than half the volume of the embryo; (2)
blastocyst; the blastocoel being greater than or equal to half of the volume of the
embryo; (3) full blastocyst; the blastocoel completely fills the embryo; (4) expanded
blastocyst; the blastocoel volume is now larger than that of the early embryo and the
zona is thinning; (5) hatching blastocyst; the trophectoderm has started to herniate
through the zona; (6) hatched blastocyst; the blastocyst has completely escaped from
the zona. The initial phase of the assessment can be performed on a dissection micro-
scope. The second step in scoring the blastocysts should be performed on an inverted
microscope. For blastocysts graded as 3 to 6 (i.e., full blastocysts onwards) the devel-
opment of the inner cell mass (ICM) and trophectoderm can then be assessed. ICM
grading: A—tightly packed, many cells; B—loosely grouped, several cells; C—very
few cells. Trophectoderm grading: A—many cells forming a tightly knit epithelium;
B—few cells; C—very few cells forming a loose epithelium. Source: From Ref. 307.
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SUMMARY

In contrast to the female reproductive tract, most conventional embryo
culture systems are static, employing a single medium for the entire preim-
plantation period. In vivo, the embryo is exposed to a constantly changing
environment as it passes along the oviduct to the uterus. Concomitantly, the
embryo itself exhibits a changing nutrient preference (70–72,75,76), reflect-
ing the changes in physiology and energy metabolism which occur between
fertilization and the blastocyst (7,34,80,88,98). Furthermore, there is the
added problem of in vitro induced artifacts, such as the build up of potential
toxins in the medium over time, if it is not renewed.

It is therefore argued that optimal conditions for IVF and the
subsequent development of the mammalian zygote to the blastocyst stage
in culture requires more than one culture medium, rather than letting the
embryo adapt to a static environment as its requirements change during
development and differentiation.

The role of the cumulus in early embryo development has all but been
ignored. However, it is now evident that the cumulus cells provide many
important functions not just for the oocyte but also for the very early
embryo undergoing fertilization, i.e., pronuclei formation, polar body extru-
sions, organelle redistribution, and cytoskeletal rearrangements. The cumu-
lus not only provides a microenvironment that consists of low levels of
glucose and high lactate concentrations, but also provides homeostatic regu-
lation for the oocyte and early embryo. Furthermore, analysis of cumulus
physiology and gene expression may assist in the diagnosis of a competent
oocyte (308,309). In procedures such as ICSI, where the cumulus is stripped
from the oocyte, the oocyte lacks any system to regulate the intracellular
environment. Therefore, extra care must be taken in the handling of the
oocyte before and after ICSI, and all media must contain amino acids in
order to prevent homeostatic stress (105).

Finally, optimal culture conditions for the mammalian embryo depend
on more than just media composition. Figure 5 attempts to highlight the
interconnectedness of all components of an IVF cycle. It is hoped that this
model will assist not only in improving the performance of a given labora-
tory, but will help in the troubleshooting.

EMBRYO CULTURE PROTOCOL

The protocol described below is based on the assumption that the media
in question will be renewed after 48 hours. As discussed above, this is
paramount whether one is using a biphasic or non-sequential system. It
has been validated using the media and consumables listed. Any change
to the protocol, whether it be a different source of oil or media needs to
be validated carefully. When using the sequential media G1 and G2 (131),
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embryos should be cultured in a gas phase of 5% O2 and 6% CO2. Remem-
ber, human embryos will grow at 20% O2, but development is superior at
lower oxygen tensions.

Pronucleate Stage Embryos to Day 3 Culture

All manipulations of oocytes and embryos should be performed using a
pulled Pasteur pipette, glass capillary or a displacement pipette. It is impor-
tant to use a pipette with the appropriate size tip. For example, once the
cumulus is removed (day 1 to 3), a bore of around 175–200 mM is required.
Using the appropriate size tip minimizes the volumes of culture medium
moved with each embryo, which typically should be less than a microliter.
Such volume manipulation is a pre-requisite for successful culture.

Around 4 PM on the day of oocyte retrieval, label 60 mm Falcon Pri-
maria dishes with the patient’s name. Using a single-wrapped tip, first rinse
the tip, then place 6� 25 ml drops of G1 into the plate. Four drops should be
at the 3, 6, 9, and 12 o0 clock positions (for embryo culture), the fifth and
sixth drops should be in the middle of the dish (wash drops). Immediately
cover drops with 9 mL of tested oil (such as Ovoil, Vitrolife). Prepare no
more than 2 plates at one time. Using a new tip for each drop, first rinse the
tip and then add a further 25 ml of medium to each original drop. Place
the dish in the incubator at 5% O2 and 6% CO2. 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 medium G1
into the center of an organ well dish, place 2 mL of medium into the outer
well, and then place the dish in the incubator. If working outside an isolette,
use a MOPS or HEPES buffered medium with amino acids. This should not
be placed in a CO2 incubator, but rather warmed on a heated stage.

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 involves picking up the embryo 2–3 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 5 embryos placed in each drop of G1.
This will result in no more than 20 embryos per dish. Return the dish to
the incubator immediately. It is advisable to culture embryos in groups of
at least 2. Therefore for example, for a patient with 6 embryos, it is best
to culture in 2 groups of 3 and not 4 and 2 or 5 and 1. On day 3, embryos
can be transferred to the uterus in a hyaluronan enriched medium (221).

Day 3 Embryos to the Blastocyst Stage

On day 3, before 8:30 am, label a 60 mm dish with the patient’s name. Using
a single-wrapped tip, rinse the tip, then place 6� 25 ml drops of G2 into the
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plate. Immediately cover with 9 mL of oil. Never prepare more than 2 plates
at one time. Using a new tip for each drop, rinse the tip and then add a
further 25 ml of medium to each original drop. Place the dish in the incu-
bator and 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
medium G2 into the center of an organ well dish. Place 2 mL of medium into
the outer well. Place into the incubator. Dishes must gas in the incubator for
a minimum of 4 hours. If working outside an isolette, use MOPS or HEPES
buffered medium with amino acids. This should not be placed in a CO2 incu-
bator, but rather warmed on a heated stage. Set up one sorting dish before
8:30 AM. Place 1 mL of medium G2 into the center of an organ well dish.
Place 2 mL of medium into the outer well. Place immediately into the incu-
bator. 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.

Moving embryos from G1 to G2 should occur between 10:00 AM and
2:00 PM Wash embryos in the organ well. Washing entails picking up
the embryo 2–3 times and moving it around within the well. Transfer the
embryos to the sorting dish and group like stage and quality embryos
together. Rinse through the wash drops of medium and again place up to
5 embryos in each drop of G2. Return the dish to the incubator immedi-
ately. 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.
The morning of day 5, embryos should be scored (Fig. 8) and the top

one or two scoring embryos selected for transfer. Manipulation of blasto-
cysts requires the use of a capillary bore of 275–300 mm. Transfers should
be performed in a hyaluronan enriched medium (221). Any blastocysts
not transferred can be cryopreserved. Should an embryo not have formed
a blastocyst by day 5, it should be cultured in a fresh drop of G2 for 24
hours and assessed on day 6.

QUALITY CONTROL

Mouse Bioassay

The preimplantation mouse embryo is the most widely used bioassay for
medium components, culture media, and equipment used in clinical IVF.
Using mice for testing media for human embryos has been the focus of much
discussion due to conflicting reports in the literature of its suitability as a
bioassay (310,311). Fukuda et al. (312) reported that for the mouse, in vitro
fertilization and the development of zygotes and 2-cell embryos in culture
was positively correlated with the purity of the water source used in the pre-
paration of media. In contrast, George et al. (313) and Silverman et al. (314)
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found that media prepared with tap water could support adequate develop-
ment of both 1-cell and 2-cell mouse embryos to the blastocyst stage respec-
tively, compared to media prepared with ultrapure water. The apparent
contradiction of these studies can be resolved by taking into account the dif-
ferent stages of development used at the start of culture, the types of media
used, and the supplementation of medium with protein. Fukada et al. (312)
used BWW, a ‘‘simple-type’’ medium, whereas Silverman et al. (314) used
Ham’s F-10. The latter medium contains amino acids, which may chelate
any possible toxins present in the tap water, e.g., heavy metals. George et
al. (313), included high levels of BSA in their zygote cultures to the blasto-
cyst. Albumins can chelate potential embryotoxins and thereby mask the
effect of any present in the culture medium (154,201). Furthermore, all stud-
ies used blastocyst development as the sole criterion for assessing embryo
development. Blastocyst development is a poor indicator of embryo quality
and does not reflect developmental potential (49,50,114). A far more sensi-
tive and quantitative parameter is blastocyst cell number (38,274).

The sensitivity of mouse embryos to their environment is inversely
proportional to the age of the embryo at recovery, i.e., 1-cell embryos are
more susceptible to toxins in the medium than embryos collected at the
2-cell stage (315). Removal of the zona pellucida from the zygote may
further increases the sensitivity of the embryo to the culture conditions
(316), and endotoxins (317). Furthermore, the type of mouse bioassay per-
formed depends upon the strain of mice used. Inbred strains and their F1
hybrids are less sensitive to their environment and, therefore, the embryos
are collected at the zygote. Embryos from outbred strains of mice are more
sensitive to environmental factors, however, such embryos exhibit the 2-cell
block in culture media such as HTF and therefore are collected at the 2-
cell stage. However, with the recent development of more optimized culture
conditions, it is now possible to routinely culture such embryos from the
zygote stage (16,19,24,25,40,50,105,130).

A practical mouse embryo bioassay is to culture the zygote for 96
hours in protein-free medium. The rationale for using protein-free medium
is that serum or serum albumin can chelate toxins, such as heavy metal ions,
present in the medium. The presence of proteins would therefore hide any
potential detrimental effects of the medium. Multiple ovulations are induced
by injecting four to six week old virgin females with 5–10 i.u. pregnant
mares serum (PMS), followed 48 hours later with 5–10 i.u. human chorionic
gonadotrophin (HCG). Females are placed with males immediately follow-
ing the second injection and mating assessed the following morning by the
presence of a vaginal plug. Embryos are cultured in groups of 10 in 20 ml
drops of medium under an oil overlay at 37�C. Culture dishes should be
set-up and allowed to equilibrate overnight in a 6% CO2 atmosphere. To
overcome any donor variation, embryos from each female should be

262 Gardner and Lane



allocated equally to each treatment group. Around 10 AM on the day of
plug, females are sacrificed and the oviducts excised and placed into warm
collecting medium in a petri dish. The ampullary region of the oviduct is
torn open close to the cumulus mass, which is then expelled under positive
pressure into the medium. The cumulus is disaggregated by the addition of
hyaluronidase (1 mg/mL) in collecting medium. After around 1 min, the
cumulus disperses leaving denuded zygotes. The embryos are then washed
twice in collecting medium and once in the culture medium and placed into
culture. Zygotes are cultured in a protein free medium and cultured for 96
hours. Rather than a single end point of blastocyst development, it is impor-
tant to determine appropriate on time development at set time points, and
that there is no signs of necrosis in the blastocyst (this can be visualized eas-
ily on an inverted but not a stereo microscope, (258). Furthermore, it is most
important that the cell number of the resulting blastocysts is determined.
One can readily obtain 80% blastocyst development on day 5, but it is
important also to note how embryos formed blastocysts in the afternoon
of day 4 (i.e., on time development), and what the cell number is of the
resultant blastocysts. There is a significant difference in the viability of blas-
tocysts with 40 versus 80 cells.

Using such an approach to testing, one can pick up subtle problems
that can exist with any media, or more typically with any contact supplies.
It is important to note that just because a lot number of culture dishes has
been approved safe for use in somatic cell tissue culture, does not automati-
cally mean that it can support gametes or embryos.

With regards to alternative assays, such as hybridoma cell lines,
although such cells in culture can be particularly sensitive to toxins in the
medium, they are not embryonic cells and may therefore not detect potential
embryo toxins. Although the mouse embryo bioassay does have a role in
clinical IVF, at best it is only a test of the ability of the mouse embryo to
develop. There is no guarantee that factors that do not affect the mouse will
not be detrimental to the human. The ultimate quality control on all media
for IVF is their ability to support human embryo growth. It is obviously
unethical to use human embryos for this purpose. A possible solution would
be the use of triploid embryos as an assay of media quality, as these cannot be
replaced in the prospective mother. Therefore vigilant monitoring of embryo
development within the IVF laboratory is not only essential, but should be
considered as part of the laboratory’s overall quality control system.

Sperm Bioassay

An alternative method to the mouse embryo bioassay is to use sperm
motility as a method to detect potential embryo toxins. Hamster sperm bio-
assay has been used to assay media and medium components for potential
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toxins (318–321). This assay utilizes both the number of motile sperm
and degree of motility to determine the suitability of media to support
embryo development. An advantage of this test is that it can be performed
in four to six hours as opposed to the several days for the embryo bioassay.
Unfortunately, however, there is little clinical data on the applicability of
such tests.
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Micromanipulation as a Clinical Tool
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INTRODUCTION

Micromanipulation involves a well-integrated set of technologies in assisted
reproductive technology (ART). Its applications are diagnostic as well as
therapeutic, and it is practiced in mature gametes and all stages of preimplan-
tation embryos. It is used in biopsy for preimplantation genetic diagnosis
(PGD), intra-cytoplasmic sperm injection (ICSI), assisted hatching, and in
other more controversial areas such as egg freezing via zygote reconstitution,
cryopreservation of isolated testicular spermatozoa, and cytoplasmic or
mitochondrial transfer for reversal of cytoplasmic and potentially nuclear
incompetence (1–6). In this context, it becomes increasingly difficult to dis-
cuss micromanipulation as a separate subject. In fact, the need for a separate
assessment appears almost artificial.

When different fields merge in science, exciting developments can be
expected. This has occurred numerous times in ART, first in the integration
of biochemistry and reproductive endocrinology, and later when cryobiol-
ogy and applied genetics emerged as tools to improve efficiency and safety.
No reproductive specialist could have predicted that the field of experi-
mental micromanipulation would have such an enormous impact on assisted
reproduction less than two decades after the first relatively simple but
elegant applications appeared (1–3). Since then, hundreds of thousands of
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babies have been born worldwide from micromanipulative methods aimed
at alleviating male infertility and enhancing implantation and the exclusion
of chromosomal and single gene disorders. Some laboratories now have
three or more complete stations for micromanipulation. Rather than having
some embryologists sub-specialize in the area of micromanipulation, the
practice in some laboratories, most embryologists now aim to become pro-
ficient in one or more micromanipulation techniques.

The main emphasis here will not be already integrated procedures such
as ICSI and in part embryo and polar body biopsy, which are covered in
depth by other chapters of this book, but on other innovative techniques.
The different procedures and concepts will be discussed in two sections;
the first will focus on gamete micromanipulation and the second will deal
with the manipulation of embryos. It is also important to note that the
topics discussed in this chapter are often considered controversial or unpro-
ven and are seen by some as hazardous to clinical care and even the human
species at large. No review would be complete if it does not refer to the alter-
native opinion. A recent 2004 opinion by Cummins gives a very different
perspective of some of the technologies described below (7).

GAMETE MICROMANIPULATION

Cryopreservation of Spermatozoa Under Zonae

Men who are azoospermic can be successfully treated through surgical iso-
lation of spermatozoa from their testicles or reproductive tract (8–10).
Repeated surgical procedures, however, may not only be costly but invasive,
especially in the case of testicular sperm extraction (11). Repetition can, in
some cases, be avoided by normal cryopreservation of spermatozoa, but
only when sufficient numbers of functional cells are isolated (12,13) Freezing
methods are now available that can freeze and recover very few or even sin-
gle spermatozoa, and avoid the need for repeated surgical sperm extraction
(4,14,15). Single sperm can be frozen by insertion of spermatozoa into ani-
mal or human evacuated zonae pellucidae or through variations of this
method such as freezing in cryoloops.

Recovery rates of spermatozoa frozen and thawed in evacuated
human or animal zonae are high, with motility recovery rates in excess of
75% (4,15). In standard freezing protocols, centrifugation is essential. But
in this protocol, washing can be accomplished by individually pipetting
and removing the cryoprotectant.

In addition to reducing the need for repeated sperm retrievals and
perhaps donor sperm, this approach has the advantage of avoiding the
uncertain outcome of surgical extraction by freezing spermatozoa and
retrieving eggs at different times (4,16). The time-consuming search for sper-
matozoa can be conducted independent of an egg retrieval.
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Details of Procedure and Choice
of Technical Details

Micromanipulation can be performed using polyvinyl pyrrolidone (PVP) as
a tool to slow the insertion of spermatozoa into the zonae and to withdraw
spermatozoa from the zonae after thawing. Two different solutions of PVP
are recommended: (i) an 8 to 10% solution for sperm capture and insertion
into empty zonae (this is produced by a number of manufacturers with vary-
ing results) and (ii) a 10 to 12% solution for sperm recovery from the thawed
zonae. The ICSI procedures using thawed spermatozoa should be per-
formed at 37�C, but all other micromanipulations can be performed at room
temperature in order to reduce sperm velocity and perhaps prolong survival.
The microtools needed for zona opening, avoidance of zona collapse, cell
extraction, and ICSI have been described (3,4).

The pilot experiments were conducted using spermatozoa from surgi-
cal retrievals and spermatozoa not cryopreserved from men with normal
semen analysis to test the fertilizing ability of donated research oocytes by
ICSI. Human-evacuated zonae can be obtained from multiple sources:
immature eggs, unfertilized ICSI eggs, and abnormal embryos that were
not exposed to sperm suspensions.

It was shown that two small incisions in the zonae improved extraction
of the egg ooplasm and insertion of the sperm cells into the evacuated zonae
by preventing the collapse of the zona during suction and excessive inflation.
With gained experience, a single-hole technique may be effective as well. At
first, holes were made chemically in some pre-fertilization zonae by releasing
acidified Tyrode’s solution from a 10 mm open microneedle. However, pro-
gressively motile spermatozoa escaped, resulting in poor recovery rates. This
can be avoided by cutting a hole in the zona mechanically using partial zona
dissection with a spear-shaped closed microneedle. Alternatively, one can
use a laser-mediated opening of the zona pellucida, but the efficiency of this
needs to be shown in clinical trials (17).

Cytoplasm can be extracted using a larger micropipette, connected in
turn to a suction device. The zona is positioned so that one of the two inci-
sions is at the 3 o’clock position. The beveled microtool is inserted through
the aperture using the sharp edge on the lower end. The tool is moved
through the oolemma, and the cytoplasm is fully aspirated until the zona
is empty. The pipette is occasionally emptied outside the zonae as more
medium is sucked up to remove any sticky cytoplasm from the pipette tip.
Mouse and hamster zonae as well as human eggs and embryos can also
be prepared in the same fashion.

Spermatozoa can be released into the 10% PVP solution prior to inser-
tion into empty zonae. They are individually taken from small 2- to 5-mL
droplets of sperm suspension using an ICSI microtool. Spermatozoa can
be injected into the empty zona while motile or can be immobilized before
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injection and freezing (17). In the latter case, the spermatozoa remain viable
at a high frequency, but fertilization and pregnancy have not yet been
demonstrated. Considering the absence of clinical data, motile spermatozoa
are recommended for this purpose. The use of human zonae, while appro-
priate for creating strict xeno-free conditions, is problematic as spermatozoa
attach to the inside of the zona pellucida and may immobilize before freez-
ing. Recently, we developed and tested a combinatorially derived ligand
pieczenik peptide sequence 2 from an artificial target that specifically binds
to human zonae pellucidae (18). When injected inside evacuated human
zonae, this ligand efficiently prevented sperm attachment by possibly inter-
fering with sperm/zona pellucida (ZP3) interaction. Whether this ligand
could be used for the purpose of freezing spermatozoa in evacuated zonae
and maintaining high motility requires further evaluation.

Injected zonae can be frozen in a simple 8% glycerol solution using
a phosphate-buffered solution supplemented with 3% human serum albumin.
Alternatively, one can use buffer containing TES (N-tris[hydroxymethy]-
methyl-2-aminoethanesufonic acid) and Tris (Tris[hydroxymethyl]amino-
methane) yolk buffer, but the recovery rate is not superior compared to earlier
studies (16). The zonae can be frozen singly in standard plastic straws between
two small air bubbles to indicate their position. One end of the straw is closed
using sealant polyvinyl alcohol powder, whereas the other end is heat sealed.
The freezing procedure is based on a simple standard semen cryopreservation
protocol (4).

Thawed straws can be inserted into a medium droplet as the cryopreser-
vation medium containing the zona slowly releases. The zona is washed to
remove cryoprotectant and moved into an ICSI dish containing droplets of
N-2-Hydroxyethylpiperazine-N0-2-Ethanesulfonic acid (HEPES) buffered
medium and a central droplet of 10 to 12% PVP in supplemented intra-
cellular solution. Some sperm cells may show considerable motility within
the zona. The zona is positioned using the holding pipette and a PVP-filled
ICSI microtool so one incision and a sperm cell line up. This allows for the
penetration of the ICSI needle and aspiration of the sperm cell (mechanical
recovery method). Minimum suction is used for this process. These cells can
be aspirated by positioning the needle at the contralateral side and applying
suction when the sperm cell passes the needle aperture. All spermatozoa are
removed and released gently in the PVP solution. Any still motile can then be
immobilized for ICSI. The mechanical sperm recovery method is preferred,
and other methods involving zona digestion have proved less successful.
Recovered sperm are washed and immediately injected into eggs; thaws should
be planned accordingly.

Zonae are rarely lost with this method as they are still heavy enough to
drop to the bottom of a dish when the straw’s contents are released. The number
of sperm lost through holes after thawing ranges from 2 to 30% and is depen-
dent on the technique (4,15,16). Spermatozoa are not lost before freezing
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through the narrow mechanical PZD incisions, but some may be lost when
using acidified Tyrode’s solution or laser opening. Loss after thawing through
narrow incisions may also occur because of inadvertent excess suction applied
through the holding pipette. This can be avoided by visualizing both holes
prior to micromanipulation and sperm recovery. The rate of sperm loss
through the incisions diminishes markedly with increased operator experience.

Motility Recovery and General Efficiency

Motility recovery rates are defined as the percentage of motile cells seen, and
vary between 73 and 100%. Rates of recovery over 80% are found in experi-
ments involving rodent zonae and human zonae that are embryonic in
origin, or spermatozoa that are immobilized prior to freezing. Some cells
that are motile without marked velocity become progressively more motile
after aspiration and exposure to medium. Some spermatozoa inserted into
human zonae may become caught up in cytoplasmic remnants or crevices
inside the glycoprotein matrix, but this occurs less frequently when animal
zonae are used. Aggregation of spermatozoa also appears to inhibit individ-
ual motility, but is avoided when three or less spermatozoa are inserted per
zona. The use of only one to three sperm cells per zona pellucida appears
optimal, yet insertion of up to 15 spermatozoa has been reported (16).

General Considerations of Single Sperm Freezing

Although single sperm freezing is performed with spermatozoa from men
with extreme oligospermia, average motility recovery rates are considerably
higher than those generally reported for moderately abnormal semen and are
comparable to results of donor semen or moderately oligospermic patients
treated with a combination of cryoseeds and dithiothreitol (DTT) (19–21).
The use of the zona pellucida or perhaps cryoloops as a vehicle avoids the
known loss in motility associated with post-thaw dilution and sperm washing
seen in frozen donor semen. It is possible that the presence of multiple sperm
in a small volume exerts an internally deleterious effect during freezing, thaw-
ing, and centrifugation, which may be avoided by freezing sperm singly or in
small groups. This method makes it feasible to perform surgical extractions
independently from the time and place of egg retrieval.

Another distinct advantage is that animal zonae, such as those from
mice and hamsters, can be used for storage. This application has been
rejected by some because of the desire to culture under xeno-free conditions.
Although it is immunologically unlikely that there will be any cross-species
hazards or reactive compounds, it is possible that compounds may adhere to
the sperm cell and become incorporated in the oocyte. Whether these have
any metabolic effects on the embryo has yet to be clarified. Nevertheless, the
absence of reverse transcriptase appears evident, thereby rigorously reduc-
ing the possibility of any process resembling transgenesis.
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The use of combinatorially derived ligands as described above for inhi-
biting sperm–egg binding in the homologous application may be preferred,
but should be tested in pre-clinical models first.

Clinical Application

The experimental procedure was first tested in an azoospermic patient who
required testicular biopsy and had scant motile cells (22). Extensive searching
for sperm yielded enough spermatozoa for ICSI. Other motile spermatozoa
(n¼ 23) were isolated and trapped into two evacuated zonae derived from the
patient’s immature eggs. The patient did not become pregnant and the couple
returned for another ICSI attempt, but this time without sperm retrieval by
testicular biopsy. One zona with 12 trapped spermatozoa was thawed first,
washed, and prepared for sperm extraction. All but one sperm could be
recovered. Ten were motile, and five were injected into the patient’s mature
eggs four hours after egg retrieval. The patient delivered healthy twins.

A total of 104 procedures have been performed, and 52 of them
returned for transfer. Of these, 49 had transfers and 26 became clinically
pregnant. The implantation rate was nearly 25%. There were three miscar-
riages and two biochemical pregnancies. Although a small data set, the work
is encouraging but awaits confirmation by other teams.

Ooplasmic Transplantation

Transplantation of ooplasm for clinical application involves a set of exper-
imental techniques designed to address oocyte-specific deficits in a defined
and limited group of infertile patients who previously failed ART (5,23).
The first clinical application was based on oocyte donation, although the
use of homologous ooplasm or mitochondria from the patient’s cumulus
cells has also been suggested (24–26). The latter proposal was first made
by Tzeng’s team at Taipei Medical University in Taiwan and this has led
to the birth of more than 20 babies. There are a number of ways to trans-
plant ooplasm, but the one initially used was a minor modification of the
standard clinical ICSI technique. A small portion of ooplasm was trans-
ferred from a donor to the patient’s oocytes. Other groups have reported
on the experimental application of modified versions of ooplasmic transfer,
including the use of cryopreserved donor oocytes, polyspermic zygotes, and
cumulus cell mitochondrial suspensions as the source of the donor infusion
(24,27,28). In the work performed from 1997 to 2001 at Saint Barnabas
Medical Center’s Institute for Reproductive Medicine and Science, two
instances of abnormal karyotypes were reported following the application
of ooplasmic transfer (both 45, XO). One resulted in an early spontaneous
miscarriage and the second in an elective reduction at 15 weeks following an
abnormal ultrasonography (29). A single case of pervasive developmental
disorder (a spectrum of autism-related diagnoses which has an incidence
of one in 250 children) was also diagnosed at 18 months in a ooplasmic

288 Cohen



transfer infant, a boy from a mixed sex twin. Other centers applying ooplas-
mic transplantation have not reported any potential side effects. This may
be because there were no side effects or the studies were incomplete. Due
to the very small sample size, any direct connection between the abnormali-
ties and the technique itself has yet to be established (30).

In 2001, we voluntarily agreed to cease clinical application of ooplas-
mic transfer pending the application and review of an investigative new drug
(IND) protocol with the U.S. Food and Drug administration. The pre-IND
process was concluded in 2003, but we did not pursue the application further
for non-clinical reasons. The procedure was not prohibited as Schultz and
Williams (31) and others have suggested. It is currently unknown whether
other groups have applied for a permit.

The clinical application and science of ooplasmic transplantation have
been extensively criticized by ethicists and scientists (7,31–33). Some careless
articles of the lay press, fueled by some scientists, have likened the technique
to gene transfer and described a detrimental artificial scenario likely to change
the genetics of mankind. Several recent publications have presented viewpoints
based on a poor understanding of the issues. The debate should be based on a
factual understanding of the procedure and the clinical and scientific realities
involved. The technique’s underlying experimental nature must be stressed and
the many scientific and clinical ‘‘unknowns’’ that surround it must be presented.

Ooplasmic Transfer Procedures

Preliminary clinical investigations applying the technique to a defined group
of patients with ‘‘normal’’ ovarian reserve who exhibit consistent develop-
mental problems and implantation failure have been published (29,34).
The final 27 couples treated had exhibited a record of failure in over 95 prior
assisted reproduction treatment cycles. Unlike what some critics have sug-
gested, this is an unavoidable confounding factor in attempting to design
and conduct true controlled trials (33,35). In this case, the ‘‘control’’ treat-
ment is already consistently known to result in failure and the cause is not
unknown since embryo morphology was clearly marginal in all these cases.
The 43% pregnancy rate and the delivery of 17 babies following ooplasmic
transfer was characterized solely on this prior failure criteria. The issue of
controlled trials is obviously complex, and to suggest that this is a simple
deficit that we have failed to address is incorrect. There is a considerable
ethical issue in forcing patients to engage in treatment modalities that offer
them no hope of success for the sake of these trials. In a subsequent study,
patients with diminished ovarian reserve were treated unsuccessfully with
cytoplasmic transfer (36). It is known that in these patients most eggs are
aneuploid, a condition that is irreversible at the MII stage (37).

Ooplasmic transfer was conceived as a simple but critical extension
of the standard egg donation protocol that is a clinical option available
for patients. It theoretically provides for a beneficial donor egg while
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maintaining the patient’s genetic contribution. The technique is suitable for
eggs ‘‘having a normal nuclear genome, but ooplasm that is abnormal or defi-
cient due to maternally mediated factors’’ (38). Recently, several authors have
incorrectly represented our publications as suggesting that ooplasmic transfer is
based on a correction of deficits in mitochondrial function or ATP content
(32,33). One publication goes so far as to raise this purported ATP deficit as
a ‘‘straw man’’ argument and, in rejecting it, raises the question that ooplasmic
transfer might not be ‘‘biologically plausible.’’ We have clearly stated in our
publications that there are a multitude of causative factors potentially underly-
ing ooplasmic-related developmental deficits. Energy metabolism is certainly
one of these factors. However, the entire concept of ooplasmic transfer is to
infusethepotentiallycompromisedpatientoocytewithawholesourceofhealthy
donor ooplasm. We have never suggested that a manipulation of ooplasmic
ATP or any specific factor underlies any positive effect of ooplasmic transfer.

Others have suggested that mitochondria transfer from isolated cumu-
lus cells would be a safer alternative, but we reject the direct comparison based
on the arguments outlined here (24,25). Mitochondria transfer has been con-
sidered sub-optimal compared to ooplasmic transfer in one artificial mouse
model (39). It is likely that a subset of infertile patients exhibit reproductive
dysfunction derived from oocyte-related deficits and that replacing compro-
mised oocytes with donor substitutes is not only ‘‘biologically plausible’’
but also a technique compatible with early development and pregnancy (40).

Mitochondrial Issues

An area of controversy concerns the transfer and persistence of donor mito-
chondria following ooplasmic transfer. The transfer of heterologous
mitochondria was not detectable in the first ooplasmic transfer cases, and
therefore initial reports and discussions reflected this (38). The oosplasmic
transfer protocol has included an analysis of mitochondrial DNA and, in
subsequent treatment cycles, donor mitochondrial DNA was identified in
pre- and postnatal samples derived from ooplasmic transfer offspring. To
date, donor mitochondrial DNA has been positively identified in three of
the 13 tested ooplasmic transfer babies (34). This suggests a heteroplasmic con-
dition with two populations of mitochondria (donor and recipient) present.

However, current scientific evidence does not support the concept that
ooplasmic transfer-related heteroplasmy constitutes a potentially deleterious
condition. The only heteroplasmy that has been observed in a small subset of
ooplasmic transfer patients is in the form of benign polymorphisms in the
non-coding hyper-variable region of the otherwise highly conserved mitochon-
drial genome (34). This form of heteroplasmy is now known to be a common
phenomenon in the normal human population and may not have an associ-
ation with mitochondrial disease or dysfunction (41). Indeed, this form of
benign heteroplasmy may have little significance. Many mammalian species
are routinely heteroplasmic in the replication control region, and this
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heteroplasmy may be conserved and transmitted from generation to generation
(42,43). This benign form of heteroplasmy is different from that associated with
deleteriouscodingregionmutationsrelatedto‘‘agingandininheritedmitochon-
drial disease’’ as incorrectly suggested in one critical opinion (33). Selection of
young and healthy oocyte donors providing gametes for ooplasmic transfer is
based on the same criteria as standard oocyte donation. Ooplasmic transfer
patients have no unique risk of the transmission of such rare deleterious mito-
chondrial DNA mutations as whole oocyte donation is the only other clinical
option available for them. Suggestions that ooplasmic transfer donors should
be uniquely screened for mitochondrial mutations are more logically directed
at oocyte donation where 100% of the mitochondrial genome is derived from
the donor (32). No incidence of mitochondrial disease transmission has been
reported over 10 of 1000 of oocyte donation cycles, although it is expected that
1 of 8000 children will develop mitochondrial disease de novo.

A substantial body of animal research has been concerned with the
manipulative creation of heteroplasmy in mice and large animals [reviewed
by Malter and Cohen (29)]. Although the opinion piece by St John (32) men-
tions this research, it fails to point out the underlying fact that much of this
research is based on the efficient generation of hundreds of healthy hetero-
plasmic animals that have been produced through cytoplasmic transfer and
maintained over 15 generations with no obvious developmental or physio-
logical problems. From a genetic standpoint, many of these experiments
are also based on a much more drastic heteroplasmic scenario as the mixed
mitochondrial populations are essentially derived from two ancestrally
different species. While one should not place tremendous confidence in
modeling a complex phenomenon through research animals, in this case
such research has demonstrated that a much more extreme heteroplasmic
condition than would be possible through clinical ooplasmic transfer is com-
patible with normal mammalian development. Other basic research suggests
considerable flexibility in nuclear/mitochondrial interaction, particularly
among primates. In the type of cellular hybrid experiments also discussed
by St John (32), chimp and gorilla mitochondria could readily replace human
mitochondria (a cross-genus ‘‘mismatch’’), and create fully functional cells
with human nuclear genomes and non-human primate mitochondria exhibit-
ing unremarkable mitochondrial protein synthesis and function (44).
Although the specific nature of the heteroplasmy observed in a small fraction
of ooplasmic transfer offspring is not fully understood, an honest review of
current research in this area does not suggest a potential for negative devel-
opmental or physiological outcomes. This obviously does not mean that
future patients should not be informed of the uncertainties that remain.

Epigenetic Aspects and Animal Models

Ooplasmic transfer, by design, generates a recipient oocyte that contains
donor-derived components such as proteins, messenger RNAs, mitochondria,

Micromanipulation as a Clinical Tool 291



and other cytoplasmic constituents. In theory, this infusion of healthy donor
components can have a positive effect on important ooplasmic functions
during early development. However, a recent opinion piece by Hawes et al.
suggests a potential for adverse developmental outcomes resulting from the
simple creation of a mixed ooplasmic state (35). This argument is based on
abnormal developmental syndromes that have been identified in unique
inbred mouse strains [reviewed by Malter and Cohen (29)]. These syndromes
result from genetic incompatibilities between inbred strains apparently
manifested via unique epigenetic events in the cytoplasm of their oocytes
and early embryos.

Studies with these inbred strains have been critical to understanding
the early cytoplasmic genome modification events that create the mature
functional embryonic genome (29). The epigenetic processing that occurs
during this period is necessary for proper development. This supports the
concept that positive developmental effects could be obtained by a moderate
infusion of healthy ooplasm, although other outcomes, including negative
effects, are plausible as well. The scenarios and experimental manipulations
involved with the manifestation of these aberrant developmental outcomes
are also essentially compatible with normal development in the mouse
(and other species) outside of these experiments. In our own research, simi-
lar manipulation to the early cytoplasm of F1 hybrid mouse embryos
resulted in a significant improvement in certain developmental parameters
compared to non-manipulated controls [Levron et al. (6)]. It has been sug-
gested that similar alleleic combinations for these unique incompatible
murine gene products could be present in the human, yet there is no proof
of this.

The aberrant developmental outcomes observed in the inbred mouse
strains are unique epigenetic anomalies with clear genetic causes (45,46).
These specific deleterious anomalies are unknown outside of the unique
inbred combinations used and any other animal model system. Inbred mice
are genetically anomalous strains considered to be homozygous at all loci.
They manifest a great variety of adverse developmental and physiological
conditions including reduced fertility (29). Even between related inbred
strains, drastic differences in morphology, physiology, and behavior make
drawing cross-strain conclusions questionable. Such strains do not constitute
valid models for complex processes (particularly those related to fertility and
development) in other mammalian species. Furthermore, many differences
between the developmental processes in humans and other mammalian
species have been well characterized, including a recent finding which demon-
strates clear differences in the methylation-based imprinting system (47). In
fact, the authors of this study go so far as to suggest that concerns about
the aberrant epigenetic-processing (and resulting developmental effects)
observed after in vitro manipulation in other mammalian species and model
systems may simply not apply to the human.
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Therefore, to suggest, based on artefacts and tenuous evidence, that
deleterious epigenetic combinations could likely be created by clinical
ooplasmic transfer—where the small volume of infused ooplasm is derived
from another highly outbred, healthy, and fertile human donor—seems
speculative at best. Unfortunately, this is an example of a growing trend
in the use of questionable animal model systems to judge the efficacy and
safety of human procedures.

Despite these points, considerable effort and financial support from
the governments are routinely expended on animal-based studies involving
highly artificial conditions that assert some kind of relevance to the human.
This type of research is now frequently being used to attack and question
clinical procedures. Procedures such as in vitro fertilization (IVF) and ICSI
have long established histories of safety and efficacy in humans proven over
10 of 1000 of successful treatment cycles. Complex medical follow-up of IVF
outcomes is performed by obtaining data from comparable age groups. To
discount direct data based on the minor results of contrived animal model
systems with tenuous physical, physiological, and developmental connec-
tions to the human is questionable science.

Obviously, assisted reproduction is not safe beyond any doubt.
Conclusive data has been published regarding reduced birth weight of
IVF singletons and congenital malformation rates that suggest there may
be inherent problems associated with treating infertile patients (48,49).
These problems may be associated with follicular stimulation, in vitro
manipulation, or an altered reproductive condition. Some extensive fol-
low-up studies have corrected prior (and current) suggestions that pre-
and post-natal development may be compromised by procedures (50). Con-
trol groups of the general population are not really appropriate because they
do not suffer from the same condition(s).

One recent study distinguishes between the inherent etiology of the
study population (the infertile and possibly prenatal and peri-natal
conditions that are associated with this) and consequences of hormonal
alteration of the ovary and in vitro culture (51).

How Should Human Infertility Treatment Advance?

The first experimental clinical application of a new technique in repro-
ductive medicine always raises the question of the possible negative effects
on the patient, offspring, and subsequent generations; this is certainly a
sober and critical issue in assessing the potential risks and benefits of the
application. The question has been raised throughout the history of human
infertility treatment, occasionally in a panic-stricken fashion that often pre-
vents progress in this area. The current state-of-the-art in the field has arisen
through a complex process involving patients, physicians, scientists, ethicists
and, with increasing frequency, government and social entities. It has slowly
advanced through research, and the development and clinical application of
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experimental techniques like ooplasmic donation that address deficits in our
capabilities derived from needs in the patient population. Patients have
acknowledged and accepted risks to future generations on their behalf,
although this remains a valid ethical question.

We feel strongly that ooplasmic transfer was developed and experi-
mentally applied in a reasonable and responsible fashion. Others beg to
differ [for full opposing review see Cummins (7)]. The decision to proceed
with experimental clinical trials of ooplasmic transfer was based on a careful
review of mid-1990s scientific knowledge in this area (including animal mod-
els, mitochondrial issues, and epigenetic aspects) as well as considerable
direct experience with successfully incorporating advanced manipulative
techniques into the human clinical environment. Suggestions that experi-
mental application of ooplasmic transfer in humans proceeded in the
absence of prior research in this area are incorrect as any unbiased review
of the pertinent literature will demonstrate (29).

Appropriate ooplasmic transfer patients (n¼ 33) were selected from a
much larger group of potential patients (several thousand) who expressed
a strong interest in participating in such a trial. These patients were carefully
informed of all potential negative aspects of the technique including
physical, developmental, mitochondrial, and epigenetic aspects. They parti-
cipated in an informed consent process that was supervised by our hospital
internal review board and constantly updated to include all pertinent infor-
mation on ooplasmic transfer results. This included the chromosomal
abnormalities observed, the incidence of heteroplasmy, and criticism from
bio-ethicists and basic scientists. Internal review board supervision of
informed consent is an ethical and responsible process that works well to
protect patients and allow for clinical advancement. Patient follow-up is
also a critical component of an experimental trial.

POST-FERTILIZATION

Assisted Hatching

General Considerations

The premise of assisted hatching is based on the now 17-year-old hypothesis
that modification of the human zona pellucida, either by its elimination, by
drilling a hole through it, by thinning it, or by altering its stability, will pro-
mote hatching or implantation of embryos that are otherwise unable to
escape intact from the zona pellucida (2). As this argument is based on data
from eggs obtained from follicular stimulation and in vitro observations
involving IVF, none of the work suggests that there is a true disease-specific
condition causing infertility because of this. The hypothesis reflects on the in
vitro fertilized egg only, and as such the technology has become a con-
undrum, with only a minority of ‘‘believers.’’ It is assumed that assisted
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hatching is not widely practiced based on the fact that there are only about
250 scientific papers regarding this topic in the literature, in sharp contrast
with, for instance, the ICSI literature. Whereas there is a broad consensus
about efficacy regarding the latter, this is clearly not the case with assisted
hatching. A large proportion of studies have evaluated minor changes in the
technical protocol without emphasis on clinical efficacy. Five meta-analysis
studies have been published to date about assisted hatching, but three were
biannual updates from the same team (52–56). The consensus in these stud-
ies is that assisted hatching improves outcomes in poor prognosis patients,
particularly in the case of maternal aging, not all that different from our
conclusions reported in 1993 after conducting four randomized trials (57).
Proof of efficacy was only attainable when patients were selected based
on maternal age or prior failed attempt. The research team that has pub-
lished three consecutive meta-analysis studies fails to explain the difficulty
when randomizing unselected or partially selected populations. In our work
with over 10,000 patients, the effect of assisted hatching is not noticeable
because we are unable to select against suitable control patients, so once
one has a track record from randomized studies, a data dilution effect is
likely to result. When controlled studies are compared, there are no good
ways to compensate for study design differences such as those caused by
age cut-off, opening, thinning, and subtle variation in methodologies and
number of attempts. Hence, the comparisons become blurred, similar to
attempting to evaluate the parameters of a single large IVF database with
specific groups represented in both experimental and control arms. In
addition, embryo culture technology and follicular stimulation, which are
both the most likely factors affecting embryonic health and associated zona
changes, have improved spectacularly during the past ten years. This has
possibly reduced the need for assisted hatching in sub-groups of patients,
yet the exact contribution of this change in technology on hatching behavior
needs to be determined. One factor that appears missing in all review papers
of assisted hatching is the lack of understanding of nuances of techniques
within each class of technologies used. It does not matter whether one uses
laser, acidified Tyrode’s solution, enzymes, mechanical opening, or some
other derivative technology—there are only few appropriate ways of doing
each technique, but simply no guidelines for this in the literature. Indeed,
this does not only apply to assisted hatching but also to any medical tech-
nology. Most practitioners realize that there are ways of doing poor IVF
and good IVF. Likewise, there is also good assisted hatching technique and
poor assisted hatching technique. Meta-analysis evaluations are not able to
weigh these important aspects. Indeed, nor can this reviewer provide a more
exact evaluation of the problem, but nevertheless, as the one who intro-
duced assisted hatching, I would like to take this opportunity to share some
observations with the reader without evaluating each of the assisted hatch-
ing papers one by one. Other reviews have done this already and the more
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recent ones will illustrate the difficulty in determining the efficacy of assisted
hatching and the lack of consensus among practitioners (58,59).

The most common technology used is that of opening the zona pellu-
cida with acidified Tyrode’s solution (57). The pH of zona breaching is
about 2.3; below this the zona will disappear as a coherent structure, and
above it the zona will remain intact. In this respect it is important to con-
sider the buffer solution that the embryos are kept in during the procedure.
Some buffers, such as HEPES, are excellent in locally maintaining pH and
have high buffering capacity. These solutions are more forgiving than bicar-
bonate buffered systems which have reduced buffering capacity. Another
consideration is that technologists, while aware of the aggressiveness of
acidified solution and therefore often like to perform the procedure gently
and carefully, are not necessarily considering the physics of the system.
Also, a hierarchy of teaching from developer to practitioner, as was the case
with ICSI, is largely absent as embryologists have interpreted zona opening
as a very simple procedure and have applied the technique directly by read-
ing the original publications without communicating with the experienced
groups. While the first descriptions had some depth, it has become apparent
over time that subtle aspects were not described in detail. Hence, there have
been a number of interpretations of the procedure and perceptions of this
being an easy technique have largely prevailed. An example of this is that
many embryologists will not deposit the acidified solution directly on the
zona pellucida while keeping the microneedle pressed on the zona pellucida.
This to many embryologists would seem aggressive, yet it is the only way to
reduce release of very limited amounts of acidified solution. While the zona
is dissolving, the microneedle should be moved into the thinning area. Keep-
ing the microneedle at distance and releasing acidified solution will cause a
broad stream of acidified medium insufficiently lowering the pH below 2.3,
the result being that larger quantities of acidified solution are being released
because of perceived carefulness. This is likely to affect cells adjacent to the
manipulated area. Similar considerations can be applied to the use of laser.
The lack of referring to possibly detrimental effects in this respect in the
original clinical applications is worrisome.

Less than half of all the embryos created after assisted reproduction
appear genetically normal (60), but implantation rates are generally lower
than that, indicating that a number of other factors must be involved.
Assisted hatching promotes earlier implantation and may therefore elevate
the chance of implantation by optimizing the implantation window (61).
There is additional proof that superficially thinning of the zona pellucida
is advantageous in certain patients (62).

Complete removal of the zona pellucida prior to compaction may lead
to loss of cells due to the absence of structural junctions. Only a proportion of
human expanded blastocysts growing in vitro will hatch and this frequency
may be dependent on the quality of the culture system. The incidence of
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hatching in vitro is enhanced by zona opening, at least in a proportion of in
vitro studies. Assisted hatching can potentially be applied to any embryo,
but its application by clinics has been slow or it has been abandoned in the
absence of consistent results because of technical variations and subtle
changes to the originally published protocols. Common problems identi-
fied by us have been (i) the lack of immunosuppression (63) in patients
whose embryos are zona-drilled, (ii) the excessive use of acidified Tyrode’s
solution by keeping the micro-pipette more than 5 mm away from the zona
pellucida, thereby decreasing the pH of a greater area than is needed for
zona piercing as described above, (iii) the use of hand-controlled suction
devices for release of acidified solution, which does not allow controlled
release due to insufficient visualization of the fluid, (iv) the creation of holes
smaller than 10mm which may trap the embryos during hatching, (v) the cre-
ation of holes larger than 25mm which may lead to cell loss during or after
embryo replacement, and (vi) the inability to change the transcervical embryo
transfer method in such a way that excess zona pressure is avoided during
replacement.

At least five methods have been used with varying amounts of success:
(i) partial zona dissection on day-two, three, or day 5, (ii) zona drilling with
acidified Tyrode’s solution on day-three, (iii) laser-assisted drilling on day-
three using an infrared non-contact laser, (iv) zona drilling with either
method at the blastocyst stage and (v) piezo-mediated drilling was also
achieved in animal and human models and might in future be considered
an alternative for clinical application (64), yet results in our laboratory have
shown that excessive use of piezo devices is detrimental for embryo develop-
ment in the mouse.

We abandoned the use of the first method of partial zona dissection as
it may produce gaps which are too small, possibly resulting in cell separation
during the escape from the zona pellucida (65). The creation of a second per-
pendicular gap may be beneficial (66). Larger mechanical openings may be
helpful and indeed have been studied to some extent (67). Trapping of the
blastocyst may occur if artificial gaps are too small. A link between gap size
and monozygotic twinning is illustrated by recent findings after embryo
biopsy. The rate of monozygotic twinning was not increased compared to
the frequency in the natural population (68). Gaps produced for biopsy
are a factor 2 or 3 times larger than those produced for assisted hatching.
Similarly, no monozygotic twins have been found after transferring blasto-
cysts from which the zona pellucida was removed (Coughlin Wagner and
Maravilla, Highland Park, Chicago, personal communication).

Though our practice indicates that assisted hatching improves implan-
tation, controversy continues to impede its widespread and dependable
application with as many studies finding no effect as studies that do. In
the first meta-analysis (69), 20 studies were considered, but only 14 were
included in a meta-analysis as their information came from prospective
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randomized controlled studies or retrospective studies with matched con-
trols. Nevertheless, a significant overall benefit of assisted hatching was
demonstrated, especially for older women. Other meta-analysis systems
have not added to this understanding (52–56).

More than 10 years ago, we investigated the benefits of creating rela-
tively large openings (15–20 mm on the inside to 30 to 50 mm on the outside)
by zona drilling with acidified Tyrode’s solution in the zonae of day 3
embryos undergoing initial compaction (57). It was shown that zona drilling
increased the rate of implantation in patients whose embryos had thick
zonae and others in whom embryos developed slowly. The procedure was
most beneficial in patients with elevated basal follicle-stimulating hormone
(FSH) levels or all those older than 38. This technique of selective assisted
hatching has been implemented in patients. Implementation is dependent
on individual embryonic variables, maternal age, previous history of the
patient, and basal follicle-stimulating hormone (FSH) levels. Current policy
extends assisted hatching to many patients, both IVF and ICSI, except those
in whom traumatic transfers are anticipated and in others who simply do
not consent to the procedure.

A number of programs have simplified selection criteria by using a
patient age cut-off limit. Others apply assisted hatching to all patients
who have failed IVF or ICSI before or whom are otherwise considered to
have a lowered chance of becoming pregnant. The initial learning curve with
this technique must be emphasized because individual and team results may
improve considerably after experience.

Selection for Assisted Hatching

The guidelines for selecting individual embryos for assisted hatching are
dependent on many variables. There are some hypothetical cut-off levels
according to maternal age, elevated FSH, zona thickness, percentage frag-
mentation, and number of blastomeres, above or below which the chance
of implantation is considerably reduced. Yet, all things being equal, the
selection process remains a clinical decision and not a scientific one. The
suggested guideline is that embryos from patients with elevated basal FSH
levels are always manipulated regardless of other evaluations. With few
exceptions, embryos from patients 38 years or older can also be zona-drilled.
A truly thick zona is defined as having a mean zona pellucida (ZP) higher
than 18 mm, but this number is dependent on the duration of follicular
stimulation and maternal age as well as the instrument of observation. Such
embryos can also be zona-drilled, regardless of other parameters.

Assisted hatching can also be performed on embryos which have 15%
or more extra-cellular fragments or develop slowly. Failed patients are also
considered for assisted hatching when their embryos were never zona-drilled
before and had an apparently normal embryo transfer.
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Techniques for Zona Opening: Acidified Solution

The use of acidified Tyrode’s solution is widespread also because of its
application for embryo biopsy. The diameter of the needle that deposits the
acidified solution ranges from 10 to 12 mm. Although heated stages can be
used, it is unknown what the optimal temperature should be while this type
or any other embryo micromanipulation is performed. The micro-needle is
front-loaded with acidified Tyrode’s solution before each hatching event
using precisely controlled suction. This type of control is especially important
because the meniscus of the acidic fluid cannot be controlled easily.

The embryo should be pre-aligned only with the holding pipette, so
that an open area between blastomeres, or an area of unusually large peri-
vitelline space, or an area with a concentration of fragments is directly
subjacent to the region to which the acidified solution shall be applied
(usually the three o’clock position). In this way, the small amount of acidi-
fied solution that is expelled into the perivitelline space does not come into
immediate contact with the surface of a blastomere before it is aspirated
back into the hatching needle. Once the embryo is appropriately positioned
with the use of the single tool, the micropipette filled with acidified solution
is lowered into the medium and brought adjacent to the target area as fast
as possible.

This is done in order to avoid dilution of acidified solution with
medium of normal pH, as its release on the zona will jeopardize the embryo
without affecting the zona pellucida. The key to successful assisted hatching
is to minimize exposure to low pH. Most of the individual elements of the
procedure are designed to produce a gap in the zona pellucida while mini-
mizing the impact of the exposure to acidified solution on the embryo. As
the acidified Tyrode’s solution is aspirated through a needle of very small
diameter, considerable residual suction (lower pressure) exists in the
hatching needle even after it is removed from the reservoir drop of acidified
Tyrode’s. When the hatching needle enters the droplet of medium contain-
ing the embryo to be hatched, this residual suction will cause culture
medium to be aspirated. A column of neutral pH medium will therefore
be at the tip of the hatching needle, and the upstream acidified Tyrode’s
solution will likely be diluted.

In order to prevent residual suction while aspirating culture medium,
the system should be prepared in advance so that the hatching needle will be
in precisely the correct position relative to the embryo when it is lowered
into the medium droplet. There should be no more than a two-second delay
between the time the hatching needle enters the drop until the initiation of
hatching. Also, a slight positive pressure in the hatching needle, applied as
soon as the needle breaks the surface of the drop when it is lowered, will
serve to counteract the residual suction. The embryologist should cease
the procedure if the thinning aspect is not immediate.
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The reduced pH solution should be expelled forcefully, so that the hole
is made as quickly as possible and the time of exposure to the acidified sol-
ution is minimized. The total time necessary to breach the zona should not
exceed a couple of seconds; most zonae will yield in fewer than five seconds.
The needle should be applied directly to the zona pellucida, and the area to
be opened should be massaged while the hole is being made, with the nar-
rowest point being the inside of the zona. The massaging motion should
allow the creation of a hole that is nearly rectangular. The inside layer of
the zona pellucida is frequently more resistant to reduced pH than the outer
layers. Care should be taken, therefore, to assure that zona breakthrough
occurs over a sufficiently wide area of at least 20 mm, and not at a single
small point.

As soon as the zona is breached, the flow through the assisted hatching
needle must be immediately reversed. All of the expelled acidified solution
should be aspirated, especially any and all solution that may have entered
the perivitelline space. In any event, the embryo should be simultaneously
moved to another area of the droplet, away from the area of reduced pH.
The use of a mouth-controlled suction tube for assisted hatching may be
preferable over other methods, to allow the instantaneous reversal of flow
through the hatching needle as soon a break-through of the zona occurs.

Assisted Hatching with Laser

The non-contact infrared laser has emerged as the methodology perhaps
best suited to mammalian zona-cutting applications (70). Several commer-
cial systems are now available with Food and Drug Administration
(FDA) permits using IR diode lasers, and these have been put to use in
human clinical embryology procedures such as assisted hatching and biopsy.
The appropriateness of some of the basic models investigating the infrared
delivery system must be questioned, however, and particularly localized
effects such as heat have only been assessed in other laser systems [for review
see Malter et al. (71)]. Early and clinical studies have been generally ham-
pered by lack of appropriate controls. FDA studies have been conducted,
but the study designs have not always been optimal as results between
laser-manipulated embryos and non-manipulated controls were compared
(72). This confounds the effect of zona opening per se with any effects of
the laser. Comparisons need to be made between the laser technique and
other standard clinical methodology for opening the zona by mechanical
or chemical means.

The problem with the more recent studies using laser applications is
that only the efficacy has been questioned and safety has been evaluated
in terms of pregnancy rates. The results reported appear promising, appar-
ently demonstrating simple, repeatable, and appropriate zona ablation with
no obvious detrimental effects, at least none that are reported (72,73). In
some studies, implantation and clinical pregnancy rate may have been
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increased following laser-mediated assisted hatching and a relatively large
group of healthy babies have now been born. The positive results and efficacy
reported for laser-based zona cutting have been intriguing; however, basic
safety studies have been rare and those that exist (71) are rarely documented
by researchers investigating clinical applications. Time will tell whether these
tools are safe and whether improved pregnancy rates can be sustained.

Removal of Fragments and Lysed Cells
After Cryopreservation

Once the gap in the zona pellucida is made, small fragments or lysed cells
may be removed by aspiration with the hatching needle. The clinical benefit
of this procedure is still debated (74,75), although the removal of lysed cells
from thawed embryos is now clinically applied in a number of clinics with
promising results (76,77). The technique requires masterly skill to remove
all or most fragments and lysed material from an embryo using a single hole
without causing damage. Great caution should be exercised because even
the slightest touch of the hatching needle on the membrane of a blastomere
can result in the loss of membrane integrity.

The use of a 12 mm diameter needle is preferred for this activity, com-
pared to the approximate 10 mm of a regular assisted hatching needle.
Suction should be instantly ceased if it appears that the membrane of a
blastomere is reacting to the suction in any way. Some fragments and lysed
debris may be firmly attached to blastomeres. In such cases, removal may be
counter-productive. Removing fragments and lysed debris can be time-
consuming and should be done gently and patiently. Continuous changes
of focusing adjustment on target material and adjacent blastomeres are
necessary because fragments are not all in the same plane as the pipette-
tip and the artificial opening. The zona should be turned after removal of
some fragments, as a different angle increases the likelihood that more frag-
ments can be removed. Fragments in between blastomeres and those
opposite the aperture should be removed last of all. Removal of fragments
from areas between cells is especially advantageous because it improves cell–
cell interaction during compaction (74).

Fragment and debris removal should only be practiced at the highest
magnification and using a state-of-the-art interference microscope. Continu-
ous refocusing and moving the zona around while determining the best
approach are essential to this technique, including awareness of the distinct
patterns of fragmentation. Most of the benefits of assisted hatching and
fragment removal lie in the production of the artificial gap in the zona pel-
lucida. The benefit derived from fragment removal over and above that of
assisted hatching alone is real, but modest in comparison. When only a
few fragments exist on the periphery of an embryo, it is probably unwise
to spend much time attempting to remove them. When larger numbers of
fragments are present, especially in an orientation that may interfere with
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normal cell–cell contact and impede compaction, it makes sense to take
more time to remove them.

The results of fragment removal are best weighed by assessing preg-
nancy rates of patients by grouping average rates of fragmentation of the
replaced embryos prior to fragment removal. Even patients with the worst
embryos must have at least a 30% chance of becoming pregnant. It is likely
that this result is positively affected by the procedure, as well as by the
expertise of the team.

Alikani and co-workers in 1993 were the first to explore the possibility
of removing degenerate blastomeres from embryos before compaction using
a mouse model (75). They also described that clinical pregnancies were
established after removing lysed cells from human embryos but did not dem-
onstrate efficacy. This was done recently by comparing datasets of embryos
transferred with lysed cells remaining inside their zonae to embryos whose
lysed cells were removed (77). A remarkable improvement in implantation
was achieved.

Monozygotic Twinning and Assisted Hatching

The incidence of monozygtic twinning is quadrupled after follicular stimu-
lation with or without assisted reproduction (68). Not all aspects of ART
have been associated with monozygotic twinning. Follicular stimulation,
poor embryo development, assisted hatching, and blastocyst development
have all been described as risk factors, yet evidence of serious direct associa-
tions is largely missing. It is likely that, in the case of blastocyst transfer, the
association is related to changes in the zona pellucida or the ability of the
embryo to prepare for hatching, yet this is possibly related to subtle aspects
of embryo culture and should be transient with improving conditions. Also,
identical twinning may be reduced by removing the zona at this point
mechanically or enzymatically or by performing a partial yet vigorous open-
ing procedure. The association between assisted hatching and monozygotic
twinning is complicated by confounding factors such as selection of patients
and embryos. Again, the association between monozygotic twinning and
micromanipulation may be because of technical variations; a more con-
straining zona opening is likely to lead to trapped or split embryos (65). This
is illustrated by the observation that only 1/140 (0.7%) embryos that were
biopsied had monozygotic twins (68). A larger zona opening is therefore
likely to reduce nearly all factors associated with trapping and splitting,
indicating that the association between assisted hatching and identical twin-
ning is of a technical nature.

EMBRYO BIOPSY

PGD can now be performed at nearly any stage between egg maturation and
cavitation of the embryo (1,78,79). The validity of PGD and the scope of
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applications in fertile and infertile patients will be discussed elsewhere as this
is a complex topic that requires broad discussion. The general interest in the
biopsy technique itself and the understanding of aspects of the culture sys-
tem that may play a role during micromanipulation for PGD is rather lim-
ited. Few studies have emphasized these aspects in spite of a genuine and
broad interest in the genetic aspects of PGD. Here, biopsy of the cleaved
embryo on day 3 will be discussed briefly, as this is still the method preferred
by most clinics that are interested in PGD. There are basically three ways of
opening the zona for embryo biopsy at the cleavage stage and two ways of
extracting a blastomere through the artificially created gap (80–84). The
zona can be opened mechanically, but this is still rarely applied, via the
use of acidified solution (see assisted hatching section above) or using a
laser. The targeted blastomere can either be extracted using a biopsy needle
that absorbs the cell partially or completely and releases it elsewhere in the
droplet or it can be released from the embryo using pressure on the zona
pellucida using a tool that does not enter the zona pellucida. The latter
is a single tool technique that is often used in combination with a laser.
Surprisingly, there are no randomized studies that compare any of these
techniques, although serial observations have been described (84). The
circumstances of biopsy have not been studied in great detail. There is
no information available from the literature on the optimal use of
Ca- and Mg-free medium and any safety aspects in spite of its widespread
use. There is consensus about its technical advantages because blastomere
survival is clearly enhanced. There is no information available about the
use of buffered culture systems and the optimal temperature. There is also
no appropriate guideline for targeting a certain blastomere, although there
is consensus that the blastomere should not be dividing and should have a
single clear nucleus. It is unsure if there is already a predisposition of blas-
tomeres to the inner cell mass and trophoblast at the eight-cell stage. From
cryopreservation studies involving models of cell survival, it appears that
such an early allocation is either missing or has little clinical effect after
biopsy (85,86).

The most important question regarding embryo biopsy is the possible
effect on further development and efficacy if an associated genetic diagnosis
was not performed. In other words, does a single blastomere biopsy affect
the embryo and is this loss compensated in one way or another by the
subsequent genetic diagnosis? Certainly, the notion that PGD would be suc-
cessful and result in acceptably high pregnancy rates after testing for single
gene disorders was assumed many years ago, but clinical practice has been
shown to be disappointing. The effects of cell loss after biopsy can be tested
by performing prospective analysis of intact and biopsied embryos without
genetic diagnosis, but such experiments may be considered ethically chal-
lenging. The proposition that blastocysts obtained after single-cell biopsy
have cell numbers proportional to their initial cell count is often being
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quoted as showing that the embryo can loose a cell; however, those experi-
ments were done with well developing embryos from young donors (87).
IVF practice shows that the number of cells on day 3 is not an average of
eight, but a number that is lower and dependent on patient selection and
other factors. In our EggCyte database with over 80,000 embryos, the aver-
age cell number on day 3 is not 8.0 but 6.7.

A possible estimate of the effect of cell number on viability can be
derived from experience of cryopreservation of cleaved embryos and asso-
ciated cell loss. It has been suggested that loss of viability after freezing is
proportional to the number of cells lysed (85,86). For instance, if the
expected implantation is 20%, then the loss of one cell from an 8-cell embryo
would result in an implantation equal to 7/8�20¼ 17.5%. If the embryo has
only 6 cells at freezing, a single cell loss would translate to 5/6 � 20¼ 16.7%.
This means that if we postulate that there is no effect of assisted hatching in
a given IVF program and if the result of biopsy is similar to that of cell lysis
after thaw, any genetic diagnosis would have to make up for this loss in
implantation potential. Obviously, this only applies to genetic diagnosis
involving assessment of embryo normalcy. The loss in implantation poten-
tial could be very substantial if one considers the true average cell number
and not automatically assume that all embryos have 8 cells on day 3. Again,
if the expected outcome would be an implantation rate of 20%, the implan-
tation rate after single cell biopsy of embryos from our laboratory (average
cell number¼ 6.7) would be 5.7/6.7� 20¼ 17.0%. The genetic diagnosis
would have to make up for this loss in implantation potential. In our clinical
experience of PGD for infertility involving the use of 5 to 9 chromosomes
probes, we have demonstrated a significant increase in implantation when
selecting patients because of advanced maternal age as well as repeated preg-
nancy loss (88,89). It must be noted that these procedures were performed
using a single-cell biopsy. It has been advocated by others, particularly
the Brussels team, that the number of cells extracted should be at least
two and not one (90,91). This policy difference is based on the assumption
that aneuploidy testing is another form of prenatal diagnosis and that the
negative error rate should be as low as after clinical prenatal genetic diag-
nosis. Opinions differ in this respect because we consider aneuploidy testing
as an additional way of selecting embryos for transfer. In the context of this
policy, PGD becomes yet another useful tool for embryologists guiding
them in their decision to choose the embryos with the highest likelihood
of viability. Indeed, considering the concept of implantation potential and
associated cell loss described here, biopsy of two cells would be double as
detrimental as that of a single cell extraction. In this respect and using
our model, implantation rates could drop as low as 14% (again presuming
that the expected rate was 20%). Interestingly, in two recently published
clinical trials by the Brussels team, implantation rates in the PGD for aneu-
ploidy and control groups were similar, indicating that the genetic diagnosis
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had made up for the initial damage to the biopsied embryos, yet the net result
was disappointing (90,91). In conclusion, considering the effects of embryo
biopsy and cell loss after freezing, it is recommended that clinical teams
restrict the number of extracted cells to one and inform patients of potential
errors. The latter figure is less than 5% after biopsy of a single cell in our
work. Certainly, this number must be acceptable if one agrees with the notion
that PGD is not prenatal genetic diagnosis.

MORAL, ETHICAL, AND POLITICAL CONSIDERATIONS

The debate on the ethics and morals of invasive manipulation of human
gametes and embryos reached an unexpected apex in the spring of 1997 with
the birth of a wonderfully smiling sheep called Dolly in Scotland, and once
again with the creation in 2005 of human embryonic stem-cells (hESC) from
somatic cells of diseased Korean patients by a process euphemistically called
therapeutic nuclear transplantation (92,93). At the time of writing of this
chapter, the latter group of researchers headed by Dr. Hwang is under inves-
tigation for fraud by Korean authorities and an investigation of Dr. Gerry
Schatten’s role in the affair is under scrutiny from the University of Pitts-
burgh. Korean sentiments have reached such an emotional response that
American–Korean relations may have been affected, hopefully not perpetu-
ally. It is not the first time in history that a scientific finding has had major
political repercussions. The consequences of Galileo’s steadfast ‘‘and yet it
moves’’ when referring to planet earth not being ‘‘fixed’’ was still felt in
shaken-up Europe hundreds of years later. The political answers to biologi-
cal phenomena and associated tools that can be applied in human assisted
reproduction are being considered by nearly all governments, often before
technologies become realistic, using emotional and religious considerations
rather than common sense. The largely negative global response to the cre-
ation of children heteroplasmic in a non-coding region of the mitochondrial
genome in 2001 testifies to the fear among most people regarding new medi-
cal technology. The fact that the 43rd president of the United States first
public speech after eight months in office was about prohibiting the further
creation of hESCs shows the enslavement of secular governments for con-
temporary Galileo-era-like limitations imposed by organized religion. The
field of reproductive cell surgery apparently causes great concern among
lawmakers and ethicists alike, especially as it involves the tools enabling
scientists to perform nuclear transplantation. Laws were passed in haste
in several countries banning cloning after Dolly’s birth, but a few more
contemplative lawmakers pointed at the potential benefits that cloning tech-
nology could foster and assumed that further evaluation was warranted. Yet
to date, many countries prohibit the use of nuclear transplantation, some-
times even in animal models. Prime examples of advantages to be gained
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are obvious in this chapter and throughout this book. Transferring a
nucleus into an oocyte, such as is the case with ICSI, is cloning-derived tech-
nology. This is also apparent as reproductive specialists have attempted to
transfer haploid sperm precursor cells. It is likely that, while attempting
to select round haploid spermatids, the embryologists may select a somatic
cell, with similar morphologic resemblance, which is usually present in the
sperm preparation. It is actually possible that human embryos have already
been accidentally created in this way. Moreover, the chance of spontaneous
embryo splitting (a simple form of embryo duplication) is likely to be en-
hanced following certain forms of micromanipulation and assisted hatching.
Removing cells from embryos during PGD (a technology now prohibited in
several European countries) is yet another application where cloning tech-
nology has given us an advantage. Another example is cytoplasmic transfer,
where in the most extreme form, nuclei can be exchanged between eggs or
zygotes, in order to fully transplant the ooplasmic component. This is the
most likely strategy that embryologists will follow when assisting women
with mitochondrial disease to conceive, a notion that has been given the
green light, at least in a pre-clinical investigative context by the human fer-
tilization and embryology authority in the UK. The opportunity to treat
infertility and prevent genetic disease in other generations should not be
confused with or mistaken for cloning or alteration of the genome in an
as yet undefined and possibly eugenic direction (genetic engineering). Noth-
ing could be further from the truth. These procedures aim to normalize
development by manipulation of compromised components other than the
cells’ nuclear genetic system; they aim only to provide or enhance the natural
elements and conditions used by the nuclear genetic system for development
when they are believed to be absent or somehow lacking in substance.

Patients should always be fully informed and provide written consent
to all and any of the procedures described here. Investigative protocols such
as these must be considered and approved by an appropriate scientific and
ethical board. Successful duplication of the procedures depends in great
measure on mastering the skills of micromanipulation and the experience
and expertise of the individual embryologist, just as the success of advanced
surgery depends upon the skill of the surgeon. This appears to be especially
the case with procedures such as assisted hatching and fragment removal.
We believe that the field of micromanipulation in embryology is just as
exciting as that of surgery, perhaps more so, and that it may ultimately lead
to widespread use of some of the techniques described here and, of course, it
is to be expected that new and perhaps surprising applications will be
discovered to overcome not only infertility, but also genetic disease. The
timeline for this is not controlled by patients or their doctors. It is not
dependent on scientists or their lack of funding. It is almost entirely con-
strained by the aptitude of powerful religious extremists.
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INTRODUCTION

In 1990, preimplantation genetic diagnosis (PGD) was introduced as an
experimental procedure to genetically screen human embryos during an in
vitro fertilization (IVF) cycle (1,2). More than a decade later, PGD has
become an established clinical procedure in assisted reproductive technolo-
gies with over 6500 PGD cycles performed worldwide, resulting in the birth
of well over 1000 healthy babies and a pregnancy rate per transfer of
approximately 24% (3). The safety of PGD is reflected in these comparable
pregnancy rates with conventional IVF, as well as the equivalent incidence
of birth abnormalities in the general population (4). PGD was initially per-
formed for preexisting Mendelian-inherited monogenic disorders including
X-linked disorders involving sex selection (1), cystic fibrosis (5), and Tay-
Sachs disease (6). With the development of interphase single-cell fluorescent
in situ hybridization (FISH) in the early 1990s, PGD has expanded to offer
screening for chromosomal disorders including aneuploidy detection for
clinically significant chromosomes (7,8) and translocations (9,10). PGD
involves the molecular analysis of genetic material derived from oocytes
or embryos during an IVF cycle. Only embryos identified as free of the
indicated genetic disorder or chromosomal error are selected for transfer to
the woman’s uterus. Consequently, an established pregnancy is expected
to be unaffected with respect to the indicated genetic testing.
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SOURCE OF GENETIC MATERIAL

There are three different sources of genetic material potentially available for
PGD: polar bodies from the initial conception, blastomeres from early
cleaving embryos, and trophectoderm cells from the later stage blastocyst.
A biopsy is performed to remove these cells for subsequent genetic analysis
(11). Several procedures have been developed to create a hole in the zona
pellucida including mechanically by conventional partial zona dissection
(12), chemically using acid Tyrodes solution (13), or with the use of non-
contact laser technology (14,15). The biopsy of these cells is predominantly
performed under an inverted microscope with contrast optics using glass
holding, needle, or suction micropipettes, and a set of micromanipulators
attached to a pneumatic- or hydraulic-based system (11). The biopsy of
polar bodies extruded by the oocyte or blastomeres from cleavage-stage
embryos is considered safe on the basis of implantation and pregnancy rates
reported in the literature that are comparable with conventional IVF (16).

Polar body biopsy can be performed preconceptionally to remove the
first polar body or post-fertilization to remove either only the second polar
body or both polar bodies simultaneously (Fig. 1) (17,18). Polar bodies are
naturally extruded from the oocyte with no further role in the development
of the future embryo. They each have a set of chromosomes that are comp-
lementary to those present in the oocyte. The first polar body is formed
during meiosis (M) I of oogenesis and has a set of bivalent chromosomes,
whereas the second polar body is formed during MII, after fertilization,
and contains a haploid set of chromosomes. Both polar bodies give comp-
lementary diagnostic readouts and by deduction infer the genetic status
of the oocyte. The main advantages of polar body biopsy include the

Figure 1 Polar body biopsy.
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extra-embryonic nature of the polar bodies and the additional amount of
time available for genetic analysis prior to embryo transfer. However, the
major disadvantage of this technique is that the sex and paternal genotype
are not available for the analysis, thus precluding polar body biopsy for the
analysis of paternal mutations, gender determination, and chromosomal
abnormalities arising from paternal meiosis. In addition, polar bodies
undergo fragmentation rendering them often difficult to biopsy which can
potentially lead to misdiagnosis if the embryologist is unable to retrieve
all the polar body fragments.

Currently, the preferred stage for obtaining cells for genetic diagnosis
is a blastomere biopsy of the cleavage-stage embryo performed at the
6–10-cell stage on day three post-fertilization (Fig. 2) (16). This allows for
the retrieval of a blastomere containing both the maternal and paternal gen-
omes. As these blastomeres are totipotent, the biopsy of 1–2 cells from the
developing embryo does not seem to drastically reduce either the mass or
contribution to the fetus, thereby not affecting the future viability of the
embryo (19,20). Reports of ongoing comparable clinical pregnancy and
implantation rates with conventional IVF confirm these earlier studies (4).
The blastomere biopsy procedure can be performed by either gentle aspir-
ation (Fig. 2) or by the nudge of the flow of biopsy media. Even if the
embryo has begun compaction with gap junctions forming between
the blastomeres, a blastomere biopsy can be performed after a short
pre-incubation in calcium–magnesium-free media to reduce the cellular
apposition. The major disadvantage of blastomere biopsy is the invasive
nature of the procedure on the embryo itself along with the reduction in cell

Figure 2 Blastomere biopsy.
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number and the potential influence on further fetal development. There has
been debate in the PGD field as to whether one or two cells should be biop-
sied. Clearly, the removal of two cells further reduces the cellular mass of the
cleavage-stage embryo and may result in a reduction in developmental
potential (21). Only a handful of studies have compared the outcome of
one versus two biopsied cells, concluding that there were no decreases in
implantation rates (22) with potentially fewer misdiagnoses (23). Ongoing
prospective studies are underway to further address this question.

A human blastocyst, depending on the exact stage of development, can
contain over 100 cells. Hence, the biopsy of 6–10 cells from the outer layer
of trophectoderm is unlikely to have a detrimental effect on the blastocyst’s
mass or on the developing fetus that originates from the inner cell mass
(ICM) (24–26). Prior to biopsy, the position of the ICM is identified so that
the hole in the zona can be created on the opposite side of the blastocyst,
reducing possible developmental and ethical concerns (Fig. 3). The cells
are removed either mechanically by mild teasing using needles (24,27) or
after herniation of the trophectoderm allowing biopsy by laser (Fig. 3)
(28,29). The major advantage of this procedure is the larger amount of
material available for the genetic testing, thereby increasing the reliability
and accuracy of the diagnosis. However, the time for the analysis is limited
to no more than 24 hours, as the blastocyst needs to implant at this stage.
There are also uncertainties surrounding the genetic make up of the trophec-
toderm in relation to that of the ICM, the future-developing fetus. Due
to these issues and the fact that some clinics prefer not to culture to the

Figure 3 Trophectoderm biopsy.
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blastocyst stage, only a limited number of IVF clinics perform blastocyst
biopsy routinely. However, these clinics have reported ongoing clinical preg-
nancies and healthy babies (28,29).

PGD FOR MONOGENIC DISORDERS

The current experience of PGD for monogenic disorders exceeds more than
1500 cycles comprising over 50 different conditions and the birth of more
than 300 unaffected children (3). PGD has been performed for autosomal-
recessive (e.g., cystic fibrosis), autosomal-dominant (e.g., Huntington
disease), and X-linked (e.g., Fragile X) inherited disorders (3). PGD has been
established as an acceptable form of early prenatal diagnosis with the spec-
trum of conditions expanding with patient demand. The main motives
behind couples seeking PGD are objection to potential therapeutic abortion
(�47%), genetic risk coupled with low fertility (�32%), and repeated thera-
peutic abortions of identified affected fetuses (�26%) (30). In addition to
conventional monogenic disorders, PGD is now requested for conditions
such as late-onset predisposition disorders, blood group incompatibility,
and human leukocyte antigen (HLA) matching (3,31).

In routine genetic diagnostic procedures, a starting template of at least
10 ng of DNA is usually available. However, a single cell contains only 6 pg
of DNA (32) and has only two copies of each target locus. Some of the
requirements that need to be addressed in PGD for monogenic disorders
are the difficulties in the amplification of single-cell templates and the estab-
lishment of a procedure for high amplification efficiency and accuracy. A
considerable amount of time and resources are required for the development
of reliable and accurate single-cell diagnostic tests including the preliminary
mutation workup. Careful experimental practices and suitable facilities
including allocated equipment and vigilant quality control are essential (16).
Specific and individual mutation-detection systems have been developed to
capture and visualize the different DNA variants involved in monogenic
disorders, including single base pair substitutions, deletions, insertions,
duplications, and trinucleotide repeat expansions (3,4).

Polymerase chain reaction (PCR) is a common technique performed in
PGD for monogenic disorders. It is a rapid, highly sensitive, and specific
molecular technique that is capable of amplifying single copies of DNA tem-
plate into large numbers with high fidelity (33). In a PCR reaction, several
DNA sequences or loci can be independently amplified at the same time
using multiple primer pairs in a technique called multiplex PCR. Once the
DNA from the single cell has been amplified, there are numerous detection
methods available to visualize the PCR products for the presence or absence
of the specific DNA mutation or variant. The choice of the technique is
usually dependent on the nature of the specific DNA mutation or variant
and includes restriction endonuclease digestion (34,35), single-strand
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conformational polymorphism (36), denaturant gradient gel electrophoresis
(37), heteroduplex analysis (38), single nucleotide primer extension (39), and
analysis of DNA fragment size (40,41). Fluorescent technology has further
increased sensitivity of these detection methods resulting in the requirement
of fewer PCR amplification cycles and greater reliability.

Real-time PCR is a more recent molecular technique that allows the
mutation amplification and subsequent fluorescent detection procedure
to be carried out in the same tube. Fluorescently tagged probes directed to
either the normal or mutant sequence allow detection of the rate of amplifi-
cation product accumulation to be measured directly by associated computer
software as the PCR reaction proceeds (42,43). Unfortunately, there has
been a slow uptake of this technology in PGD labs due to the enormous costs
involved in purchasing the specialized equipment and consumables.

Several misdiagnoses have been reported by clinics around the world
due to the complexity and sensitivity of single-cell PCR analysis (16). It is
of vital importance that PGD relies on a positive result from the biopsied cell,
thereby reducing the possibility of the transfer of affected embryos. The three
main sources of potential misdiagnosis in PGD include external DNA con-
tamination, complete amplification failure, and allele drop out (ADO).

External DNA contamination is a major problem due to the limited
starting template and the large number of PCR amplification cycles required.
Even at normal detectable levels, external DNA contamination may disguise
or overwhelm a single cell and cause a misdiagnosis. The main laboratory
contaminants include previously amplified PCR products accumulated in
the laboratory and skin cells from the technician. The implementation of
strict experimental practices and appropriate facilities will essentially mini-
mize this risk including the following examples: a dedicated laminar flow
hood with ultraviolet light to destroy any DNA by thymidine cross-linking,
the isolation of all equipment for PGD use only, filtration and autoclaving of
reagents, aliquots for storage, long sleeve lab gowns, caps and masks, and
frequent glove changes (44). Pre-testing of all reagents and solutions prior
to a clinical PGD case is essential to confirm the reliability of the test as well
as for contamination prevention. Other potential sources of contaminants
include the cumulus cells that surround the oocyte and excess sperm bound
to the zona pellucida at the time of fertilization. These cells could accidentally
be removed along with the polar body or blastomere during the biopsy pro-
cedure. It is therefore recommended for PGD of monogenic disorders that all
oocytes be completely striped of their cumulus complex and that intracyto-
plasmic sperm injection is chosen as the method for fertilization.

It is also possible to detect contamination by the simultaneous PCR
amplification of highly polymorphic DNA markers (45). This is similar to
DNA fingerprinting techniques whereby highly polymorphic DNA markers
allow the distinction between maternal and paternal alleles (46). As poly-
morphic DNA markers obey the laws of Mendelian inheritance, the

318 Katz-Jaffe



embryos of any couple can only inherit a specific combination of alleles at
any particular locus (47). Therefore, an incorrect combination of alleles or
the presence of extra foreign alleles is an indication that contamination
has occurred. It has become increasingly common for PCR-based single-cell
tests to include the amplification of several polymorphic DNA markers
alongside the mutation loci used for diagnosis. If intragenic markers are
chosen, they are linked in 100% disequilibrium to the gene of interest and
are unlikely to be separated by recombination during meiosis. Hence, these
polymorphic DNA markers have a dual purpose to recognize potential
extraneous DNA contamination and act as a positive control for amplifi-
cation (34,38).

Complete amplification failure of a mutation locus is observed in
5–10% of single cells. The source of the failure could be due to a number
of factors, including failure to transfer the single cell into the PCR tube,
an enucleate cell, degradation or loss of the target DNA sequence, and/or
inefficient cell lysis (48,49). In contrast, ADO is defined as the amplification
failure of either the maternal or paternal allele, giving the impression that a
locus is homozygous. ADO has been observed to affect both parental alleles
randomly. PGD involving dominant monogenic disorders is particularly
vulnerable to misdiagnosis from ADO by the transfer of affected embryos
that are incorrectly diagnosed as unaffected homozygous. One method to
prevent misdiagnosis by ADO is the simultaneous amplification of intra-
genic polymorphic DNA markers in combination with the gene of interest.
These markers would be inherited alongside the mutation locus providing
additional loci for the detection of affected embryos. It is improbable that
all loci amplified during a multiplex PCR reaction would be affected by
ADO (38,50). The factors that cause ADO are yet to be completely eluci-
dated; however, differences in PCR thermal cycling conditions, fragment
size, incomplete cell lysis, the degradation of target template sequence, freez-
ing and thawing, and poor specificity of primer pairs could possibly explain
the variability in observed ADO rates (51).

The development of new reliable single-cell strategies, often for only
one specific monogenic disorder, requires a major investment in resources,
staff, finances, and time. Obviously, more adaptable and universal tech-
niques are required in PGD that will allow a wider range of mutations to
be concurrently investigated. One platform that may be able to achieve this
goal is microarray technology. Specific sequences of DNA incorporating dif-
ferent mutations would act as probes on a microarray slide or chip, allowing
hybridization between these known DNA probes and test DNA amplified
from the single biopsied cell. Initial development of a specific cystic fibrosis
deltaF508 array highlighted the diagnostic capability of microarrays for
PGD (52). However, for this technology to be offered clinically, several
issues need to be addressed including the reliable amplification of the whole
genome from a single biopsied cell, a reduction in the complexity and time
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for data analysis, and more cost-effective microarray platforms comprising
DNA probes for numerous common monogenic disorders.

Whole genome amplification (WGA) is a technique aimed at maximiz-
ing the amount of information that can be obtained from a single cell or
limited template. WGA theoretically involves the non-specific amplification
of the entire genome, thereby increasing the amount of template for sub-
sequent PCR reactions and multiple genetic analyses (53,54). There are
several types of WGA protocols that have been developed to amplify DNA
from small numbers of cells including primer extension preamplification
(55), degenerate oligonucleotide primer PCR (56), and multiple displacement
amplification (MDA) (57). Recently, MDA has been incorporated in clinical
PGD for cystic fibrosis and b-thalassaemia resulting in two pregnancies (58).
Some of the drawbacks to WGA methods include higher incidences of ADO,
inaccurate size fragments, and inconsistent amplification of the whole gen-
ome (59,60). It is paramount that any WGA protocol incorporated in clinical
PGD be reliable, accurate, and complete in the amplification of the entire
human genome from a single cell.

PGD is considered an early form of prenatal diagnosis allowing high-
risk couples to establish pregnancies free of the indicated genetic disorder.
This technology is viewed as a positive contribution to the field giving cou-
ples early reassurance and avoidance of therapeutic abortion. Indications
for PGD will continue to grow with patient demand and advancing
technology. The use of PGD for non-medical indications, including HLA
matching for siblings suffering lethal diseases such as leukemia and late-
onset diseases such as cancer predisposition, are also likely to become more
common. These non-medical indications have attracted media attention and
passionate public debate concerning the ethics of ‘‘designer babies.’’ In con-
trast, it has been argued that PGD for non-medical reasons highlights the
love and commitment of couples to treat and prevent disease in their chil-
dren and therefore should be viewed as an acceptable treatment.

CHROMOSOMAL ANEUPLOIDY SCREENING

Chromosomal analysis of human IVF embryos using single-cell inter-
phase fluorescent in situ hybridization (FISH) was first developed to screen
for embryo sex, allowing for the detection of the two sex chromosomes (7,61).
Over time, the number of chromosomes for detection has increased signifi-
cantly, allowing for screening of chromosomal aneuploidy in up to 9–10
chromosomes (62,63). Studies have shown that fetal chromosomal abnor-
malities are associated with human implantation failure and pregnancy loss
(64,65). Therefore, chromosomal aneuploidy screening in PGD was
introduced for IVF patients who are considered to be at increased risk of
producing embryos with chromosomal abnormalities. These at-risk groups
include advanced maternal age (>36 year), repeated miscarriages (RM), poor
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IVF prognosis (>3 failed cycles), and couples who carry a chromosome
rearrangement (such as translocations and inversions). Chromosomal aneu-
ploidy screening of these patients’ embryos should identify euploid embryos
for the indicated chromosomes leading to a greater chance of implantation
and clinical pregnancy. PGD for aneuploidy screening now accounts for the
majority of PGD cycles worldwide, estimated at close to 5000 cycles (3). The
benefit of PGD for aneuploidy screening has been reported by several
groups showing an increase in implantation rates and decrease in miscar-
riage rates (31,62,63,66,67).

Single-cell interphase FISH is a rapid, reliable, and efficient technique
capable of detecting up to 9–10 chromosomes in two rounds of hybridiza-
tion on a single nucleus (62,63). Currently, fluorescent DNA probes for
chromosomes X, Y, 13, 14, 15, 16, 18, 21, and 22 are being used in PGD
for aneuploidy screening as they are involved in more than 50% of all
chromosomal abnormal miscarriages (65). In the cases of chromosomal
translocations, probes distal to the sites of chromosome breakage are used
in addition to centromeric and proximal probes (68). The technical dif-
ficulties encountered in regards to selecting appropriate FISH probes and
optimizing protocols for each couple’s specific chromosome rearrangement
are considerably time-consuming and expensive. However, these couples are
considered to be one of the most motivated groups of PGD for aneuploidy
screening due to their history of RM and infertility. A clear advantage has
been documented in more than 500 clinical cycles with a fourfold reduction
in miscarriage rates and an increase of live births (69,70).

Successful FISH involves annealing of the single-stranded fluorescent-
labeled DNA probes to its complementary target sequence on a specific
chromosome. The biggest limitation to this technique is the fact that only
one or two cells are available for analysis. The error rate for single-cell inter-
phase FISH has been recorded in several studies at frequencies between
5 and 15% (18,68,71). Numerous variables could be responsible including
signal overlap, signal splitting, cross-hybridization of FISH probes, and
the presence of chromosomal mosaicism (72). A greater number of monoso-
mies have been diagnosed by single-cell FISH than trisomies. This could be
due to insufficient binding, loss of DNA, poor probe penetration, or an
overlap of chromosome signals due to the poor spread of the nucleus during
fixation (68). In an attempt to counteract the possibility of misdiagnosis, a
FISH scoring system has been implemented (68) to reduce the incidence
of false-positive and false-negative results. Nevertheless, several misdiag-
noses have been recorded, where aneuploid embryos were misdiagnosed
as normal, but on transfer resulted in aneuploid pregnancies that either
spontaneously aborted or were detected after prenatal diagnosis (16).

Interestingly, the data from FISH analysis of human IVF embryos
have revealed a high incidence of chromosomal mosaicism, with over 30%
containing a proportion of aneuploid cells (61,73,74). These high rates of
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chromosomal mosaicism observed in human IVF embryos are a major con-
cern in chromosomal aneuploidy screening, questioning the validity of the
test, with the possibility of transferring affected mosaic embryos (75,76).
Embryonic chromosomal mosaicism is the existence of two or more differ-
ent chromosomal complements in a single embryo. Mitotic cell division
errors post-fertilization, appear to be responsible for the observed chromo-
somal mosaicism in early human preimplantation development (77,78). The
chances of detecting mosaicism would depend on the timing of the mitotic
cell division error, e.g., a non-disjunction event during the second cleavage
division would result in a 25% chance of biopsing an aneuploid blastomere.
Studies have also revealed frequent mosaicism in both the trophectoderm
and ICM of human blastocysts (79–81), with the significance at this stage
of human embryonic development still to be clarified. The current under-
standing of the normal dynamics and regulation of mitotic chromosomal
segregation during early embryonic cleavage divisions is critically insuf-
ficient. Hence, several clinics support the biopsy and analysis of two
blastomeres for chromosomal aneuploidy screening in order to reduce the
chance of misdiagnosis due to mosaicism (22,82). However, this approach
cannot completely overcome the possibility of a misdiagnosis, nor does it
address the problem of mosaicism in human IVF embryos. One approach
to gaining a better understanding of chromosomal mosaicism during human
preimplantation development is to determine the underlying mechanisms
causing this phenomenon including the origin and nature of the cell division
errors (83). Such knowledge may translate into a revision of current clinical
and lab procedures to produce higher numbers of non-mosaic embryos
available for transfer, thereby potentially improving implantation rates.

Current single-cell interphase FISH methods are limited to the
analysis of less than half of the human chromosomal complement. It is
hypothesized that the development of a technique that can analyze all 23
pairs of human chromosomes will allow for the selection of entirely euploid
embryos for transfer, further improving pregnancy rates and decreasing
miscarriage rates for indicated couples. There are several alternatives that
are currently being investigated including metaphase nuclear conversion.
Customarily, cytogenetic techniques are performed on cells that are in meta-
phase, when the nuclear membrane has broken down and the chromosomes
are condensed allowing for the identification of each individual chromo-
some. However, blastomeres are typically observed to be in interphase,
when chromosomes are in an unrecognizable state. Metaphase nuclear con-
version is a technique that fuses blastomeres or second polar bodies with
enucleated or intact oocytes (mouse, bovine, or human) allowing for the
metaphase visualization of all 23 pairs of chromosomes to identify both
chromosomal aneuploidy and rearrangements. Several methods can then
be used on these metaphase converted chromosomes for enumeration
including G-banding, chromosome painting, and spectral imaging (84–86).
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Metaphase nuclear conversion has been applied in 52 clinical PGD cases for
translocations with an 88% success rate and 38 transfers of chromosomally
balanced embryos (87). Nevertheless, there are several concerns in produc-
ing these metaphase chromosome spreads from a single cell including labor
intensity, technical difficulties, and the ethical considerations in fusing
human blastomeres with enucleated oocytes from other species.

Another alternative method for enumerating all 23 pairs of chromo-
somes is comparative genomic hybridization (CGH) (88). This method
involves a test DNA sample (blastomere) and a normal control DNA sam-
ple differentially labeled with fluorochromes (red or green) and hybridized
simultaneously to a spread of normal metaphase chromosomes. If there is
a chromosomal imbalance in the test sample, then a deviation of the 1:1
fluorescence ratio will be observed for the particular chromosome affected
indicating aneuploidy. The major drawbacks to this method include the
inability to detect ploidy changes or balanced translocations, the extremely
lengthy labor-intensive procedure taking up to five days to complete, and a
substantial amount of starting DNA template (at least 200 ng) necessitating
the requirement of WGA for single cells. Several groups have attempted to
overcome these difficulties to develop CGH for aneuploidy screening in
PGD (89,90). Clinical experience of CGH has included a study of 20 poor
IVF prognosis patients resulting in 14 embryo transfers and three clinical
pregnancies after freezing and thawing of biopsied embryos (91). In this
study, only 54% of the embryos survived the freezing and thawing with at
least 50% of cells intact; therefore, to maximize the potential of CGH and
the analysis of all chromosomes, it would appear that cryopreservation
should be avoided. The biopsy of polar bodies followed by CGH and a
blastocyst transfer has also been clinically reported; however, with this
method only the maternal chromosomes are available for analysis (92). In
its current state, single-cell CGH is a difficult, highly labor-intensive, and
complex technique that is unlikely to be widely accepted in clinical PGD
for aneuploidy screening.

A new promising technology that could transform chromosomal
aneuploidy screening in PGD merges single-cell CGH with a microarray
platform. Array CGH is a powerful technique that allows for genome-wide
analysis with high resolution and detection of DNA copy number variations
(93). Array CGH provides several advantages over conventional CGH,
including substantially increased resolution and the ability to directly corre-
late chromosomal abnormalities with the genomic sequence. Array CGH
has the potential to be a primary screening tool for cancer and genetic
disease detecting genomic imbalance in cells. It is anticipated that array
CGH will transform the practice of both medical genetics and clinical cyto-
genetics. Currently there are several hurdles that need to be overcome before
this technology can be introduced in PGD, including the length of time
required for analysis, production of comprehensive WGA products, greater
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sensitivity in detecting single copy number changes, adaptability for the IVF
clinical setting, and a reduction in the cost of the microarrays themselves.
A novel approach that has recently been developed involves whole human
chromosome-specific libraries spotted onto glass slides with a total analysis
time of just 30 hours (94). This array CGH format has yet to be tested on
human embryonic material, but initial results from aneuploid cell lines were
promising (94). Microarray technology, still currently in its infancy, has
the future capability of providing extremely detailed information on one
single platform including chromosome copy number and DNA sequence
variations (95).

In summary, PGD is recognized as a reliable and safe reproductive
option available to a range of indicated couples including those at risk of
passing on an inherited genetic disorder to their offspring and infertile cou-
ples with a high chance of producing chromosomally aneuploid embryos.
The future of this field will be driven by patient demand, with the number
and types of disorders continually expanding. Research and advancing tech-
nology will follow suit and involve improvements to the efficiency and
reliability of the procedures as well as advances in the techniques utilized
for the molecular analysis of a single cell.
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HISTORY OF MAMMALIAN GAMETE/EMBRYO CRYOBIOLOGY

When one considers the history of gamete/embryo cryobiology, it is difficult
to select a specific event and point of origin. Early basic scientific advance-
ments in measurements of temperature and the chemistry of solutions and
gases are certainly sentinel events for cryobiology. It has been suggested that
original versions of a device to measure temperature were made by Galileo
Galilei in the early seventeenth century. The first accurate means of measur-
ing temperature were developed in the early 1700s by the German physicist
Gabriel Fahrenheit through application of mercury in glass. Since these
early days, modifications of instruments to assess temperature have become
significantly more accurate and easier to use. Equally important were early
advancements made in the nineteenth century involving understandings of
liquefaction of gases and potential use of such refrigerants to cool and store
specimens at extremely low temperatures.

When one traces the history of mammalian gamete cryopreservation,
numerous accounts reference the beginning of low-temperature biology to
1866, when an Italian military physician Mantegazza documented the obser-
vation that human spermatozoa became immotile when cooled in snow
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(1,2). He subsequently proposed that it might be possible for a soldier to
father a child, even after his death, by cooling and storing spermatozoa.
It is quite interesting that centuries later, as technological refinement of
cryopreservation has occurred, many of these same reproductive quandaries
exist and are still debated today (3–5). In the early 1930s, two papers were
published (6,7) that demonstrated the effects of numerous temperatures
ranging from 0 to 45�C on rabbit spermatozoa. Considering advances
that were being made at this time in basic understandings of reproduc-
tive biology, artificial insemination, and aeronautical engineering,
Dr. Hammond demonstrated his forward-thinking by stating ‘‘in these days
of rapid aeroplane transport, it might be possible to move entire herds of
animals around the world in the form of chilled samples of semen’’ (1).
Although there were numerous empirical studies on non-mammalian and
mammalian spermatozoa cryopreservation in the 1930s and 1940s, a major
breakthrough occurred with the serendipitous discovery that glycerol
imparts cryoprotective properties to spermatozoa during freezing and thaw-
ing (8). A tantalizing tale of this important moment in cryobiological history
is eloquently portrayed by Leibo (1). In the early 1950s, Bunge and Sherman
(9,10) extended Polge’s use of glycerol to cryopreservation of human sperm.
This ability to cryopreserve human sperm that upon thawing can fertilize ova
has subsequently resulted in thousands, and perhaps millions, of children
being born through intrauterine insemination (IUI) of cryopreserved semen.

Investigations in the late 1940s and early 1950s by Chang (11,12) on
low-temperature storage of rabbit oocytes, zygotes, and embryos paved
the way for studies on the cryopreservation of female gametes and embryos.
Subsequent experiments by Sherman and Lin (13–16) demonstrated that
mouse oocytes could also be cooled in glycerol, stored and subsequently fer-
tilized in recipients; furthermore, resulting embryos supported pregnancies.
In the 1960s and early 1970s, a merging of basic/theoretical cryobiology and
practical studies ultimately gave rise to increased success of embryo cryopre-
servation. Classical basic science investigations by Mazur (17–19) formed
the foundation for understanding cell-specific optimal cooling and warming
rates which today remain a pivotal key to successful mammalian gamete and
embryo cryopreservation. It was the combined strengths of Mazur, Leibo,
and Whittingham that resulted in successful cryopreservation of mouse
embryos (Fig. 1). These investigators used 1.5 M dimethylsulfoxide (DMSO)
as the cryoprotective agent combined with a slow cooling rate (�0.3�C/min
to �80�C) and stored in liquid nitrogen (20). This procedure was based on
the appreciation that slow cooling rates would support dehydration during
cooling and avoid intracellular ice formation. In addition, it was established
that addition and removal of the cryoprotective agent (here DMSO) should
be performed in a stepwise manner to avoid osmotic shock or damage.

In the early 1980s, application of the same methodologies of cryopre-
servation led to the establishment of the first human pregnancies following
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freezing and thawing (21,22). The use of 1,2-propanediol (PROH) as a per-
meating cryoprotectant for pronuclear-stage zygotes was introduced by
Testart et al. (23). In addition, these investigators used sucrose in the
cryo-media as a non-permeating cryoprotectant to act as an osmotic buffer.
Slow cooling rates were used until �30�C was reached; samples were subse-
quently plunged into liquid nitrogen, and the warming rate was rapid. This
approach of cryopreserving pronuclear- and cleavage-stage mammalian
embryos has become an acceptable procedure in assisted reproductive tech-
nology (ART) laboratories across the United States and worldwide.

PRINCIPLES OF CRYOPRESERVATION

As mentioned previously, in the 1940s it was discovered that addition of
glycerol protected against cryo-damage and greatly enhanced survival
of cryopreserved living cells. This led to the investigational concept of cryo-
protectants. In hindsight, the use of cryoprotectants is logical considering
that, in insect biological systems, sugars and sugar-alcohols are used to with-
stand severe winter temperatures (24). Experience in cryopreservation of
various cell types led to the appreciation that as cell size increases, difficulty
in cryopreservation also increases (19). This concept is of particular impor-
tance in mammalian oocyte and embryo cryopreservation.

Currently, there are two methods used to cryopreserve mammalian
oocytes and embryos: slow-rate freezing and vitrification (25). Independent
of the methodology used for cryopreservation, effects on oocyte and
embryonic cellular functions can compromise abilities to develop normally
following the cryopreservation process. These compromised cellular events

Figure 1 A photograph of Mazur (left), Leibo (center), and Whittingham (right)
taken in June 1972 on the occasion of the birth of the first mammals derived from
cryopreserved embryos.
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can be collectively termed oocyte and/or embryo ‘‘cryo-damage.’’ Docu-
mented and/or theoretical-specific cellular structures and functions that
are/may be compromised by cryopreservation, as well as subsequent effects
on oocyte and embryonic developmental competence have been previously
reviewed (26).

During cryopreservation, cells are exposed to numerous stresses
including mechanical, thermal, and chemical (19,27), which can lead to com-
promised cell function and cell death. In general, it has been demonstrated
that oocytes are more sensitive to cryo-damage than later embryonic
stages (28). A detailed discussion of the biophysics of cryopreservation is
beyond the scope of this review, yet such information is available (18).
Slow-rate freezing attempts to control biophysical properties of freezing,
such as cooling and warming rates, in conjunction with cryoprotectants
to minimize adverse cellular events. This method allows cells to be cooled to
very low temperatures while minimizing intracellular ice crystal formation,
and at the same time attempting to minimize the detrimental influences
of increased solute concentrations and osmotic stress (28). Thus one
can appreciate that with slow-rate freezing extracellular ice formation
drives cellular dehydration through an equilibrium process. Conversely,
vitrification, a form of rapid cooling, utilizes very high concentrations of
cryoprotectant that solidify without forming ice crystals. The term ‘‘vitrifi-
cation’’ is derived from the Latin word vitreous, which means glassy or
resembling glass. Vitrification can be considered a non-equilibrium approach
to cryopreservation originally developed for cryopreservation of mammalian
sperm (8) and embryos (29). The vitrified solids therefore contain the normal
molecular and ionic distributions of the original liquid state and can be con-
sidered an extremely viscous, supercooled liquid (30). In this technique,
oocytes or embryos are dehydrated by brief exposure to a concentrated sol-
ution of cryoprotectant before plunging the samples directly into liquid
nitrogen. Utilization of vitrification for both oocytes and embryos is an area
of current focus for many clinical, rodent, and domestic animal production
laboratories. Human oocytes (31), pronuclear zygotes (32), cleavage-stage
embryos (33), and blastocysts (34–36) have been successfully vitrified. Excel-
lent reviews of vitrification history, utilization, and potential advantages are
available (37,38).

PROTOCOLS

It is important to recognize that there are important fundamental aspects of
gamete/embryo cryopreservation that must be followed for successful cell
survival, normal cellular function, and subsequent development. It is impor-
tant also to recognize that numerous slight permutations exist between
cryopreservation protocols that do not appear to influence clinical outcomes.
This generalizing statement, while non-scientific and potentially concerning,
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is a result of inabilities to perform well-controlled, randomized, prospective
clinical trials with human oocytes/embryos. Thus, keys to successful
gamete/embryo cryopreservation are basing protocols on a combined strong
understanding of cell developmental biology, empirical and theoretical
aspects of cryobiology, and practical experience. Below are protocols for
both slow-rate freezing/thawing and vitrification/warming that are known
to work well for oocytes, cleavage-stage embryos, and blastocysts. Obvi-
ously, there are numerous protocols that vary slightly from those described
below, and are known to provide commendable results.

Slow-Rate Freezing

Oocytes

Numerous reports of successful human oocyte slow-rate freezing and
thawing with subsequent healthy live births exist (Table 1). The following
is a human oocyte slow-rate freezing protocol based on work from Porcu
et al. (52).

Freezing:

1. Materials (expendables): Conical tubes, organ culture dish, 5-and
10-mL disposable pipettes, pulled-pipettes—inner diameter just
larger than the oocytes being cryopreserved, 0.2 mM filter,
cryo-straws, cryo-canes, cryo-goblets, and cryo-sleeves.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, heat-sealer,
programmable biological freezer, liquid nitrogen storage canister
with lock and alarm, safety goggles, and cryo-gloves.

3. Cryo-solutions:
Freeze medium #1 ¼ phosphate-buffered saline (PBS)þ 18%
(w/v) protein source (WASH)
Freeze medium #2 ¼ freeze medium #1þ 1.5 M 1,2-PROH
Freeze medium #3 ¼ freeze medium #2þ 0.3 M sucrose
(PROHþ SUCR)

4. Procedure
a. Prepare freeze media inside the hood, at least one day prior

to use. Rinse all tubes, syringes, and filters with PBS prior to
use. Filter all freeze media with a 0.2-mM syringe filter.

b. Label three organ culture dishes with patient identifiers and
one each with WASH, PROH, PROHþ SUCR. After rins-
ing dishes, add 1 mL of the appropriate medium to each
dish and keep at room temperature.

c. Two to three hours after egg retrieval, denude oocytes and
select MII oocytes for freezing.
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d. Transfer oocytes for freezing into WASH.

� When transferring oocytes to a dish, always aspirate a
small volume of the medium into which you are mov-
ing the oocytes prior to picking them up.

� Move the oocytes in as small a volume of medium as
possible.

� Place the oocytes in at least three different areas of the
dish to fully rinse them of the last medium.

e. Transfer oocytes into PROH for 10 minutes.
f. Transfer oocytes in PROHþ SUCR for five minutes.

During that five minutes period:

� Label the straw(s), canes(s), goblet(s), and or sleeve(s)
with patient identifiers.

� Rinse the straw(s) with PROHþ SUCR and expel (do
not let medium touch the cotton-plug/sealant end).

� Load the straw(s) with PROHþ SUCR and oocytes in
the following order:

a. 1-inch medium
b. 1/4-inch air space
c. 1/2-inch medium
d. 1-inch medium containing oocytes
e. 1/4-inch air space
f. Fill the remainder of the straw with medium.

Make sure the medium completely wets the straw
sealant at the end of the straw to ensure a proper
seal.

� Seal the straw(s)
� Place straw(s) into programmable biological freezer

with the sealant plug toward the top.

g. Once straw(s) are loaded into the programmable freezer,
begin the program.

Rate
(�C/min)

Target
temperature (�C)

Hold time
(min)

0.0 20.0 5.0
2.0 �7.0 10
0.3 �30.0 0.0
50 �150 0.0

Oocyte and Embryo Cryopreservation 337



h. When the temperature changes to �7�C, hold for five
minutes, then seed straw(s) by briefly touching a liquid-
nitrogen-soaked cotton-tipped applicator at the meniscus
just below the first airspace.

i. Wait two minutes, then inspect the seeded straw(s) to con-
firm ice crystal formation/growth.

j. When the programmable biological freezer temperature
reaches �30�C, it can initiate free-fall to �150�C. Samples
can then be removed and plunged into liquid nitrogen after
ten to twelve minutes of stabilization at this temperature.
During transfer, use goggles, cryo-protective gloves, and
liquid-nitrogen-cooled forceps. Place straw(s) into liquid-
nitrogen-submerged goblet on cane, and rapidly transfer
into liquid nitrogen storage canister.

Thawing:

1. Materials (expendables): Conical tubes, organ culture dish, 5
and 10 mL disposable pipettes, pulled-pipettes—inner diameter
just larger than the oocytes being cryopreserved, 0.2 mM filter,
and paper tissues.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, Dewar, timer, scissors, straw plun-
ger, safety goggles and cryo-gloves, incubators (CO2 and non-
CO2, 37�C).

3. Thaw-solutions:
Thaw medium #1 ¼PBSþ 18% (w/v) protein source (TM1 or
WASH)
Thaw medium #2¼TM1þ 0.3 M sucrose (SUCR)
Thaw medium #3 ¼ TM1þ 1.0 M PROHþ 0.3 M sucrose
(1.0 M PROHþ SUCR)
Thaw medium #4 ¼ TM1þ 0.5 M PROHþ 0.3 M sucrose
(0.5 M PROHþ SUCR)

4. Procedure
a. Prepare thaw media inside the hood, at least one day prior to

use. Rinse all tubes, syringes, and filters with PBS prior to use.
Filter all thaw media with a 0.2mM syringe filter.

b. Prepare oocyte culture dishes and place into CO2 incu-
bator at least four hours before thaw.

c. Label five organ culture dishes with patient identifiers and
one each with 1.0 M PROHþ SUCR, 0.5 M PROPþ
SUCR, SUCR, WASH1, WASH2. After rinsing dishes,
add 1.0 mL of the appropriate medium to each dish and
keep at room temperature (except for WASH2�37�C).
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d. Transfer the cryo-straw(s) containing oocytes to be thawed
from the liquid nitrogen storage canister to a filled liquid-
nitrogen-portable Dewar. Always wear protective goggles
and gloves when handling liquid nitrogen. Check the
cryo-straw out of the patient oocyte logbook and out of
the patient’s cryopreservation record. Transport the cryo-
straw(s) in liquid nitrogen to the site of thaw.

e. Remove the straw from the liquid-nitrogen-filled Dewar
with forceps. Hold the straw horizontally at the sealed,
cotton-plugged end, and allow the straw to partially thaw
at room temperature for 30 seconds.

f. Gently wipe the straw to remove condensation.
g. Submerge the straw in 30�C water bath for 40 seconds.
h. Remove the straw from the water bath and wipe dry.
i. Expel the oocytes from the straw.

� Hold the straw vertically over the organ culture dish
containing 1.0 M PROHþ SUCR with the sealed,
cotton-plug end up.

� Cut the sealed end of the straw, opposite to the
cotton-plug end.

� Cut the cotton-plug end in the middle of the seal.
� Use a straw plunger to expel the contents of the straw into

the organ culture dish containing 1.0 M PROHþ SUCR.
� Move the oocytes to three different areas of the dish

and hold for five minutes.

j. Transfer oocytes to 0.5 M PROHþ SUCR for five minutes.

� When transferring oocytes to another dish always
aspirate, a small volume of the medium into which
you are moving oocytes prior to picking them up.

� Move oocytes in as small of a volume of medium as
possible.

� Place oocytes in at least three different areas of the
dish to fully rinse them of the last medium.

k. Transfer oocytes to SUCR and leave oocytes in this sol-
ution for 10 minutes.

l. Transfer oocytes to WASH1 and leave oocytes in this sol-
ution for 10 minutes.

m. Transfer oocytes to WASH2 (at 37�C) and leave oocytes in
this solution for 10 minutes.

n. Transfer oocytes into oocyte-culture dish (bicarbonate-buf-
fered mediaþ protein) and place into CO2 incubator for four
hours before proceeding with intracytoplasmic sperm injection.
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Cleavage-Stage Embryos

Cleavage-stage embryos can be frozen successfully on either day 2 or 3 (d0 ¼
day of insemination). It is important to note that embryos can be cryopre-
served in straws or vials. The below protocol is based on use of straws as
cryo-containers.

Freezing:

1. Materials (expendables): Conical tubes, organ culture dish, 5-
and 10-mL disposable pipettes, pulled-pipettes—inner diameter
just larger than the embryos being cryopreserved, 0.2 mm filter,
cryo-straws, cryo-canes, cryo-goblets, and cryo-sleeves.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, heat-sealer,
programmable biological freezer, liquid nitrogen storage canister
with lock and alarm, safety goggles, and cryo-gloves.

3. Cryo-solutions:
Freeze medium #1¼HEPES [4(2-hydroxyethyl)1-piperazi-
neethane sulfonic acid)]-buffered mediumþ 12–15% (w/v)
protein source (WASH)
Freeze medium #2¼ freeze medium #1þ 1.5 M 1,2-PROH
Freeze medium #3¼ freeze medium #2þ 0.1 M sucrose
(PROH þ SUCR)

4. Procedure
a. Prepare freeze media inside the hood, at least one day prior

to use. Rinse all tubes, syringes, and filters with HEPES-
buffered media prior to use. Filter all freeze media with a
0.2 mM syringe filter.

b. Label four organ culture dishes with patient identifiers and
one each with WASH1, WASH2, PROH, PROHþ SUCR.
After rinsing dishes, add 1 mL of the appropriate medium
to each dish and keep at room temperature.

c. Select embryos to freeze that meet your specific freezing criteria.
d. Transfer embryos to freeze into WASH1.

� When transferring embryos to a dish, always aspirate
a small volume of the medium into which you are
moving the embryos prior to picking them up.

� Move the embryos in as small of a volume of medium
as possible.

� Place the embryos in at least three different areas of
the dish to fully rinse them of the last medium.

e. Transfer embryos into WASH2 dish.
f. Transfer embryos into PROH for 15 minutes.
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g. Transfer embryos into PROHþ SUCR for 15 minutes.
During that 15-minute period:

� Label the straw(s), canes(s), goblet(s), and or sleeve(s)
with the patient identifiers.

� Rinse the straw(s) with PROHþ SUCR and expel (do
not let medium touch pre-sealed end).

� Load the straw(s) with PROHþ SUCR and embryos
in the following order:

a. 1-inch medium
b. 1/4-inch air space
c. 1/2-inch medium
d. 1-inch medium containing embryos
e. 1/4-in air space
f. Fill the remainder of the straw with medium.

Make sure the medium completely wets the pre-
sealed end of the straw to ensure a proper seal.

� Seal the straw(s)
� Place straw(s) into programmable biological freeze.

h. Once straw(s) are loaded into the programmable freezer,
begin the program. The program listed below is one of many
that has been successfully used to cryopreserve embryos.

Rate
(�C/min)

Target
temperature (�C)

Hold time
(min)

0.0 20.0 5.0
2.0 �5 to �7 15.0
0.3 �32.0 0.0

i. When the temperature changes to �5 to �7 (seeding tem-
perature), hold for five minutes, then seed straw(s) by
briefly touching a liquid-nitrogen-soaked cotton-tipped
applicator at the meniscus just below the first airspace.

j. Wait two minutes; inspect the seeded straw(s) to confirm ice
crystal formation/growth.

k. When the programmable biological freezer temperature
reaches �32�C, the programmable biological freezer can
initiate free-fall or samples can be removed and plunged
into liquid nitrogen. During transfer, use goggles, cryo-pro-
tective gloves, and liquid-nitrogen-cooled forceps. Place
straw(s) into liquid-nitrogen-submerged goblet on cane,
and rapidly transfer into liquid nitrogen storage canister.
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Thawing:

1. Materials (expendables): Conical tubes, organ culture dish, 5-
and 10-mL disposable pipettes, puller-pipettes—inner diameter
just larger then the embryos being cryopreserved, 0.2 mm filter,
paper tissues.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, Dewar, timer, scissors, straw
plunger, safety goggles and cryo-gloves.

3. Thaw-solutions:
Thaw medium #1¼HEPES-buffered medium þ 12–15% (w/
v) protein source (TM1 or WASH)
Thaw medium #2 ¼ TM1þ 0.2 M sucrose (SUCR)
Thaw medium #3¼TM1þ 1.0 M PROHþ 0.2 M sucrose
(1.0 M PROHþ SUCR)
Thaw medium #4¼TM1þ 0.5 M PROHþ 0.2 M sucrose
(0.5 M PROHþ SUCR)

4. Procedure
a. Prepare thaw media inside the hood at least one day prior

to use. Rinse all tubes, syringes, and filters with HEPES-
buffered medium prior to use. Filter all thaw media with
a 0.2 mM syringe filter.

b. Prepare embryo culture dishes and place into CO2 incu-
bator at least four hours before thaw.

c. Label five organ culture dishes with the patient identifiers
and one each with 1.0 M PROHþ SUCR, 0.5 M
PROHþ SUCR, SUCR, WASH1, WASH2. After rinsing
dishes, add 1.0 mL of the appropriate medium to each dish
and keep at room temperature.

d. Transfer the cryo-straw(s) containing embryos to be
thawed from the liquid nitrogen storage canister to a filled
liquid-nitrogen-portable Dewar. Always wear protective
goggles and gloves when handling liquid nitrogen. Check
the cryo-straw out of the patient embryo logbook and out
of the patient’s cryopreservation record. Transport the
cryo-straw(s) in liquid nitrogen to the site of thaw.

e. Remove the straw from the liquid-nitrogen-filled Dewar
with forceps. Hold the straw horizontally at the sealed,
cotton-plugged end and allow the straw to partially thaw
at room temperature for 40 seconds.

f. Gently rub the straw between your fingers with a paper
tissue until all the ice crystals have disappeared.

g. Expel the embryos from the straw.

342 Smith and Fioravanti



� Hold the straw vertically over the organ culture dish
containing 1.0 M PROHþ SUCR with the sealed,
cotton-plug end up.

� Cut the sealed end of the straw, opposite to the cot-
ton-plug end.

� Cut the cotton-plug end in the middle of the seal.
� Use a straw plunger to expel the contents of the straw

into the organ culture dish containing 1.0 M PROH
þ SUCR.

� Move the embryos to three different areas of the dish
and hold for five minutes.

h. Transfer embryos to 0.5 M PROHþ SUCR for five
minutes.

� When transferring embryos to another dish, always
aspirate a small volume of the medium into which
you are moving embryos prior to picking them up.

� Move embryos in as small of a volume of medium as
possible.

� Place embryos in at least three different areas of the
dish to fully rinse them of the last medium.

i. Transfer embryos to SUCR for five minutes.
j. Transfer embryos to WASH1; rinse for �30–60 seconds.

k. Transfer embryos to WASH2; rinse for �30–60 seconds.
l. Check and record embryo development. Transfer embryos

to a CO2-equilibrated medium embryo culture dish and
replace the dish into the CO2 incubator.

Blastocyst

The cryopreservation of preimplantation human embryos at the blastocyst-
stage has become an important part of many ART programs. The following
protocol is one of many based on pioneering work by Menezo utilizing gly-
cerol and sucrose as permeating and non-permeating cryoprotectants,
respectively (53,54). This protocol utilizes cryo-straws as the cryo-container.

Freezing:

1. Materials (expendables): Conical tubes, organ culture dish, 5-
and 10-mL disposable pipettes, pulled pipettes—inner diameter
just larger then the blastocysts being cryopreserved, 0.2 mm filter,
cryo-straws, cryo-canes, cryo-goblets, and cryo-sleeves.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, heat-sealer,
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programmable biological freezer, liquid nitrogen storage canister
with lock and alarm, safety goggles, and cryo-gloves.

3. Cryo-solutions:
Freeze medium #1¼HEPES-buffered mediumþ 12–15% (w/v)
protein source (WASH)
Freeze medium #2¼ freeze medium #1þ 5% (v/v) glycerol
(5GLYC)
Freeze medium #3 ¼ freeze medium #1þ 9% (v/v) glycerolþ
0.2 M sucrose (9GLYC þ SUCR)

4. Procedure
a. Prepare freeze media inside the hood at least one day prior

to use. Rinse all tubes, syringes, and filters prior to use.
Filter all freeze media with a 0.2 mM syringe filter.

b. Label four organ culture dishes with the patient identifiers
and one each with WASH1, WASH2, 5GLYC, 9GLYCþ
SUCR. After rinsing dishes, add 1 mL of the appropriate
medium to each dish and keep at room temperature.

c. Select blastocysts that meet your specific freezing criteria
to freeze.

d. Transfer blastocysts to freeze into WASH1.

� When transferring blastocysts to a dish, always aspi-
rate a small volume of the medium into which you
are moving the blastocysts prior to picking them up.

� Move the blastocyst(s) in as small of a volume of
medium as possible.

� Place the blastocyst(s) in at least three different areas
of the dish to fully rinse them of the last medium.

e. Transfer blastocyst(s) into WASH2 dish.
f. Transfer blastocyst(s) into 5GLYC for 10 minutes.
g. Transfer blastocyst(s) into 9GLYCþ SUCR for 10 minutes.

During this 10 min period:

� Label the straw(s), canes(s), goblet(s), and or sleeve(s)
with the patient identifiers.

� Rinse the straw(s) with 9GLYCþ SUCR and expel
(do not let medium touch pre-sealed end).

� Load the straw(s) with 9GLYCþ SUCR and blasto-
cysts in the following order:

a. 1-inch 9GLYCþ SUCR
b. 1-inch air space
c. 1/2-inch 9GLYCþ SUCR
d. 1-inch 9GLYCþ SUCR containing blastocysts

344 Smith and Fioravanti



e. 1/4-inch air space
f. Fill the remainder of the straw with 9GLYCþ

SUCR. Make sure the medium completely wets
the presealed end of the straw to ensure a proper
seal.

� Seal the straw(s)
� Place straw(s) into programmable biological freeze.

h. Once straw(s) are loaded into the programmable freezer,
begin the program. The program listed below is just one
of many that has been successfully used to cryopreserve
blastocyst(s).

Rate
(�C/min)

Target
temperature (�C)

Hold time
(min)

0.0 16.0 0.0
2.0 �7.0 10.0
0.3 �30.0 5.0

i. When the temperature changes to �7�C, hold for five min-
utes, then seed straw(s) by briefly touching a LN2-soaked
cotton-tipped applicator at the meniscus just below the first
airspace.

j. Wait two minutes; inspect the seeded straw(s) to confirm ice
crystal formation/growth.

k. When the programmable biological freezer temperature
reaches �30�C, it can initiate free-fall to approximately
�100�C. Subsequently samples can be removed and plunged
into liquid nitrogen. During transfer, use goggles, cryo-
protective gloves, and liquid-nitrogen-cooled forceps. Place
straw(s) into liquid-nitrogen-submerged goblet on cane, and
rapidly transfer into liquid nitrogen storage canister.

Thawing:

1. Materials (expendables): Conical tubes, organ culture dish,
5- and 10-mL disposable pipettes, pulled-pipettes—inner diam-
eter just larger then the blastocysts being cryopreserved, 0.2 mm
filter, paper tissues.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, Dewar, timer, scissors, straw
plunger, safety goggles, and cryo-gloves.

3. Thaw-solutions:
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Thaw medium #1¼HEPES-buffered mediumþ 12–15% (w/v)
protein source (TM1 or WASH)
Thaw medium #2¼TM1þ 0.5 M sucrose (0.5SUCR)
Thaw medium #3¼TM1þ 0.2 M sucrose (0.2SUCR)

4. Procedure
a. Prepare thaw media inside the hood at least one day prior

to use. Rinse all tubes, syringes, and filters with HEPES-
buffered medium prior to use. Filter all thaw media with
a 0.2 mM syringe filter.

b. Prepare blastocyst culture dishes and place into CO2 incu-
bator at least four hours before thaw.

c. Label three organ culture dishes with the patient identi-
fiers and one each with 0.5SUCR, 0.2SUCR, WASH.
After rinsing dishes, add 1.0 mL of the appropriate
medium to each dish and keep at room temperature.

d. Transfer the cryo-straw(s) containing blastocysts to be
thawed from the liquid nitrogen storage canister to a filled
liquid-nitrogen-portable Dewar. Always wear protective
goggles and gloves when handling liquid nitrogen. Check
the cryo-straw out of the patient embryo logbook and out
of the patient’s cryopreservation record. Transport the
cryo-straw(s) in liquid nitrogen to the site of thaw.

e. Remove the straw from the liquid-nitrogen-filled Dewar
with forceps. Hold the straw horizontally at the sealed,
cotton-plugged end and allow the straw to partially thaw
at room temperature for 30 seconds.

f. Gently wipe the condensation off the straw with a paper
tissue.

g. Submerge the straw into a 30�C water bath for 45 seconds.
h. Remove the straw from the water bath and gently wipe

dry with a paper tissue.
i. Expel the embryos from the straw.

� Hold the straw vertically over the organ culture dish con-
taining 0.5SUCR with the sealed, cotton-plug end up.

� Cut the sealed end of the straw, opposite to the cot-
ton-plug end.

� Cut the cotton-plug end in the middle of the seal.
� Use the straw plunger to expel the contents of the

straw into the organ culture dish containing
0.5SUCR.

� Move blastocysts to three different areas of the dish
and hold for 10 minutes.
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j. Transfer blastocysts into 0.2SUCR.

� Use a pulled pipette with diameter just larger than the
blastocysts

� Before loading blastocysts into pipette, partially fill
the pipette with 0.2SUCR.

� Pick up the blastocysts with the least amount of
0.5SUCR.

� place the blastocysts into 0.2SUCR, pick them up and
move (release) them into three separate areas within
the 0.2SUCR.

k. Leave the blastocysts in 0.2SUCR for 10 minutes.
l. Move blastocysts into WASH, in a similar manner as

mentioned above, and leave for five minutes.
m. Check and record embryo development. Transfer embryos

to a CO2-equilibrated medium embryo culture dish and
replace the dish into the CO2 incubator.

Vitrification

It is important to recognize that while a recent surge in interest of vitrifi-
cation has been experienced in the field of human ART, this is not a new
technology. Pioneering work by the likes of Polge et al. (8), Rall and Fahy
(29), and Mazur et al. (55) have provided the foundation for current
research and application of vitrification for human oocytes and embryos.
In addition, the importance of extensive experience in vitrification of dom-
estic animal oocytes and embryos (56–58) is immeasurable.

Oocytes

Numerous reports of successful human oocyte vitrification, followed by
fertilization, embryo development and transfer, and healthy live births
exist (Table 2). The following is a human oocyte vitrification protocol
that has been successfully used for mouse, bovine, and human oocyte
cryopreservation.

Vitrifying:

1. Materials (expendables): Conical tubes, tissue culture dish,
organ culture dish, 5- and 10-mL disposable pipettes, pulled-
pipettes—inner diameter just larger than the oocytes being
cryopreserved, 0.2 mm filter, 20 ml pipette tips, cryo-goblet,
cryo-cane, cryo-sleeve, 1-cm3 syringe, ‘‘pulled-straw’’ with an
inner diameter of approximately 200 mm, syringe–‘‘pulled-
straw’’ connector.
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2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, heat-sealer,
forceps, liquid nitrogen Dewar, liquid nitrogen storage canister
with lock and alarm, safety goggles, and cryo-gloves.

3. Cryo-solutions:
Wash solution¼HEPES-buffered mediumþ 12% (w/v) pro-
tein source (WASH)
Equilibration solution (ES)¼HEPES-buffered mediumþ
7.5% (v/v) ethylene glycolþ 7.5% DMSOþ 12% (w/v) protein
source
Vitrification solution (VS)¼HEPES-buffered mediumþ
15% (v/v) ethylene glycolþ 15% DMSOþ 0.5 M sucroseþ
12% (w/v) protein source

4. Procedure
a. Prepare vitrification media inside the hood at least one

day prior to use. Rinse all tubes, syringes, and filters prior
to use. Filter all cryo-media with a 0.2 mM syringe filter.
Prepare oocyte culture dish at least four hours before
use and allow to equilibrate in CO2 incubator.

b. Warm WASH, ES, and VS to room temperature. Make
certain the solutions are mixed and homogeneous.

c. For each straw of oocytes being vitrified, prepare a culture
dish with patient identifiers and written indication of 20-
mL drop placements. In addition, label the ‘‘pulled-straw’’
with proper patient identifiers.

d. Immediately before beginning the procedure, dispense 20mL
drops of WASH (one drop), ES (three drops), and VS
(four drops) onto the culture dish (Fig. 2). Alternatively, the
VS drops can be dispensed when oocytes are in the ES3 drop.

e. With a pulled-pipette and the least amount of medium
carry-over, transfer denuded metaphase II (MII) oocytes
from culture medium into WASH drop for one minute.

f. Using the pulled-pipette tip, merge the ES1 drop with
WASH drop in a dragging motion from ES1 to WASH.
There is no need to move oocytes. Set timer for two
minutes.

g. When timer sounds, merge ES2 drop with the WASH/
ES1 drop in a similar manner, dragging from ES2 toward
WASH. Set timer for two minutes.

h. When timer sounds, transfer oocytes using a pulled-pip-
ette from merged drops to ES3 drop. Leave in ES3 for
three minutes. During this three minute period, prepare
the pulled straw for loading, sealing, and plunging.
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i. Using a pulled-pipette, transfer oocyte through the VS
drops. This should be done with microscope visualization
and manual counting.

� Move oocytes into the VS1 drop for five seconds.
� Move oocytes into the VS2 drop for five seconds.
� Move oocytes into the VS3 drop for 10 seconds.
� Move oocytes into the VS4 drop.

j. The goal at this point is to load the pulled-straw, seal the
straw, and plunge the straw in liquid nitrogen within a
90-second interval.

� To load the pulled straw, aspirate VS4 into straw to
the first line (closest to the fine-pulled tip), aspirate
VS4 and oocytes so that the fluid meniscus reaches
the second line, aspirate additional VS4 so that the
fluid meniscus reaches the third line (Fig. 3).

� Heat-seal the narrow end of the straw just below the
first mark, and then above the fourth mark.

� Hold the sealed straw with forceps and immerse, while
swirling, directly into liquid nitrogen.

Figure 2 Photograph representation of solution drop orientation used for oocyte vitri-
fication. Drops are 20mL each and at room temperature. Abbreviations: HTF-H, human
tubal fluid—HEPES medium; ES, equilibration solution; VS, vitrification solution.
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Warming:

1. Materials (expendables): Conical tubes, tissue culture dish,
organ culture dish, 5- and 10-mL disposable pipettes, pulled-
pipettes—inner diameter just larger than the oocytes being
cryopreserved, 0.2 mm filter, 20 mL pipette tips, 1 cm3 syringe,
syringe/pulled-straw connector, paper tissue, or sterile gauze.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, forceps,
thermometer, water bath, scissors, liquid nitrogen Dewar,
safety goggles, and cryo-gloves.

3. Warming-solutions:
Initial warming solution¼HEPES-buffered mediumþ 1.0 M
sucrose þ 12% (w/v) protein source (IWS)
Dilution solution¼HEPES-buffered mediumþ 0.5 M sucroseþ
12% (w/v) protein source (DS)

Figure 3 Photographs and micrograph demonstrating the size and line marks on the
closed-pulled straw used to vitrify oocytes, zygotes, cleavage-stage embryos, and
blastocysts. The bottom panel demonstrates the size of the fine-pulled end of the
straw containing mouse MII oocytes.
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Wash solution¼HEPES-buffered mediumþ 12%
(w/v) protein source (WASH) (VS)

4. Procedure
a. Prepare warming solutions inside the hood at least one

day prior to use. Rinse all tubes, syringes, and filters prior
to use. Filter all warming media with a 0.2 mM syringe fil-
ter. Prepare oocyte culture dishes at least four hours
before use and allow to equilibrate in the CO2 incubator.

b. Warm IWS, DS, and WASH to room temperature. Make
certain the solutions are mixed and homogeneous.

c. For each straw of oocytes being warmed, prepare a culture
dish with patient identifiers and written indication of
20 mL drop placements.

d. Immediately before beginning the procedure, dispense 20mL
drops of IWS (one drop), DS (two drops) onto the culture
dish.

e. Before beginning the warming process, ensure that all
equipment and expendables are accounted for and func-
tioning. Select the straw of oocytes to be warmed and rap-
idly transfer (in goblet containing liquid nitrogen) from
the liquid nitrogen storage tank to liquid-nitrogen-filled
Dewar. Place the Dewar close to the 37�C water bath.

f. Begin the warming process.

� With forceps, remove the close-pulled straw with
oocytes from the liquid nitrogen and immediately
submerge completely into the 37�C water bath while
swirling the straw for three to five seconds.

� Remove from the water bath and wipe dry with paper
tissue or sterile gauze.

� Using scissors, cut the straw at the end near the
fourth mark at the large end of the straw.

� Attach to pipetting device.
� Position the straw tip over the culture dish and using

scissors, cut the straw between the first and second
marks but closest to the first mark.

� Dispense the pulled-straw contents as a small drop
onto the culture dish; avoid bubbles.

� Rinse the pulled-straw with contents from the IWS
drop by aspiration up to the third mark. Dispense
this rinse IWS as a small drop next to the initial
pulled-straw contents and merge the two drops
together with a dragging motion of the pulled-straw.
Set the timer for one minute.
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g. When timer sounds, transfer oocytes using a pulled-
pipette to the bottom of the 20 mL IWS drop. Set the timer
for one minute.

h. When timer sounds, transfer oocytes using a pulled-
pipette to the bottom of the DS1 drop for two minutes,
then transfer to DS2 drop for two minutes. During the
DS2 exposure, dispense three 20 mL drops of WS.

i. Using a pulled-pipette, transfer the oocyte through the
WASH (1, 2, and 3) drops, with a two-minute exposure
in each drop. In the final WASH, drop check and record
survival/development.

j. Transfer oocytes into CO2-equilibrated culture media,
place into CO2 incubator, and perform ICSI four hours
after warming.

Zygotes, Cleavage-Stage Embryos, and Blastocysts

The ability to vitrify human pronuclear-stage zygotes, cleavage-stage
embryos, and blastocysts has been demonstrated by many laboratories.
The protocol listed below is just one of many that have been demonstrated
to produce quite acceptable results for vitrification of all stages of preim-
plantation human embryos (62).

Vitrifying:

1. Materials (expendables): Conical tubes, tissue culture dish, organ
culture dish, 5- and 10-mL disposable pipettes, pulled-pipettes—
inner diameter just larger than the cells being cryopreserved,
0.2mm filter, 20mL pipette tips, cryo-goblet, cryo-cane, cryo-
sleeve, 1 cm3 syringe, ‘‘pulled-straw’’ with an inner diameter of
approximately 200–230mm, syringe–‘‘pulled-straw’’ connector.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, heat-sealer,
forceps, liquid nitrogen Dewar, liquid nitrogen storage canister
with lock and alarm, safety goggles, and cryo-gloves.

3. Cryo-solutions:
Wash solution¼HEPES-buffered mediumþ 12% (w/v) pro-
tein source (WASH)
Equilibration solution¼HEPES-buffered mediumþ 7.5% (v/v)
ethylene glycolþ 7.5% DMSOþ 12% (w/v) protein source (ES)
Vitrification solution ¼ HEPES-buffered mediumþ 15% (v/v)
ethylene glycolþ 15% DMSOþ 0.5 M sucroseþ 12% (w/v)
protein source (VS)

4. Procedure
a. Prepare vitrification media inside the hood at least one

day prior to use. Rinse all tubes, syringes, and filters prior
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to use. Filter all cryo-media with a 0.2 mM syringe filter.
Prepare embryo culture dish at least four hours before
use and allow to equilibrate in the CO2 incubator.

b. Warm WASH, ES, and VS to room temperature. Make
certain the solutions are mixed and homogeneous.

c. For each straw of zygotes/embryos being vitrified, pre-
pare a culture dish with patient identifiers and written
indication of 20 mL drop placements. In addition, label
the ‘‘pulled-straw’’ with proper patient identifiers.

d. Immediately before beginning the procedure, dispense
20 mL drops of WASH (one drop), ES (one drop) onto
the culture dish.

e. Select zygotes/embryos for vitrification that meet your
cryopreservation criteria. Using a pulled-pipette and the
least amount of media carry-over, transfer cells
(maximum two at a time) from culture media into WASH
drop for one minute.

f. Using the pulled-pipette tip, transfer zygotes/embryos
into the top of the ES drop. The cells will begin to shrink
and sink to the bottom of the drop. Zygotes/embryos
with gradually return to their original size. Leave the
zygotes/embryos in this ES drop for five to 15 minutes
or until they re-expand to original size. During this
equilibration step, dispense four 20 mL drops of VS
(VS1–VS4).

g. Transfer zygotes/embryos from ES to the VS1 drop.
Microscopically observe zygotes/embryos and count to
five seconds.

h. Transfer zygotes/embryos to VS2 for five seconds.
i. Transfer zygotes/embryos to VS3 for 10 seconds.
j. Transfer zygotes/embryos to VS4. The goal at this point is

to load the pulled-straw, seal the straw, and plunge the
straw in liquid nitrogen within a 90 seconds interval.

� To load the pulled straw, aspirate VS4 into straw to
the first line (closest to the fine-pulled tip), aspirate
VS4 and zygotes/embryos with fluid meniscus reach-
ing the second line, aspirate additional VS4 with fluid
meniscus reaching the third line.

� Heat-seal the narrow end of the straw just below the
first mark, and then above the fourth mark.

� Hold the sealed straw with forceps and immerse,
while swirling, directly into liquid nitrogen.
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Warming:

1. Materials (expendables): Conical tubes, tissue culture dish,
organ culture dish, 5- and 10-mL disposable pipettes, puller-
pipettes—inner diameter just larger than the cells being cryo-
preserved, 0.2 mM filter, 20 mL pipette tips, 1-cm3 syringe, syr-
inge/pulled-straw connector, paper tissue or sterile gauze.

2. Equipment: Pipetting devices, laminar-flow hood, dissecting
microscope with lighted base, labeling device, timer, forceps,
thermometer, water bath, scissors, liquid nitrogen Dewar,
safety goggles, and cryo-gloves.

3. Warming-solutions:
Initial warming solution¼HEPES-buffered mediumþ 1.0 M
sucroseþ 12% (w/v) protein source (IWS)
Dilution solutionþHEPES-buffered mediumþ 0.5 M sucrose
þ 12% (w/v) protein source (DS)
Wash solution¼HEPES-buffered mediumþ 12% (w/v) pro-
tein source (WASH)

4. Procedure
a. Prepare warming solutions inside the hood at least one

day prior to use. Rinse all tubes, syringes, and filters prior
to use. Filter all cryo-media with a 0.2 mM syringe filter.
Prepare zygote/embryo culture dishes at least four hours
before use and allow to equilibrate in the CO2 incubator.

b. Warm IWS, DS, and WASH to room temperature. Make
certain the solutions are mixed and homogeneous.

c. For each straw of zygotes/embryos being warmed, pre-
pare a culture dish with patient identifiers and written
indication of 20 mL drop placements.

d. Immediately before beginning the procedure, dispense
20 mL drops of IWS (one drop) DS (two drops) on to
the culture dish.

e. Before beginning the warming process, ensure that all
equipment and expendables are accounted for and func-
tioning. Select the straw of zygotes/embryos to be warmed
and rapidly transfer (in goblet containing liquid nitrogen)
from the liquid nitrogen storage tank to liquid-nitrogen-
filled Dewar. Place the Dewar close to the 37�C water bath.

f. Begin the warming process.

� With forceps, remove the close-pulled straw with
zygotes/embryos from the liquid nitrogen and
immediately and completely submerge into the 37�C
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water bath while swirling the straw for three to five
seconds.

� Remove from the water bath and wipe dry with a
paper tissue or sterile gauze.

� Using scissors, cut the straw at the end near the
fourth mark at the large-end of the straw.

� Attach to pipetting device.
� Position the straw tip over the culture dish and using

scissors, cut the straw between the first and second
marks but closest to the first mark.

� Dispense the pulled-straw contents as a small drop
onto the culture dish; avoid bubbles.

� Rinse the pulled-straw with contents from the IWS
drop by aspiration up to the third mark. Dispense this
rinse IWS as a small drop next to the initial pulled-
straw contents and merge the two drops together with
a dragging motion of the pulled-straw. Set the timer
for one minute.

g. When timer sounds, transfer zygotes/embryos using a
pulled-pipette to the bottom of the 20 mL IWS drop. Set
the timer for one minute.

h. When timer sounds, transfer zygotes/embryos using a
pulled-pipette to the bottom of DS1 drop for two minutes,
then transfer to DS2 drop for two minutes. During the
DS2 exposure, dispense three 20 mL drops of WS.

i. Using a pulled-pipette, transfer zygotes/embryos through
the WASH (1, 2, and 3) drops, with two minutes exposure
in each drop. In the final WASH drop, check and record
survival/development.

j. Transfer zygotes/embryos into culture media, place into
incubator.

TROUBLESHOOTING AND A SUCCESSFUL
CRYOPRESERVATION PROGRAM

As a preface, it is fundamental to recognize that clinical human oocyte/
embryo cryopreservation programs are inherently difficult to troubleshoot
and improve because of material used (usually not the best embryos) and
passage of time between cryopreservation and oocyte/embryo utilization.
All would likely agree that a successful embryo cryopreservation program
is pivotal in maximizing the cumulative pregnancy rate from a single oocyte
retrieval. However, it is also essential that one be realistic in expectations of
a cryopreservation program. Even with embryos derived from donor
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oocytes, the pregnancy rate of recipients receiving thawed embryos has been
reported to be approximately 60% of that of recipients receiving fresh
embryos (63).

In general terms, a key factor that dictates success of oocyte/embryo
cryopreservation is the condition and quality of the starting material. This is
likely true independent of the method of cryopreservation. Having ART-
program-specific cryopreservation criteria are important. They can be
determined by reviewing past success of pregnancies and live births of
cryopreserved embryos of different grades. It is inherently obvious that
‘‘poor-quality in’’ and ‘‘poor-quality out’’ applies to embryo and likely
oocyte cryopreservation. Rate of cell division and degree of fragmentation
are important considerations in determining expectations of any cryopreser-
vation protocol. Lastly, there are likely numerous intracellular functions
and cell-cycle-dependent events that are susceptible to cryo-damage, influ-
ence cryopreservation success, and yet are currently underappreciated (26).

Attempting to troubleshoot or improve success of cryo-protocols
requires attention to specific steps within a cryo-protocol. This holds true
for both slow-rate freezing/thawing and vitrification/warming. There is
no doubt the ‘‘devil is in the details.’’ The following are just a few of many
possible practical points to consider when attempting to optimize cryopre-
servation protocols. In all cases, it is prudent to systematically implement
single alterations and, whenever possible, experimentally test such altera-
tions in an animal model system before implementing them into use within
the clinical laboratory.

Proteins can act as osmotic regulators within cryo-solutions. Because
‘‘osmotic shock’’ can be a critical determinant of cell survival during
freezing/thawing or vitrification/warming, the concentration of protein in
cryo-solutions should be considered. Many successful cryopreservation pro-
tocols will utilize protein addition at 12–15 mg/mL (64).

Inclusion of a higher concentration of sucrose or similar non-permeat-
ing cryoprotectant in the initial thaw/warming solution compared to the
final concentration of non-permeating cryoprotectant in the freezing/vitrify-
ing solution is believed to be important to enhanced cryo-survival. Such
elevations in non-permeating cryoprotectants in the thawing/warming solu-
tions are seen in most of the protocols above, with the exception of the oocyte
slow-rate freezing protocol which is based on work from the Italian group of
Porcu et al. (41,52). These investigators demonstrated that cryo-survival
of oocytes slow-rate cryopreserved and thawed in 0.3 M sucrose was signifi-
cantly better than 0.2 or 0.1 M sucrose. However, these investigators did not
test the comparison of lower sucrose in freeze medium in relation to thaw
medium. Boldt et al. (49) reported a commendable cryo-survival rate of
74% using human MII oocytes and slow-rate freezing in sodium-depleted
cryopreservation medium where sucrose concentrations were elevated in
thaw solutions compared to freeze solutions. The replacement of sodium
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chloride with choline chloride was demonstrated previously to be beneficial
for mouse oocyte slow-rate cryopreservation (65–67) and likely holds great
promise in improving cryo-survival of human oocytes.

A critical aspect of sequential cryoprotectant exposure is attention to
the means of cell movement, solution carry-over, solution dissociation, and
fluid microenvironments. As one can note in the above protocols, movement
from a solution of one concentration of cryoprotectant to another should
use a pulled-pipette just larger than the cells being transferred. This reduces
cryoprotectant carry-over. Before transfer, one should also aspirate a small
amount of solution in which the cells will be moved prior to taking up the cells.
This allows better pipetting control and reduces carry-over of the previous
solution into the subsequent solution. Once cells are moved into the next
cryo-solution, it is recommended that they be moved through a few different
areas of the solution. This minimizes formation of a fluid microenvironment
of the previous solution surrounding the cells. The above-mentioned cautions
can help ensure exposure of cells to the desired concentration of cryoprotec-
tant for the proper amount of time.

Slow-rate freezing and seeding is often an area of concern and
discussion. When using vials, seeding at the cryo-solution meniscus is recom-
mended. If straws are oriented in a vertical fashion and one ensures that cells
are not near the top meniscus, one can seed at the top meniscus of this sol-
ution column. When seeding, ensure good ice nucleation. This can be done
with liquid-nitrogen-supercooled forceps or cotton swabs of a wooden stick
applicator. The device should be supercooled between each seeding. Lastly,
at approximately two minutes after seeding, one should rapidly visualize
the seeded area to ensure that ice nucleation is still present and growing.

Finally, with regards to vitrification of oocytes and/or embryos, it is
essential that the technologist practice and demonstrate a high degree of
proficiency in cell movement through solutions of very different viscosities
and buoyancies. This should be done with cells obtained from experimental
model systems (mouse, hamster, bovine, 3PN zygotes, etc.). For successful
vitrification, it is essential that one be extremely well prepared and has all
solutions, expendables, and equipment at hand before starting the pro-
cedure. Once the vitrification or warming has been started, there is very little
time for mistakes or misplacement of a procedural component.

FUTURE OF GAMETE/EMBRYO CRYOBIOLOGY

Although cryobiology has theoretical and experimental roots anchored in
the nineteenth and early twentieth centuries, the major experimental and
applicable advances of gamete and embryo cryobiology have been made
in the last 60 years. The same might be said of numerous other areas of
developmental biology, biochemistry, cell biology, genetics, and molecular
biology. Since the 1950s, there have been astonishing shifts in scientific
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paradigms in all these areas of science. Advancements in cryopreservation of
mammalian gametes and embryos have had an enormous impact on clinical
ARTs in the last three decades. When one thinks back in history, it is
remarkable to consider that these advancements are based, at least philo-
sophically, on techniques and protocols pioneered by the likes of Polge,
Audrey Smith, and James Lovelock in the 1950s. So the question arises:
what might one expect in the future? It is quite likely that vitrification of
gametes and embryos will gain a more widespread acceptance. Again, it is
essential to appreciate that the practical advantages of vitrification have
been appreciated for numerous decades. If one considers the views expressed
by the prominent cryobiologist Luyet in his seminal work of Life and Death
at a Low Temperature (68), it is easy to capture his contemporary view of
vitrification:

Good vitrification is not injur[i]ous, there being no molecular dis-
turbance, while an incomplete vitrification or devitrification and,
a fortiori, crystallization, are injur[i]ous to the extent that they dis-
rupt the living structure (68).

The advantages of vitrification are still acknowledged today, as
expressed by Taylor and colleagues:

A vitrified liquid is essentially a liquid in molecular stasis. Vitrifi-
cation does not have any of the biologically damaging effects
associated with freezing because no degradation occurs over time
in living matter trapped within a vitreous matrix. Vitrification is
potentially applicable to all biological systems (69).

When one cryopreserves millions of cells, such as transformed cell
lines, sperm, or even tissues, the significant lose of a percentage of cells
may not be viewed as critical for subsequent usage. This is not the case when
one considers cryopreservation of a small finite set of cells or group of cells,
such as oocytes and embryos. These cells require the most efficient means of
cryopreservation and retrieval of viability. While slow-rate freezing has been
successful, one has to ask whether vitrification will have added benefit.

Advancements in the area of ‘‘freeze-drying’’ platelets (70) and sperm
(71–74) are very exciting and beg the question of whether such techniques might
have future application in long-term storage of oocytes and embryos. The poten-
tial to provide such storage in a freeze-dried state has numerous advantages, one
being the actual means of long-term storage without liquid nitrogen. Whether
such advances will be made for oocytes and embryos remains to be seen.

The fields of infertility treatment and ARTs are indebted to the numer-
ous cryobiologists, whose basic and translational research has contributed
significantly to the current success of gamete and embryo cryopreservation.
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With this said, there is always room for improvement. Knowledge continues
to accumulate regarding intricacies of cell biology, regulation of gene expres-
sion, factors influencing epigenetic modifications, and how all these cellular
functions culminate into normal physiology. The last 50 year have been excit-
ing times in cryobiology; one could venture an opinion that the next fifty years
may provide currently inconceivable advancements, that once applied, will
lead to betterment of health and increased happiness.
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INTRODUCTION

The main objective of any in vitro fertilization (IVF) unit is to provide good
service for their patients. Although this can be interpreted in several ways, it
is usually perceived as achieving a live birth (1). One of the most important
factors contributing to this outcome is the performance of the IVF labora-
tory responsible for the creation of embryos from patients’ gametes. The
viability of the embryos created and transferred into the woman’s uterus
is a major determinant in establishing a successful pregnancy. As the devel-
opment and viability of gametes and embryos in vitro is compromised by
contaminants and relatively small fluctuations in the environment, such as
temperature and pH (2,3), it is imperative that optimal culture conditions
for gametes and embryos are attained and maintained in the IVF laboratory
to ensure the best care for patients. The purpose of employing quality assur-
ance (QA) and quality control (QC) schemes is to ensure reproducibility
in all methods and performance within the IVF laboratory (4), and thus
provide consistent, optimal conditions for gamete and embryo culture. More-
over, the diagnostic as well as the therapeutic role of the IVF laboratory can
benefit from employing QA and QC programs (5).
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WHAT ARE QA AND QC?

QC involves measures and activities undertaken to control the quality of
products, methods, equipment, and environment to ensure that the lab-
oratory is functioning correctly, and is carried out to prevent undetected
problems leading to a compromise in service to the patient. Internal quality
control (IQC) refers to those measures undertaken on site.

QA is a comprehensive program that includes all activities and pro-
grams intended to ensure or improve the performance of the laboratory
and thus the quality of care to patients. QA includes measures such as rec-
ord keeping, evaluation and education of laboratory staff, results reporting,
treatment auditing, incident reporting, etc., as well as QC methodology.

Both QA and IQC are systems that look within a particular testing
site. In comparison, external quality assessment (EQA) looks at differences
between different sites testing the same analyte to ensure continuity of
patient care between institutions and/or to ensure standards meet those
of accredited/regulatory bodies.

WHY EMPLOY QA AND QC SCHEMES IN THE IVF
LABORATORY?

Until relatively recently, QA and QC programs were little employed within
IVF laboratories despite their obligatory use and proven benefits in other
types of clinical facilities. Although this was originally attributed to IVF
being a new field of medicine which did not fall under the auspices of any
accreditation/regulatory authorities, 25 years later, changing legislation in
some countries and/or the need to raise standards to compete with other
units is leading to greater numbers of IVF laboratories employing QA
and QC schemes. Furthermore, QA and QC programs have not only been
shown to benefit the running of an existing IVF laboratory (4,5), but are
also invaluable when setting up new facilities (6). The benefits and appli-
cation of QA and QC schemes will therefore be discussed in relation to both
the new and the established IVF unit.

Benefits of Employing QA and QC Schemes When Setting Up a
New IVF Laboratory

When setting up a new IVF laboratory, or even making alterations to an
existing laboratory, there are usually a large number of new and untested
variables which should be validated before use in clinical practice. This
may apply to equipment, methodology, environment, consumables, and /
or culture media. The use of QA and QC to test these new variables will
ensure that optimal standards of practice are attained from the outset in
the new IVF laboratory, thus ensuring that patient treatment is not com-
promised. In a prospective analysis, Cutting et al.(6) demonstrated that

366 Martin



employment of a QC scheme identified problems with equipment before
treatment commenced when setting up the Assisted Conception Unit (ACU),
Center for Reproductive and Developmental medicine (CRMF), Sheffield
Teaching Hospitals Foundation Trust, Jessop Wing, Sheffield, U.K. These
problems are likely to have led to a compromise in pregnancy rates if they
had gone unchecked. As such, QC can give confidence to the scientific staff
and thus the whole IVF team that gamete and embryo development are not
compromised by new laboratory facilities and procedures.

The use of EQA where possible is also important to ensure that lab-
oratory practices and personnel in the new IVF laboratory are comparable
to acceptable standards of other laboratories or preferably accredited/
regulatory bodies. Again this ensures that patient treatment is not compro-
mised at the expense of a learning curve and gives confidence to the IVF
team from the outset.

Benefits of Employing QA and QC Schemes in an Established
IVF Laboratory

There are several advantages of employing QA and QC schemes in the estab-
lished IVF laboratory. These include ensuring optimal laboratory performance
is consistent and maintained. Their use also allows rapid and effective trouble-
shooting should there be a problem such as a decrease in fertilization rate. As
such, QC especially allows the staff to determine whether the cause lies within
the laboratory, and if so, where the problem resides (4). Identifying problems
through QC should therefore lead to an improvement in work processes and
protocols. More importantly, a QC scheme should detect problems before they
become significant and impact on the care of patients.

In addition to the above, QA and QC are also useful when incor-
porating new technologies and/or methodologies into the established IVF
laboratory and thus for improving laboratory performance. This is partic-
ularly applicable to the field of assisted reproductive technology as new
developments are frequently emerging. Validation and monitoring of
new methods and techniques is important as the introduction of new proce-
dures can compromise the quality of service to patients. The effectiveness of
new techniques and protocols can be readily assessed with QA and QC
measures giving confidence to the team upon implementation of the new
procedures. In turn, moving forward confidently with new developments
educates and thus motivates the team as well as improving patient care.

The use of EQA in the existing laboratory is important for evaluating
personnel performance as part of their career development, thus highlight-
ing training and educational needs, which in turn should also motivate staff.
Employing EQA to check whether laboratory performance meets specified
requirements also increases customer confidence and the credibility of the
IVF unit placing it in a more competitive position with its counterparts.
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WHAT COMPRISES A QC PROGRAM?

A QC program involves the monitoring of: (i) equipment; (ii) culture media
and consumables; (iii) the environment; and (iv) protocols. When setting up
a new IVF unit or introducing new changes to an already established labora-
tory, validation of any new variables is required, which once established to
be satisfactory should then be regularly monitored. All testing, whether it is
the initial validation or routine monitoring, should take place at an
adequate frequency using appropriate, accurate, reliable, and preferably
accredited testing methods. Furthermore, all aspects of the testing should
be accurately documented.

Equipment Validation

All new and major items of equipment (e.g., flow hoods, incubators, etc.)
should be installed by the manufacturer and properly commissioned with
certification. Even then, internal validation using QC measures of the equip-
ment before its use in clinical practice is highly recommended to ensure that
it meets the manufacturer’s specifications (6). All new major items of equip-
ment should be switched on monitored regularly allowing sufficient time for
performance validation to ensure that problems are clearly identified and
rectified before use in clinical treatment. The time required to validate an
item of equipment will vary depending on its function. In setting up the
ACU, CRMF in Sheffield, a period of 2 months was allowed to run and test
new major items of equipment after their installation before employing them
in clinical practice (6). As a result, problems were identified and solved with
major items of equipment that otherwise would not have been detected if
testing had lasted only a relatively short period of time.

Table 1 summarizes the types of equipment tested in situ within the
ACU, CRMF, the type of test used and the frequency of testing. In addition
to the tests listed, a mouse embryo bioassay was also used to assess the
incubators before use in clinical treatment for their ability to support mam-
malian embryo development. Although the mouse embryo bioassay is
generally considered a biologically relevant bioassay (7), it has been criti-
cized for being insufficiently sensitive (8). However, its sensitivity can be
manipulated by taking into account the strain of mouse used, the stage of
embryo retrieval and culture, and the type of culture medium used (4,9).
To test the three incubators in the ACU, CRMF, mouse 2-cell embryos
of the MF-1 strain were randomly divided between these and a fourth
(control) incubator in which successful mouse embryo development had pre-
viously been established. The control incubator was located in a separate
research laboratory in the hospital within the Academic Unit of Repro-
ductive and Developmental Medicine, University of Sheffield. Groups of
50 embryos were cultured in 50 mL microdroplets of KM3 medium (10)
overlaid with liquid paraffin oil at 5% CO2 in air and 37�C (11). Embryo
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morphology and cleavage rates were monitored daily over a period of 5 days
and the percentage of embryos reaching the blastocyst stage on day 5 post-
fertilization compared using Fisher’s exact test (Fig. 1).

Using the QC measures outlined in Table 1 and the mouse embryo
bioassay, several problems were identified with the new equipment installed
and commissioned by the manufacturers in the ACU, CRMF, including the
incubators, refrigerators, and the water purification system (6). The tempera-
ture of two of the incubators took more than ten weeks to stabilize at 37�C,
whereas the third incubator exhibited unacceptable fluctuations even after
this period of time (Fig. 2). Furthermore, the CO2 levels in the third incuba-
tor also failed to stabilize satisfactorily (Fig. 3). The sub-optimal performance
of the third incubator was confirmed by the mouse embryo bioassay. The
proportion of mouse embryos reaching the hatched blastocyst stage using
this instrument was significantly lower than that achieved by the control incu-
bator (p< 0.05, Fisher’s exact test; Fig. 1). The QC measures also identified a
problem with two of the refrigerators which both failed to maintain the cor-
rect temperature for storing embryo culture medium (i.e., 2–8�C; Medicult,
U.K.). The temperature of both refrigerators was consistently between 8 to
10�C. The ultra-pure water tested positive for endotoxins (> 0.03 EU/mL)
on two separate occasions. Sanitization was carried out immediately accord-
ing to the manufacturer’s instructions and the equipment re-tested. On both
occasions, the water tested negative following sanitization.

Figure 1 The percentage of 2-cell mouse embryos of the MF-1 strain reaching the
hatched blastocyst stage in three new incubators newly installed in the Assisted Concep-
tion Unit, Centre for Reproductive Medicine and Fertility, Sheffield, U.K. and a fourth,
control incubator located in the Academic Unit of Reproductive Medicine and Fertility,
University of Sheffield. �p < 0.05. Fisher’s exact test. Source: From Ref. 6.
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One of the main outcomes from this study was that independent dou-
ble-checking and performance validation of new equipment before use in
clinical treatment, even after installation and commissioning by the manu-
facturer, is very important.

Figure 2 Temperature recordings from three incubators newly installed in the
Assisted Conception Unit, Centre for Reproductive Medicine and Fertility, Sheffield,
U.K. All readings were carried out daily using a using a maximum /minimum
thermometer (�10�C to þ50� 1�C). Source: From Ref. 6.

Figure 3 CO2 recordings from three incubators newly installed in the Assisted Con-
ception Unit, Centre for Reproductive Medicine and Fertility, Sheffield, U.K. All
readings were carried out weekly using a fyrite gauge (�10�C to þ50� 1�C). Source:
From Ref. 6.
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Equipment Monitoring

Following installation and validation, continuous and regular monitoring of
the equipment once in clinical use is imperative to ensure its performance is
maintained and that problems are detected as they occur. In the ACU,
CRMF, independent temperature recordings of the refrigerators and incu-
bators continued to be tested daily, the hot blocks and heated stages
monthly, and the hot oven every time it was used; the CO2 levels in the incu-
bators were monitored weekly. The cryopreservation equipment was also
assessed after each freezing run by checking that the printed readout detail-
ing the embryo cryopreservation program followed the specified program
details (6). Taking into account the manufacturers’ recommendations on
frequency of servicing, all equipment was also placed on a service contract
(6). Regular servicing of items of equipment minimizes the risk of equipment
malfunction and, although seemingly expensive at the outset, is usually cost-
effective in the long-term.

Culture Media and Consumables Validation

Certification of product QC testing by the manufacturer should be obtained
for all consumables used in the laboratory. Given the increasing wide choice
and availability of culture media and other chemicals/solutions for human
IVF, it is becoming less acceptable to make such consumables in-house
unless they are rigorously assessed using QC. However, even when pur-
chasing company-manufactured media, detailed inspection and critical
evaluation of a company’s QC program is essential to ensure that it meets
appropriate standards for IVF. For example, some manufacturers lay claim
to using the mouse embryo bioassay to test their products. However, their
definition of cytotoxicity may be <40% blastocyst development using an
F1 hybrid or inbred strain. This is a very low cut-off point which may
not identify all embryo toxic products. Furthermore, proof of testing upon
delivery of each new batch of consumables/culture media is not always
forthcoming (4). Once again, QC of new consumables, even those already
QC-tested by the manufacturer, is recommended before their use in the
IVF laboratory to ensure their suitability. This is especially applicable to
those consumables not specifically designed for use in IVF (e.g., gloves,
some cell culture flasks, and dishes) which may be suitable for culturing
other types of mammalian cells but may prove to be embryo toxic (12).

A useful method for testing consumables is the human sperm survival
assay (13). This is an inexpensive and convenient bioassay, not involving the
use of animals, which monitors sperm survival over hours/days in culture
while in contact with the products. As with the mouse embryo bioassay,
consideration must be given to the conditions under which the assay is per-
formed to ensure appropriate sensitivity to detect cytotoxicity of clinical
significance. Claassens et al. (14) found that optimum sensitivity was
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achieved when sperm were cultured in the absence of serum. A calculated
sperm motility index value of < 0.75 was used to indicate sperm toxicity,
and items identified as sperm-toxic within eight hours were considered to
be of clinical significance due to close agreement with the mouse embryo
bioassay (14). Validation of consumables before use in clinical treatment
is important to ensure that an alternative product can be sourced should
they prove to be unsuitable. If an alternative product needs to be found then
sperm survival tests should be repeated as appropriate.

Culture Media and Consumables Monitoring

Despite QC testing by the manufacturer and initial validation of a product,
QC testing of all new batches of culture media is important because trans-
port and incorrect storage conditions can affect media quality (4). The
QC measures should include testing for endotoxin levels because their
presence in embryo culture medium can cause a significant decrease in preg-
nancy rates (15). The limulus amoebocyte lysate test is a simple and rapid
method for checking endotoxin levels in company-manufactured media as
well as the water of any in-house water purification system (6). The osmolar-
ity of all new batches of culture medium should also be checked to ensure that
it is within the acceptable range based on the manufacturer’s information.

Similarly, all new batches of plastics and other consumables should be
subject to a sperm survival test because seemingly minor changes in the
manufacturing process can affect the quality of the product rendering it
embryo-toxic. Moreover, the manufacturers sometimes fail to report
changes in specifications/manufacturing process to end users.

The batch / lot numbers for all consumables and media to come into
contact with gametes and embryos should be documented, preferably in
each patients’ records, to ensure comprehensive tracing of every product
should a problem arise (4).

Environment Validation

Involvement in the planning and design of a new IVF unit, or building/
decorating alterations to an existing unit, can save a lot of trouble further
down the line. At the first instance, consideration should be given to possible
sources of indoor air contaminants because volatile organic compounds
(VOCs) and chemical airborne contaminants (CACs) can significantly affect
mouse embryo culture (2). Factors affecting the levels of internal air
pollutants include the air quality outside the building, equipment, heating,
ventilation and air-conditioning systems, human activities, building compo-
nents and furnishings, and other temporary sources such as redecorating
and repair activities. When possible, consideration should therefore be given
to the site and location of the laboratories. The use of air purification units
such as the CODA1 towers and positive pressure airflow in the laboratories
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should also be considered, if necessary, to reduce the levels of airborne con-
taminants. To minimize the levels of VOCs and CACs when setting up the
ACU, CRMF, sealants and toxic glues were avoided, and low odor specia-
lized paint was used for decorating the laboratories (6). The quality of the
gas supplying the incubators and the type of pipework used should also be
carefully considered. Class II biological safety cabinets with High efficiency
particulate air-filtered air, which provide personnel as well as environmental
and product protection, were also installed for all gamete and embryo hand-
ling. The positioning of air conditioning or purification units should be
carefully considered so that the airflow of the class II biological cabinets is
not compromised.

Laboratory lighting should also be taken into account at the planning
stage because ultraviolet (UV) light may have detrimental effects on mam-
malian oocyte maturation and embryo development (16,17). Tungsten light
bulbs controlled by dimmer switches can be installed to provide low-level
lighting in the laboratories (6). Alternatively, UV light filtration units can
be used to filter out harmful UV wavelengths on fluorescent lights.

Once building works/decorating is completed, microbiology testing of
the air quality by an accredited laboratory is recommended. At the ACU,
CRMF, swabs and settle plates were used to test the presence of fungus
or colony-forming units (CFUs) on laboratory surfaces and in the incuba-
tors and flow hoods (6). Acceptable limits of air quality for a clean area were
considered to be <100 CFUs and no fungus (Department of Microbiology,
Royal Hallamshire Hospital, Sheffield, U.K.) and less than one CFU and no
fungus within the class II f low cabinets (18). Initial validation of the air
quality within the new laboratories before treatment commenced was found
to be satisfactory (Fig. 4—August). Similarly, no bacterial growth was

Figure 4 Microbiological testing of air quality in the in vitro fertilization laboratories
of the Assisted Conception Unit, Centre for Reproductive Medicine and Fertility,
Sheffield, U.K. Abbreviation: CFUs, colony-forming units. Source: From Ref. 6.
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observed in the initial validation of the water from the in-house water
purification system. However, microbiological testing revealed that fungi
were present in two of the three incubators (Fig. 5), both of which were
humidified. The third incubator was non-humidified and had no infection.
Therefore, after thorough cleaning and retesting, protocols were reviewed
and all three incubators were run non-humidified. Tests were carried out
to ensure that the osmolarity of the culture medium overlaid with oil was
stable for > 2 days (6).

The safety and security of gametes and embryos as well as that of staff
working in the laboratories is also important. Alarm systems can be
installed to detect a number of variables including liquid nitrogen levels in
gamete and embryo storage dewars, environmental oxygen levels in the
cryopreservation laboratory, and pressure in the pipes supplying CO2 to
the incubators (6). All alarms should be validated prior to use and subject
to QC and monitoring once in use. All alarms should be linked to a central
control system which will alert staff to any fault 24 hours a day.

Environment Monitoring

Regular monitoring of the environment in the established laboratory is
important to ensure that appropriate standards are maintained (2,19).
Microbiology and bacteriology testing, as outlined above at ACU, CRMF,
was carried out every month once treatment commenced. This regularity
of testing revealed a high number of CFUs in the laboratory air in the
month of September and was attributed to an engineer carrying out equip-
ment maintenance the day before the air was sampled (Fig. 4). As a result,
laboratory protocols were amended to include a weekly rota for cleaning the

Figure 5 Microbiological testing of three incubators newly installed in the Assisted
Conception Unit, Centre for Reproductive Medicine and Fertility, Sheffield, U.K.
Abbreviation: CFUs, colony-forming units. Source: From Ref. 6.
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laboratories and an additional cleaning procedure after any maintenance or
servicing had been carried out.

Other environmental parameters should also be closely monitored
including laboratory temperature and if possible levels of VOCs and CACs.

WHAT COMPRISES A QA PROGRAM?

QA includes QC as well as a number of other measures such as those listed
below. This list is by no means comprehensive but illustrates what QA mea-
sures can be employed to monitor and improve laboratory performance,
and thus improve patient care.

Treatment Monitoring

Validation of Laboratory Performance in a New IVF Unit

Before commencing IVF in a new center, other types of treatment such as
intrauterine insemination (IUI) can be started and monitored to assess some
aspects of laboratory practice, including protocols and consumables. For
example, at the ACU, CRMF, the clinical pregnancy rate of 40 cycles of
stimulated IUI was monitored before IVF treatment was started. A 35%
clinical pregnancy rate (fetal heart detected per treatment) was achieved
after 40 cycles suggesting no negative effect on sperm function following
gamete preparation in the Andrology Laboratory.

Monitoring of Laboratory Performance in an
Established IVF Unit

Performance of the IVF laboratory can be monitored by auditing fertiliza-
tion and embryo cleavage rates and embryo quality at an appropriate
frequency depending on the center’s activity (20). The pregnancy rate,
implantation rate, and multiple birth rates can also be audited. However,
when interpreting these statistics, consideration must be given to the activity
of the unit and the types of patients treated, etc (1). Furthermore, pregnancy
rate alone should not be used as a QC measure to audit the performance of
the laboratory. This is not least because it is affected by other variables, but
also because a drop in pregnancy rate identifies a problem encountered at
the time of treatment usually weeks before. A good QC program detects
problems before they affect the pregnancy rate. Moreover, using pregnancy
rate as a QC measure does not identify the source of the problem (4).

Record Keeping and Documentation

Fundamental to the success of an QA program is accurate documentation
and record keeping of all aspects of the scheme. In designing the paperwork,
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thought should be given to information retrieval, traceability, and security
of the documents. The option of using computer records should also be
considered. Systems should also be in place to ensure that information is
accurately recorded when transferred from one format to another. All stan-
dard operating procedures and protocols should also be documented and
updated frequently, and made readily available to all staff.

With regards to the IVF laboratory, the monitoring of gametes and
embryos from the time of collection to treatment outcome should be docu-
mented thoroughly together with accurate recording of patient information.
A system should be in place to double check that information is accurately
recorded during laboratory procedures, particularly when it comes to iden-
tifying patients’ gametes and embryos. In the United Kingdom, under the
regulation of the Human Fertilization and Embryology Authority, it is
now obligatory that all laboratory procedures involving the manipulation
and transfer of patient’s gametes and embryos are witnessed and documen-
ted by a second member of staff.

Incident Reporting

However minor they seem at the time, all incidents/events should be
reported and documented as soon as possible as they may lead to an unfore-
seen effect on laboratory performance and/or treatment outcome. For
example, recording the servicing of a flow cabinet enabled laboratory staff
of the ACU, CRMF, to account for an unexpected increase in CFUs
detected in the air quality (6).

Appraisal of Personnel Performance

EQA can be used to appraise the performance of laboratory staff in various
procedures. For example, the U.K. National External Quality Assessment
Service (NEQUAS; www.unequas.org.uk) offers schemes for assessing
various andrology investigations including semen analysis, sperm antibody,
and sperm motility testing. Unfortunately, there are few national and even
fewer international accredited EQA schemes for other procedures used
within the IVF laboratory. However, internal assessments can be devised
to appraise the performance of personnel in methods such as therapeutic
embryo grading (5).

The primary purpose of regular staff evaluation is to identify areas for
improvement and further training. All staff should undergo regular apprai-
sals with their head of department and all skills and training of staff
accurately documented (1). Training should preferably be certified accord-
ing to a recognized body such as the Association of Clinical Embryologists
(ACE) in the United Kingdom, which offers two types of programs, the
Certificate and the Diploma, both of which are carried out in-house but
are assessed externally (21).
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INTERNATIONAL STANDARDS OF QA AND QC

Given the advantages of employing the QA and QC measures outlined
above, why has it taken so long for the IVF laboratory to routinely employ
these schemes? Reasons include the lack of appropriate and specific stan-
dards with which to comply, and regulatory authorities to enforce them.
Time and money also need to be invested at the outset to implement and
then run QA and QC programs. To date, self-motivation has been the major
factor driving units to employ QA and QC schemes; however, legislation is
now increasingly putting pressure on IVF units to employ such program.

On a national level, evidence of QA and QC in the IVF laboratory is
becoming a requirement in some countries with various inspecting authori-
ties such as the Human Fertilisation and Embryology Authority (HFEA) in
the United Kingdom, and the Society for Assisted Reproductive Technology
(SART) in the United States. Furthermore, IVF units within the European
Union (EU) will have to comply with the EU Tissues and Cells Directive by
April 2006, which requires units to have QC and QA systems. Some coun-
tries also now have governing bodies that can evaluate and certify IVF
laboratories. In the United States, there are various organizations that offer
this service including the Joint Commission on Accreditation of Healthcare
Organizations and the College of American Pathologists. For those coun-
tries without national accrediting bodies, there are guidelines available for
IVF laboratories issued by recognized societies within the field such as the
ACE standards and guidelines for IVF laboratories (21) and the ESHRE
guidelines for good practice in IVF laboratories (22), which include recom-
mendations for QA and QC. However, these guidelines are not obligatory
and are usually too generalized. The importance of having internationally
recognized standards for QA and QC is therefore now being realized (1).

The International Standards Organisation (ISO) is a non-govern-
mental organization and the world’s largest developer of international
standards (23) It is currently comprised of a network of national standard
institutes from 148 countries, with one body representing each country
and a central secretariat based in Geneva, Switzerland, which coordinates
the system. Its purpose is to set internationally recognized standards to
enhance quality, increase reliability, and improve health and safety of pro-
ducts and services world-wide.

The first European IVF unit to apply for internationally recognized
accreditation was the Fertility Centre of Scandinavia, Goteberg, Sweden,
which applied for ISO/IEC 17025 (formerly ISO/IEC Guide 25). These
are standards jointly devised by ISO and its international partner, the Inter-
national Electrotechnical Commission General, which defines Requirements
for the Competence of Testing and Calibration Laboratories (4). The ISO
9000 series, more specifically ISO 9001:2000, is now the more common stan-
dard applied for by IVF units. ISO 9001:2000 specifies ‘‘requirements for a
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quality management system for any organization that needs to demonstrate
its ability to consistently provide a product or service that meets customer
and applicable regulatory requirements, and thereby aims to enhance cus-
tomer satisfaction.’’ Thus, conformance to ISO 9000:2000 is said to guaran-
tee that a company delivers quality products and services.

To apply for ISO 9000:2000 an IVF unit’s management team initially
needs to define and formally document its QA policies and objectives and
how these will be implemented. An external consultant can be employed
to assist in this process. Once the documentation is in place and the QA
measures have been implemented, an external assessor examines the unit’s
QA system to ensure it complies with ISO 9000:2000. A detailed report is
then submitted describing sections of the standard that the unit has failed
to comply with. The unit is then given a specified time limit in which to cor-
rect the problems. Once these have been addressed, the unit is certified as in
conformance with the standard.

The benefits of having internationally recognized standards are several
fold (1). They include overcoming differences between national standards,
thus allowing comparisons between laboratories in different countries. Fur-
thermore, the use of internationally recognized practices should improve the
standards and therefore the success rates of IVF. As the benefits of inter-
nationally recognized QA and QC schemes are now being realized, the num-
ber of ISO-accredited IVF units is on the increase. This can only serve to
benefit the reputation of IVF as a clinical science but also the patients for
whom they care.
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INTRODUCTION

Oocyte donation is now an integral part of the armamentarium of the infer-
tility specialist. At its inception, it was intended as therapy for women with
premature ovarian failure, or those with heritable genetic defects. However,
as experience accumulated, oocyte donation as a treatment has been
extended to women with a variety of defects in oocyte production or func-
tion. The largest group of women now undergoing treatment with oocyte
donation consists of those with age-related decline in fertility. Additionally,
techniques learned from oocyte donation, including endometrial prep-
aration and embryo-endometrial synchrony, have been applied to other
infertility treatments, including frozen embryo transfer and in vitro matu-
ration of immature oocytes.

HISTORY

The first successful human oocyte donation was reported in 1983. At the
time of ovulation, a fertile donor was inseminated with the recipient
partner’s sperm. Uterine lavage was performed on the fifth day after the
luteinizing hormone (LH) peak. The recovered embryo was then transferred
to the uterus of the infertile patient. After several attempts, a pregnancy was
successfully initiated and a singleton birth at term was achieved (1,2).
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Unfortunately, this method, known as ‘‘ovum transfer,’’ was inefficient (3).
Attempts to enhance the efficiency of the process by administering fertility
medications to the donors were unsuccessful and led to retained pregnancies
in the donors (4).

The first use of standard in vitro fertilization (IVF) methodology for
oocyte donation was also reported in 1983; however, this pregnancy ended
as a miscarriage (5). Subsequently, Lutjen et al. reported a successful preg-
nancy in a woman with ovarian failure. Donated oocytes were fertilized in
vitro and the resulting embryos were transferred to the recipient’s uterus,
which was prepared with a combination of oral estradiol and intramuscular
progesterone (6). This landmark event substantiated the observation that
exogenous estrogen and progesterone could reliably produce a receptive
endometrium rather than relying on natural ovulatory cycles. In women
with residual ovarian function, donor and recipient cycles could thus be syn-
chronized with gonadotropin-releasing hormone (GnRH) agonists (7), and
the recipient endometrium stimulated with exogenous steroids (8,9). These
essential principles have remained the key components of the current prac-
tice of oocyte donation.

INDICATIONS

Oocyte donation is a therapy which allows women to conceive when their
own oocytes are either not capable of producing a pregnancy or carry a heri-
table defect that the patient does not want to pass on to their children.
Common indications for oocyte donation thus include premature ovarian
failure secondary to chemotherapy in healthy cancer survivors (10), follicle-
stimulating hormone (FSH) receptor defects (11), or other causes. Patients
with gonadal dysgenesis are also appropriate candidates for oocyte donation.
Those with Turner’s syndrome may conceive; this group may be at some
risk of obstetrical complications (12). Oocyte donation is also indicated in
the cases of poor oocyte quality inferred by multiple failed cycles of con-
ventional IVF or in women of advanced reproductive age with associated
diminished ovarian reserve. Other patients may choose oocyte donation in
an attempt to avoid passing heritable genetic diseases to their children,
although pre-implantation genetic diagnosis is increasingly being applied
in these situations.

FACTORS INFLUENCING SUCCESS

Donor Age

It has been established that female fertility hinges on the age of the oocyte
provider. Thus, the chronological age of the oocyte donor would seem to
play an intuitive role in the overall success of the process. Remarkably, most
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retrospective series do not demonstrate a major effect of donor age on preg-
nancy success (13–18). However, retrospective series suffer from selection
bias; older donors may indeed have been chosen for inclusion because of
their prior good track record. Some studies have confirmed that older
donors may be less likely to produce a clinical pregnancy (19–21). Although
prior fertility in a donor does not appear to play a role (19,21), previous suc-
cessful cycles may improve the prognosis in subsequent ones (15).

Recipient Age

Recipient age per se does not appear to decrease the probability of pregnancy
success with oocyte donation. Indeed, it was the observation that the age of
the uterus does not influence the probability of the initiation of pregnancy
that led to the conclusion that the age-related decline in human fertility
was primarily due to the age of the oocyte (22–27). Supporting this conten-
tion were physiological observations that uterine blood flow does not appear
to decrease with age (28) and that the endometrial response to exogenous
steroids also does not appear to diminish with age (29). It is not yet defini-
tively established whether pregnancy success after the age of 50 remains
unaltered. In our experience (30,31), no decline has been observed. However,
an analysis of data derived from the national registry suggested a modest
decline in live birth rates after 50 years of age (32).

Maternal Factors

The specific indication for oocyte donation does not appear to influence the
success of the procedure (15,27,32). However, uterine pathology, such as
Asherman’s syndrome or previous radiation therapy, may negatively impact
uterine receptivity (33). Analogously, uterine fibroids or other endometrial
lesions are thought to interfere in embryo implantation, regardless of
whether or not oocyte donation is used (34). It should be noted that the inci-
dence of uterine pathology increases with the chronological age of the
recipient. Therefore, older recipients may require more careful screening
for these factors. Hydrosalpinges in recipients also appear to negatively
impact embryo implantation (35), and thus we recommend imaging of the
fallopian tubes in all potential recipients. Obesity in recipients does not
appear to impact pregnancy rates (36,37); one report suggested an increase
in miscarriage rates (38). Endometriosis in recipients does not negatively
impact embryo implantation (39). Pinopod expression, a marker of uterine
receptivity, appears to be the same in recipients with endometriosis as in
those without the disease (36).

Repetitive Cycles

Lack of success in one or more cycles does not negatively impact the out-
come in subsequent cycles, and pregnancy rates appear to remain unaltered
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on a per cycle basis (32) as long as the recipient has a normal uterine cavity
and normal endometrial development was verified. However, in one series,
patients who conceived during their first cycle of oocyte donation were more
likely to conceive in subsequent cycles (40).

Cycle fecundability also appears to be unaltered by the number of
cycles that the donor has undergone. The donor response to gonadotropin
therapy and pregnancy rates do not differ by the interval between donation
cycles or the cycle rank (41,42). Donor complications are uncommon and do
not appear related to the number of stimulation cycles. Nevertheless, the
American Society for Reproductive Medicine (ASRM) recommends that
an individual limit the number of donor cycles to no more than six (43).

SCREENING OF DONORS

The ASRM publishes and periodically updates its guidelines for donor
screening (44). Screening guidelines include a personal and sexual history,
with the intent of excluding those women at high risk for HIV, other sexu-
ally transmitted disease, transmissible spongiform encephalopathy (44), or
recent confirmed or suspected West Nile virus infection (45). Serum screen-
ing for syphilis, hepatitis B and C, HIV-1, and HIV-2, as well as cervical
cultures for Neisseria Gonorrhoea and Chlamydia, is recommended (44).

Psychological screening should include family, sexual, substance use,
psychiatric history, information on educational background, assessment of
stability, motivation to donate, life stressors and coping skills, and interper-
sonal relationships. The counselor should confirm that the donor has been
informed of the medical treatment, discuss the psychological risks of oocyte
donation, and evaluate for signs of coercion (46).

Genetic screening should include a history with a specific focus on any
major Mendelian disorders, major malformations due to multifactorial
causes, or known karyotypic abnormalities in the potential donors or in
any of their first-degree relatives (47). A screening test for cystic fibrosis is
recommended for all donors. A heterozygote may be included as a donor
if the recipient is aware and the recipient’s partner tests negative (48). Spe-
cific ethnic groups known to be at high risk for carrying certain recessive
genes should undergo additional screening tests (47).

SCREENING OF RECIPIENTS

As with donors, the ASRM periodically updates its guidelines for the screen-
ing of recipients (44). Routine screening includes a medical and reproductive
history, physical exam, and standard preconception testing and counseling.
These include blood type and Rh factor, rubella and varicella titers (with
vaccination if not immune) along with infectious disease screening. Recipients
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should undergo counseling regarding the potential psychological implica-
tions of becoming parents as a result of oocyte donation (46).

The uterus should be examined by ultrasound and the cavity evaluated
and pathology corrected prior to embryo transfer (36). Evaluation of the
endometrial cavity can be achieved by saline-injection sonography (49), hys-
teroscopy, or hysterosalpingography (HSG). The advantage of the HSG lies
in its ability to visualize the fallopian tubes and thus detect the presence of
hydrosalpinges. All hydrosalpinges should be removed, as these have been
shown to decrease implantation rates and increase the risk of infection as
well as ectopic pregnancy in recipients of oocyte donation (50,51). If salpin-
gectomy is not possible, interruption of the oviduct in a location proximal to
the uterotubal junction also appears to prevent reflux of hydrosalpingeal
fluid and thus to mitigate the adverse effects of the hydrosalpinx (52). As
a special group, patients with Turner’s syndrome should undergo echocar-
diography because they are thought to have as high as a 2% risk of aortic
rupture or dissection with a risk of death during pregnancy (12).

The screening of partners of recipients of oocyte donation should
include a semen analysis, blood type and Rh screen, and a genetic screen
along with infectious disease screening for syphilis, hepatitis B and C,
cytomegalovirus antibody, and HIV. Screening should also include psycho-
logical counseling.

PRACTICE CYCLE

When oocyte donation first began, all recipients underwent practice cycles
to ensure an adequate response of the recipient’s endometrium to exogenous
steroids. Although this practice has recently become somewhat controversial
in that some programs feel that it is not necessary, our program continues to
rely on the information the cycle provides. In a practice cycle, recipients
undergo a regimen of exogenous estrogen and progesterone, which is
identical to the actual recipient cycle. Our practice utilizes the regimen
depicted in Table 1. Endometrial thickness is noted at the beginning of
the cycle and prior to the initiation of progesterone. On the seventh day
of progesterone administration, endometrial thickness is again documented
and the recipient undergoes a practice embryo transfer as well as endome-
trial biopsy. We have found that ultrasound measurement of endometrial
thickness does not always correlate with biopsy findings (54). The biopsy
may the document a lack of adequate estrogen priming or out-of-phase
endometrium (55). Practice cycles also provide additional information on
patient’s ability to comply with the hormone therapy protocol. In one large
study, 5.8% of women had difficulty in following the instructions (54). A
recent report has suggested that local injury to the endometrium during
non-transfer cycles may improve subsequent implantation rates during
IVF, although the mechanism is not clear (56).
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In contrast, programs that no longer require endometrial biopsies rely
on information from studies indicating that an in-phase endometrial biopsy
does not predict pregnancy (57) and an out-of-phase biopsy does not neces-
sarily predict failure (58). Pregnancy rates in one small study did not differ
whether a biopsy was or was not performed (57). It has also been argued
that measurement of the endometrial thickness may be a better predictor
of outcome (58) and one study did find that it correlates with biopsy (59).

OVARIAN STIMULATION

Oocyte donors undergo controlled ovarian hyperstimulation in a manner
similar to that of conventional IVF. The most common method is the
so-called ‘‘long protocol,’’ which relies on pre-stimulation pituitary down-
regulation using GnRH agonists in daily intermittent or depot formulations.
More recently, short protocols using GnRH antagonist during the late fol-
licular phase of the stimulation cycle have been utilized. Studies comparing
agonists and antagonists have not shown a significant difference in preg-
nancy rates achieved with protocols using agonists or antagonists (60,61).
As with conventional IVF, the use of antagonists appears to reduce the
amount of gonadotropins required and the duration of treatment (60,62).
When utilizing antagonists, gonadotropin dosage may need to be adjusted
to prevent a potential decline in estradiol levels, which has been correlated
with decreased pregnancy and implantation rates (63). Others have advo-
cated adding recombinant LH to recombinant FSH protocols, when starting
antagonists, as a strategy to increase oocyte yield and improve pregnancy
rates (64).

In agonist cycles, controlled ovarian hyperstimulation follows pitu-
itary downregulation in the standard fashion as per conventional IVF using
recombinant or purified gonadotropins. The addition of recombinant LH
to recombinant FSH in donors on agonists with an LH value of less than

Table 1 Standard Estrogen and Progesterone Replacement Regimen

Micronized estradiol
(oral administration)

Micronized
progesterone

(vaginal administration)

Days 1–4 1 mg BID
Days 5–9 2 mg BID
Days 10–14 2 mg TID
Days 15–28 (through 13th

week of gestation)
2 mg BID 200 mg TID

Source: From Ref. 53.
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1 IU/L during downregulation may increase the number of mature oocytes
and the implantation rate (65). Dosages are individualized based on donor
characteristics. For example, non-hirsute fertile women with polycystic-
appearing ovaries may require fewer ampoules to meet criteria for oocyte
retrieval compared to donors without polycystic-appearing ovaries; fertiliza-
tion rates tend to be similar (66). During the stimulation phase, serum estradiol
levels on day 5 (67) and at peak (68) have been reported to correlate with
the number of oocytes as well as with the implantation rate.

In our practice, donors are most commonly prescribed an overlapping
regimen of oral contraceptives and GnRH agonists in a long protocol. Oral
contraceptives are begun one week before the initiation of leuprolide acetate.
Both medications are continued for one week, and the oral contraceptives
are then stopped, whereas leuprolide is continued. Oral contraceptives allow
for coordination of recipient and donor cycles. Donors are evaluated
approximately one week after cessation of oral contraceptives prior to stimu-
lation to confirm downregulation by ultrasound evaluation of the ovaries
and endometrium and by measurement of serum estradiol. Stimulation is
then performed using human menopausal gonadotropins alone or in con-
junction with recombinant FSH.

Donor cycles require vigilance on the part of the nursing staff. One
study showed that despite thorough and repetitive instructions, 2% of
donors were found to have difficulties adhering to the protocol and 7%
become pregnant after stimulation, despite instructions to use barrier meth-
ods of contraception (69). We now advise donors to abstain from intercourse
from the onset of stimulation until the following menses. In addition, donors
are given a prescription for oral contraceptives to initiate with menses.

DONOR SAFETY

Serious complications of oocyte donation are relatively rare. Less than 1%
of donors have events requiring hospitalization or emergent intervention
during or following aspiration as a result of any cause, including severe
ovarian hyperstimulation syndrome (OHSS), reactions to anesthesia, or
intra-abdominal bleeding (70). Severe OHSS is uncommon (71); however,
mild forms should be anticipated as a majority of donors experience
abdominal discomfort and bloating to some extent. The symptoms usually
resolve by the time of menstrual flow. As the severity of OHSS is correlated
with estradiol levels on the day of human chorionic gonadotropin, oversti-
mulation of donors should be avoided (72). Other general principles in the
prevention and management of OHSS apply in donors as in infertility
patients with the significant advantage that donors do not become pregnant
and thus avoid pregnancy-related exacerbation of OHSS (73). Additional
intravenous fluid and/or albumin may be administered at the time of follicle
aspiration (74). In our practice, donors are evaluated in our office two days
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after follicle aspiration. If necessary, additional intravenous fluids (1000–
2000 mL of normal saline) may be administered. Rarely, paracentesis may
be required (75). A small retrospective study showed that ‘‘coasting’’ in
an attempt to prevent OHSS does not affect pregnancy rates unless coasting
lasts for more than four days (76).

Little is known about the effect of oocyte donation on future health
and fertility. However, in a study of eight donors who each underwent 4
to 12 cycles, laparoscopy confirmed no pelvic pathology except minimal
endometriosis in one patient (77).

ENDOMETRIAL PREPARATION

The goal of endometrial preparation is to prepare the uterine cavity for
implantation and to synchronize endometrial progress with embryo devel-
opment. In general, preparation of the recipient endometrium with estrogen
and progesterone occurs in fashion identical to the recipient practice cycle
(Table 1). Women with ovarian failure can initiate a cycle at any time,
whereas those with residual ovarian function should undergo pituitary
downregulation with agonists to avoid untimely uterine bleeding associated
with fluctuating steroid levels. Additionally, premature progesterone pro-
duction by the recipients’ ovaries can disrupt synchrony between embryos
and endometrium. Using agonist therapy allows coordination of the oocyte
donor and recipient and prevents ovulation, but does not appear to affect
implantation rates (78). One study (79) suggested that downregulation in
the recipient with residual function may not always be necessary. In that
trial, 4 mg of oral estradiol daily starting on cycle day 1 suppressed ovu-
lation (as determined by serum progesterone levels) until day 14 of the cycle
in 97% of patients. Unfortunately, this regimen limits the flexibility for syn-
chronization with donor stimulation in fresh cycles and is thus primarily
used in frozen-thawed embryo transfer cycles.

Ever since Navot et al. showed that in-phase endometrium could be
obtained with a variable estrogen and progesterone regimen, designed to
mimic the natural cycle (80), variations on this combination have been used.
To date, no study has demonstrated that a better endometrial environment
can be generated by any other means. In other words, although many other
biochemical substances are involved in the actual implantation process, their
production is secondary to the steroid stimulation of the endometrial cells.

Estrogen stimulation can be achieved by a variety of regimens utilizing
different routes of administration as well as different duration of adminis-
tration. Estrogen may be delivered via an oral, transdermal, or vaginal route
in a fixed or variable regimen. Oral or transdermal estradiol is most com-
monly used. In one study comparing a transdermal 0.1 mg patch to 6 mg
of oral estradiol daily, less of a delay in glandular histology was noted
despite lower serum estradiol levels (81).
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Estradiol therapy can be provided in a fixed or variable regimen with
comparable efficacy (82). Although fixed regimens using 1 mg of estradiol a
day appear to be ineffective (82), fixed regimens using 4 or 8 mg/day with-
out downregulation have been used to achieve an endometrial thickness
greater than 6 mm in an average of seven days with good pregnancy rates.
Navot et al. found that such small administration of fixed dosage estradiol
compared favorably to a longer variable regimen (83); however, others have
noted higher miscarriage rates with such short duration of estradiol therapy
(84). In contrast, prolonged duration of estradiol therapy does not appear to
have a negative impact (83,85).

Serum estradiol measurements during estradiol therapy appear to be
unnecessary (27,86). However, multiple studies have shown that mid-cycle
thickness correlates with pregnancy success (36,85,87). Although pregnan-
cies occur in patients with a thinner endometrium measurement (88,89), it
appears that endometrial thickness of �7 mm offers superior results. The
presence of a multilayer endometrial echo complex may (90) or may not
matter (91).

In patients who cannot achieve an adequate endometrial thickness
with oral or transdermal estradiol alone, vaginal estradiol may be used.
The vaginal route of steroid administration results in high endometrial
tissue levels and these appear to increase the endometrial thickness
(85,92). Low-dose aspirin (81 mg/day) has also been reported to increase
the endometrial thickness (93). A combination of pentoxifylline 800 mg
and tocopherol (Vitamin E) 1000 IU for nine months prior to hormone
therapy has also been reported as therapy to enhance endometrial respon-
siveness in some women (94).

Following adequate estrogen priming of the endometrium, it is pro-
gesterone that prepares the endometrium for implantation. However,
progesterone cannot act in the absence of adequate priming. Thus, an endo-
metrial biopsy taken during a practice cycle, which shows no progestational
effect has, in our experience, generally been reflective of inadequate estrogen
priming rather than inadequate progesterone delivery to the endometrium.
This effect may be observed in women after long episodes of amenorrhea,
such as that occurs in agonadal women in the absence of estrogen stimu-
lation, or after prolonged hormonal replacement with combination of
estrogen and progesterone replacement in which menstrual sloughing does
not take place. It is tempting to speculate that prolonged continuous pro-
gesterone stimulation of the endometrium produces a profound downregu-
lation of estrogen receptors and that these may require priming prior to
attaining an appropriate response.

To achieve luteinization of the endometrium, progesterone is started
either on the day of oocyte retrieval or one day prior. Progesterone may
be administered by the intramuscular or vaginal route, but progesterone
delivery modes are more complex than those of estradiol. The reasons for
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this are (i) much larger quantities of progesterone are necessary to achieve
luteinization in the endometrium and (ii) progesterone is susceptible to
metabolism by 5a-reductase in the skin, making transdermal delivery even
more impractical due to the large size of the patch that would be required.
In addition, oral progesterone is ineffective because it is rapidly metabo-
lized. The advantages of the intramuscular route include higher serum pro-
gesterone levels and emotionally reassuring sense that the progesterone has
been delivered to the body of the recipient. Many programs in the United
States still utilize this mode of delivery with a dose of 50 to 100 mg daily.
Even lower doses of 25 to 50 mg/day results in luteal phase serum levels
of progesterone, a secretory endometrium, and good pregnancy rates (95).
Supra-physiological doses of intramuscular progesterone do not appear to
have an adverse effect on the maturation process (83), but doses lower than
the standard result may have a negative impact (96).

Vaginal progesterone has generally been formulated in three ways:
capsules containing micronized progesterone powder, a silastic ring that
gradually releases progesterone, and a cream formulation. When compared
with intramuscular administration of progesterone, vaginal micronized
progesterone results in lower serum levels, but higher endometrial levels
of progesterone. Its administration results in similar histological findings
(97,98). For this reason, we have all but abandoned the intramuscular
route, reserving it only for those patients who dislike the use of vaginal
suppositories. Results from Europe on the use of a vaginal ring releasing
10 to 20 nmol/L of progesterone for 90 days have been favorable (99).
In the United States, Crinone1, formulated as a cream, and administered
vaginally twice daily, has been shown to result in in-phase biopsies (100)
and pregnancy rates similar to those achieved with intramuscular proge-
sterone (101).

EMBRYO TRANSFER

Embryo transfer is performed in the same manner as in conventional IVF.
Pregnancies have been reported after transfer of embryos at any stage in
development and after zygote intrafallopian transfer and tubal embryo
transfer. In general, the recipient starts progesterone the day of or day prior
to oocyte retrieval (102,103). As with conventional IVF cycles, the use of
transabdominal ultrasound guidance during transcervical embryo transfer
appears to improve the pregnancy and implantation rates (104).

Embryos derived from oocytes donated by young oocyte donors have
very good implantation potential. Therefore, it is reasonable to limit the
number of embryos that are transferred at one time. Recent studies have
reported that the transfer of two versus three embryos results in similar
pregnancy and implantation rates and a lower triplet and multiple rate
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(14,105). Transfer of one embryo resulted in a slight decrease in pregnancy
rate, but the probability of twins was greatly reduced (106).

PREGNANCY OUTCOMES

Live birth rates after oocyte donation have risen consistently, with pregnancy
rates from fresh embryos being higher than those from cryopreserved ones
(Fig. 1) (107). Pregnancy loss after visualization of fetal heart motion has been
reported to occur in 5.7% of singleton pregnancies after oocyte donation (108).
In the setting of multiple gestation, the probability of absorption of one or more
embryos is 19% to 28% (108,109). The risk of fetal loss appears to correlate with
the number of gestational sacs. Although patients with multiple gestations are
more likely to have bleeding, their miscarriage rates (loss of all gestational sacs)
does not appear to be increased (109). Most losses occur prior to the ninth
week; thus selective reduction is generally delayed until after this time.

Pregnancies after oocyte donation appear to be associated with higher
rates of pregnancy-induced hypertension, when recipients are compared to
age-matched controls (110,111) (Table 2). It is not clear whether the
increased incidence of pre-eclampsia is due to underlying disease or second-
ary to the oocyte donation itself. Serhal and Craft proposed that it may be
due to inadequate immunoprotection of the fetoplacental unit (116). As is
the case with all assisted reproduction, oocyte donation is associated with
higher rates of multiple gestation, but pre-term delivery rates (at least for
singleton gestations) do not appear to be significantly higher than those
of the general population. Deliveries of multiples and even singletons most
commonly occur via cesarean section (Table 2).

Figure 1 Percentage of transfers resulting in live births after oocyte donation by year.
Source: From Ref. 107.
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INFANT OUTCOMES

Perinatal mortality and neonatal malformation rates do not appear to differ
significantly from the general population. However, infants conceived after
oocyte donation are at higher risk for low birth weight and small for gesta-
tional age (Table 3). In a study of children up to five years of age conceived
with oocyte donation, all were healthy. Growth and development was simi-
lar to children in the general population (118). Parenting after oocyte
donation is associated with more positive parent–child relationships and
greater emotional involvement with the child compared to parenting after
natural conception (119).

ADVANCED REPRODUCTIVE AGE

Prior to 1990, no series had specifically addressed the issue of oocyte
donation to women of advanced reproductive age. Oocyte donation was pri-
marily conceived of as a therapy for young women with premature ovarian
failure, rather than as a means of overcoming the age-related decline in fer-
tility. It was a serendipitous finding, therefore, that the high success rates
with oocyte donation observed in the younger age group were mirrored in
the women over 40 (22). The concept of offering fertility therapy to women
over the age of 40 was not novel; rather, it was the observation that the
success rates were not influenced by the age of the recipient that was remark-
able. Several reports confirmed the efficacy of oocyte donation in the older
group (120–122), and subsequently, it was demonstrated that pregnancies
could be achieved in women over the age of 50 (30,123).

Table 2 Antenatal and Delivery Complications in Pregnancies After Oocyte
Donation

Study (Reference)
Pregnancy-induced
hypertension (%)

Pre-term
delivery (%)

Cesarean
section (%)

Singletons
Sheffer-Mimouni

et al. (112) (n ¼ 134)
22.6 14.9 72

Abdalla et al. (113)
(n ¼ 105)

21 13 —

Soderstrom-Anttila
et al. (114) (n ¼ 39)

29 13 51

All Pregnancies
Soderstrom-Anttila

et al. (114) (n ¼ 51)
31 30 57

Pados et al. (115)
(n ¼ 52)

32.7 1.9 63.5
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Pre-cycle screening of women of advanced reproductive age is exten-
sive. As routine health maintenance in the older population includes
additional testing, it is reasonable to require such testing prior to initiating
therapy (Table 4). All recipients undergo a practice hormone replacement
cycle of estrogen and progesterone with an endometrial biopsy on the sev-
enth day of progesterone administration. With estrogen dosing adjusted
to yield a normal mid-luteal endometrial histology, implantation and preg-
nancy rates comparable to younger women can be obtained (32).

One of the concerns about this type of therapy was the issue of obstet-
rical complications that might arise as a result of the advanced age of the
new mothers. In a study of 77 postmenopausal women �50 years, we found
that pregnancy rates, multiple gestation rates, and spontaneous abortion
rates were similar to those of younger recipients (124). The incidence of
gestational diabetes, pre-eclampsia, and cesarean section appears to be
increased in this older age group (Table 5).

Although there does not appear to be any definitive medical reason for
excluding these women from attempting pregnancy, provision of assisted
reproductive technologies to postmenopausal women has remained contro-
versial. It has been argued that oocyte donation to postmenopausal females
may result in greater gender equality and reproductive freedom (129). How-
ever, arguments against it have focused on the impact to the children.
Concerns have been raised about the physical and parenting capabilities

Table 3 Neonatal Complications in Singleton Pregnancies After Oocyte Donation

Study (Reference)

Perinatal
mortality

(%)

Neonatal
malformations

(%)

Low birth
weight

(%)

Small for
gestational

age (%)

Sheffer-Mimouni
et al. (112)
(n ¼ 134)

0 2.2 14.9 7.6

Abdalla
et al. (113)
(n ¼ 105)

— — 18 15

Soderstrom-
Anttila
et al. (114)
(n ¼ 51)

3.3 5.1 10 5

Pados
et al. (115)
(n ¼ 52)

1.7 0 — —

Remohi
et al. (117)
(n ¼ 188)

2.7 1 — —
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Table 4 Screening Tests for Prospective Recipients of Oocyte Donation Over the
Age of 45 Years

Medical
Complete blood count
Blood chemistry panel
Thyroid-stimulating hormone
Fasting cholesterol panel
Glucose tolerance test
Coagulation parameters
Urinalysis
Papanicolaou test
Mammogram
Chest roentgenogram
Treadmill and baseline electrocardiogram
Colonoscopy (if over 50)
Reproductive
Transvaginal ultrasound
Endometrial biopsy and practice embryo transfer

(day 21 of practice cycle)
Hysterosalpingogram or saline injection sonography
Infectious disease screen
HIV
HTLV I/II
VDRL
HbsAg
Hep C Ab
Preconceptual and psychosocial counseling

Abbreviations: HTLV, human T-cell lymphotropic virus; HbsAG, hepatitis B surface antigen;

VDRL, veneral disease research laboratory.

Table 5 Obstetrical Outcomes After Oocyte Donation to Women of Advanced
Reproductive Age

Study (Reference)
Age of
subjects

Pregnancy-induced
hypertension (%)

Gestational
diabetes mellitus (%)

Cesarean
section (%)

Paulson et al. (124)
(n ¼ 77)

�50 35 20 78

Borini et al. (125)
(n ¼ 34)

�50 22 11 —

Sauer et al. (126)
(n ¼ 162)

�45 10.8 8 64.8

Antinori et al. (127)
(n ¼ 1150)

�45 11.8 0.8 75

Porreco et al. (128)
(n ¼ 50)

�45 42 8 64
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of these older parents. To date, there have been no studies showing any
adverse impact, thus concerns are only theoretical at this time point.

SUMMARY

Oocyte donation is a logical extension of the technology of IVF, designed to
overcome blocks to fertility caused by oocyte problems. The details of an
oocyte donation cycle are very similar to those of the standard IVF. Stimu-
lation of the donor is similar to the standard IVF, yet may be simpler,
because poor responder protocols are rarely, if ever, needed and concerns
about hyperstimulation are at least partially mitigated by the fact that
donors do not become pregnant. Preparation of the recipient endometrium
and synchronization between donor and recipient are also achieved with
relative ease, although it is possible that a superior approach to both may
be discovered in the future. Donors as well as recipients should be medically
screened and offered psychosocial counseling to address issues of third-
party parenting. As oocyte donation bypasses all oocyte problems, it has
increasingly been applied to the age-related block to conception in women
of advanced reproductive age. It is possible to establish pregnancies in
menopausal women over 50 years of age, although this practice is somewhat
controversial. Obstetric outcomes after oocyte donation appear similar to
those after other assisted reproductive technologies, with a possible increase
in the incidence of hypertensive disorders of pregnancy.
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Uterine Receptivity

Peter A. W. Rogers

Centre for Women’s Health Research, Department of Obstetrics and Gynecology,
Monash University, Monash Medical Centre, Clayton, Victoria, Australia

INTRODUCTION

The aim of this chapter is to bring the reader up to date with current think-
ing about the role of uterine receptivity in in vitro fertilization (IVF).
The contents have been substantially revised and updated since the last
edition, including information on the wealth of new data currently emerging
on global gene expression profiling of human endometrium.

Although some progress in understanding of human uterine recep-
tivity has been made over the past 10 years, most workers in the field would
support the view that there have not been any paradigm shifts in our
understanding of this complex topic. The contribution that reduced uterine
receptivity makes to human infertility remains unclear. Unfortunately, a
number of issues prevent significant progress in understanding the role of
uterine receptivity in human reproduction, including first and foremost,
the ethical and practical constraints that limit mechanistic studies involving
embryo implantation in the human. Without successful embryo implan-
tation and pregnancy as an outcome measure, definitive studies investigating
uterine receptivity remain problematic. Despite this, the ready availability
of human endometrium from non-conception cycles under a wide range of
normal and manipulated situations provides huge scope for investigating
endometrial events that may characterize a ‘‘receptive state.’’
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The use of IVF as a routine clinical treatment for infertility provides
an important avenue for focusing basic and clinical research on the human
reproductive processes from gametogenesis to fertilization and implan-
tation. In particular, many of the research-oriented IVF programs are
now focusing attention on the role of the non-receptive uterus in reducing
embryo implantation rates following controlled ovarian hyperstimulation
(COH). There has been considerable speculation that implantation failure
due to reduced endometrial receptivity is one of the major remaining imped-
iments to higher IVF pregnancy rates.

ANIMAL STUDIES AND CURRENT CONCEPTS
ON UTERINE RECEPTIVITY

Although significant progress has been made over the past 10 years in under-
standing the basic mechanisms that control embryo implantation in a
number of mammalian species and in particular in the mouse (1), interpret-
ing these data in the context of human endometrial receptivity is difficult
because of the significant differences in mechanisms of implantation
between species (2).

It is important from the outset to appreciate that fundamental differ-
ences exist in how a receptive endometrium is achieved between the human
and commonly studied species, such as the mouse and rat. In human females,
an average non-conception reproductive cycle is approximately 28 days,
typically comprising four days of menstruation, 10 days of ovarian follicular
growth with rising circulating estrogen levels, and 14 days post-ovulation
with elevated progesterone levels. In a conception cycle, implantation com-
mences about 5–6 days post-ovulation, with the endometrium has been
exposed to 10 days of rising estrogen followed by 5–6 days of circulating
progesterone. There is no evidence yet to suggest that a receptive endo-
metrium in the human can be achieved by anything other than estrogen
exposure followed progesterone. In contrast, mice and rats have a 4-day
reproductive cycle, and it has been shown that the uterus becomes receptive
to the implanting blastocyst for a short period of time, a few days after the
commencement of continuous progesterone administration (3,4). Priming
estrogen prior to this progesterone as occurs in the human is not essential,
although a small amount of ‘‘nidatory’’ estrogen must be given at some time
after the commencement of progesterone for an implantation-receptive uterus
to be established. The length of time that the endometrium remains receptive
can be manipulated by altering the nidatory estrogen dose, with higher doses
resulting in shorter receptive periods (5). Nidatory estrogen is not a feature of
the human implantation process. In the mouse, implantation occurs five days
after ovulation, with stimulation of the uterine cervix during copulation
inducing a state of ‘‘pseudopregnancy’’ during which normal 4-day ovarian
cyclicity is halted for long enough to allow implantation to occur.
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Bearing in mind the major differences that have been found between
the different species studied, a number of general concepts have arisen from
animal studies which form the basis of our understanding of endometrial
receptivity in the human. First, it is generally believed that in the presence
of a healthy blastocyst, it is the uterus, appropriately conditioned by ovarian
hormones, that predominantly determines the success or otherwise of
implantation (6). The ‘‘implantation window’’ is defined as the period of
time when the uterus is receptive to the implanting blastocyst. In addition
to the receptive state, there is evidence in some species that the uterus goes
through ‘‘implantation neutral’’ and ‘‘implantation hostile’’ states (7). Dur-
ing the neutral phase, the embryo can survive in the uterus but will not
implant, whereas during the hostile phase the embryo is actively destroyed.
How the uterus affects these receptive, neutral, and hostile states remains
mostly unclear, although embryo toxic compounds have been demonstrated
in uterine flushing from rats and mice taken at times other than when
implantation normally occurs (7,8) and there is a suggestion that similar
embryo toxic compounds occur in the human (9). Another study has sug-
gested a major role for the uterine epithelium in preventing implantation
unless the correct hormonal priming had occurred (10). In this work, the
embryo was only able to implant in the unprimed mouse uterus once the epi-
thelium had been removed.

Further support for the hypothesis that the uterus is the major con-
trolling partner in the implantation process comes from numerous studies,
demonstrating that mammalian embryos can initiate implantation-type vas-
cular reactions in non-uterine tissues with a high degree of success regardless
of the sex or hormonal status of the host. Ectopic sites that have been stud-
ied in this way include the anterior chamber of the eye (11,12), the kidney
(13), the testis (14), and the spleen (15). Although tissues from ectopic sites
respond differently to the implanting embryo from those in uterine sites and
despite the fact that subsequent embryo development is often disorganized,
the study of ectopic implantation can provide valuable insights into normal
intra-uterine implantation (12,16). Indeed, normal development to term has
been reported in the human following ectopic implantation (17).

A number of mammalian species (including some of the marsupials)
utilize embryonic diapause or delayed implantation to maximize repro-
ductive efficiency (18). During diapause, blastocyst development has
arrested by the uterus until environmental or physiological conditions are
suitable for pregnancy to continue. That control over diapause is entirely
a uterine phenomenon and can easily be shown by removing the blastocyst
from the uterine environment, while normal development was re-commence
(19). Conversely, studies in cattle have shown that under certain conditions
the uterus can induce the preimplantation embryo to accelerate its devel-
opment in order to ‘‘catch up’’ the uterus and be ready to implant at the
optimal time in terms of uterine receptivity (20).
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The term ‘‘implantation window’’ can be misleading when it is used to
imply that there is a single critical window in time that determines whether
implantation will be successful or not. In its broadest sense, implantation is
a continuum of increasingly complex events wherein two independent tissues
fuse and pregnancy is established. A key concept in understanding this pro-
cess is developmental ‘‘synchrony,’’ defined as when the early embryo and
the uterus are both developing at a rate such that they will be ready to com-
mence and successfully continue implantation at the same time. Using the
concept of developmental synchrony, the length of the implantation window
can be defined as the amount of embryo–uterine developmental asynchrony
that can be tolerated while still allowing successful implantation.

If the implantation process is defined as comprising a continuum
of events that must remain synchronized between the endometrium and
the embryo, then it is apparent that many different individual events, or
combinations of events, may dictate whether the implantation process is
successful. One example of a critical endometrial event that determines
the success of implantation in the mouse is the expression of leukemia
inhibitory factor (LIF) by the endometrial glands just before the onset of
implantation (21). There are other critical events in the implantation process
and undoubtedly many more that remain to be discovered. Identifying what
these are, when they occur, and if they play limiting roles in human IVF
remains a challenging goal.

THEORETICAL CALCULATIONS OF HUMAN
UTERINE RECEPTIVITY

The Natural Cycle

Estimates of maximum human fecundability (defined as a percentage of
women who will produce a full-term infant per menstrual cycle during which
frequent intercourse occurs) range from 14.4% to 31.8% for various popula-
tions and age groups of women (22). Under normal circumstances a number
of factors may contribute to this low success rate, including anovulation,
intercourse at the wrong time, reduced semen quality, failure of egg or
sperm transport, fertilization failure, embryonic mortality, and lack of uter-
ine receptivity (23). Of these potential factors, it is probable that embryonic
mortality contributes significantly (24) as a result of both chromosomal (25)
and other developmental abnormalities within the embryo. This work sug-
gests that in the natural conception cycle in humans, uterine factors may
not play a major role in implantation failure.

Uterine Receptivity and Embryo Viability During
Stimulated IVF Cycles

The large amount of human implantation data produced following supero-
vulation and multiple embryo transfer by various IVF groups has provided
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an avenue for exploring the relative contributions of embryonic and uterine
factors to implantation failure in stimulated cycles (26–30). Statistical
modeling of IVF data was first proposed by Speirs et al. (31) based on a
hypothetical two-parameter model for implantation. This model assumed
that each embryo had a probability (E) of survival and that in any given
patient there was a probability (U) that the uterus would be receptive. Thus,
when a single embryo was transferred the probability of pregnancy was
represented by the product U�E. This simplistic model made a number
of assumptions: that U and E were independent, that U and E were the only
factors influencing implantation, that one embryo successfully implanting
did not influence the chance of other embryos implanting, and that the prob-
abilities U and E did not alter significantly within each IVF group with time.

Results of an early analysis using maximum likelihood methods to
derive values for U and E are presented in Table 1. Although these data
are from COH protocols that are no longer in general use, they are still
of value in that they provide numerical estimates of the relative contribu-
tions of the embryo versus the uterus in governing successful implantation,
and clearly indicate that uterine receptivity plays a major role. A second,
equally important finding was that these data provided the first evidence
that different COH protocols might influence uterine receptivity, with
protocols that used the anti-estrogen clomiphene citrate having lower theo-
retical receptivity than those that used human menopausal gonadotrophin
(hMG) alone.

There have been a limited number of attempts to use more sophisti-
cated statistical modeling to derive estimates for E and U (28–30). Although
these studies have the potential to significantly improve the understanding
of the parameters that govern successful implantation in IVF cycles, each
study has been limited by the relative lack of IVF data available for analysis.
For example, in an analysis of 288 women with or without hydrosalpinx
undergoing IVF it was concluded that hydrosalpinx had no discernable

Table 1 Estimates for Uterine Receptivity (U) and Embryo Viability (E) Based on
Implantation Data from 5 In Vitro Fertilization Groups (� simultaneous 95%
confidence limits)

IVF group Uterine receptivity (U) Embryo viability (E)

Monash, Melbourne 0.31� 0.07 0.32� 0.06
Royal Women’s, Melbourne 0.42� 0.11 0.23� 0.05
Queen Elizabeth, Adelaide 0.42� 0.17 0.28� 0.10
Norfolk, Virginia 0.64� 0.22 0.21� 0.08
Bourne Hall, Cambridge 0.36 0.43

Abbreviation: IVF, in vitro fertilization.

Source: From Refs. 26 and 27.
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effect on uterine receptivity, but the high variability in the data suggested
that greater numbers of subjects were required (30). Multi-center trials coor-
dinated between a number of IVF programs to collect standardized data in
sufficient quantities for meaningful statistical analysis would overcome this
problem and it is perhaps surprising that in the current era of evidence-
based medicine this has not yet happened.

The Human Implantation Window

There is good evidence that in the normal cycle, implantation occurs over a
period of time (31). The first detection of urinary chorionic gonadotrophin
in women attempting to conceive occurred over a range 6–18 days post-
ovulation. However, among pregnancies that survived for at least six weeks,
the range was only 6–12 days. Eighty-four percent of successful pregnancies
had initial detection of urinary chorionic gonadotrophin on days 8, 9, or 10
post-ovulation. These data support the concept that optimal implantation
rates occur with embryo–uterine developmental asynchrony of one day or
less. However, successful implantation can still occurs with asynchrony of
up to three days, whereas the implantation process may be initiated, but fail
to progress normally, with asynchrony of up to nine days.

Two IVF-related procedures, freezing and donation, provide an
opportunity whereby developing embryos can be replaced into the uterus
outside the normal obligatory uterus–embryo developmental synchrony,
thus allowing investigation of the length of the human implantation win-
dow. In previous reviews of published pregnancies established in patients
receiving donated oocytes for premature ovarian failure (32,33), it was esti-
mated that successful implantation occurred when the embryo was anything
from 39 hours in front to 48 hours behind the uterus. These calculations give
an implantation window of at least 3 1/2 days. A summary of these two
reviews and other data, representing more than 120 pregnancies, is given in
Table 2. The calculations in Table 2 are based on the assumption that, as
in animals (3,4), the commencement of progesterone in the human will
initiate a ‘‘clock’’ that results in the uterus passing through a receptive phase.
Uterine age is thus calculated as the time from when the uterus first received
progesterone, and embryonic age is taken from the time of ovulation.

Of particular interest in Table 2 is the work of Formigli et al. (48).
These workers used embryos lavaged from the uteri of donors five days
post-ovulation and report pregnancies in cases where the recipient was any-
thing from four days in front to three days behind the donor at the time of
ovulation. However, there may be possible sources of error in the calcula-
tions of timing in this study. For example, ovulation was only assessed by
daily ultrasound of the ovaries monitoring for disappearance of the follicle,
and could therefore be up to 24 hours out. More importantly, it was not
possible to exclude the possibility of spontaneous pregnancy in five out of
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six patients with ovarian function. Accepting these limitations, this study
suggests that the human implantation window may be up to seven days,
twice that previously demonstrated by donor oocyte and embryo results.

In a study where embryo–uterine synchrony was systematically varied
to explore the length of the implantation window (49), pregnancies were
achieved over a six-day window that equated to implantation occurring any-
where from days 18/19 to 23/24. Numbers were not large enough in this
study to determine whether differences in success rate existed within
this time frame. It may also be possible to artificially widen the implan-
tation window by manipulating the pre- and peri-implantation endocrine
environment. In one study, it has been reported that ovarian stimulation
with gonadotrophin-releasing hormone (GnRH) agonist/hMG compared with
hMG alone appears to widen the implantation window (50). In this work,

Table 2 Summary of Data on Embryonic–Uterine Synchrony Based on Patients
with Ovarian Failure Receiving Hormone Replacement Therapy for Donor Oocyte
and Embryo Transfers

Source
Pregnancies

reported
Uterus ahead of

embryo (hrs)
Uterus behind
embryo (hrs)

Monash donor oocyte (34)
(Fixed cyclical protocol)

11 18–39

Monash donor oocyte (35,36)
(Variable length protocol)

40 20–36

Salat-Baroux et al. (37) 4 36
Feichtinger and

Kemeter (38)
1 18

Asche et al. (39) 6 18
Rosenwaks (40) 8 0–48(?) 0–24
Junca et al. (41) 4 0(?)
Devroey et al. (42,43) 11 0–12(?)
Navot et al. (44) 2 4–28
Serhal and Craft (45,46) 18 12
Abdalla et al. (47) 8 12
Formigli et al. (48)

(Not all ovarian failure
recipients)

8 0–96 0–72

Note: The synchrony calculations are based on the two assumptions that in the natural cycle: (a)

significant progesterone secretion starts 12 hours before ovulation and (b) fertilization occurs

six hours after ovulation. (For more detail on embryo–uterine developmental synchrony).

Where it has not been possible from the published information to accurately estimate the timing

of embryonic development relative to the point in time that the uterus first received progester-

one, a (?) has been placed next to the calculated synchrony.

Source: From Ref. 33.
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the time of implantation was estimated by regression analysis of serial
human chorionic gonadotropin (hCG) measurements taken between 7
and 16 days after embryo transfer.

There continue to appear in the literature case reports where for vari-
ous reasons significant embryo–uterus developmental asynchrony existed at
the time of embryo transfer, but where successful pregnancy ensued (51).
Despite such reports, the overwhelming view has remained that, wherever
possible, embryo and uterus should be as close to each other as possible
in terms of developmental synchrony.

It is highly unlikely for ethical reasons that systematic investigation of
the length of the human implantation window will ever be undertaken. If
animal models are assumed to be informative for the human, then it is prob-
able that the highest human pregnancy rates will be achieved within a limited
window of embryo–uterus developmental asynchrony and that success rates
will reduce as asynchrony increases. It is possible that in some cases of asyn-
chronous transfer, pregnancy may be established despite the timing being
less than optimal and that the overall success rate would be significantly
reduced if all embryo transfers were conducted with the same asynchrony.

Knowledge of the length of the implantation window that gives maxi-
mal implantation rates in the human is of critical significance to studies
aimed at identifying endometrial markers for uterine receptivity. If the time
over which the uterus is receptive to the implanting embryo is not identified,
it clearly will not be possible to correlate changing endocrine, biochemical,
and morphological endometrial parameters with receptivity.

THE IMPACT OF COH ON THE ENDOCRINE REQUIREMENTS
FOR UTERINE RECEPTIVITY

It has been appreciated for some time that the endocrine requirements for
successful implantation in the human are not as tightly controlled as in spe-
cies, such as laboratory rodents. Not only is the normal human menstrual
cycle highly variable in length, but the normal limits for levels of circulating
estrogen and progesterone vary widely (52). This variability, and the lack of
any easy way of investigating whether any particular hormonal pattern is
more appropriate for successful implantation, has resulted in a relatively
limited understanding of the amounts or sequence of estrogen and pro-
gesterone necessary to prepare the human endometrium for implantation.

Subsequent to IVF becoming a routine clinical treatment, large
amounts of accurate endocrine data have been generated on the circulating
levels of estrogen and progesterone during stimulated and natural cycles.
More importantly, following IVF treatment, receptive cycles are identified
by establishment of pregnancy, thus allowing correlation of endocrine pro-
files with successful implantation. Unfortunately this has still not provided
sufficient information for a good theoretical understanding of the endocrine
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requirements for uterine receptivity to be achieved. Issues that contribute to
this lack of understanding include the problem that implantation failure
may occur for reasons other than lack of uterine receptivity and the high
level of natural variability within the population in parameters that influ-
ence fecundity.

The lack of a good theoretical understanding of the endocrine require-
ments for uterine receptivity has a direct impact on the IVF industry, each
time new COH protocols are developed that alter endocrine profiles during
a cycle in which embryo transfer occurs. Rather than being able to rapidly
develop new COH protocols that give optimal endometrial receptivity, it
can take several years for consensus to evolve through trial-and-error by
multiple IVF programs. Clearly there exists a need for more fundamental
and IVF-related research into endometrial requirements for implantation.

Follicular Phase Estrogen and the Effects of COH

Animal and human donor oocyte studies continue to reinforce the central
role that estrogen and progesterone play in preparing the endometrium
for implantation. Thus, although a number of critical genes downstream
from estrogen and progesterone have been identified, the fundamental chal-
lenge is to define the normal limits and interaction for circulating levels of
these two hormones that will result in optimal endometrial receptivity.
Available evidence suggests that neither the absolute levels of estrogen
nor the time for which the uterus is exposed to estrogen are critical. Cer-
tainly, COH protocols with circulating estrogen levels many times higher
than the natural cycle give excellent pregnancy results, as do variable-length
estrogen replacement protocols used in donor oocyte programs.

However, within these apparently wide tolerance limits, there is also
evidence from the use of GnRH antagonists over the past five years that
some relatively subtle alterations to the endocrine profile may compromise
successful implantation through effects on the endometrium. Following
the report of a successful IVF pregnancy using third-generation GnRH
antagonists (53), a major multicenter dose-finding study reported reduced
implantation and pregnancy rates with increasing GnRH antagonist dosage
of �0.5 mg/day (54). The subsequent finding that frozen embryos from the
different treatment groups in this study implanted at similar rates led to
the conclusion that the inhibitory effect of the higher GnRH antagonist
doses was on the endometrium rather than the embryo (55). A subsequent
study reported that when comparing 188 women receiving hMG/GnRH
antagonist versus 85 receiving GnRH agonist down-regulation followed by
HMG, those receiving the antagonist had significantly lower average of
17b-estradiol levels (1625 vs. 2082 pg/ml) (56). Pregnancy rates and children
born per embryo replaced were slightly lower in antagonist versus agonist
treatment groups, however, these differences were not significantly different.
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Subsequent studies have confirmed the lack of difference in implan-
tation rates between different COH protocols that included GnRH agonist
and antagonist treatment arms (57,58). This raises the key question of what
the precise endometrial mechanism responsible for reduced implantation
with higher doses of GnRH antagonist actually is. In a commentary
addressing this issue, it was suggested that reduced implantation rates
with higher doses of GnRH antagonist may be linked to transient reductions
in circulating estrogen levels when the GnRH antagonist is first
administered (59). Several IVF groups have made statements supporting
the finding that implantation and pregnancy rates with COH using low
doses of GnRH antagonists are similar to those with the more traditional
GnRH agonist COH protocols and suggesting that reduced implantation
rates seen with higher GnRH antagonist doses are potentially due to pertur-
bations in LH and estradiol levels rather than direct effects of the GnRH
antagonist (60–62). Data supportive of this concept comes from a study
of 111 women with either a fixed or flexible start time for GnRH antagonist
depending on lead follicle diameter (63). These authors reported that
increased levels of LH and estradiol, as measured by area under the curve
between initiation of stimulation and commencement of antagonist, identi-
fied unsuccessful cycles. The same group had earlier reported that in study
of 55 women stimulated with FSH/GnRH antagonist, endometrial matu-
ration at oocyte retrieval was advanced on average by 2.5 days (64).
Advancement correlated with increased luteinising hormone (LH) at
initiation of stimulation and duration of recombinant follicle-stimulating
hormone (FSH) stimulation. Pregnancies were not achieved if endometrial
advancement was more than three days.

There has also been the suggestion that the anti-implantation effects
of GnRH antagonists may be due to a direct effect of the antagonist on
extra-pituitary GnRH receptors, thus acting as a cell cycle inhibitor in the
endometrium by decreasing the synthesis of growth factors (65). However,
there is some dispute as to whether at the doses being routinely used for
IVF, GnRH antagonists have any intrinsic effect at the receptor level
(61). Further evidence against a direct effect of GnRH antagonist on the
endometrium comes from a study where antagonist administration was
initiated either on day one of the COH cycle or day six (66). Implantation
and pregnancy rates were similar in the two groups, despite the day 1 group
receiving over double the exposure to GnRH antagonist that the day six
group received. The day one group also had significantly lower LH and
estradiol levels, which in this study also made no difference to final implan-
tation or pregnancy rates.

It is not easy to provide a definitive summary about the effects of
GnRH antagonists on uterine receptivity. The evidence suggests that at
higher doses GnRH antagonists inhibit implantation through an endome-
trial mechanism, although the original data were not extensive enough to
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be statistically significant, and the studies are unlikely to ever be repeated.
From a theoretical point of view, the event most likely to interfere with
endometrial receptivity is a transient decrease in circulating estrogen during
the follicular phase of the menstrual cycle at the time when GnRH antago-
nist treatment commences. Some well-designed studies to test this theory may
help to elucidate mechanisms that govern human endometrial receptivity.

Secretory Phase Progesterone and the Need for Luteal Support

During the normal ovarian cycle, progesterone is produced by the corpus
luteum following ovulation. In a non-conception cycle, there is a subsequent
fall in circulating levels of progesterone towards the end of the cycle as the
corpus luteum regresses, leading to menstrual shedding of the functionalis
layer of the endometrium. If conception occurs, bhCG produced by the
embryo acts on the corpus luteum to maintain progesterone production
resulting in continuation of the pregnancy. COH to produce multiple
oocytes for IVF can significantly alter normal progesterone production. In
particular, the long GnRH agonist down-regulation protocols reduce
endogenous LH production for several days after agonist administration
has ceased, leading to reduced circulating progesterone levels (67,68). Given
the fundamental role of progesterone in both the development of a receptive
secretory phase endometrium and the ongoing support of pregnancy, most
IVF programs use some form of luteal support following COH.

There have been two recent major reviews of luteal support in assisted
reproduction cycles (69,70) which have concluded that luteal support
increases pregnancy rates. The first of these reviews (69) undertook a
meta-analysis of 30 studies, with nearly all these using the long GnRH ago-
nist stimulation protocol. Both intramuscular (IM) hCG and progesterone
conferred a benefit, with the authors concluding that progesterone was pref-
erable due to the increased risk of ovarian hyperstimulation syndrome
(OHSS) with hCG. Progesterone given IM conferred more benefit than
progesterone given orally or vaginally. The authors were less able to draw
meaningful conclusions about the most beneficial timing, duration, dose,
or formulation of progesterone due to the small size and varied objectives
of individual studies. In the second review (70), results from 59 published
randomized controlled studies were analyzed. Some of the conclusions from
this review included: (i) luteal phase support with hCG provided significant
benefit in terms of increased ongoing pregnancy rates and decreased miscar-
riage rates, but only in cycles where GnRH agonist was used as part of the
COH; (ii) the odds of OHSS occurring increased 20-fold in cycles where
hCG was used for luteal support; (iii) progesterone use gave a small but sig-
nificant increase in pregnancy rates when studies with and without GnRH
agonist were grouped together, but no effect was seen on miscarriage rates;
(iv) no significant differences were found between progesterone and hCG
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other than the odds of OHSS increased twofold with hCG; (v) there were
increased ongoing pregnancy and live births with IM compared to vaginal
progesterone, and a non-significant decrease in clinical pregnancy with oral
compared to IM or vaginal progesterone.

Although the reviews summarized above provide clear evidence in
favor of luteal support following COH for IVF, key questions remain unan-
swered. These include whether luteal support is required for all different
COH regimens, what the optimal dose is, what the best route of administra-
tion is, whether the dose should differ with different routes of administration,
and when in pregnancy support should be stopped. As it is not yet possible to
directly measure uterine receptivity, all studies to date have relied on preg-
nancy as an outcome. The use of an indirect measure such as pregnancy
means that factors other than reduced uterine receptivity will be contributing
to pregnancy failure, making it difficult to develop luteal phase support pro-
tocols that maximize pregnancy outcomes.

The need for luteal support after use of GnRH antagonists, as opposed
to agonists, in COH protocols requires further investigation. GnRH anta-
gonists are typically only given for a few days with a rapid recovery of
endogenous LH production once administration ceases. In a study of 41
subjects undergoing intra-uterine insemination, luteal progesterone levels,
and the duration of the luteal phase were not altered by use of GnRH antag-
onist to control the LH surge (71). This study suggests that luteal support
may not be required with GnRH antagonists, although clearly further studies
will be required to confirm this.

The importance of the luteal phase defect (LPD) in infertility is ques-
tionable. LPD is defined as a defect of corpus luteum progesterone output
either in amount or duration which results in inadequate stimulation of the
endometrium for implantation of the blastocyst (72). Although some authors
claim significant success from treating patients diagnosed as having LPD (73),
others claim that the incidence of LPD among the fertile population is no dif-
ferent to that among infertile women (74). The observation by Wentz et al.
(75) from a study of 54 biopsies taken inadvertently during conception cycles
that the endometrium was on average dated significantly earlier than
expected, clearly proves that delayed endometrial maturation to a degree con-
sistent with the definition of LPD does not necessarily preclude implantation.

Fixed- and Variable-Length Hormone Replacement Cycles

The first donor oocyte recipient-steroid replacement regimens developed
were based on the standardized 28-day menstrual cycle, with increasing
levels of estrogen reaching 6 mg daily during the first half of the cycle and
progesterone commencing mid-cycle (44,76,77). Satisfactory pregnancy
rates were achieved using this type of hormone replacement protocol,
although there were practical problems associated with the very short period
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of time during the 28-day cycle that the recipient could be synchronized with
a donated oocyte or embryo.

The discovery that variable-length constant estrogen dose replacement
cycles were just as effective for establishing pregnancy as fixed-length-
increasing estrogen dose ones revolutionized donor oocyte treatment (39,45).
With variable-length estrogen replacement cycles progesterone is given to
the patient from either the day before, or the day of, oocyte collection from
the donor. Variable-length protocols have the advantage of allowing a much
wider time-span in which the donor and the recipient can be synchronized.
Early studies showed no difference in pregnancy rates per embryo transfer
between the fixed and the variable-length protocols (35), however, more
patients receive transfers with the variable-length protocol compared to
the fixed one, resulting in more patients becoming pregnant.

The success of variable-length-constant estrogen dose replacement
cycles for establishing pregnancies in women receiving donated oocytes pro-
vides important insights into just how flexible the uterine requirement for
estrogen is while still allowing development of a receptive endometrium.
As variable-length protocols became established, successful pregnancies were
reported with simulated follicular phases of 10–24 days (35), 5–35 days (49),
and even up to 100 days with estrogen replacement of 6 mg/day (78).
Although receptivity may not be optimal under circumstances where
estrogen mediated breakthrough bleeding is occurring (78), the fact that
pregnancies can occur with such a wide time-range of estrogen pre-treatment
suggests that estrogen does not act on the uterus by initiating a time-sensitive
series of molecular and cellular events, as apparently occurs with progester-
one. This observation, based on clinical experience, will be important in
guiding fundamental studies of uterine receptivity in the human.

To date there have been no attempts to ascertain if less than five days
of estrogen can prepare the endometrium for implantation. It has been
shown in rhesus monkeys (79), and some other animal species (3), that
follicular phase estrogen is not necessary for the development of uterine
receptivity. However, reports that a short follicular phase of five days results
in significantly increased early pregnancy wastage (49) may be an indication
that this is approaching the physiological minimum for the human.

A prospective study of endometrial response to four different dosages
of estrogen in women without ovarian function (80) has shown that 1 mg/
day of estradiol valerate does not give an adequate secretory transformation
when followed by five days of progesterone replacement. The response to 2
and 4 mg/day, as well as to a regimen that increased sequentially from 1 to
6 mg/day was satisfactory. Markers of secretory transformation included
routine histological dating, sub- and supra-nuclear vacuoles in glandular epi-
thelium, gland morphometry, and immunohistochemistry of the secretory
phase protein D9B1. Interestingly, endometrial thickness was reported as
similar in all four protocols. Although not mentioned by these authors, it
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seems possible that the reduced secretory response following 1 mg/day estra-
diol valerate may be due to a failure to induce adequate numbers of
progesterone receptors. Whether or not such a ‘‘sub-optimal’’ endometrium
could support implantation has not been tested.

Studies in which oocytes from one donor are given to two recipients
with only one of the recipients subsequently becoming pregnant provide a
model from which recipient based factors that influence pregnancy success
can be investigated. In a study of 134 donation cycles involving 116 recipi-
ents, factors that showed a statistical association with successful pregnancy
were: reduced presence of uterine pathology, endometrium greater than
8 mm in thickness, fewer difficult embryo transfers, more good embryos
transferred, and more prior pregnancies (81). Although uterine factors are
clearly identified as being important in this study, there are too many other
significant associations for any definitive conclusions to be drawn. Identifi-
cation of structural and functional differences between endometria from
women in similar groups may identify parameters that can eventually be
used to measure uterine receptivity.

THE SEARCH FOR MARKERS OF UTERINE RECEPTIVITY

Considerable research effort continues to be focused on the search for one or
more endometrial parameters that definitively indicate receptivity for
implantation. An ability to readily identify receptive human endometrium
will be of major clinical value in both infertility and contraceptive medicine.
Although there are many well-documented endometrial changes around the
time of implantation, obligatory markers for human uterine receptivity
remain elusive. Given that the implantation process is a continuum of events,
it is possible that no one definitive marker for uterine receptivity exists and
that receptivity may be better defined by a combination of key markers that
occur over a period of time. Significant progress has been made in establish-
ing endometrial changes that occur in both normal and abnormal menstrual
cycles during the peri-implantation period and from this information a pic-
ture is building up of features presumed to be desirable for receptivity.

Endometrial Histology and Morphology

The endometrium undergoes a well-established series of histological and
ultrastructural changes under the influence of estrogen and progesterone
during the menstrual cycle (82–84). However, numerous different studies
continue to throw doubt on the functional importance of these morphologi-
cal changes with respect to uterine receptivity for implantation (85–89).
Semi-quantitative morphometric analysis of a single biopsy taken inadver-
tently from a conception cycle of a patient receiving hormone replacement
therapy for premature ovarian failure revealed an appearance that could
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not by any degree be classified as typical for a mid-secretory stage receptive
endometrium (85). Despite this, implantation had clearly occurred. In con-
trast, detailed morphometric analysis of peri-implantation endometrium has
failed to demonstrate any difference between fertile controls and infertile
subjects (90). More recently, a study of pinopode formation and integrin
expression in six different groups of women concluded that although
pinopode formation and integrin expression are closely related to normal
endometrial maturation, this is irrespective of whether the endometrium is
in-phase or out-of-phase. Thus, the potential usefulness of these two fea-
tures as markers for uterine receptivity is questionable (88). In another
study, endometrial glandular volume in IVF patients receiving CC/hMG
for ovarian stimulation was significantly reduced compared with the normal
menstrual cycle (87), whereas patients receiving GnRH agonist ‘‘flare’’ stimu-
lation (85) had elevated glandular area. Despite these differences, which
probably reflect differing levels of estrogenic stimulation, successful implan-
tation and pregnancy occurred with both types of endometrium. In yet another
detailed study of potential endometrial markers of receptivity, it was found
that appearance of three of the most cited markers of receptivity, namely pino-
pods b3 and a4 integrin, do not correlate, thus questioning their utility as
markers (89). In summary, implantation can occur in an endometrium with
morphological features that are significantly different from normal, and there
is no conclusive evidence yet available to show that any particular structural
defect correlates specifically with reduced uterine receptivity.

The human uterine epithelial surface plasma membrane undergoes
characteristic changes during the menstrual cycle. In particular, long thin
surface microvilli found during the proliferative phase of the cycle under
the influence of estrogen are replaced by short irregular surface projections
under the influence of progesterone in the luteal phase (91). Based on works
in the rat and mouse, where similar luminal epithelial projections are pino-
cytotic, these projections have been called pinopods. However, recent
studies suggest that the human equivalent to the rodent pinopod may not
be pinocytotic and should more correctly be called a uterodome (92).

It has been assumed from animal studies that the pinopod transform-
ation of the plasma membrane is obligatory for successful implantation.
Human studies using scanning electron microscopy have also proposed that
these short irregular surface projections, or uterodomes, are transient mar-
kers of uterine receptivity (93). However, although implantation requires
both progesterone and nidatory estrogen in rodents, pinopods will develop
following progesterone alone and are thus not obligatory markers of a recep-
tive uterus (92). Experimental evidence to support uterodomes as specific
markers of receptivity in the human is lacking, whereas there is evidence of
implantation occurring in the absence of uterodomes (85). Without convinc-
ing evidence to the contrary, serious doubt remains regarding the obligatory
requirement of pinopods for successful implantation in the human.
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Tight junctions are fundamental ultrastructural features of epithelial
cells playing an important role in joining adjacent cell walls closely together
and thus maintaining the integrity of the epithelium. For implantation to
occur in the human, the embryo must breach the epithelium, raising the
possibility that in the receptive uterus mechanisms may exist to reduce
the integrity of the epithelial barrier. Freeze-fracture studies (94) have
shown that epithelial tight junctions undergo a significant decrease in area
between days 13 and 23 of the menstrual cycle, as well as a reduction in geo-
metrical complexity. These data support the hypothesis that sex steroid
conditioning of the human uterus for implantation causes a reduction in epi-
thelial integrity. In a related study (95), the surprising observation was made
that, in 9 out of 11 biopsies from six Turner’s syndrome patients, there were
no tight junctions, whereas in the remaining two biopsies, tight junctions
were greatly reduced. Two of these Turner’s patients subsequently had suc-
cessful pregnancies. The observation that an apparently compromised
epithelium does not appear to interfere with implantation is consistent with
the hypothesis that the uterine epithelium normally acts as a barrier to the
embryo, only becoming receptive for implantation when appropriately con-
ditioned with estrogen and progesterone.

The Effects of Ovarian Stimulation on Endometrial Morphology

There have been numerous publications dealing with endometrial histo-
pathology following ovarian stimulation (87,96–105). A comparison of
results from some of these papers presents a confusing picture, due in part
to methodological differences between studies. Factors that can influence
endometrial histology in this type of work include stimulation regimen,
endocrine response, patient age and cause of infertility, timing of the endo-
metrial biopsy, and the subjective nature of histopathological classification
of the biopsy. A brief review of published information on endometrial
response to ovarian stimulation is provided below.

In patients given complete citrate (CC)/hMG and biopsied 2–4 days
after oocyte retrieval, 8 out of 15 had hypotrophic endometrium that was
thought to be unsuitable for nidation (96), and 9 out of 24 still had prolifer-
ative endometrium (97). In contrast, biopsies taken during the proliferative
phase 24–48 hours after the end of CC administration showed advanced
secretory changes in 10 out of 19 cases (98). In another study, a variety of
endometrial defects were identified two days after oocyte retrieval in 84%
of patients receiving CC/hMG and in 52% of patients receiving hMG
(99). The same study reported that normal endometrial histology was only
found in women less than 36 years of age.

Subjective histopathology may not identify abnormalities or structural
changes that can be detected using other methods. In a study (106) of 17
women (12 received CC/hMG and five received buserelin/hMG) biopsied
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two days after oocyte retrieval, 15 had histopathological dating that agreed
exactly with the chronological age of the endometrium. In contrast, both
morphometric analysis and ultrasound imaging techniques demonstrated
significant differences in endometrial structure between women receiving
the two different stimulation protocols. Morphometric techniques have sub-
sequently been used to confirm that CC results in reduced endometrial
glandular volume compared with normal menstrual cycle controls (87).

A study of patients receiving hMG alone and biopsied 1–3 days after
the LH surge found 11 out of 22 to have histologically advanced endo-
metrium (100). Considerable stroma-gland developmental dyssynchrony
has been reported by the late luteal stage of the cycle in women treated with
hMG alone (104), with the glands on average up to three days behind
stroma. It has been argued that pituitary downregulation with GnRH ago-
nist followed by ovarian stimulation with hMG does not cause abnormal
endometrial development (102), although this finding is at odds with a study
where 18 patients receiving Buserelin/hMG and biopsied on day 21 of the
cycle had an average delay in endometrial maturation of 2.6 days (101).
In a detailed study of a range of endometrial variables (105), numerous dif-
ferences were noted between controls and women stimulated with either
hMG, GnRH agonist downregulation/hMG, or GnRH agonist downregula-
tion/hMG/progesterone. A generalized finding was that women stimulated
with hMG or GnRH agonist downregulation/hMG had a more advanced
endometrium in the early luteal phase. More recently, it has been shown that
women stimulated with GnRH agonist downregulation/hMG had an endo-
metrial glandular volume very similar to controls in the early secretory stage
of the cycle, whereas women stimulated by GnRH agonist boost followed by
hMG had considerably higher endometrial gland volume (87).

Ultrasound and Doppler Imaging of the Endometrium and Uterine
Blood Flow

There have been major technological advances in ultrasound and Doppler
imaging over the past 10 years, with every probability that novel, non-
invasive imaging techniques will continue to be developed. These imaging
modalities have been used to investigate at least three different aspects of
uterine appearance that may relate to uterine receptivity, namely endome-
trial echogenicity, uterine blood flow, and uterine contractions (107). A
major advantage of using ultrasound to investigate uterine receptivity is that
it is non-invasive. However, despite the fact that appearances that are asso-
ciated with increased implantation have been identified, studies with contra-
dictory findings are not uncommon and obligatory markers of receptivity
have yet to be identified.

When ultrasound-guided follicle aspiration replaced laparoscopy as
the method of choice for IVF, it became inevitable that ultrasound imaging
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would also be used to assess the endometrium. Early studies demonstrated
that ultrasound can be used to differentiate between the endometrial
response to different COH regimens, with the different images reflecting
morphological differences between the endometria (106). Other early studies
reported that endometrial thickness and pattern on the day before oocyte
retrieval may be an indicator of the likelihood of achieving pregnancy
(108). This was supported in part by the finding that a multilayered echo-
genic pattern was predictive of pregnancy, but that endometrial thickness
was not (109). The endometrium changes from a hypoechogenic appearance
during the follicular phase to hyperechogenic during the secretory phase,
with the increased echogenicity developing from the basal is upwards. In
a detailed study of endometrial echogenicity on the day of hCG administra-
tion, it was shown that higher pregnancy and implantation rates occur if the
endometrium is less echogenic in the late follicular phase (107,110). The
exact morphological features that underlie increasing endometrial echogeni-
city as the cycle progresses are unclear, although the assumption is that if
the endometrium is prematurely advanced, as evidenced by an early increase
in echogenicity, then receptivity will be reduced. Although this and other
studies have found that a central hyperechoic line between two hypoechoic
layers are more common in conception cycles, these parameters may be of
limited value in a clinical setting due to considerable overlap between con-
ception and non-conception cycles (111,112).

Uterine artery pulsatility measured by color Doppler has also been
investigated as a predictor of implantation, with early reports showing that
an increased pulsatility index at the time of embryo transfer may be associa-
ted with a reduced implantation rate (113,114). Color Doppler sonography
can also be used to measure endometrial–subendometrial blood flow. It has
been reported that the pregnancy rate for patients with detectable endome-
trial and subendometrial blood flow prior to embryo transfer was 47.8%,
whereas with subendometrial flow alone it was 29.7%, and with no detect-
able flow, it was only 7.5% (115). In agreement with this study, it has been
shown using color and power Doppler on the day of embryo transfer that
absence of sub- and intra-endometrial color signal decreased the chances
of pregnancy by an odds ratio of approximately eightfold (116). Interest-
ingly, it has been reported that following COH using GnRH agonist
downregulation, endometrial–subendometrial blood flow is significantly
reduced compared to the natural cycle, with the inference being that uterine
receptivity is also reduced (117). In contrast to the above reports of a link
between endometrial blood flow and subsequent conception, others have
found that neither Doppler sonography of the spiral or uterine arteries,
nor measurement of endometrial thickness or volume allowed reliable pre-
diction of subsequent IVF outcome (118).

There is currently little understanding of the physiological link
between increased endometrial and subendometrial blood flow at the time
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of embryo transfer and increased uterine receptivity. Further research into
the morphological and molecular correlates of these Doppler ultrasound
findings may help to develop better, clinically useful, non-invasive screening
tests for uterine receptivity.

Uterine junctional zone contractility is exaggerated in IVF compared
to natural cycles, with the implication being that the embryo is less likely
to be expelled from a quiescent uterus following embryo transfer (119).
Given that uterine junctional zone contractility decreases during the cycle,
it is possible that pregnancy rates could be improved by increasing the time
between oocyte retrieval and embryo transfer to take advantage of the
reduction in contractility that occurs over this time period.

Endometrial Gene Expression

The development of microarray gene expression profiling as a routine tech-
nique allows whole tissue or cell global gene expression profiles to be rapidly
determined and correlated with different structural, functional, and clinical
parameters (120). Recent advances in molecular biology and reproductive
physiology have raised questions about the reliability of morphological
criteria in determining some aspects of clinical or biological function.
According to established criteria (82), an endometrial biopsy is considered
abnormal when there is out-of-phase histological maturation of more than
two days, based on the assessment of a relatively small number of structural
features. It has recently been shown that these structural features may be
much less temporally distinct and discriminating than originally thought (121).
With microarray technology now readily available in many laboratories, a
number of studies have already been published investigating global endome-
trial gene expression at different stages of the menstrual cycle, and new stud-
ies are appearing in the literature on a regular basis.

In a microarray study of endometrial curettings obtained from 43 nor-
mal cycling women, we found a strong relationship between the grouping of
endometrial samples based on gene expression profiles and their histopatho-
logical cycle stages (122). We also demonstrated that discordant patterns
of gene expression may help to select endometrial samples with subtle
abnormalities not readily identified by routine histopathology. This study
also reinforced the concept of the menstrual cycle as a continuum of chan-
ging gene expression, rather than a series of discrete stages. Thus, global
endometrial gene expression alters continuously over the 3–4 days when
implantation is most commonly believed to occur, making a precise molec-
ular definition of uterine receptivity problematical. We found that major
changes in endometrial gene expression occur around the time of implan-
tation, with a number of gene clusters showing peaks of expression at this time.
These clusters included previously known and novel genes associated with
implantation-related biological processes, such as cell adhesion, cell growth
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and differentiation, and signal transduction. Examples of implantation asso-
ciated genes identified by this study include Trophinin, transforming growth
factor alpha (TGFa), platelet-derived growth factor alpha (PDGFa), fibro-
blast growth factor 2 (FGF2), and placental growth factor (PlGF).

There have been four recent microarray publications designed to find
genes involved in implantation. Two groups compared late proliferative
stage with mid-secretory stage (123–126) and two compared early-secretory
with mid-secretory stages. The number of differentially expressed genes
reported from each of these studies ranged between 146 and 332. It is inter-
esting to note, however, that even though there were significant similarities
in the experimental setup between the four studies and they were performed
on the same microarray platform, the results share only four genes in com-
mon. These are granulysin, secreted phosphoprotein-1, apolipoprotein-D,
and dickkopf-1. This result raises a cautionary note about the need for
well-designed microarray studies with statistically valid sample numbers
and the necessity for results to be validated by alternative techniques.

Gene microarray has also been used to investigate endometrial gene
expression changes induced by COH (127). This study found more than
200 genes showed differential expression of �3-fold when GnRH agonist
downregulation at HCGþ 7 was compared with natural cycle at LHþ 7.
These results confirm the widely held view that COH has significant effects
on endometrium and opens the way for future work to develop COH pro-
tocols that cause minimal endometrial disruption.

An increasing number of individual genes have been identified from
animal studies as having key roles in the implantation process. To date,
none of these have progressed to being of established clinical use, although
it remains probable that if progress is to be made in predicting or treating
human infertility, it will involve genes first identified from animal studies.
Although it is not possible within the context of this chapter to review all
the published uterine receptivity work that has been undertaken in animals,
a limited number of studies and genes are worthy of mention.

One of the earliest reported genes with an obligatory role in implan-
tation was LIF which is required for successful implantation in mice (21).
Subsequent studies have shown that in the mouse endometrial receptivity
is under dual control, being regulated both by the onset of LIF expression
by the endometrial glands, and the release from inhibition of LIF receptor
function in the luminal epithelium (128). The role of LIF in human implan-
tation is less clear, due mostly to the inability to undertake investigations
that involve mechanistic studies.

The HOX genes are transcription factors that are expressed in the
adult uterus. Hoxa (10) plays a role in regulating endometrial stromal cell
responsiveness to progesterone, and is necessary for uterine receptivity
and implantation in mice (129). Recent evidence also suggests a role for
HOX genes in human implantation, where decreased implantation rates
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have been reported in women with altered HOX expression, and HOX
genes have been proposed as markers of endometrial receptivity (130).

A recent study has identified lysophosphatidic acid receptor (LPA3)
mediated signaling as having an influence on implantation in the mouse,
in part at least through the prostaglandin biosynthesis pathway (131).
Another recently identified molecule that is essential for establishment of
pregnancy in mice is proprotein convertase 6 (PC6), an endoprotease that
regulates protein function through posttranslational activation of precursor
proteins. In vivo blocking of uterine production of PC6 protein in mice
resulted in total inhibition of implantation (132). Studies in the human
and rhesus monkey have shown an upregulation of endometrial PC6 during
the phase of uterine receptivity and at implantation, suggestive of a similarly
important role in these species. Other genes of known importance in implan-
tation include the transforming growth factor beta superfamily including the
activins, members of the gp130 family, such as interleukin-11 (IL-11),
the colony-stimulating factors, IL-1, and IL-15 (133).

AGE-RELATED CHANGES IN UTERINE RECEPTIVITY

Natural fecundity begins to fall from age 30 to 35, with the decline becoming
more noticeable after age 40 (134). This reduction in fertility with increasing
age is clearly evident among IVF patients (135,136), with a report that the
implantation rate falls by 2.77% per year after the age of 35 years (137).
Another recent example to support this observation is a study that involved
1263 women aged 40 years and above, undertaking 2705 cycles of artificial
reproductive technology (138). Cumulative pregnancy rates ranged from
28.4% in women commencing treatment at the age of 40 years, down to
0% for those commencing at the age of 46 years. However, these studies
do not identify which components of the reproductive process are affected
by aging. Oocyte donation programmes have provided an important avenue
for investigating the relative contributions of uterine and embryonic factors
to the age-related decline in human fertility (139). At the present time, a con-
sensus opinion on this issue appears to be that although the uterus may
become less receptive to implantation and the maintenance of pregnancy with
increasing age, the primary effect is due to declining oocyte quality (140).

Several studies have failed to identify any decrease in uterine recep-
tivity with increasing age. Among recipient pairs of differing ages receiving
oocytes from the same donor, there was no difference in pregnancy rates
with increasing age (141). Similarly, pregnancy rates of 29% in women over
the age of 50 (142) and 32.7% in women aged 50–62 (143) have been
reported using oocytes donated by younger women. Thus, it seems clear that
the human uterus can support pregnancy well after the end of the
normal reproductive lifespan. On a cautionary note, however, it is impor-
tant to recognize that significant maternal morbidity is associated with
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postmenopausal pregnancy. In the second study mentioned above (143),
gestational diabetes was present in 16.6% of the patients that delivered, com-
pared to 0% of donors and 0.35% of the normal population and moderate or
severe pre-eclampsia affected 41.6% of the subjects, compared with 0% of
donors and 7.3% of the normal population.

If reduced oocyte quality is the major factor with increasing age, then
the age of the oocyte donor, rather than that of the recipient, should be the
key issue in determining pregnancy outcome. However, it has been reported
that the age of the recipient, but not the donor, significantly affects preg-
nancy rate, falling from 50% in the 25–29 years age group to 9.7% in the
45–49 years age group (144). In addition, the etiology of the infertility was
important in determining whether or not a successful outcome occurred,
with 50% of women with primary ovarian failure becoming pregnant com-
pared to only 18% of patients with secondary ovarian failure. It was also
found that the pregnancy rate was significantly higher when the oocytes
were donated from women who had already had children compared to
donors who had not had children. Other studies have also found no differ-
ence in pregnancy rates when oocyte donor ages were analyzed (145);
however, it was found that oocytes donated by older women had more
chance of resulting in spontaneous abortions than oocytes from younger
women. In this same study, recipients who conceived were significantly
younger than those who did not, supporting the concept of reducing uterine
receptivity with increasing age.

There are conflicting reports in the literature as to whether increasing
recipient age results in increased pregnancy wastage. In one study looking at
recipients of different ages who had shared oocytes from the same donor,
the pregnancy rate dropped from 43.7% in women less than 40 years old
to 24.5% in women aged between 40 and 49 years (143). The subsequent
abortion rate was similar in both groups. In contrast, it has been reported
elsewhere that women over 40 years receiving donated oocytes have similar
implantation rates as younger women, but significantly higher abortion
rates (146). This study suggested that this effect may be linked to later pro-
duction of placental estrogen and progesterone by the older subjects.

It is possible that small subject numbers and random chance have led
to some of the conflicting results discussed above. Another explanation is
that major differences in the etiologies of both donors and recipients have
blurred the overall trends associated with ageing. For example, women
recruited through association with IVF programs may have a long history
of subfertility, including undiagnosed oocyte and endometrial problems.
Women who are more fertile who have already achieved a successful preg-
nancy will tend to drop out of these groups with time, leaving a study group
that may be unrepresentative of the normal population.

There is little basic scientific evidence available to indicate what, if
anything, might cause endometrial receptivity reduction with increasing
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age. Significant differences have been demonstrated in some reproductive
criteria between women aged 21–25 years and those 37–45 years (147). In
the older group ovulation occurred two days later than the younger group
and the leading follicle diameter was nearly 3 mm less. As expected, FSH
and LH levels were elevated in the older women and somewhat surprisingly
it was also reported that endometrial thickness was increased in the older
women. No differences were seen in estrogen or progesterone levels. Serum
FSH levels are elevated and inhibin levels reduced in women over the age of
40 years, but this is not reflected by any obvious changes in endometrial
morphology (148). No difference has been found in histology, ultrasound,
or steroid receptor content of the endometrium between women in age
groups ranging from 25 to 60 years (149), and there is no evidence for an
increase in uterine vascular impedance as measured by Doppler ultrasound
in older women (150).

SUMMARY AND CONCLUSIONS

In summary, although there is general agreement that uterine receptivity is a
key player in determining the outcome of IVF treatment, there remains
a significant gap in our knowledge of either markers or mechanisms that
would help in overcoming this problem. Despite restrictions on the research
approaches that can be used in studies of embryo implantation in humans, a
number of avenues offer promise for future work. These include, but are
not limited to, theoretical modeling studies using sophisticated statistical
and bioinformatic techniques on very large multi-center IVF data sets,
non-invasive imaging techniques of the uterus and endometrium, and identi-
fication of endometrial gene and protein expression profiles that predict IVF
treatment outcome. Animal models will always remain the primary approach
for mechanistic studies; however, differences in mechanisms of implantation
between species dictates that a strong focus should always be retained on the
human. The ultimate goal for researchers in the field of uterine receptivity
should be to identify markers that are reliable and specific enough to be of
clinical use in decision-making during the IVF treatment process.
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INTRODUCTION

Embryo transfer (ET) is the final, yet crucial step in in vitro fertilization
(IVF). Various steps in an IVF cycle can proceed successfully up to the
ET stage in about 80% of the cases (1). But, unfortunately, only a small per-
centage of them achieve pregnancy. The technique of ET has not received
enough attention (2,3), as clearly illustrated from the number of scientific
publications on ET in the literature relative to the articles published on
IVF in general (4). A Medline search revealed that the number of scientific
publications on human IVF in the years from 1978–2005 is 16,445. Only 394
articles were directed towards the technique of ET.

Obviously, to most clinicians, the ET technique is a simple procedure.
It only means a simple task of inserting the ET catheter in the uterine cavity
and ejecting the embryos. Unfortunately, it is not as simple as it looks and it
is easier to said than done (5).

The ET technique may directly influence the outcome of assisted
reproduction techniques (ART). It has been demonstrated that there is a sig-
nificant difference in the pregnancy rates associated with different indivi-
duals performing the ET within the same IVF program (6,7). In contrast,
Visser et al. (8) reported no significant difference among pregnancy rates
obtained by three different clinicians. However, when the transfer procedure
is standardized, the probability of success in IVF is not dependent on the
physician (9). The need to standardize the protocol for ET technique was
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regarded as the most important factor influencing the success rate in IVF in a
survey of 80 IVF practitioners (10). Moreover, it is estimated that poor ET
technique may account for as much as 30% of all failures in assisted repro-
duction (11). Unfortunately, this failure must have affected thousands of
infertile couples seeking pregnancy through assisted reproduction every year.

Therefore, extra attention and time should be given to the procedure
of ET. Meldrum et al. (12) recognized that meticulous ET technique is essen-
tial for IVF success. This final step in assisted reproduction will determine
the fate of a long process and great effort, from ovulation induction and
oocytes retrieval, to the tedious high-technology procedures in the labora-
tory, not to mention the desperate hope of infertile couples.

POTENTIAL NEGATIVE FACTORS ASSOCIATED
WITH THE ET TECHNIQUE

ET is routinely performed using the transcervical route, which is basically a
blind technique, associated with multiple potential negative factors that may
result in total failure of the whole procedure. There is no sure method to
confirm that the embryos have been successfully deposited within the uterine
cavity and many ‘‘lost’’ embryos may go undetected (3). These potential
negative factors include the following.

Initiation of Uterine Contractions

Initiation of uterine contractions that may lead to an immediate or delayed
expulsion of the embryos has always been a big concern in assisted repro-
duction. In an early study on cows, ‘‘artificial embryos’’ in the form of resin
spheres impregnated with radioactive gold were traced after ET (13). It was
found that after 1.5 hr, a large proportion of the spheres had been expelled
from the uterus altogether.

In human IVF, about 15% of the transferred embryos were expelled
after the transfer and had been collected from the external cervical os,
the tip of the catheter, and the vaginal speculum (14). Similarly, Ménézo
et al. (15) were able to demonstrate that only 45% of ‘‘experimental
embryos’’ were present within the uterine cavity one hour after the transfer.
Experimental studies have been done to demonstrate expulsion of injected
material inside the uterine cavity mimicking ET. In a study on humans by
Knutzen et al. (16) using radio-opaque dye, mimicking ET, it was found that
the dye remained primarily in the uterine cavity in only 58% of cases. It
could be concluded from the study that the remainder of the patients would
have lost their opportunity for pregnancy as a result of the ET procedure.
In a similar study conducted by Mansour et al. (17) using Methylene Blue,
it was demonstrated that the dye was visualized at the external cervical os in
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42% of the cases, indicating that the uterus extruded the dye at least par-
tially. As a result, it is possible that the embryos may be expelled from
the uterus, partially or totally, after the transfer (14,17,18). In a study by
Woolcott and Stanger (19), it was observed that the embryos could move
as easily toward the cervical canal as toward the fallopian tubes. Fanchin
et al. (20) noted that more uterine contractions at the time of transfer were
associated with a lower clinical pregnancy rate.

Failure to Pass the Catheter Through the Cervix

It is obviously crucial for the ET catheter to pass the internal os and enter
the uterine cavity, otherwise the whole procedure will be a total failure. One
cause for the failure of the catheter to pass the internal os is the unnoticed
curving of the catheter inside the cervical canal, which can be misleading,
especially with soft catheters.

Another important cause for the failure of the catheter to pass the
internal cervical os is simply a lack of alignment between the catheter
(straight) and the utero-cervical angle (curved or acutely angulated). In
extremely rare cases, it is very difficult or even impossible to pass the cath-
eter inside the uterine cavity. This may be due to anatomical distortion of
the cervix by previous surgery or fibroid or due to congenital anomaly
(4). Scarring of the lower uterine segment or a distorted endometrial cavity
create difficulty in catheter introduction (21,22).

Cervical Mucus

Proper embryo replacement can be seriously impaired by cervical mucus. It
can plug the tip of the catheter, causing difficulty in delivering the embryos,
especially with such a small volume of culture media to inject with the
embryos. Plugging the catheter tip can cause embryo retention and damage
(especially with assisted hatching) and improper embryo placement (3).
Another drawback is the possibility of sticking of the embryos to the mucus
around the catheter and dragging them outside during withdrawal of the
catheter. Moreover, if the mucus is pushed or injected higher in the uterine
cavity, it may interfere with implantation (23).

In a study by Mansour et al. (17), methylene blue was used in a
dummy ET model. It was demonstrated that the dye was extruded at the
external os in a significantly higher rate when the cervical mucus was not
removed. In clinical IVF, in a large study by Nabi et al. (24), it was shown
that the embryos were much more likely to be retained when the catheter
was contaminated with mucus or blood. Cervical mucus may be a source
of bacterial contamination of the embryos and endometrium with sub-
sequent lower pregnancy rates (25,26).
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SUGGESTIONS FOR OPTIMIZING THE TECHNIQUE OF ET

Proper Evaluation of the Uterine Cavity

Before starting the IVF cycle, it is important in evaluating the uterine cavity
to ensure proper embryo replacement. Proper evaluation can be achieved by
the following.

Dummy ET

It has been demonstrated that performing a dummy ET before the IVF cycle
significantly improves the pregnancy rate (27). This procedure is important
in evaluating the length and the direction of the uterine cavity and cervical
canal as well as the cervico-uterine angulations. It also helps in choosing the
most suitable kind of catheter to be used. Another advantage of the dummy
ET is to discover any unanticipated difficulty in introducing the catheter
such as pinpoint external os, the presence of cervical polypi or fibroids, or
anatomical distortion of the cervix from previous surgery or congenital
anomaly. If cervical stenosis is diagnosed, it is advisable to perform cervical
dilatation before starting the IVF cycle (28,29). The use of cervical laminaria
one month before the IVF cycle has been demonstrated to be beneficial as a
means of cervical dilatation (30). The procedure of dummy ET is
recommended to be done one to two months before the start of the IVF
cycle (3,27) or immediately before the actual ET. It is recommended to
perform both.

Ultrasonographic Evaluation

Another important method for evaluating the uterine cavity is using ultra-
sound (US). The length of the uterine cavity and the cervical canal can be
precisely measured. The use of US to determine the accuracy of trial ET
was studied by Shamonki et al. (31). It was demonstrated that approxi-
mately 19% of patients had a discrepancy of �1.5 cm and approximately
30% had a difference of �1 cm from trial ET compared of US-guided ET,
suggesting a benefit of US-guided ET. Ultrasonography is very important
in measuring and evaluating the cervico-uterine angle (4,32). Revising the
US picture of the uterine cavity, length, and direction before the ET func-
tions as a map or a guide before performing the transfer, which is essentially
a blind technique. Ultrasonography is also very important in diagnosing
fibroids that may be encroaching on the uterine cavity or distorting the cer-
vical canal, as well as diagnosing any uterine anomalies.

Avoiding the Initiation of Uterine Contractions

The demonstration of endometrial movements (33) has opened a research
field that may influence the outcome of assisted reproduction.
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Every precaution has to be taken to avoid the initiation of uterine
contractions.

Avoid Touching the Uterine Fundus

It is observed by most gynecologists that if the tip of the catheter touches the
uterine fundus, the patients experience immediate discomfort followed by
suprapubic pain or heaviness. This is probably associated with the initiation
of uterine contractions. It was demonstrated that touching the fundus with
the catheter stimulated uterine contractions (20,34). Using US visible
material in a mock transfer by Lesny et al. (34) demonstrated that touching
the fundus with the catheter initiated strong random uterine contractions
and the contrast material was relocated from the fundus in six of seven
patients. Early sources in IVF described the optimal location for embryo
placement as between 0.5 and 1.0 cm from the fundus (35,36). Not touching
the fundus was ranked high as a prognostic factor for IVF success in a sur-
vey done by Kovacs (2).

To avoid touching the fundus, some IVF specialists routinely place the
catheter approximately 0.5 cm below the fundus (37,38) or 1–1.5 cm from
the fundus (39). Depositing the embryos in the mid-fundal area of the uterus
was found to be important in improving the pregnancy rate (40–44). Water-
stone et al. (40) reported a significant increase in pregnancy rate by changing
the position of the catheter so as to avoid touching the uterine fundus. Cor-
oleu et al. (45) demonstrated that the position of the ET catheter 2 cm from
the fundus was superior to 1 cm from the fundus. In a study by Frankfurter
et al. (43), the authors demonstrated that the implantation rate as well as the
pregnancy and birth rates were significantly higher after middle to lower
uterine segment ET compared with fundal ET.

Therefore, individual measurement of the cervical canal and the
uterine cavity length are extremely important. It could be done previously
during the dummy ET or by US evaluation of the uterine dimensions. How-
ever, it has been demonstrated that the use of a fixed-distance technique
greatly reduced the variation in pregnancy rates among physicians (46),
probably due to reduction in the rate of touching the fundus as when the
clinical touch method was used.

Catheter Type

Since the beginning of IVF, the value of soft ET catheters has been recog-
nized. The ideal ET catheter should be soft enough to avoid any trauma
to the endocervix or endometrium and malleable enough to find its way
through the cervical canal into the uterine cavity (4). The word ‘‘soft’’ means
a combination of physical flexibility, malleability, and smoothness of the tip
(11). It is worth mentioning that in order to benefit from the advantages of
the softness of the catheter, the outer rigid sheath should be minimally used
to stop short of the internal cervical os. If the outer sheath is introduced
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first, it will convert a ‘‘soft’’ catheter into a ‘‘stiff’’ catheter (3). The stimulus of
the ET catheter passing through the internal cervical os can also initiate con-
tractions, which are probably mediated by the release of prostaglandins (47).
The mere presence of the ET catheter inside the cervical canal and uterine cav-
ity might be one of the factors that can trigger uterine contractions (48).

Several studies have compared different kinds of catheters and found
improved pregnancy rates with soft catheters (11,27,49,50). Other groups
found no difference (37,39,51–55). In a large prospective randomized study
(56), ET using a soft catheter was compared to a rigid catheter. The results
demonstrated that the ongoing pregnancy rate was significantly higher in
the soft catheter group. Similarly in another randomized trial comparing
soft ET catheter versus firm ones, the pregnancy rate was increased by
50% when soft catheters were used (57). Changing from rigid to soft cathe-
ters has been associated with an improvement in pregnancy rates (41,58).
The soft catheter was found to be superior to the stiffer catheter when trans-
ferring embryos subjected to assisted hatching (49). A recent meta-analysis
of 10 studies comparing soft ET catheters with more rigid ones revealed that
the clinical pregnancy rate was significantly better using the soft catheters
(Fig. 1) (59).

Gentle Manipulation

As a general rule, the ET procedure should be a simple and painless pro-
cedure. Atraumatic delivery of embryos into the endometrial cavity is the
prime goal of ET (3). Gentle manipulation throughout the total procedure

Figure 1 Meta-analysis comparing in vitro fertilization outcome using soft versus
firm embryo transfer catheters.
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of the ET should be the rule, even in introducing the vaginal speculum to
avoid unnecessary pushing of the cervix. It was observed that just simple
insertion of the catheter results in uterine movement (16). Obviously, using
a volsellum to hold the cervix should be avoided except in rare cases (2).
Stimulation of the cervix results in the release of oxytocin, thus increasing
uterine contractility. In a prospective clinical study on humans, serial blood
samples were collected in time intervals of 20 sec during the ET procedure in
order to measure serum oxytocin concentration (60). It was demonstrated
that in the absence of a tenaculum placement, no increase in oxytocin con-
centration was observed. When a tenaculum was used, it was temporarily
associated with an elevation in oxytocin levels, which remained elevated
until the end of the ET procedure. The use of tissue forceps to hold the cer-
vix has been observed to trigger uterine contractions (61). In some cases of
difficult ET, applying 1–2 mL of local anesthetic (1% procaine) to the
anterior lip of the cervix through a very fine needle and then applying a
tenaculum was found to be very acceptable to the patients, caused no dis-
comfort, and did not affect the outcome (39).

A number of studies have shown that technically difficult ETs are
associated with reduced pregnancy rates (8,27,48,62–64). It probably could
be due to the initiation of uterine contractions that expel the embryos (20).
It has been shown that in 87% of the achieved pregnancies, the ET was per-
formed atraumatically and without bleeding (37). The presence of blood in
the catheter was found to be associated with decreased implantation and
pregnancy rates (65). A recent report of 30 case series using direct hystero-
scopic visualization to assess the effects of ETs on endometrial integrity
showed that clinical perception of the ease of transfer does not correlate well
with the degree of endometrial disruption (66).

Uterine Relaxing Substances

Many researchers have given different drugs in an attempt to decrease uter-
ine contractions during ET.

Serum progesterone levels on the day of ET correlate with the frequen-
cy of uterine contractions which decreased as the level of progesterone
increased (20). Progesterone was administered starting on the day of oocytes
pickup to relax uterine contractility at the time of ET (67,68). Starting pro-
gesterone administration on the day of pickup did not have additional
improved PR as compared to starting it on the day of ET (69).

Nonsteroidal anti-inflammatory drugs (NSAIDs) block the action of
cyclooxygenase (COX) and inhibit the production of prostaglandin (70).
Accordingly, 10 mg of the NSAID piroxicam was given in a prospective ran-
domized study one to two hours before ET. The results demonstrated
significant improvement of implantation and pregnancy rates with the use
of piroxicam (71).
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Sedation with 10 mg valium, 30 minutes to 1 hour before ET, was a
common practice (36); however, it did not make any difference (37).

Tacolytic agents or prostaglandin synthetase inhibitor did not have a
significant effect (37).

The use of Propofol general anesthesia for ET did not have a signifi-
cant effect (72). However, it could be used in some patients who experience
severe stress and anxiety during ET.

Ensuring the Passage of the ET Catheter into the Uterine Cavity

The ultimate goal at the end of an IVF cycle is to safely deposit the embryos
inside the uterine cavity. One has to be absolutely sure that the catheter has
passed the internal os and has not kinked or curved inside the cervical canal.
Soft catheters can sometimes be misleading. This can be discovered by experi-
enced practitioners and by doing the simple test of rotating the catheter by
360�. If it recoils, it means it is curved inside the cervical canal. Choosing
the most suitable catheter for each patient should be done before the actual
ET by performing a dummy ET, to avoid harshly navigating the cervical
canal with the ET catheter loaded with embryos. Neithardt et al. (73) placed
the ET catheter first and then the embryo after ‘‘loading’’ was done.

One of the most important causes of failure to pass the catheter into
the uterine cavity is simply the pronounced curvature or angulations of the
cervico-uterine angle (Fig. 2). Proper evaluation of the cervico-uterine
angle and determining how much curvature is needed for the catheter should
be done before loading the embryos. A situation in which you need to curve
the catheter while you have the embryos loaded should be completely
avoided. That is why it is important to perform a dummy ET right before
the actual one and revise the previously performed US picture of the uterus.
It has been demonstrated that molding the ET catheter according to the cer-
vico-uterine angle by US improved the clinical pregnancy and implantation

Figure 2 Curving a rigid but malleable embryo transfer catheter according to the
cervico-uterine angle overcomes almost all difficult cases.
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rates and diminished the incidence of difficult transfers (32). Straightening
the utero-cervical angle can be achieved with a full bladder before
ET (63,74). This effect is being achieved indirectly by performing ET under
US guidance (74,75).

Another method to simply facilitate entering the catheter is to gently
maneuver the vaginal speculum (the degree of opening and how far it is
pushed inside).

The use of a more rigid catheter is sometimes needed in order to pass
the internal os. It is advantageous for these rigid catheters to be malleable.
Malleability is essential to allow making the required curve, which will over-
come the acute cervico-uterine angulations. Using a malleable stylette to
place the outer sheath correctly and negotiate the cervical canal before
introducing the soft catheter was found to have no negative impact on
implantation and delivery rates (76).

The use of special introducers designed to overcome difficulties in
selected patients in passing the ET catheter was described (77).

Holding the cervix with a volsellum in order to stabilize the uterus while
introducing the catheter should be rarely resorted to. The effect of cervical
traction with a tenaculum on the utero-cervical angle was studied using
radio-opaque guide-wire (78). The authors found that moderate cervical
traction straightens the uterus. It was concluded that routine use of the ten-
aculum theoretically makes the passage of an ET catheter easier and less trau-
matic. On the other hand, it should be remembered that holding the cervix
with a volsellum results in the release of oxytocin (60) and initiates uterine
contractions (61). Moreover, holding the cervix with a volsellum is painful
and should be done under general anesthesia (72) or local anesthetic (39).

In some rare cases, it is difficult or even impossible to pass the cath-
eter inside the uterine cavity. For these cases, stiffer and more rigid catheters
may be used (27,63). Another system that has been used in these difficult
cases is the coaxial catheter (21). Canulation of a resistant internal os with
the malleable outer sheath of a coaxial soft ET catheter did not affect IVF
outcome (79). A malleable stylette can be used to place the outer sheath of a
soft catheter past the internal os. The stylette is then removed and the inner
clear catheter loaded with the embryos is inserted. Using this technique,
pregnancy rates equivalent to easy transfer were obtained (80).

Hysteroscopic evaluation and/or correction of the endocervix, fol-
lowed by transcervical placements of a Malecot catheter for an average of
10 days, is a technique that allowed easier entry through the cervical canal
in patients for whom previous ET has been difficult (81). Cervical dilatation
may be resorted to in cases of cervical stenosis. A short interval between
dilatation and ET is not recommended (3). Very low pregnancy rates were
reported when cervical dilatation was done during oocyte pickup or two
days before ET (8,82). Performing cervical dilation before the start of IVF
cycle resulted in easier transfer and improved pregnancy rates (28,29). It is
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also helpful to place a laminaria approximately one month before starting
the IVF cycle (30) or to place hygroscopic rods in the cervix prior to ovarian
stimulation (83). The standard method of dilatation with successively larger
dilators may be difficult and traumatic in some tortuous or stenotic cervical
canals. Canulation of the cervix under fluoroscopic guidance and dilating
the endocervical canal was successfully tried (22).

Sometimes it is even impossible to perform transcervical ET. In an early
report in 1985, in 867 ET procedures, 1.3% were impossible, 3.2% were very
difficult (manipulation for > 5 min or cervical dilatation), and 5.6% were dif-
ficult (84). Twenty years after this report, the current experience of most IVF
centers makes the rate of impossible and difficult ET procedures significantly
less. Very rarely, when other maneuvers fail, trans-myometrial surgical ET
can be used (82,85,86). Surgical transfer of the embryos through the fundus
has been tried, originally to avoid the initiation of uterine contractions
induced by passing the catheter through the cervix (87). In 1987, Lenz and
Leeton (88) suggested US-guided transabdominal transvesical and transfun-
dal ET; however, none of the 10 patients conceived. Ultrasonic transvesical
transmyometrial ET technique has been proposed by Wikland et al. (89);
however, no improved pregnancy rate was achieved over the transcervical
route. Surgical ET has been used successfully, achieving results comparable
to the transcervical route (90). This technique is straightforward and requires
no greater expertise than that necessary for US-guided oocyte collection and
requires no sedation nor anesthetics (90). The surgical ET set is composed of
a metal needle (like an oocyte pickup needle) with a stellet and an ET catheter
that fits in the needle after withdrawal of the stellet. Under US guidance, the
needle is introduced transmyometrially and the tip is stopped in the endo-
metrium just beneath the cavity. At this time, the stellet is replaced with
the ET catheter and the embryos are ejected, then the whole set is withdrawn.
The results of a small prospective study showed no benefit to electing
transmyometrial ET in preference to transcervical ET in patients who had
previously failed IVF (82).

Getting Rid of Cervical Mucus

Cleaning the cervix of the cervical mucus before ET is advisable to avoid the
possible drawbacks mentioned previously. Removing the cervical mucus
before ET can be done by repeated gentle aspiration using a 1 cm3 syringe
with its tip placed at the external os or using a soft catheter attached to a
syringe. The endo-cervix can be cleaned of mucus using a cotton swab
and sterile saline initially, then a small amount of culture media (8,39).
Repeated irrigation of the cervical canal with 3 mL culture medium and
aspiration of the mucus has been described by Silberstein et al. (79). Vigor-
ous cervical lavage before ET was evaluated by McNamee et al. (91) in
a retrospective study and was found to improve the pregnancy rate. In a
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randomized controlled study by Sallam et al. (92), no significant difference
was found in pregnancy rates with or without flushing. Also, a large multi-
center study did not show a significant difference (93).

Prevention of Embryo Expulsion After ET

A technique using the vaginal speculum to prevent embryo expulsion after
ET was recently described (94). The idea is a simple one depending on
applying gentle pressure on the cervix using the vaginal speculum (Fig. 3).
In summary, after introducing the ET catheter and stopping short of the
fundus, the screw of the vaginal speculum is loosened so that its two blades
collapse on the cervix applying gentle pressure and occluding the cervix.
After waiting for one minute, the embryos are ejected and the catheter is
withdrawn slowly. The speculum is kept in place for an average of seven
minutes and then removed. Using this technique, the implantation and clini-
cal pregnancy rates were significantly improved.

Other Factors in ET Technique That May Affect
the IVF Outcome

ET Under Ultrasonographic Guidance

Performing the ET procedure under US guidance is another way to ensure
that the ET catheter has passed internal os and entered the uterine cavity.
Various groups described the use of US to facilitate ET (95–97) and it has
proven useful in women with previously difficult ET (98). Using US
guidance for ET was demonstrated by a number of studies to be simple
and reassuring, and it significantly improved pregnancy rates by optimizing
placement of the embryos (11,50,99–105). However, other groups found
no significant difference in the pregnancy rates when ET was performed
under US-guidance and clinical touch ET (39,98,106). A major factor in

Figure 3 (A) In the study group, the two valves of the vaginal speculum are closed
on the cervix. (B) In the control group, the two valves of the vaginal speculum
are open.
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making the difference between US-guided ET and clinical touch ET is the
experience of the practitioner. For easier identification of the ET catheter,
some kinds have an ultrasonically visible echo-tip (54) or the presence of
air bubbles (39). A meta-analysis was done for eight prospective controlled
studies comparing US-guided and clinical touch ET (107). The results
showed that US-guided ET significantly increased the implantation and
clinical pregnancy rates. It was reported recently that transrectal US was
used successfully during ET in obese women (108).

Loading of the ET Catheter

Loading of the ET catheter should start after cleaning the cervix of cervical
mucus and performing the dummy or trial ET. According to the dummy ET,
the suitable ET catheter is selected and flushed with tissue culture medium.
After flushing, the ET catheter is filled with culture medium with an extra
10–15 mL in the attached syringe. The required embryos for ET are aspirated
in another 10 mL medium and a final 10 mL medium is aspirated to move the
embryos away from the catheter tip (Fig. 4). Using a continuous fluid col-
umn containing embryos near the tip is recommended (3,100). The quantity
of fluid used for ET should be as small as possible to prevent the embryos
from flowing out of the cervical canal or into the tubes (37). A large volume
(60 mL) of transfer media and a large air bubble in the catheter may result in
the expulsion of the embryos (14). Meldrum et al. (12) demonstrated an
improvement in the pregnancy rates after reducing the total transfer volume.
A continuous fluid column of 30 mL is recommended (3).

Air loaded into the transfer catheter to bracket the embryo-containing
medium was a standard practice (8,39,43,79,87,109–111). Two prospective
randomized studies were done to investigate the effect of the presence of
air bubbles in the ET catheter on the outcome of IVF (112,113). The authors
concluded that the presence of air bubbles has no negative effect on ET suc-
cess. In an experimental study using Methylene Blue dye (17), the presence
of air bubbles did not significantly affect the rate of extrusion of the dye at
the external cervical os. However, there is no definitive reason to support the

Figure 4 Loading of the embryo transfer catheter: (A) continuous fluid column of
tissue culture media containing the embryos and (B) the media containing the
embryos between two air brackets.
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enclosure of air spaces before and after the medium containing the embryos in
the ET catheter. It was suggested that the air bubbles mark the position of the
embryos inside the catheter (112) and protect against loss (114) or entangling
with mucus (112) and cling in the catheter during withdrawal (109).

The concentration of protein in the transfer media does not affect the
results (115), nor does increasing the viscosity (116).

Retained Embryos

One of the problems of ET is finding retained embryos in the catheter after
the procedure, which decreases the implantation rate (8,65). This problem
occurs much more frequently after a difficult ET (24). However, the preg-
nancy rate was not compromised when the retained embryos were returned
immediately (24,117,118). Embryos were significantly more likely to be
retained when the transfer catheter was contaminated with mucus (17.8
vs. 3.3%) or blood (12 vs. 3.3%) (119).

In a retrospective analysis of 1363 ET procedures, it was found that
3.9% of all transfers were complicated by finding retained embryos (120).
The authors concluded that immediate transfer of embryos retained in the
catheter following the initial transfer attempt did not have an adverse effect
on pregnancy outcome. However, it has been shown previously that the
approach of immediately retransferring retained embryos does not solve
the problem (8), and they suggested that ET should be repeated one day later.

Another possible cause for retained embryos is the position of the
embryos in the catheter. Small volumes of less than 40 mL are preferable,
but it is advisable to aspirate approximately 15–20 mL of culture medium
first, and then the embryos are aspirated second. This is to ensure enough
media to push out the embryos (4). It is also important, once the injection
is done, to keep the pressure on the plunger of the syringe until complete
withdrawal of the catheter (7) to avoid re-aspirating the embryos. Some
syringes have the property to ‘‘recoil’’ that causes respiration of the embryos
back in the catheter when the plunger is released (3).

An important precaution to minimize retained embryos is a slow with-
drawal of the catheter after ejecting the embryos. Rapid withdrawal may
create negative pressure and result in the withdrawal of the embryos follow-
ing the catheter. It was found by Leong et al. (96) that withdrawal of the
catheter about 1 cm and brisk injection avoided retrograde flow of the trans-
fer media along the catheter by ‘‘capillary action.’’

Position of the Patient and Bed Rest After ET

The patients usually mistakenly believe that they can contribute to the suc-
cess of their IVF cycle through their bed position and the amount of bed rest.

Theoretically, if the uterus is anteverted it seems preferable to perform
ET in the knee chest position. However, in a randomized study there was no
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difference in the pregnancy rate according to the position of the patients
during ET (37). Most of IVF centers use the lithotomy position or
lithotomy in a slightly trendelenburg position (39).

Bed rest after ET was originally practiced in most IVF centers for sev-
eral hours possibly because of fear of mechanical expulsion of the embryo
(23,121–123). In 1993, Al-Shawaf et al. (39) and in 1995 Sharif et al. (63)
have suggested that there is no justification for bed rest after ET. Then, a
randomized prospective controlled study by Botta and Graudzinskas (124)
demonstrated that there was no benefit of bed rest after ET. In a large study
with a historical cohort–control (125), there was no benefit of bed rest
following ET. The position of the embryos after ET immediately in a stand-
ing position was ultrasonically tracked by Woolcott and Stanger (126). It
was demonstrated that standing shortly after ET does not play a significant
role in the final position of the embryos. It has also been shown recently in a
prospective study of 406 patients that immediate ambulation following the
ET has no adverse effect on the pregnancy rate as compared to bed rest
for one to two hours (127).

It is worth mentioning that the so-called endometrial cavity is a poten-
tial space and not a real one. The ET catheter only separates the opposed
endometrial surfaces and, once the catheter is removed, the endometrial sur-
faces re-oppose. The embryos and fluid injected into this potential space are
then relocated by the endometrial and myometrial peristalsis as well as the
surface tension between the fluid–solid interface (33,126,128). It is believed
that the embryos generally implant where they are deposited and it confirms
the importance of careful embryo placement (3). Mock ET was performed
using small microspheres immediately before hysterectomy. The uterine cav-
ity was then inspected and the microspheres were found within 1 cm of the
site of deposition (129). In a study by Baba et al. (130), it was found that 26
of 32 gestational sacs, seen by three-dimensional US, were in the area where
the air bubble was seen immediately after transfer.

Withdrawal of the Catheter After ET

The time interval between deposition of the embryos and withdrawal of the
catheter has been investigated by many researchers. Waiting before with-
drawal of the catheter was suggested so that the uterus can stabilize (51).
The catheter was kept in place for one minute before the embryos were
gently injected, then a further one minute waiting period followed before
the catheter was slowly withdrawn. Based on a mock ET and visualization
of radio-opaque dye, it was recommended to routinely wait 15 seconds after
introducing the ET catheter into the uterus before ejecting the embryos and
another 60 seconds before catheter removal (16). Zeck et al. (131) recom-
mended immediate withdrawal of the catheter after ET. However, Martinez
et al. (132) demonstrated an improved PR with a delay of 30 seconds before
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withdrawing the catheter. Negative pressure of capillary action created
by withdrawing the catheter could draw embryos into the cervical canal (3).

Intrafallopian ET

Hypothetically, the intrafallopian environment is more physiological to the
embryos after IVF. Based on this assumption, tubal transfer was proposed
by some investigators (133,134). Naturally, the fallopian tubes have to be
healthy. It was found to be promising in cases of male factor infertility (37).

A limited number of investigators have proposed intrafallopian ET as
an alternative to the transcervical route. Using this technique through lap-
aroscopy in 10 patients, six patients achieved pregnancies (135) and five
patients out of 10 (136). Retrograde tubal transfer was also described in
28 patients and five pregnancies resulted (137). However, for practical
reasons and based on the success rates, the transcervical ET is the routine
procedure used by all IVF centers.

ET Technique as a Cause of Ectopic Pregnancy

The risk of ectopic pregnancy following IVF was found to be 5% in a multi-
center study undertaken on 1163 pregnancies (138). This figure is certainly
higher than that in natural conception.

The influence of transfer distance from the fundus on the clinical preg-
nancy rate and ectopic pregnancy rate was investigated by Pope et al. (139).
The authors demonstrated that increasing the transfer distance from the
fundus significantly increases the PR and lower the ectopic rate. The results
suggested that for every additional millimeter embryos are deposited away
from the fundus, the odds of clinical pregnancy are increased by 11%. ET
technique as a cause of ectopic pregnancy was recognized early by Yovich
et al. in 1985 (110). The authors reported an incidence more than three times
greater in ectopic pregnancy when the embryos were transferred near the fun-
dus as compared to the mid-cavity position. They concluded that the catheter
need to be inserted only 55 mm as a routine and less in patients with a shor-
tened cervix or with hypoplastic uterus (110). The midfundal technique
resulted in a lower percentage of ectopic pregnancies and did not negatively
affect the pregnancy rate (140). Transferring the embryos by replacement at
6 cm without tracing the position of the fundus was also demonstrated to
improve the pregnancy rates (5). It was reported that two cases of cervical
pregnancy resulted from ET to the lower uterine cavity (141).

Ectopic pregnancy was found to be 3.9 times more frequently asso-
ciated with difficult ET than with an easy procedure (142). Moreover,
intramural pregnancy was reported following difficult ET (143).

The size of the uterus was shown to be a critical factor in the etiology
of ectopic pregnancy in IVF (38). The study demonstrated that the ectopic
pregnancy rate was significantly higher in women with uterine cavity length
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less than 7 cm. Uterine contractions in the early luteal phase are generally
cervico-fundal in origin (142) and it may be the cause for some ectopic preg-
nancy in IVF (3).

Bacterial Contamination

Cervical infection was found to cause diminished pregnancy and implan-
tation rates. It was found that cervical mucus tested positive in culture in
71% of patients and 49% of patients had positive culture of the catheter tip
(25). The clinical pregnancy rate was significantly reduced in catheter
tip-positive patients. Similarly, Fanchin et al. (26) demonstrated a significant
reduction in the pregnancy rates in positive culture patients. A meta-analysis
of controlled studies found that the clinical pregnancy rates and implantation
rates were significantly diminished in the presence of cervical infection (144).

Pelvic infection is likely to complicate ET. A pelvic abscess was
reported after transcervical ET in an oocytes donation recipient (145). How-
ever, the value of routine administration of antibiotics before the IVF cycle
or following oocyte retrieval or ET has not been evaluated by randomized
controlled studies.

DESCRIPTION OF AN ET PROCEDURE

The patient is instructed to come fasting as a precaution in case the need for
general anesthesia arises.

The patient is informed of the fertilization rate, the number of avail-
able embryos, and the number of embryos selected for the transfer.

The patient is assured that the ET is a simple procedure. If she is very
stressed, it is better to perform ET under general anesthesia.

The previously taken US picture of the uterus and the dummy ET is
revised to get an idea about the length and direction of the uterus and the
degree of cervico-uterine angulation.

The patient is put in the lithotomy position and the cervix is visualized
using Cusco’s speculum.

The cervix and the vaginal vaults are cleaned of cervical mucus and
vaginal secretions using tissue culture media and sterile gauze.

The cervical mucus at the external os is aspirated gently and repeatedly
using a 1 cm3 syringe.

A dummy ET is done using a sterilized soft ET catheter. The soft inner
catheter is advanced from the outer rigid sheath and introduced through the
cervical canal to pass the internal cervical os and enter the uterine cavity.
The outer rigid sheath is stopped short of the internal os. The catheter is
rotated by 360� and leave it, if it recoils, it means it is kinked inside the cer-
vical canal and did not pass the internal os. The catheter is withdrawn and
tried again after changing the position of the speculum (degree of opening
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and how far it is introduced). If the soft catheter failed to be introduced, a
more rigid but malleable catheter is tried. The catheter is curved according
to the curvature of the cervico-uterine angle seen in the US picture. The
curved catheter is introduced gently to follow the curvature of the cervix
and it is moved in different directions until it passes the internal os. Some-
times you need to increase the curvature of the catheter in order to overcome
the acute angulations of the cervico-uterine angle. In almost all cases, it is
possible to introduce the rightly curved rigid catheter.

In the case of a failed dummy ET, the procedure is stopped and the
patient is transferred for general anesthesia.

If the dummy ET catheter was successfully introduced, the actual ET
can be started. The catheter type is chosen according to the suitable one
used for the dummy trial. The ET catheter is flushed with tissue culture
medium, and then filled with the transfer medium. About 15 mL of trans-
fer medium is aspirated first and then the embryos are aspirated next in
another 10 mL medium. Finally, 10 mL medium is aspirated to withdraw
the embryos away from the catheter tip.

The loaded ET catheter is introduced through the cervix to pass the
internal os and then gently advanced in the mid-uterine cavity and stopped
from 1–2 cm short of the fundus.

The screw of the vaginal speculum is loosened so that the two valves of
the vaginal speculum apply a gentle pressure on the portio-vaginalis.

At this moment, some patients experience suprapubic heaviness and
discomfort. After one to two minutes, when this complaint disappears,
the embryos are ejected and pressure is kept on the plunger of the syringe
while slowly withdrawing the catheter out. The speculum is kept in place
for an average of seven minutes and then removed.

The catheter is checked for any retained embryos. If found, retransfer
is done immediately.

For difficult cases, general anesthesia is given in the form of propofol
2 mg/kg as an induction dose and anesthesia is maintained by inhalation of
isoflurosane 1.5% and oxygen 100% through a facemask. The dummy ET is
repeated and if not successful a tenaculum is used to stabilize the cervix. As
a last resort, a special rigid but malleable introducer may be used. In
extremely rare cases, transmyometrial surgical ET may be resorted to.

LUTEAL PHASE SUPPORT

When Edwards and Steptoe started clinical IVF, human oocytes were suc-
cessfully fertilized and grown in vitro; however, no pregnancy resulted for
the first seven years. It was then realized that the failure of embryos to
implant was due to luteal phase disruption (146).

Normal luteal function is important for supporting pregnancy. The
aspiration of granulosa cells during oocyte pickup can interfere with
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the production of progesterone (147), although not consistently (148). It has
been demonstrated that removal of the corpus luteum during early preg-
nancy resulted in complete abortion (149,150).

The use of GnRH agonist (GnRHa) in stimulation protocols for IVF
has dominated all other protocols and is being used by almost all IVF cen-
ters (151,152). The agonist may create luteal phase defect (153) due to
impairment of the ability of corpus luteum to produce progesterone (154),
thus luteal phase support was considered essential (155). Recently, GnRH
antagonists are used with increasing frequency in ART cycles. It has been
demonstrated that luteal function is less impaired in GnRH antagonist than
in GnRHa treatment (156). The question of the need to supplement the
luteal phase after the use of GnRH antagonist needs further investigation.

All systematic reviews and meta-analysis have confirmed the impor-
tance of luteal phase support in ART (157–160). Progesterone administration
was found to significantly improve the fertility outcomes in ART compared to
no treatment (157). Progesterone was found to be equivalent to the use of
human chorionic gonadotrophin (hCG) for luteal phase support but had a
decreased incidence of OHSS (159,161).

The most commonly used method of administration of progesterone is
IM injection. It was found to be associated with normal endometrial
response (162). Intramuscular progesterone luteal supplementation versus
no treatment or placebo resulted in significantly better clinical pregnancy
rate and delivery rate (163,164). Compared to vaginal gel or vaginal cream
preparations of progesterone, IM injection resulted in a significantly
improved clinical pregnancy and delivery rates (163–166).

The dose of IM progesterone injection is 50–100 mg/day. In one study
(167), daily injection of 50 mg progesterone was compared with injection of
341 mg of 17a-hydroxyprogesterone caproate every three days and there was
no significant difference in the clinical pregnancy rate or abortion rate.
Daily IM injection with 25 and 100 mg progesterone was compared, and
no significant difference in the clinical pregnancy rate or delivery rate was
found (168). Oral or vaginal progesterone is given in the form of a micro-
nized preparation of 400–600 mg/day (158).

The duration of luteal phase supplementation is variable in different
studies, from supplementation for two to three weeks only and through
10 to 12 weeks of gestation (158).

Local and systemic allergic reactions to the oil in IM injections of
progesterone may result (161). Two cases of acute easinophilic pneumonia
following IM administration of progesterone were reported (169).

Oral progesterone administration was found to be associated with sig-
nificantly lower implantation and pregnancy rates, high miscarriage rates, or
both compared with IM or vaginal route (170,171).

The addition of estrogen to the standard progesterone in the luteal
phase resulted in significantly higher implantation and pregnancy rates
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compared with the use of progesterone alone (172). Estrogen doses varied
from 2 to 6 mg oral per day (158). Phytoestrogens were also found to signifi-
cantly improve the implantation rates, clinical pregnancy rates, and delivery
rates when added to progesterone as compared with progesterone alone (173).

In conclusion, the routine use of GnRH agonist in IVF cycles creates
persistent LH suppression and luteal phase defect. Luteal supplementation
with IM progesterone or IM hCG significantly improved the clinical preg-
nancy rates and delivery rates compared with no treatment (157). There is
no difference between IM hCG and IM progesterone, however, hCG is asso-
ciated with a significantly higher OHSS (160). The most benefit is obtained
when progesterone is given IM as compared to oral or vaginal use. Addition
of estrogen to progesterone improved the implantation rate (158).
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INTRODUCTION

In this chapter, I will provide insights into the following areas of in vitro fer-
tilization outcome. First, why we monitor in vitro fertilization (IVF)
outcome. Second, why monitoring IVF outcome is not well done. Third,
a brief overview of the known IVF literature. Fourth, how to do monitoring
in an ideal world, and what outstanding questions have not been addressed
which are of concern to families, fertility practitioners, the broader scientific
community, and general public.

WHY MONITOR IVF OUTCOME?

The first generation of assisted reproductive technology (ART)-conceived
children are now growing up and ART practice has changed much during
this period. The initial method of IVF has been supplemented by embryo
cryopreservation and more recently by intracytoplasmic sperm injection
(ICSI). Following on from these procedures, trans epididimal sperm
aspiration (TESA) and testicular biopsy have resulted in a less naturally
selective form of reproduction. These developments and also such things
as extended culture, blastocyst transfers, etc., are often used without explicit
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consideration of the risks for the child. However, several positive practice devel-
opments are underway now, including a genuine effort (underpinned by legis-
lation) to reduce the risk of higher-order births (still the main risk to children
born after ART), and efforts to consider the well-being of the child more for-
mally from the start of new therapies. For example, I have been involved recently
as an advisor on a (confidential) trial which investigates the efficacy of a treat-
ment to enhance embryo implantation. The study designers, from the outset,
asked advice on how to assess the health of any children born after successful
pregnancies, both at birth and one year, with possibly longer-term plans.

Subfertile parents who conceived by IVF in its various forms are per se
a skewed population of individuals whose offspring may well be at risk of
problems via their parents’ genetic natures, rather than the procedural-based
aspects of their treatment for subfertility. This is not to trivialize the treat-
ment-related aspects that are a topic of some concern, particularly at the
present time when animal experiments seem to be backed up by recent
human-related literature that suggests, e.g., imprinting disorders are some-
times a higher risk for children conceived after assisted reproductive therapies
(see below). Families who are going to have assisted conception in its various
forms, will often ask what the risks are to potential offspring as well as
regarding the more immediate risk to themselves as patients undergoing what
are often invasive and unpleasant procedures in order to conceive.

Crude epidemiological data have shown some striking phenomena as a
result of ART, the most obvious of those is the birth of higher-order birth
children such as triplets or quadruplets. These children themselves are at risk
of problems as a direct consequence of having to share the fetal environment
with their siblings and being born early.

Whenever a new form of ART is introduced (it seems that we are
constantly, with the innovative nature of the development of fertility treat-
ments, using seemingly more and more invasive methods of helping couples
to conceive), there should be monitoring in place to look at the consequences
for any births and pregnancies. Systematic follow-up is always better and if
the processes are not in place to do that from the beginning, then attempting
to ‘‘pick up the pieces’’ often leads to erroneous interpretation. A good
example of monitoring resulting in changing a practice in the literature was
the first child or groups of children born after round spermatid conception (1).
Fortunately, these cases were reported, and as they had congenital anomalies,
the procedure was suddenly banned by the Human Fertilization and Embry-
ology Authority. Another example concerns the work of Eppig and
O’Brien (2) in the United States, whose laboratory managed to persuade
the primordial follicle of a mouse to be progressed through developmental
stages to a mature follicle that then was inseminated, and subsequently the
mouse which he called Eggbert was born. This mouse had an allegedly happy
life but unfortunately developed a midlife crisis and dropped dead from obes-
ity, diabetes, and sarcoma. Had this mouse’s growth not been monitored,

466 Sutcliffe



it would have been unhelpful to the scientific community to not be aware that
this mouse developed problems (albeit as an adult).

The message from this anecdote/case report is clear: the monitoring of
children born after assisted conception must continue until they grow up.
This is a sensitive and personal matter for the parents who must be con-
sidered in the conflict of interest of necessity versus privacy. Parents who
are approached to participate in studies do not have to participate, but they
must be made to see that it is useful to them as well as to the broader scien-
tific and public communities. My assessments performed with these families
have always given added value to those couples, families, and children.

WHAT ARE THE PROBLEMS KNOWN TO HAVE OCCURRED
WITH OUTCOME STUDIES?

The first-choice approach in doing outcome studies concerning IVF is not to
do them. This is the usual approach by most clinics throughout the world.
I am only aware of two systematic follow-up clinics arranged specifically to
monitor the outcome of ART: one is based in Sydney and is a local small
affair, the other is with my collaborators in Belgium and arises from a very
large clinic set up by former pediatrician Andre van Steirteghem. It is to his
credit that he could see the necessity/appropriateness for such work. Other
projects have been piecemeal or ad hoc. Common criticisms of the designs of
studies looking at pediatric outcome include the following:

1. Poor matching criteria (3)
2. No controls (4)
3. Inappropriate tools of assessment (5)
4. Comparing two groups who superficially seem similar but are

actually quite distinct (6)
5. Underpowered studies involving small numbers of children (4)
6. Mixing up groups of children, e.g., twins versus singletons versus

triplets (7)
7. Poor response rates to follow-up (8)
8. Using multiple observers (9)
9. No blinding to conception status (10)

The ideal study has yet to be done and none of these cited studies were
so, however, all contributed significantly to the understanding of ART out-
come at the time of their publication.

WHY MONITOR: WHAT CAN GO WRONG IF THE DATA
ARE MISUNDERSTOOD OR MISINTERPRETED?

An anecdote from my own clinical institution illustrates this well. A single
woman was expecting a baby conceived with donor sperm and with the
use of ICSI. The obstetrician had read that there was a higher risk of sex
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chromosomal aneuploidy after ICSI and suggested that an amniocentesis
for fetal karyotyping be performed. The literature underpinning this advice
is weak and far from sufficient to give this advice to a pregnant woman. She
refused the amniocentesis, but then became concerned. After birth, she
requested a karyotype on her child and this was done. The karyotype was
XYY. Subsequently, this nice little boy (who is now 8 years) is living with
this ‘‘label,’’ with the majority of the literature on this topic suggesting most
children with this ‘‘variant’’ are normal and indeed grow up to be healthy
adults. It could be argued that this bad advice and indeed the subsequent
testing contravened the well-established guidelines concerning the clinical
testing of children for genetic conditions. These guidelines should be rigidly
applied and clearly state that where a condition has no health implications
during childhood or an intervention cannot ameliorate the condition, there
is no ethically justifiable reason for the child to be tested. Indeed, this child
may well have refused such a test when grown up. I am sure the reader does
not need to be convinced that the whole scenario would not have arisen if
the child was not ART-conceived, and the Bonduelle et al. (11) work on
the subject of aneuploidy after ICSI had been carefully checked.

WHAT IS KNOWN FROM THE CURRENT LITERATURE
AS AN ALTERNATIVE?

Perinatal and Congenital Anomaly Studies of Children
Conceived After ART

Herein lies the largest short-term risk for children born after ART, largely
but not entirely due to the risk of higher-order births, well described after
all types of ART. In developed nations, the rate of twinning has doubled
in the past 25 years. This is thought to be 90% due to ART and 10% due
to rising maternal age at first pregnancy. Fifty percent of twins are born at
less than 2500 gms and 50% are born at less than 38 weeks gestation. Yet
the risk of higher-order births (multiple pregnancies) after ART is 20% to
30%. There is one clinic in the United States where the service is no preg-
nancy—no fee, but that fee is alleged to be $20,000. The clinic replaces large
numbers of embryos, despite the evidence that beyond two embryos, the only
risk of three-embryo replacement is a triplet birth, not a higher overall preg-
nancy rate. To a pediatrician, this is grossly irresponsible. However, recently
published guidelines in the United States (12), which are consistent with
those in other countries, may well impact on such a practice.

What is the overall message from the literature concerning the risk of
congenital anomalies and ART? Although one major study suggested a
higher risk (doubling) of anomalies after ICSI generally, other large
studies suggest that while there is a broadly increased risk of anomalies
post-ART, that risk is modest. A large prospective study is needed and such
a study has not been performed. Such studies are very expensive and all
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studies to date can be criticized due to the inescapable fact that there may be
experimental bias.

It is unsurprising that such a small increased risk of anomalies exists in
view of the nature of the ART couple. Genetic factors come to bear in all
types of infertility. With the advent of ICSI couples where there is predom-
inantly male factor subfertility being able to reproduce, some clearly have
known genetic defects resulting in the non-obstructive oligozoospermia that
underlies the need for ICSI. Then there are other possible factors that may
increase the risks from ART, such as culture media which may be relevant
especially to the recently described increased risk of genomically imprintable
disorders after ART, such as Beckwith Weidemann syndrome.

A summary of the three most major studies of congenital anomalies
after different types of ART is provided in Table 1. Also, further commen-
tary allows consideration of studies in different categories.

EVALUATION OF THE MAJOR PUBLISHED STUDIES

IVF Compared to the General Population

Different studies based on registry data have yielded contradictory results.
After allowance for confounders, the difference in studies as authored by
Westergaard et al. disappeared, but those by Hansen et al., even after adjust-
ing for confounders such as maternal age, parity, and sex, still showed an
increased risk of odds ratio (OR) of two. However, the Hansen et al. (6)
study did not control for a number of variables, which could have been dif-
ferent in the two populations and could have led to different results.

ICSI Compared to the General Population

Retrospective Studies

In the Australian study (Hansen et al.) concerning congenital malformations
at the age of a year, the OR remained two after adjustments. However, there
was no allowance for years of infertility or socio-demographic factors, such
as ethnic background, which may have been different in the two popula-
tions. Two Swedish analyses showed an increase in congenital malforma-
tions in ICSI and IVF; however, the adjustments for maternal age and
other adjustments resulted in the differences disappearing.

Prospective Studies

There is only one prospective study, which was an excellent one, by a
German group, Katalinic et al. (13). ICSI children (n¼ 3372) were com-
pared to a select control group (n¼ 8016). This prospective study compared
major malformations in ICSI and the naturally conceived (NC) population
base. Here the risk, as stated in my summary above, was slightly above the
natural population, at 1.24.

Monitoring In Vitro Fertilization Outcome 469



T
ab

le
1

M
a
jo

r
M

a
lf

o
rm

a
ti

o
n

S
tu

d
ie

s
F

ew
o

f
T

h
ei

r
C

o
n

cl
u

si
o

n
.

A
u

th
o

rs
S

tu
d

y
g

ro
u

p
S

tu
d

y
ty

p
e

O
u

tc
o

m
e

C
o

m
m

en
ts

B
o

n
d

u
el

le
T

h
e

fo
ll

o
w

-u
p

st
u

d
y

in
cl

u
d

ed
a

g
re

em
en

t
to

g
en

et
ic

co
u

n
se

li
n

g
a

n
d

ev
en

tu
a

l
p

re
n

a
ta

l
d

ia
g

n
o

si
s,

fo
ll

o
w

ed
b

y
a

p
h

y
si

ca
l

ex
a

m
in

a
ti

o
n

o
f

th
e

ch
il

d
re

n
a

ft
er

2
m

o
,

a
ft

er
1

y
r,

a
n

d
a

ft
er

2
y

rs
;

2
8

4
0

IC
S

I
ch

il
d

re
n

(1
9

9
1

–
1

9
9

9
)

a
n

d
2

9
5

5
IV

F
ch

il
d

re
n

(1
9

8
3

–
1

9
9

9
)

w
er

e
li

v
e

b
o

rn
a

ft
er

re
p

la
ce

m
en

t
o

f
fr

es
h

em
b

ry
o

s;
IC

S
I

w
a

s
ca

rr
ie

d
o

u
t

u
si

n
g

ej
a

cu
la

te
d

,
ep

id
id

y
m

a
l,

o
r

te
st

ic
u

la
r

sp
er

m

O
n

g
o

in
g

re
tr

o
sp

ec
ti

v
e

co
h

o
rt

st
u

d
y

M
a

jo
r

m
a

lf
o

rm
a

ti
o

n
s

(d
efi

n
ed

a
s

th
o

se
ca

u
si

n
g

fu
n

ct
io

n
a

l
im

p
a

ir
m

en
t

o
r

re
q

u
ir

in
g

su
rg

ic
a

l
co

rr
ec

ti
o

n
),

w
er

e
o

b
se

rv
ed

a
t

b
ir

th
in

3
.4

%
o

f
th

e
IC

S
I

li
v

e
b

o
rn

ch
il

d
re

n
a

n
d

in
3

.8
%

o
f

th
e

IV
F

ch
il

d
re

n
(P
¼

0
.5

3
8

);
m

a
lf

o
rm

a
ti

o
n

ra
te

in
IC

S
I

w
a

s
n

o
t

re
la

te
d

to
sp

er
m

o
ri

g
in

o
r

sp
er

m
q

u
a

li
ty

;
th

e
n

u
m

b
er

o
f

st
il

lb
ir

th
s

(b
o

rn
�

2
0

w
k

s
o

f
p

re
g

n
a

n
cy

)
w

a
s

1
.6

9
%

in
th

e
IC

S
I

g
ro

u
p

a
n

d
1

.3
1

%
in

th
e

IV
F

g
ro

u
p

;
to

ta
l

m
a

lf
o

rm
a

ti
o

n
ra

te
ta

k
in

g
in

to
a

cc
o

u
n

t
m

a
jo

r
m

a
lf

o
rm

a
ti

o
n

s
in

st
il

lb
o

rn
s,

in
te

rm
in

a
ti

o
n

s,
a

n
d

in
li

v
e

b
o

rn
s

w
a

s
4

.2
%

in
IC

S
I

a
n

d
4

.6
%

in
IV

F
(P
¼

0
.4

8
2

)

A
su

p
er

b
se

ri
es

o
f

p
a

p
er

s
o

n
th

is
co

h
o

rt
h

in
d

er
ed

o
n

ly
b

y
th

e
co

m
p

a
ri

so
n

g
ro

u
p

b
ei

n
g

IV
F

a
n

d
n

o
t

IC
S

I

470 Sutcliffe



K
a

ta
li

n
ic

T
h

re
e

th
o

u
sa

n
d

th
re

e
h

u
n

d
re

d
a

n
d

se
v

en
ty

-t
w

o
ch

il
d

re
n

a
n

d
fe

tu
se

s
a

n
d

8
0

1
6

ch
il

d
re

n
a

n
d

fe
tu

se
s

a
ft

er
th

e
1

6
th

w
k

o
f

g
es

ta
ti

o
n

in
p

re
g

n
a

n
ci

es
a

ft
er

IC
S

I
a

n
d

n
a

tu
ra

l
co

n
ce

p
ti

o
n

,
re

sp
ec

ti
v

el
y

P
ro

sp
ec

ti
v

e
co

n
tr

o
ll

ed
st

u
d

y
T

h
e

m
a

jo
r

m
a

lf
o

rm
a

ti
o

n
ra

te
w

a
s

8
.7

%
(2

9
5

o
f

3
3

7
2

)
fo

r
th

e
IC

S
I

co
h

o
rt

a
n

d
6

.1
%

(4
8

8
o

f
8

0
1

6
)

fo
r

th
e

p
o

p
u

la
ti

o
n

-b
a

se
d

co
n

tr
o

l
co

h
o

rt
[r

el
a

ti
v

e
ri

sk
,

1
.4

4
(1

.2
5

–
1

.6
5

)]
;

a
ft

er
a

d
ju

st
m

en
t

fo
r

ri
sk

fa
ct

o
rs

,
th

e
ri

sk
d

ec
li

n
ed

[a
d

ju
st

ed
o

d
d

s
ra

ti
o

(O
R

),
1

.2
4

(9
5

%
C

I,
1

.0
2

–
1

.5
0

)]
;

re
g

a
rd

in
g

si
n

g
le

to
n

s,
th

er
e

w
a

s
a

si
g

n
ifi

ca
n

t
d

if
fe

re
n

ce
fo

r
b

ir
th

w
ei

g
h

t
a

n
d

g
es

ta
ti

o
n

a
l

a
g

e,
w

it
h

a
h

ig
h

er
n

u
m

b
er

o
f

p
re

te
rm

a
n

d
lo

w
b

ir
th

w
ei

g
h

t
ch

il
d

re
n

in
p

re
g

n
a

n
ci

es
a

ch
ie

v
ed

a
ft

er
IC

S
I

su
b

st
a

n
ti

a
ll

y
b

y
th

e
IV

F
ce

n
te

rs
in

G
er

m
a

n
y

th
em

se
lv

es

In
m

y
v

ie
w

,
th

e
b

es
t

st
u

d
y

so
fa

r
d

u
e

to
it

s
p

ro
sp

ec
ti

v
e

n
a

tu
re

B
er

g
h

T
h

e
m

ed
ic

a
l

re
co

rd
s

w
er

e
re

tr
ie

v
ed

fo
r

1
1

3
9

in
fa

n
ts

,
7

3
6

si
n

g
le

to
n

s,
2

0
0

se
ts

o
f

tw
in

s,
a

n
d

o
n

e
se

t
o

f
tr

ip
le

ts
;

th
e

R
et

ro
sp

ec
ti

v
e

ca
se

–
co

n
tr

o
l

st
u

d
y

in
w

h
ic

h
a

sm
a

ll
er

n
u

m
b

er
o

f
in

fa
n

ts
w

a
s

co
m

p
a

re
d

F
o

r
IC

S
I

ch
il

d
re

n
,

th
e

o
d

d
ra

ti
o

(O
R

)
fo

r
h

a
v

in
g

a
n

y
m

a
jo

r
o

r
m

in
o

r
m

a
lf

o
rm

a
ti

o
n

w
a

s
1

.7
5

G
o

o
d

-q
u

a
li

ty
re

tr
o

sp
ec

ti
v

e
d

a
ta

co
m

p
a

re
d

to
a

n
a

ck
n

o
w

le
d

g
ed

h
ig

h
-

(C
o

n
ti

n
u

ed
)

Monitoring In Vitro Fertilization Outcome 471



T
ab

le
1

M
a

jo
r

M
a

lf
o

rm
a

ti
o

n
S

tu
d

ie
s

F
ew

o
f

T
h

ei
r

C
o

n
cl

u
si

o
n

.
(C

o
n

ti
n

u
ed

)

A
u

th
o

rs
S

tu
d

y
g

ro
u

p
S

tu
d

y
ty

p
e

O
u

tc
o

m
e

C
o

m
m

en
ts

to
ta

l
n

u
m

b
er

o
f

in
fa

n
ts

w
it

h
a

n
id

en
ti

fi
ed

a
n

o
m

a
ly

w
a

s
8

7
(7

.6
%

),
4

0
o

f
w

h
ic

h
w

er
e

m
in

o
r;

th
e

in
ci

d
en

ce
o

f
m

a
lf

o
rm

a
ti

o
n

s
in

ch
il

d
re

n
b

o
rn

a
ft

er
IC

S
I

w
a

s
a

ls
o

co
m

p
a

re
d

w
it

h
a

ll
b

ir
th

s
in

S
w

ed
en

u
si

n
g

d
a

ta
fr

o
m

th
e

S
w

ed
is

h
M

ed
ic

a
l

B
ir

th
R

eg
is

tr
y

a
n

d
th

e
R

eg
is

tr
y

o
f

C
o

n
g

en
it

a
l

M
a

lf
o

rm
a

ti
o

n
s

w
it

h
th

e
S

w
ed

is
h

M
ed

ic
a

l
B

ir
th

R
eg

is
tr

y
[9

5
%

co
n

fi
d

en
ce

in
te

rv
a

l
(C

I)
1

.1
9

–
2

.5
8

]
a

ft
er

st
ra

ti
fi

ca
ti

o
n

fo
r

d
el

iv
er

y
h

o
sp

it
a

l,
y

ea
r

o
f

b
ir

th
,

a
n

d
m

a
te

rn
a

l
a

g
e;

if
st

ra
ti

fi
ca

ti
o

n
fo

r
si

n
g

le
to

n
s/

tw
in

s
w

a
s

a
ls

o
d

o
n

e,
th

e
O

R
w

a
s

re
d

u
ce

d
to

1
.1

9
(9

5
%

C
I

0
.7

9
–

1
.8

1
);

th
e

in
cr

ea
se

d
ra

te
o

f
co

n
g

en
it

a
l

m
a

lf
o

rm
a

ti
o

n
s

is
th

u
s

m
a

in
ly

a
re

su
lt

o
f

a
h

ig
h

ra
te

o
f

m
u

lt
ip

le
b

ir
th

s;
th

e
o

n
ly

sp
ec

ifi
c

m
a

lf
o

rm
a

ti
o

n
w

h
ic

h
w

a
s

fo
u

n
d

to
o

cc
u

r
in

ex
ce

ss
in

ch
il

d
re

n
b

o
rn

a
ft

er
IC

S
I

w
a

s
h

y
p

o
sp

a
d

ia
s

(r
el

a
ti

v
e

ri
sk

3
.0

,
ex

a
ct

9
5

%
C

I
1

.
0

9
–

6
.5

0
)

w
h

ic
h

m
a

y
b

e
re

la
te

d
to

p
a

te
rn

a
l

su
b

fe
rt

il
it

y

q
u

a
li

ty
n

a
ti

o
n

a
l

re
g

is
tr

y
;

d
is

a
d

v
a

n
ta

g
e

co
u

ld
b

e
ex

p
er

im
en

ta
l

b
ia

s
in

th
e

in
d

ex
ca

se
s

A
b

b
re

vi
a

ti
o

n
s:

IV
F

,
in

v
it

ro
fe

rt
il

iz
a
ti

o
n

;
IC

S
I,

in
tr

a
cy

to
p

la
sm

ic
sp

er
m

in
je

ct
io

n
.

472 Sutcliffe



ICSI compared to the IVF

Bonduelle et al.’s excellent series of papers (8,14–16,19) gives valid com-
ments on this topic and no difference in malformation rates has been found
between ICSI and IVF children, the largest cohort being 2995 IVF versus
2899 ICSI.

Malformations in Different Organ Systems

None of the studies is sufficiently substantive to comment on this; however,
there is emerging evidence from Bonduelle et al.’s work, and others suggest
that urogenital malformations in ICSI are more common (17). This is surely
unsurprising in view of the parental genetic background and the increased
risk of male subfertility, when there are genitourinary defects in the father.
Various sub-analyses have been performed to look at whether sperm quality
and sperm source are relevant, but no clear message is available for this
because of the limited number of children in sub-groups.

Developmental Outcome Studies of IVF and ICSI Children

Refer to Table 2 for an overview of some earlier IVF studies. Table 3 focuses
on ICSI children. International collaborative study of ICSI–Child and family
outcomes (ICSI–CFO), an international collaborative study of ICSI-child
and family outcomes, is by far the largest (and most recent) study of
IVF/ICSI children. It was performed in five European countries. Approxi-
mately 500 singleton ICSI, 500 IVF, and 500 NC children aged five years
were each assessed with observer blinding to conception status. Confoun-
ders were avoided by ensuring that all children were more than 32 weeks
gestation, singleton, matched for sex, social class, and Caucasian. These
children were comprehensively assessed. This study showed no effect what-
soever of conception status on neurodevelopment (18), and although there
was greater use of health service resources by ICSI and IVF children in
relation to NC children, when examined in a comprehensive manner ‘‘top
to toe,’’ these children were not found to be physically different from NC
children with the exception of congenital anomalies.

Developmental differences in an ICSI-conceived group of children when
compared to conventional IVF and NC controls were reported in 1998 (19).
The study found an increase in mild developmental delay using the Bayley
scales of infant development to derive a mean developmental index (MDI).
However, the study used comparison groups of IVF and NC children who
were already enrolled in a separate study and had differing demographics
to the ICSI group. There was also no blinding of the assessors and the number
of participants in the study was small, with 89 ICSI-conceived children.

Bonduelle et al. have published several papers investigating congenital
malformation rates and physical development of ICSI children (8,9,16,19–21).
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Several of these papers allude to the fact that developmental milestones
were assessed, and formal assessments of these children, undertaken between
1995 and 1998, were published in a research letter to the Lancet in 1998 (18).
This article reported 201 ICSI children and 131 IVF children who were assessed
using Bayley, and the results were compared to a subset of children repre-
senting the Dutch population. The age of the children was not corrected
for gestational age, but the ICSI and IVF children were found to have
similar scores to the general population. The twins scored slightly lower than
the singletons.

Sutcliffe et al. studied 208 singleton ICSI-conceived children at around
18 months and compared them with a matched NC control group (10,22).
The children were assessed by a single observer using the Griffiths scales
of mental development. No differences in developmental outcome were
found between the two groups.

PHYSICAL ASSESSMENTS OTHER THAN FOR CONGENITAL
ANOMALIES

Use of Medical Services

IVF children are more likely to need neonatal care, primarily because of the
prematurity related to multiple pregnancies. Initial reports suggested that
IVF children did not require extra medical attention after the neonatal per-
iod (23,24). Leslie studied 95 IVF children and compared them with 79 NC
children matched for maternal age and parity. IVF children were also less
likely to be breastfed by the time of discharge. However ICSI–CFO has dis-
agreed with these findings and clearly shown greater use of medical
resources among IVF/ICSI children, including surgery.

The point to emphasize here is that the ICSI–CFO study was per-
formed with older children and was 10� as large as any of these early studies
and thus was far more likely to detect a difference.

Growth

Saunders et al. published a case-matched control study of children con-
ceived after assisted reproduction and found that the physical outcomes
weight, head circumference, and malformation rates were no different
between groups (24). The IVF group had a greater mean length percentile
and the twins in each group had poorer physical outcomes, with an increase
in prematurity and lower birth weights, and reduced height and weight at
age two when compared to singletons in each group. Here the ICSI–CFO
study concurs in showing that the growth standard deviation scores (SDS)
scores for both IVF and ICSI are higher than for NC. This latter finding
needs verification but is somewhat alarming, as so far nobody has accurately

478 Sutcliffe



charted growth of ART children, and so far larger children may have been
‘‘buried’’ in the effects of prematurity and higher-order births.

Retinopathy of Prematurity

The increase in multiple births and premature births related to assisted con-
ception has led to an increase in conditions such as retinopathy that are
directly related to early birth and low birth weight (25,26).

Anteby et al. reported the ocular manifestations in children born after
IVF and referred for ophthalmological assessment. Major ocular malforma-
tions were found in 12 (26%) of the small cohort of 47 children studied (27).
Seven major malformations were listed, including congenital cataract, optic
atrophy, and retinoblastoma. The study was limited in power due to the
small numbers of children involved and, because the study was conducted
in a tertiary hospital, it is possible that the numbers were skewed due to
the type of patients referred.

Childhood Cancer

There have been case reports of children conceived after assisted conception
developing neuroectodermal tumors (28,29), but no large study has con-
firmed this finding. Bruinsma et al. used a record-linkage cohort design to
link assisted reproduction births to a population-based cancer registry in
Australia (30). This study included 5249 births and found no increase
in the incidence of cancers in the assisted reproduction groups. However,
these groups were relatively small and underpowered for the outcomes mea-
sured. The mean length of follow up was only three years nine months,
although neuroblastomas tend to occur within the first year of life. These
findings were supported by a smaller, similar Israeli study (31).

More recently, Klip et al. examined a large population-based historical
cohort, established to investigate gynecological disorders in women under-
going IVF (32). This cohort included 9484 children whose mothers had been
given IVF or related fertility treatments and 7532 children whose mothers
were subfertile, but had conceived naturally. The mothers were mailed ques-
tionnaires enquiring about cancer in their children. There was a 67%
response rate and no difference between the groups was noted, implying that
IVF and related treatments do not increase the cancer risk to the child.

The cancer incidence in IVF children studied for the UK Medical
Research Council (MRC) working party (33) and a Swedish national cohort
study of IVF children (34) also found no increase in cancer rates, but the
power of these studies was limited by a too small number of children studied.
Doyle estimated that 20,000 children would be required to observe a doubling
or halving of the risk of childhood cancer in children conceived after assisted
reproduction compared with the general population. This would provide 95%
significance and 90% power if children were followed up for four years (33).
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Neurological Outcomes

There has been some suggestion from a Swedish study that children born
after IVF have an increased risk of developing neurological problems, par-
ticularly cerebral palsy (35). They found a fourfold increase in risk of cer-
ebral palsy in children born after IVF compared with matched controls—
OR 3.7 (95% CI 2.0–6.6). The risk in singletons was nearly three times—
OR 2.8 (95% CI 1.3–5.8). After adjusting for birth weight and a gestation
of more than 37 weeks, the risk remained with an OR of 2.5 (95% CI
1.1–5.2). The authors admitted that the frequency of cerebral palsy in con-
trols was lower than the Swedish norm. Calculations using their data indi-
cate a prevalence of cerebral palsy in the control group as 1.5/1000
compared with an accepted prevalence rate of 2.0–2.5/1000 (36). The
increased risk was shown to be mainly with multiple births and was associa-
ted with low birth weight and low gestational age. Leviton et al. noted that
there is some over aggregation of the data, with children less than 30 weeks
gestation grouped together. This does not allow for the effect of decreasing
risk of cerebral palsy with increasing gestation, particularly in those infants
born after 30 weeks (37). Also in a commentary by Sutcliffe, it was noted
that the study used proxy measures for disability and that it was unex-
plained why the rate of problems seemed higher in the singleton group, than
the IVF group, in contradiction to the entire twin literature!

GENOMIC IMPRINTING—THE ARTID STUDY

Assisted reproduction therapies and imprintable disorders (ARTID) is a
UK survey (38). In the ARTID study, four conditions known to be imprin-
table in man were surveyed [Beckwith Weideman syndrome (BWS), Prader
Willi syndrome (PWS)], Angelman syndrome (AS), and transient neonatal
diabetes (TNDM). We confirmed an association between ART and BWS,
and in particular, BWS caused by loss of maternal allele methylation at
the KvDMR1 ICR. Although the absolute frequency of BWS after
ART is small (<1%), this association is important as it confirms that in
humans, as in some animals, ART may cause epigenetic changes that
can lead to human disease. A key question is whether such epigenetic
changes are restricted to BWS or may be associated with other phenotypes.
Epimutations at the SNRPN ICR are a rare cause of AS (population
frequency �1 in 300,000) but to date five of seven children with AS con-
ceived by ICSI have had this subtype (including our case) so it appears that
ART-related BWS and AS may be specifically associated with maternal
allele ICR methylation loss. The cause of the association between ART
and loss of maternal allele ICR methylation in humans is uncertain, but
two hypotheses have the most credence (39). Based on animal studies,
it has been suggested in vitro embryo culture might predispose to
KvDMR1 or SNRPN DMR LOM. Alternatively, there may be an increased
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risk of an imprinting disorder following ART because of an association with
infertility per se rather than with in vitro embryo culture (e.g., treatment
for infertility such as ovarian hyperstimulation might be implicated and/or
susceptibility to epigenetic defects might be responsible for both infertility
and an increased risk of imprinting defects). To our knowledge, this is the first
investigation of PWS and TNDM and ART. We did not find evidence of an
association between ART and PWS and note that while paternal allele deletion
and maternal uniparental disomy are the most common causes of PWS, methy-
lation defects are rare and do not involve loss of methylation. In contrast, a
subset of TNDM patients (�25%) has an isolated methylation defect (loss of
maternal allele methylation) of an imprinted CpG island at chromosome
6q24. Although we did not find an increased frequency of ART in TNDM, this
is a rare disorder and was the smallest patient group available for study.

Our study illustrates the problems encountered in undertaking
research on possible long-term morbidity of ART without linkage between
the HFEA database and the disease registers. Careful follow-up of ART
children is required to define the precise risk of imprinting disorders and
confirm or refute suggestions of risks of childhood tumors such as retino-
blastoma (or others in which aberrant imprinting is part of the etiology).
Our findings suggest that particular attention should be paid to disorders
resulting from loss of DNA methylation in gene regulatory elements.

The clinician in fertility medicine should counsel his subfertile couple
about the following risks from ART:

1. The highest risks are from prematurity (mainly from twins and
higher-order births); therefore, single embryo replacement, at least
in the first cycle, is recommended.

2. Mature babies are healthy generally and not at long-term health
risk as a result of their mode of conception.

3. There is probably a higher risk of congenital anomalies after ART,
which is at most double that of the general population (i.e., still a
small risk).

4. It may be that in ICSI children there is specifically a higher risk of
genitary urinary (GU) anomalies, again only a little above that for
the NC population.

5. It is not possible to be sure that there are no longer-term risks
from ART, as there are few children who have grown up and fam-
ilies are not always willing to agree to follow-up studies.

6. Monitoring is important, difficult to do and expensive, but is an
essential part of assessing new advances in treatment after ART.

CONCLUSION

Generally, ART-conceived children who are born singleton and at term are
similar in most longer-term outcomes to NC children (with the exception of
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congenital anomalies). They do, however, appear to use more health service
resources. There are questions which are unresolved concerning their pro-
gress into adult life.

These are as follows:

1. Are there longer-term risks of imprintable disorders and cancer?
2. Will these children be fertile when they are sexually mature?

ART-conceived children will be a significant client group as they grow
up (at least 1% of the population in rich countries). If their ART conception
has exposed them to undue risk because these factors were not studied when
the techniques were introduced, they may well take a very different view of
the justifications for ART than the readers of this chapter. Further studies
need to be performed. The ideal one has yet to be done.

FURTHER READING

Sutcliffe AG. IVF Children the First Generation. Parthenon, 2002.
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