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This book has been written by the leaders in the field of
preimplantation genetic diagnosis (PGD) for everyone
who has an interest in the field, including embryolo-
gists, reproductive specialists, cytogeneticists, molecu-
lar biolologists, obstetricians, gynecologists, genetic
counselors, and nurses. Since the first PGD cases were
performed in the late 1980s, PGD is now performed
worldwide. This book brings together all the disciplines
involved in PGD. The introduction summarizes all the
disciplines and includes a history of PGD. The first
section covers the background and includes chapters
on in vitro fertilization (IVF), genetic disease, genetic
counseling, prenatal diagnosis, preimplantation devel-
opment, and preimplantation genetics. The second
section covers the techniques used in PGD, includ-
ing clinical practice, polar body biopsy, cleavage-stage
biopsy, blastocyst biopsy, fluorescent in situ hybrid-
ization (FISH) for chromosome abnormalities, sexing

and aneuploidy screening, the use of polymerase chain
reaction (PCR) in PGD, and quality assurance and
good practice. The last section covers ethical issues and
future developments.

Since the book encompasses all aspects of PGD,
readers from any background will be able to under-
stand the entire field of PGD. Each chapter contains
a list of key points summarizing the chapter. Readers
can read the book from cover to cover or dip into the
chapters that interest them. Since the field of PGD
is at the cutting edge of IVF, molecular, and cytoge-
netic technology, it is continuously evolving and so
this new edition has many updates to the first edition.
This includes new chapters on polar body, cleavage-
stage and blastocyst biopsy, PGD for sexing, chromo-
some abnormalities, and aneuploidy screening. This
book is a must for anyone interested in PGD.




Background

Joyce C. Harper

Preimplantation genetic diagnosis (PGD) was
first applied in 1988 using a polymerase chain
reaction (PCR) protocol to amplify a sequence
on the Y chromosome for embryo sexing for
patients carrying X-linked disease.

Patients have to go through in vitro
fertilization (IVF) so that their embryos may
be generated in vitro. Cells are removed from
oocytes or embryos and used for the genetic
diagnosis. Unaffected embryos are transferred
to the patient.

The most common biopsy procedure is
cleavage-stage biopsy, but biopsy of polar
bodies and trophectoderm cells is performed
clinically.

The indications for PGD are: monogenic
disorders, chromosome abnormalities, sexing,
or specific diagnosis of X-linked disease.

PGD technology has been used to try and
improve the pregnancy rate for infertile
patients by screening for aneuploidies.
Indications include advanced maternal age,
repeated implantation failure, and repeated
miscarriages (preimplantation genetic
screening; PGS).

Fluorescent in situ hybridization (FISH) is
the technique used to analyze chromosomes
in the biopsied cells, and is the method of
choice for embryo sexing. It is also used for
chromosome abnormalities and aneuploidy
screening.

PCR is the technique used to detect
monogenic disorders but it has been
hampered by problems with contamination
and allele dropout.

PGD has stimulated much ethical debate.
Many countries have legislation controlling

PGD and in some countries cleavage-stage
and blastocyst biopsy are illegal. Social sexing
is illegal in Europe and other countries.

o The first 20 years has shown major advances
in the field of PGD. The next 20 years may
include the use of arrays for examining
all the chromosomes, multiple genes and
gene expression. PGD may be used for all
IVF patients to select the genetically “best”
embryo.

o The European Society for Human
Reproduction and Embryology (ESHRE)
PGD Consortium has collected nine years of
data on PGD and PGS. Five working groups
have been set up to look at PGS, accreditation,
the database, guidelines, and misdiagnosis.
Additionally a pediatric follow-up and
external quality assessment for FISH and PCR
have been developed.

Preimplantation genetic diagnosis (PGD) was devel-
oped out of aneed to provide an alternative to prenatal
diagnosis for couples at risk of transmitting a genetic
disease to their children. The options for such couples
are: to remain childless; not to undergo genetic test-
ing (reproductive roulette); or to go through prenatal
diagnosis, PGD, gamete donation, or adoption. These
are all difficult reproductive options. The majority of
coupleswill opt for prenatal diagnosisby chorionicvil-
lus sampling (CVS) or amniocentesis (see Chapter 5).
The procedures themselves take a few minutes, and
for recessive disorders the couple have only a 25 per-
cent chance of an affected pregnancy; with a dominant
disorder this rises to 50 percent. But if the pregnancy
is affected the couple have to decide if they wish to
continue or consider termination. Neither is an easy
option. Another advantage of prenatal diagnosis is
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Day Types of Indications Zona Cell Limitations
performed cells drilling removal
removed
Polar body First PB day 0 Firstand second PGS Laser Aspiration Only maternal
Second PBday 1 polar bodies Monogenics Mechanical chromosomes/
Or simultaneously carried by Beveled genes
onday 1 mother pipette
Cleavage- Day 3 Blastomeres PGS Laser Aspiration Postzygotic
stage Monogenics Mechanical Displacement mosaicism
Sexing Acid Tyrodes
Chromosome
abnormalities
Blastocyst Day 5 Trophectoderm PGS Laser Herniation Postzygotic
Monogenics Mechanical mosaicism
Sexing Acid Tyrodes Some embryos
Chromosome will arrest
abnormalities prior to biopsy
Short time for
diagnosis
Methods used for preimiplantation genetic diagnosis (PGD)
Indications Cell preparation Protocol Limitations
FISH Sexing Spreading cells using Fix Cumulus contamination
Chromosome methanol:acetic acid or Denature Mosaicism
abnormalities Tween HCI Hybridization Overlapping signals
PGS Wash off unbound Failure of probes to bind
probe
Visualize
PCR Sexing Tubing cells into lysis Lyse cell Cumulus contamination
Monogenic buffer Cycles of denaturing, Sperm contamination
disorders annealing, (use ICSI)
elongation, Other contamination
Detect products Amplification failure
Allele dropout
Metaphase Sexing Tubing cells into lysis Lyse cell, Contamination
CGH Chromosome buffer whole genome Mosaicism
abnormalities amplification Procedure takes several
PGS Co-hybridization days and so currently
with control embryos are frozen
sample on to Requires many skills, PCR,

The three methods of embryo biopsy used in preimplantation genetic diagnosis (PGD)

metaphase spread
Analysis of each
chromosome using
CGH software

and cytogenetics

FISH, fluorescent in situ hybridization; PGS, preimplantation genetic selection; PCR, polymerase chain reaction; ICSI, intracytoplasmic

sperm injection; CGH, comparative genomic hybridization.

thatin most countries this will be paid for by the health
service. If the couple decide to go through PGD they
have to undergo IVF procedures to produce embryos
in vitro even though they are often fertile. IVF is a
highly invasive procedure with a relatively low chance

of success, and adding on PGD does not improve the
chances of delivering a baby. Cells need to be removed
from the embryo to allow single-cell genetic testing.
These may be removed from the oocyte/zygote (first
and second polar body biopsy), blastomeres may
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be taken from cleavage-stage embryos, or trophec-
toderm cells taken from blastocysts (Table 1.1) The
polymerase chain reaction (PCR) is used for the diag-
nosis of monogenic disorders, and fluorescent in situ
hybridization (FISH) is used for chromosome analy-
sis (Table 1.2).

PGD is a complicated procedure. As well as involv-
ing the IVF team, it requires a diagnostic team who are
experts in single-cell diagnosis. Besides the technical
difficulties, internationally PGD is a controversial pro-
cedure as there are ethical and moral concerns about
genetic testing of the early embryo.

In this book every aspect involved in PGD is con-
sidered, from IVE prenatal diagnosis, and genetic
counseling to quality assurance and ethical considera-
tions. This chapter offers the reader a history of PGD,
an outline of each chapter, and a report on the ESHRE
PGD Consortium.

Animal studies and preclinical work

The first biopsies on embryos were performed by
removing one cell from two-cell embryos by Seidel
(1952) and Tarkowski and Wroblewska (1967), work-
ing on rabbits and mice, respectively. The first PGD
was performed by Gardner and Edwards (1968), who
biopsied a small portion of the trophectoderm from
rabbit blastocysts, sexed the embryos by identifying
sex chromatin (which identifies females), and replaced
them into recipient females. For a rabbit blastocyst to
implantitneeds to be expanded with anintactzonaand
so Richard Gardner made a very neat slit in the zona,
sucked out a small amount of trophectoderm, pinched
it off, and hoped that the remaining trophectoderm
would block the hole in the zona. The offspring were
found to be of the predicted sex (Edwards & Gardner,
1967; Gardner & Edwards, 1968). This technique
was later tried on human blastocysts without success
(Steptoe et al., 1971).

In 1985, at a Ciba Foundation meeting in London,
scientists were discussing the possibility of diagnosing
genetic disease in a human preimplantation embryo. It
was generally agreed that there were no single-cell diag-
nostic techniques available, and that the biopsied cell(s)
would have to be cultured to obtain sufficient cells for
the diagnosis. The revolutionary PCR procedure had
just been developed (Saiki et al., 1985) but it was not
envisaged that PCR could work on a single cell.

Subsequently, the idea of performing PGD was
reviewed by a number of people. Penketh and McLaren
(1987) wrote a review on “Prospects for prenatal diag-
nosis during preimplantation human development”
and Edwards and Hollands (1988) wrote a review on
“New advances in human embryology; implications for
preimplantation diagnosis of genetic disease” (Edwards
& Hollands, 1988). Edwards and Hollands (1988) sug-
gested that sexing sperm would be easier than sexing
embryos but they said the advantage of typing embryos
would be that the cells would be “fully representative
of the embryonic genome.” These authors suggested
that noninvasive techniques in which the medium was
examined would be the simplest; either secretion or
uptake of substances from the culture medium would
be possible. It is only now that noninvasive methods
seem a possibility (Seli et al., 2007; Vergouw et al.,
2008). Edwards and Holland (1988) suggested that if
invasive methods were used they would involve dis-
solving the zona, disaggregating the embryo, separ-
ating the cells and culturing them for diagnosis, and
putting the embryo back in an artificial zona for trans-
fer. They further suggested performing this technique
on two-cell embryos.

Several different approaches to embryo biopsy
were being investigated in the late 1980s. In Australia,
Leeanda Wilton was developing methods of remov-
ing cells from mouse embryos (Wilton & Trounson,
1986; Kola & Wilton, 1991) (Figure 1.1); André Van
Steirteghem was exploring removing one cell from
two-cell embryos (Nijs & Van Steirteghem, 1987); and
Marilyn Monk and Alan Handyside were investigat-
ing taking one or two cells from an eight-cell embryo
for diagnosis of hypoxanthine phosphoribosyl-trans-
ferase (HPRT) deficiency (Monk et al., 1987). Audrey
Muggleton-Harris and Marilyn Monk demonstrated
that PGD in a mouse model for Lesch-Nyhan disease
could also be done by biopsy and analysis of a few tro-
phectoderm cells extruded through the zona pellucida,
a technique perfected by Audrey Muggleton-Harris
in David Whittingham’s unit (Monk et al., 1988).
Trophectoderm biopsy was also tested by Dokras et al.
(1990) and Summers et al. (1988). Another approach
to obtaining blastocysts was to perform uterine lavage
where embryos would be flushed on day five of devel-
opment (Buster et al., 1985). The diagnosis and transfer
of blastocysts would avoid the low implantation rate of
in vitro fertilized cleavage-stage embryos, which was
only 15 percent at that time. Bruno Brambati suggested
that uterine lavage would be an efficient, practical, and
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safe method to obtain blastocysts for PGD (Brambati &
Tului, 1990). However, the problem with using lavage
was that it would be impossible to be sure that all of the
blastocysts had been flushed, allowing the possibility
that undiagnosed embryos could implant. Whatever
method was used, it was predicted that the biopsy
technique would almost certainly affect implantation
(Edwards & Hollands, 1988).

The challenge of the introduction of molecular
biology for PGD was the move from working with
millions of cells to the very few cells of the embryo.
Edwards and Hollands (1988) suggested that the
most reliable method for single-cell diagnosis would
be “to use DNA probes for identifying the genotype
of the human embryo” and they predicted that high
levels of chromosome abnormalities (Plachot et al.,
1987) would “lead to complications in the interpret-
ation of some diagnostic tests” Monk, working in
Anne McLaren's MRC Mammalian Development
Unit at University College London in the 1970s, had
already developed an array of single-cell-sensitive
molecular procedures for the study of gene expression
and its regulation in early mouse development, most
notably for the study of X chromosome inactivation
in female embryonic development. In the late 1980s
Alan Handyside collaborated with Marilyn Monk
to carry out mouse embryo biopsies of single blast-
omeres, single-cell diagnosis, and embryo transfers

Figure 1.1 Leeanda Wilton doing embryo
biopsy in Melbourne, Australia in 1986.

to show that MonKk’s single-cell molecular diagnoses
were correct. Handyside had been working on mouse
embryo biopsies at Cambridge University and joined
Robert Winston at the Hammersmith Hospital. The
first single-cell diagnoses were performed on embryos
from the first genetically engineered mouse carrying a
defect in the HPRT gene, the mouse model for Lesch-
Nyhan syndrome in the human. The mouse was cre-
ated by mutation of the HPRT gene in embryonic stem
cells in culture, transferring some of these mutated
cells to a host blastocyst, and returning that blastocyst
to the uterus of a foster mother to produce a chimeric
male offspring carrying the mutated gene in his sperm
(Hooper et al., 1987). Thus, some of his daughters were
heterozygous for the HPRT mutation. Monk was able
to use biopsied cells from embryos from this hetero-
zygous female mouse to diagnose the mutant embryos
(half the males) carrying the mutation on their sin-
gle X chromosome. This was the first demonstration
that preimplantation diagnosis by biopsy and analy-
sis of a single blastomere for a single gene defect was
a feasible proposition (Monk et al., 1987) and many
key early papers followed (Monk et al., 1988; Benson
& Monk, 1988; Monk, 1988; Monk & Handyside, 1988;
Holding & Monk, 1989; Monk & Holding, 1990; Monk,
1990a, 1990b, 1990c; Monk, 1991a, 1991b, 1991c¢).
Work with human embryos also began at this time; in
collaboration with Braude and Johnson at Cambridge
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Marilyn Monk and Cathy Holding at Anne Mclaren’s
MRC Mammalian Development Unit in the Galton Laboratory,
University College London, 1998/1999.

University, Monk assayed HPRT gene activity in single
blastomeres biopsied from human preimplantation
embryos (Braude et al., 1989), although, in the human,
the maternally inherited enzyme at the eight-cell stage
would obscure the diagnosis of Lesch-Nyhan syn-
drome by this method.

In many of the first papers the procedure was called
“preimplantation diagnosis” (PID), as an extension
of prenatal diagnosis (PND). However, the name was
changed to “preimplantation genetic diagnosis” (PGD)
by people entering the field later on to avoid confus-
ing the acronym PID with that for pelvic inflammatory
disease.

Marilyn Monk and Cathy Holding set out to create
further single-cell enzyme assays for common inherited
genetic diseases as well as maintaining their interest in sin-
gle-cell assays for X-linked genes to further their studies on
the regulation of X chromosome inactivation in develop-
ment (Figure 1.2). One of these was adenosine deaminase
(adeficiency in this enzyme is the basis of severe combined
immunodeficiency disease (SCID)) (Benson & Monk,
1988). In Brussels, too, that same line of research led Karen
Sermon, in André Van Steirteghem’s team, to evaluate the
possibility of diagnosing Tay-Sachs disease through meas-
uring the enzyme beta-N-acetylhexosaminidase activities
in single blastomeres (Sermon et al., 1991). They could
show that it would work in the mouse, but, unfortunately,
not in the human. Later, the same group (Van Blerk et al.,
1991) showed the same for -glucuronidase, the lysosomal
enzyme deficient in mucopolysaccharidosis type VII.

Holding and Monk, in collaboration with Cathy
Abbott, were moving tubes from water bath to water

bath to try to develop the procedures of PCR and test-
ing out the new PCR machine that was being devel-
oped by Martin Evans and BioCam in Cambridge.
They wanted to look directly at the actual mutation in
the DNA of a specific gene in a single cell. It was an
immense struggle to find the way to make PCR work
at the single-cell level but their hard work and perse-
verance led to eventual success using a mouse model
for B thalassemia (Holding & Monk, 1989). They used
nested primers, firstamplifying thelarger sequence and
then, in a new reaction, amplifying an inner sequence
with the inner primers. This vastly increased the speci-
ficity and sensitivity of the reaction, and they were able
to analyze single cells and publish the first nested PCR
on a single cell detected by a simple agarose gel assay
(Holding & Monk, 1989) as well as establishing PGD
for B thalassemia in a mouse model system.

In 1990, Holding and Monk extended their
single-cell PCR analyses to the human to develop
single-cell detection of the sickle cell mutation in the
betaglobin gene in human oocytes. In collaboration
with Peter Braude, then at the Rosie Maternity Unit,
Addenbrookes Hospital, in Cambridge, they were
the first to show that it was possible to diagnose gen-
etic disease by analysis of the polar body of a human
unfertilized egg, thus avoiding working on the human
embryos themselves (Monk & Holding, 1990).

Development of human embryo biopsy

In the late 1980s many teams worldwide were attempt-
ing clinical PGD, including the Hammersmith team in
London, Jacques Cohen’s team in New York, and Yury
Verlinksy’s team in Chicago. The first two groups were
attempting cleavage-stage biopsy and the Verlinsky
team was working on polar body biopsy.

The Hammersmith Hospital team, led by
Handyside and Winston, tried day two and day three
human embryo biopsy. Alan Handyside, with the help
of Kate Hardy, applied his mouse cleavage-stage biopsy
techniques to day three human embryos using acid
Tyrodes to drill a hole in the zona and aspirating one
or two cells from eight-cell embryos, and allowed the
embryos to grow on to day five of development. Hardy
used differential staining to count the number of
trophectoderm and inner-cell mass cells of the control
(32 embryos) and biopsied (45 embryos) to determine
if the biopsy technique affected blastocyst develop-
mentand measured the uptake of pyruvate and glucose
(Hardy et al., 1990). Since this study showed little effect
on the ratio of the inner-cell mass and trophectoderm
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cells, or on metabolism, it gave the green light to human
cleavage-stage biopsy. Today the same basic biopsy
technique (of day three cleavage-stage biopsy) is used
(Harper et al., 2008a). The zona is breached and single
blastomeres are aspirated. Studies on day two biopsy
did not show such favorable results as day three biopsy
(Tarin et al., 1992).

The first clinical cases
Elena Kontogianni was studying for her PhD at the
Hammersmith Hospital, on single-cell PCR for sexing,
which she did by amplifying a repeated region of the Y
chromosome (Figure 1.3). It was this approach that was
used for the world’s first PGD cases (Handyside et al.,
1990). Female embryos were selectively transferred
in five couples at risk of X-linked disease, resulting in
two twins and one singleton pregnancy. Because the Y
chromosome region Kontogianni was amplifying con-
tained many repeats, it gave fewer problems than trying
to amplify a unique region. A band on the PCR gel indi-
cated that the embryo was maleand the absence ofaband
indicated that the embryo was female. However, failure
to tube the cell, an anucleate blastomere, or failure of the
PCR also resulted in absence of a band on the PCR gel.
A total of 21 cycles were performed in two series and one
misdiagnosis occurred. To reduce the risk of misdiagno-
sis, Kontogianni went on to co-amplify sequences on the
XandY (Kontogianni et al., 1991). At that time nothing
was known about allele dropout, cumulus cell contam-
ination, or amplification failure from single cells.
During the 1980s, human IVF embryos were
exclusively transferred on day two of development

Figure 1.3 Elena Kontogianni, PhD
viva. From left to right: Murdo Elder,
Charles Rodeck, John West, Elena
Kontogianni, Alan Handyside, and Robert
Winston, Department of Obstetrics and
Gynaecology, Hammersmith Hospital,
1993.

as the culture medium used was incapable of reliably
growing embryos past this stage. Since the biopsy was to
be performed on day three, the first diagnoses were all
performed in one day, with transfer of the embryos late
on day three. A comparison of day two and day three
transfers indicated that this would not adversely affect
pregnancy rates (Dawson et al., 1995). The worry of
embryos arresting was so high that some transfers took
place in the early hours of day four so that the embryos
were removed from culture as soon as possible. There
were many evenings at the Hammersmith when a trans-
fer was performed at 1 a.m. on day four and researchers
returned to thelaboratoryat 7 a.m. to start the next case.
Winston helped deliver most of the first PGD babies.

Development of FISH

During the same period that single-cell enzyme activ-
ity and gene mutation detection were being developed
in the UK, others were analyzing whole chromosomes.
Kola and Wilton (1991) biopsied single cells from
embryos from mice that were carrying a Robertsonian
translocation. These single cells were karyotyped and
normal embryos transferred. Analysis of the fetuses
showed that the PGD was 100 percent accurate. This
was the first PGD of aneuploidy. In the late 1980s
Wilton moved to London to work at the Institute of
Zoology, and began to collaborate with Handyside at
the Hammersmith Hospital.

Jones et al. (1987) were the first to report the use
of highly specific DNA probes to detect the human
Y chromosome which could successfully be used on
chromosomes from single cells of human embryos.
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Joy Delhanty was working with Richard Penketh at
the Galton Laboratory, University College London and
they thought about sexing embryos using radiolabeled
probes, but detection of hybridization by autoradiogr-
aphy took several days and was not reliable enough at
the single-cell level. They reported on the rapid sexing
of human embryos by use of biotinylated probes in
1989 (Penketh et al., 1989).

The Hammersmith team was aware that its PCR
sexing protocol was flawed, so Delhanty contacted
them to say that she had taken on a PhD student
(Darren Griffin) to set up the new fluorescence in situ
hybridization (FISH) technology that she thought
would be ideal for PGD (Figures 1.4, 1.5, and 1.6).
Griffin started his PhD with Delhanty in 1988 and his
firstjob was to get FISH working, which involved learn-
ing the radioactive and enzymatic in situ hybridization
(ISH) approaches then adapting them to a fluorescent
approach (i.e. FISH). In those days there were no com-
mercial FISH probes and everything had to be pre-
pared in-house; this led to some stressful times when
things stopped working. The first set of experiments
using single-color FISH with a Y probe were relatively
successful; about 50 percent of the cells had a single
signal as expected. Blastomeres for research were hard
to come by and these single cells were initially spread
by Penketh (Griffin et al., 1991). But, for PGD, both
X and Y probes were required. Delhanty and Griffin
thought their salvation would come with the newly
available Oncor X probe. Handyside spread the cells
this time and some were from whole embryos as well as
single cells. It was here they got the first inkling of how

Figure 1.4 Members of the Galton
Laboratory, University College London, in
1990. From left to right: Sioban SenGupta,
Rajai Al Jehani, Joy Delhanty, Darren Griffin,
Kiran Gulati,and Sarah Leigh.

Figure 1.5 Robert Winston and Darren Griffin in Prague, 1990.

chromosomally abnormal human embryos were going
to be, with some cells having two, three, four, five, or
more X chromosomes (Griffin et al., 1991). Two things
happened to make dual FISH work in human embryos.
After a trip to Leiden Griffin learned the dual FISH
technique and Leeanda Wilton joined the team, being
very productive in spreading embryos. Wilton was
working with the Hammersmith team trying to karyo-
type human blastomeres but was struggling to obtain
reliably spread chromosomes. Handyside suggested
that Wilton retrieve the fixed nuclei from the bin and
allow Griffin and Delhanty to have a go at “FISHing”
them, and to everyone’s amazement the FISH worked
first time. The team was still aware of a tiny flaw in
the plan as, at that time, FISH took 24 hours to com-
plete. On February 11, 1991 (his 24th birthday) Griffin
finally cracked the means by which FISH could be done
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Figure 1.6 Darren Griffin in the Galton Laboratory, University
College London, 1993.

in seven hours. Things then moved very quickly, with
Wilton now spreading the cells, and the following week
they were doing a case (Delhanty et al., 1993; Griffin
et al., 1993; Griflin et al., 1994). The problematic PCR
sexing protocol was abandoned in favor of the FISH
technique, which could clearly identify a male embryo,
a female embryo, and an embryo with a single X chro-
mosome but no Y (Turner syndrome). Many people
were involved in these early cases: Handyside doing
the biopsy; Wilton spreading the cells; and Griffin and
Delhanty the FISH. These were the world’s first PGD
cases using FISH (Griffin et al., 1993; Griffin et al.,
1994).

IVF was not quite as organized as it is today. In one
of the first PGD cycles using FISH, the patient forgot
to attend for her egg collection, which went ahead 12
hours later. Winston famously took 10 of his staff ski-
ing every year (Figure 1.7(a) and (b)), and the skiing
party was due to leave the day after the case. This meant
an evening biopsy, spreading just before midnight, and
FISH through the night. At 7 a.m. Griffin faxed the
results oft to the Hammersmith Hospital, picked up his
skis, and got on a plane to Switzerland with the rest of
the team.

The first clinical cases of PGD coincided, perhaps
not accidentally, with the years of debate leading up to
the passage of the Human Fertilisation and Embryology
Bill through the UK Parliament in 1990. The hard work
by Winston, Monk, Handyside, Wilton, and Delhanty
was a positive influence on the Bill. Anne McLaren
played a key role in public debate and media coverage,
as well as liaising with politicians during the debate in

Figure 1.7 Robert Winston's skiing trip, Murren, Switzerland: (a) 1993, John Mansfield, Robert Winston, Pierre Ray, Joyce Harper, Vivienne
Hall, Fiona Robinson, Kate Hardy, Debbie Taylor, Ben Winston, and Joe Conaghan; (b) 1994, Asangla Ao, Joyce Harper, Kate Hardy, Antony

Lighton, Thanos Paraschos, Pierre Ray, Debbie Taylor, and Joe Conaghan.
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(b)

(a) Meeting of the International Working Group at European Society for Human Reproduction and Embryology (ESHRE),
Thessaloniki, Greece, 1993, including: Alan Handyside, Marilyn Monk, Leeanda Wilton, Elena Kontogianni, Yury Verlinsky, Michelle Plachot,
Audrey Muggleton-Harris, Sandra Carson, Anver Kuliev, Paul De Sutter, Carles Gimenez, Nikica Zaninovic, Charles Strom, Peter Braude, Joe
Leigh Simpson, Edith Coonen, Inge Liaebers, Math Pieters and others; (b) The second international symposium on “Preimplantation Genetics”
held in Chicago, 1997. From left to right: Santiago Munné, Debbie Taylor, Dagan Wells, Stuart Lavery, Paul Kendrick, Patrizia Ciotti, Joyce Harper,
Andre Duyker, Mason Wilton (baby), Leeanda Wilton, Pierre Ray, and Pia Cau.

Parliament. The passage of the Bill through Parliament,
which was to permit embryo research under license in
the UK, was greatly influenced by this early pioneering
work demonstrating the clinical relevance of embryo
research for PGD, which featured at this time as a sig-
nificant medical breakthrough.

In the USA

Several groups were also developing PGD in the USA.
Yury Verlinsky took into account the ethical concerns
associated with the biopsy of cleavage-stage embryos
and, with the help of Jacques Cohen, who taught him
mechanical polar body biopsy, applied PGD to polar
bodies, and called the procedure “preconception diag-
nosis” as originally only the first polar body was used.
Verlinsky worked on his first cases in 1988/1989 and
sent a paper to Nature, which was rejected but was
accepted by Human Reproduction (Verlinsky et al.,
1990). He used the first polar body to detect a mater-
nally transmitted alpha 1 antitrypsin deletion in one
patient. Eight eggs were collected, seven polar bodies
were aspirated, six embryos fertilized, and PCR was
successful in five cases. Two embryos were transferred
but the patient did not get pregnant. In the same year
the Verlinksy team reported on preconception diag-
nosis for cystic fibrosis (Strom et al., 1990). In 1990
Verlinsky set up the First International Symposium on
Preimplantation Genetics in Chicago, and at this meet-
ing held the first meeting of the International Working
Group on Preimplantation Genetics. The aims of the

working group were to collect and distribute informa-
tion on the progress of centers involved in PGD, and
to coordinate their activities, organize annual working
group meetings, ensure coordination with other rele-
vant research, and organize conferences on PGD. The
international working group met during various con-
gresses in Washington (1991), Thessaloniki, Greece
(1993) (Figure 1.8(a)), New York (1994), Hamburg
(1995), Rio de Janero (1996), Chicago (1997), Los
Angeles (1998), Sydney (1999), and Bologna (2000)
(Verlinsky et al., 1994a). Verlinsky organized several
symposia on preimplantation genetics. The second was
held in Chicago in 1997 (Figure 1.8(b)).

In 1988/1989 Jamie Grifo was doing a fellowship in
reproductive endocrinology with Alan Decherney at
Yale, and he was interested in trying to set up PGD. He
sent one of his medical students to Atlanta to work with
Henry Malter to develop embryo biopsy. They returned
to Yale, where they taught Grifo the procedure of partial
zona dissection on four- to eight-cell mouse embryos
using calcium and magnesium-free media, and they
applied FISH to the biopsied cells with probes for chro-
mosomes X and Y (Grifo et al., 1990). In this paper they
also performed FISH on human blastomeres. In 1990,
while still at Yale, Grifo and his technician, Ysui Tang,
were working on FISH for sexing mouse and human
embryos and sperm, and they continued this work at
Cornell (Grifo et al., 1992a). Cohen and colleagues,
first at Reproductive Biology Associates (RBA) and
later at Cornell, had developed and improved many
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Cohenand Munnés team, 1994 including Jacque
Cohen, Mina Alicani, Santiago Munné, and others.

micromanipulation techniques and Grifo joined the
Cornellteam (Cohen, Malter, Talanski, Rosenwaks,and
Berkley) (Figure 1.9). The Cornell team performed its
first PGD cases by sexing single-cell blastomeres using
co-amplification of DNA on the X and Y chromosome
(Grifo et al., 1992b). Santiago Munné had studied male
infertility and cytogenetics of mouse embryos with
Anna Estop and Josep Egozcue, a pioneer in the study
of cytogenetics of gametes and embryos. He joined the
Cornell team in 1991, bringing fixation skills with him,
and developed the FISH technique. In 1992, in collab-
oration with Ulli Weier, he was the first to apply FISH
with directly labeled probes (Munné et al., 1993a).

Development of PCR for monogenic
disorders

Several groups were now working on using PCR for
the detection of specific gene mutations for PGD (Li
et al., 1988; Holding & Monk, 1989; Monk & Holding,
1990; Bradbury et al., 1990; Coutelle et al., 1989;
Gomez et al., 1990; Navidi & Arnheim, 1991; Sermon
et al., 1991; Sermon et al., 1992). Mark Hughes came
to the Hammersmith from the USA to develop single-
cell PCR for cystic fibrosis (Figure 10(a), (b), and (c)).
Along with Pierre Ray, who was studying for his PhD,
Hughes developed nested PCR to amplify the AF508
region followed by heteroduplex formation for rapid
detection of the deletion (Lesko et al., 1991; Handyside
etal., 1992; Liu et al., 1992). It is amazing that the cystic
fibrosis gene was only described in 1989 (Riordan et al.,
1989), and by 1992 the first diagnosis of cystic fibro-
sis in a single cell was possible. The first report was on
just three couples, all carrying the AF508 mutation, of
which one woman became pregnant (Handyside et al.,
1992). At the same time, the Brussels team developed

its own protocol for cystic fibrosis (Liu et al., 1992; Liu
etal.,1993) and later was the first team to perform PGD
for Duchenne muscular dystrophy (Liu et al., 1995).

At the Genetics & IVF Institute (GIVF) in
Virginia, USA, Gary Harton was in the process
of developing PGD in 1992, and he performed the
Institute’s first clinical case in 1993 (Levinson et al.,
1992). Work focused on monogenic disease diagno-
sis, including tests for cystic fibrosis, Huntington’s
disease (non-disclosing), Fragile X, and the first
birth of an unaftected child following PGD for spinal
muscular atrophy (SMA) (Fallon et al., 1999), as well
as the first clinical PGD test for an autosomal domi-
nant disease, Marfan syndrome (Harton et al., 1996).
GIVF also pioneered the separation of X and Y sperm
using MicroSort” (Levinson et al., 1992; Schulman &
Karabinus, 2005).

Marilyn MonKk’s team developed mouse PGD for
Lesch-Nyhan syndrome, SCID, thalassemia, and
sickle cell disease, X-linked Duchenne muscular dys-
trophy, Fragile X, myotonic dystrophy, and Kennedy
disease (Daniels et al., 1995; Monk et al., 1995). Monk
published the first quality control experiments to ver-
ify sensitivity, efficiency, and accuracy to lay down the
standards for this sensitive work and to convince the
field that single-cell PCR was indeed possible (Monk
et al., 1993). MonKk’s group was already aware of the
problem of carryover contamination (millions of cop-
ies of product were being produced). Cathy Holding
separated the sites of loading samples into the PCR
tubes (which were carried out in the Galton Laboratory
car garage) and the PCR procedure in the laboratory.
Later, Monk and colleagues began developing single-
cell technology for the triplet repeat diseases — Fragile
X and myotonic dystrophy (Daniels et al., 1995; Daniels
et al., 1996) and imprinted genes (Daniels et al., 1995;
Daniels et al., 1996; Daniels et al., 1997; Huntriss et al.,
1998; Salpekaretal.,2001). MonK’s team also developed
a method they called “cell recycling,” in which a single
cell could be analyzed by PCR for a specific gene defect
(Duchenne muscular dystrophy) as well as the same
single cells being studied for sex by in situ hybridiza-
tion (Thornhill et al., 1994; Thornhill & Monk, 1996)
(Figure 1.11).

The Cornell group published one of the first papers
on whole-genome amplification using primer exten-
sion preamplification (PEP) (Xu et al., 1993). The
group developed three PEP protocols on single blast-
omeres from arrested embryos. Three aliquots of each
PEP product were used as templates for exon 10 of the
cystic fibrosis gene, or the human X chromosome.
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Figure 1.10 IVF meeting, Israel 1994: (a) From left to right: Alan Handyside, Joyce Harper, Robert Winston, and Mark Hughes; (b) Mark
Hughes, Alan Handyside, Joyce Harper, and Elena Kongtogianni; (c) Robert Winston and Alan Handyside.

Figure 1.11 Dinner at the European
Society for Human Reproduction and
Embryology (ESHRE), Bologna, 2000. From
left to right: Alpesh Doshi, Giles Palmer,
Pierre Ray, Joyce Harper, Alan Thornhill,
Marilyn Monk, and Joep Geraedts.

11
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In 1992 Dagan Wells started his PhD in Joy
Delhanty’s laboratory, working on cancer genetics,
and joined Darren Griffin, who was doing the clin-
ical PGD FISH cases (Figure 1.12(a) and (b)). Wells
then moved on to PGD for monogenic disorders and,
along with Asangla Ao, who had graduated with her
PhD at Monk’s laboratory, and had been working at
the Hammersmith Hospital with myself, Delhanty,
Handyside, Kontogianni, and Ray, did the first PGD case
for a cancer predisposition syndrome, the APC gene,
in 1996. This case was notable for two other reasons: it
represented the first use of whole-genome amplifica-
tion in conjunction with PGD; and it combined direct
mutation detection and analysis of informative linked
markers, a key strategy for increasing the accuracy of
PGD for dominant disorders (Ao et al., 1998).

(a) Dagan Wells and Darren Griffin's publicity shot,
Galton Laboratory, University College London, 1992; (b) Dagan
Wells and Joyce Harper in the Galton Laboratory, University College
London, 1996.

ESHRE campus workshop on PGD, 1993

After working as a clinical embryologist since 1987, I
joined the Hammersmith team in 1992 and was thrown
into the deep end, assisting in biopsies done by Selmo
Geber, a clinician from Brazil, during my first week
(Figure 1.13). I spent some time trying and failing to
perfect freezing of biopsied embryos. In 1993 Winston,
Handyside, Griffin, and myself organized a European
Society for Human Reproduction and Embryology
(ESHRE) campus workshop on “Preimplantion
Genetic Diagnosis of Inherited Disease” at the
Hammersmith Hospital. We typed out the abstracts
from the faxes we received. Invited speakers included
Audrey Muggleton-Harris, talking about blastocyst
biopsy, Joy Delhanty, talking on FISH, Mark Hughes,
talking on DNA amplification, and Eugene Pergament,
talking on preimplantation genetics. I spoke on our
new two-hour FISH (Harper et al., 1994) and other
speakers included Anna Veiga, Ian Findlay, Jiaen Lui,
and Sue Pickering. We went on a Thames boat cruise
and were very worried that if the boat sank PGD would
stop as all the key people were on board. Since that time
I have organized annual PGD workshops, initially at
the Hammersmith Hospital and later at University
College London (Figure 1.14).

New method of spreading blastomeres

and embryos

In 1993 University College London was contacted by
Edith Coonen and Joep Geraedts from the Netherlands,
who had developed a novel method of spreading blas-
tomeres from mouse embryos (Coonen et al., 1994).
Leeanda Wilton had been using traditional methanol:
acetic acid for spreading but owing to the high amount
of cytoplasm present in human blastomeres, it was
often difficult to control the spreading procedure. With
Tween/HCI the cell membrane lysed and the nucleus
could be clearly observed during the whole spreading
procedure. The cytoplasm could be easily cleaned away
from the nucleus, giving a very high FISH efficiency.
Since the reagents are nontoxic the cells may be spread
intheIVFlaboratory. Edith Coonen and I applied thisto
human embryos with great success (Harper et al., 1994)
also significantly reducing the time of the FISH proced-
ure by using probes that were directly labeled with the
fluorochromes (Harper et al., 1994). Another advan-
tage of using Tween/HCl is that, for the first time, whole
embryos could be spread and “FISHed” Previously,
since methanol: acetic acid could not be used to spread
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Wolfson Conference

whole embryos, the diagnosis results had to be con-
firmed on single cells, which was very labor intensive.
It was while spreading whole embryos that I realized
how essential it was to remove all the cumulus cells
from the embryo as, when spread, the cumulus nuclei
are indistinguishable from embryonic nuclei (we had
found eight- cell embryos giving 20 or more nuclei and
male embryos with numerous female cells, all caused by
cumulus contamination). We then realized that it was
vital that all cumulus was removed prior to the biopsy
procedure to avoid maternal contamination for both

Centre

Joyce Harperdemonstrating
embryo biopsy during a micromanipula-
tion workshop organized by Leeanda
Wilton in Melbourne, Australia, 1993.

First hands-on
preimplantation genetic diagnosis (PGD)
workshop at the Hammersmith Hosptial,
1996: Alan Handyside, Asangla Ao, Pierre
Ray, Debbie Taylor, Joyce Harper, Theo
Atkoulis, Marianne Bergere, Dorthe
Cruger, Marianne Schwartz, Francine
Lossos, Chaque Khatchadourian, Clare
Conn, Jane Meintjes, Elisabeth Larsen,
Geraldine Viot Szoboszlai, Lianna
Schulman, Dagan Wells, Patrizia Cotti,
Usanee Jetsawangsri, Sirpa Makinen,
Annette Bonhoff, Mark Lelorc'h, Erik
Iwarsson, Lars Ahrlund Richter, Stephane
Viville, Ralf Bohm, and Jean Cozzi.

FISH and PCR diagnosis, something that we had not
been doing previously (Wilton et al., 2008).

Mosaicism

The early cases of embryo-sexing using FISH quickly
demonstrated the potential of the technique in not only
providing information on copy number of chromo-
somes but also the detection of aneuploidy, polyploidy,
and mosaicism (Delhanty et al., 1993). When I started
doing FISH I was surprised at the frequent highly
abnormal nuclei I was finding. I knew the karyotyping

13
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studies (Angell, 1989; Plachot et al., 1989; Zenzes &
Casper, 1992; Zenzes et al., 1992) had indicated that
high levels of chromosome abnormalities were present
in human embryos, but I found many embryos where
all the nuclei had differing chromosome abnormalities.
I had wondered if I was doing the FISH incorrectly, but
Joy Delhanty and I decided that this was a true phe-
nomenon, and since I was reading the Chaos theory
book, we decided to define these embryos as “cha-
otic” (Harper et al., 1995; Harper & Delhanty, 1996)
(Figure 1.15). After publication of these findings I
discussed my results with Michelle Plachot and Maria
Zenzes, and both said that they had seen such nuclei
when they were performing karyotypes but they had
not reported them. We later showed that the frequent
occurrence of chaotic embryos was a patient-related
phenomenon (Delhanty et al., 1997). At Cornell, and
later at Saint Barnabas, the Munné-Cohen team did
extensive studies on chromosome abnormalities at the
embryo level, and together with the data coming from
our group, revealed a high rate of mosaicism at cleavage
stages (Munné et al., 1994; Harper et al., 1994; Harper
et al., 1995). The work of the Munné team obtained
them the first-prize paper of the American Fertility
Society in 1994. Santiago Munné and coworkers have
spent considerable effort in differentiating mosaicism
and error rate, developing scoring criteria, and search-
ing for ways to reduce that error rate (i.e. Munné et al.,
1997; Magli et al., 2001; Colls et al., 2007).

Paternal contamination

Sperm become embedded in the zona during normal
IVF and can become dislodged during zona drilling. It
is possible that these stray sperm may contaminate the
diagnosis. This has been less of a problem for FISH, as
to FISH sperm, steps need to be taken to decondense
the sperm nucleus to make it accessible to the FISH
probes. But for PCR paternal contamination is a prob-
lem. In the early 1990s the Brussels group was perform-
ing subzonal insemination (SUZI) for male infertility.
Duringonecasetheresearchersaccidentallypierced the
oolema and the sperm was deposited in the ooplasm.
Since this was the only embryo that developed for this
patient it was transferred and resulted in a live birth.
This was the start of intracytoplasmic sperm injection
(ICSI), which is now used throughout the world for
the treatment of male infertility (Palermo et al., 1992;
Liebaers et al., 1992). The use of ICSI increased at an
incredible rate and soon we realized that this should
be used for PGD cases where PCR is used to prevent
paternal contamination.

Allele dropout

Pierre Ray and Alan Handyside noticed another prob-
lem with PCR, apart from contamination. When Ray
was testing some heterozygous cystic fibrosis single
lymphocytes while doing a PGD workup, he occasion-
ally found that one of the alleles did not amplify (allele
dropout, ADO). He analyzed single blastomeres from

Figure 1.15 Joy Delhanty and Joyce
Harperina hotel roomin New York at the
Serono Symposium on “The Genetics of
Gametes and Embryos,” June 1994.
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untransferred embryos after PGD and detected an
ADO rate of 18 percent (Ray et al., 1996). From fur-
ther analysis of single lymphocytes Ray reported that
increasing the denaturation temperature reduced the
rate of ADO without affecting amplification efficiency,
and different lysis protocols also affected the ADO rate
(Ray et al., 1996; Ray & Handyside, 1996). As the PGD
community at this time was small, discussions at vari-
ous meetings led to the realization that others had also
experienced this phenomenon.

Prelmplantatlon genetlc screening
The Cornell team published the first cases of preim-
plantation genetic screening (PGS) using five probes
(X, Y, 18, 13, and 21) in 1993 (Munné et al., 1993b).
The team examined 157 blastomeres from 30 human
embryos. Successful FISH was achieved in 93 per-
cent of the blastomeres and aberrations were found
in 70 percent (14/20) of abnormally developing
monospermic embryos and 70 percent (7/10) of nor-
mally developing embryos. In an American Society
of Reproductive Medicine (ASRM) meeting in 1994,
Munné and Verlinsky agreed that PGS should be
applied to polar bodies. Both teams independently
published work on the FISH analysis of polar bodies
in 1995 (Munné et al., 1995; Verlinksy et al., 1995),
starting a prolific, friendly but competitive race
between both teams. While the Cornell team focused
on embryo diagnosis, the Chicago team focused on
polar body analysis.

InItalyin1993,Santiago Munnéand Luca Gianaroli
collaborated to learn more about the chromosomal

(a) (b)

status of embryos in relation to different conditions
such as temperature and stimulation (Figure 1.16(a)
and (b)). They performed the first PGS cases in Italy
in 1996, which led to some of the most important
papers on PGS (Gianaroli et al., 1999; Munné et al.,
1999; Magli et al., 2001; Magli et al., 2007). Some of
these studies determined that the chromosome abnor-
malities detected in spontaneous abortions were dif-
ferent than those found at the embryo level (Munné
et al., 2004), helping to define the PGS standard tests
used today with FISH. This concept was later applied
to other patients with recurrent miscarriage (Munné
et al., 2005; Garrisi et al., 2008). The collaboration
between Munné and Gianaroli refined the study of
indications for PGS, such as repeated implantation
failure, advanced maternal age, repeated miscarriage,
previous trisomic conceptions, male factor, and so
on. But the use of PGS today is very controversial (see
later).

PGD for translocations

In 1994 Clare Conn joined the Delhanty team at the
Galton Laboratory, UCL to do her PhD and began to
approach the problem of carrying out PGD for couples
who were carriers of chromosomal rearrangements,
initially Robertsonian and reciprocal translocations.
At that time, the only commercially available probes
were those to detect repetitive sequences, mainly alpha
satellites specific to certain chromosomes, whereas to
detect unbalanced products of translocations locus-
specific probes are required. We had to obtain YAC
probes from the Medical Research Council (MRC)

Figure 1.16 (a) Luca Gianaroli 1985; (b) Cristina Magliand Santiago Munné in a restaurant in Bologna, 1995.
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Human Gene Mapping Resource Centre to grow and
test; most were either useless for interphase work or
turned out to map to the wrong region. So this was a
highly labor-intensive process, but Conn persisted
and PGD was successfully offered to several couples
with translocations and to one couple with gonadal
mosaicism for trisomy 21 (Conn et al., 1995; Conn
et al., 1998; Conn et al., 1999; Cozzi et al., 1999). These
were the worlds first PGD cases for inherited chromo-
somal abnormalities. At Cornell, the Munné team also
reported PGD for translocations using polar body
biopsy (Munné et al., 1998a) and showed that PGD
decreases the rate of miscarriage in these patients
(Munne et al., 1998b).

Worldwide PGD

By 1994 there were eight centers worldwide, with four
in the USA. Alan Handyside and I wrote a paper on
the current status of PGD (Harper & Handyside, 1994)
and reported on 83 cycles of sex-selection for patients
carrying X-linked disease using PCR or FISH and
51 cycles of PGD for monogenic disorders, includ-
ing cystic fibrosis. Three centers dominated the field:
the Hammersmith/UCL team; the team at Cornell
University Medical College in New York run by Cohen
and Munné; and the Reproductive Genetics Institute in
Chicago run by Verlinsky. The other centers were: the
University Hospital, Ontario; the Academic Hospital,
Brussels; the Jones Institute, Norfolk; the Genetics &
IVE Institute, Fairfax; and GIEPH, Barcelona. All
centers except the Reproductive Genetics Institute in
Chicago were performing cleavage-stage biopsy with
rapid diagnosis being done in one day and transfer the
evening of the biopsy. Our paper reported on three
misdiagnoses; one of sexing by PCR and two of cystic
fibrosis out of 34 pregnancies. We said that no attempt
was made to do blastocyst biopsy as developmental
rates in vitro remained low.

The first world data paper was a success and so [
repeated the process two years later (Harper, 1996).
Now there were 14 centers worldwide that had per-
formed 197 sexing cycles and 65 for monogenic dis-
orders. Fifty pregnancies were reported (pregnancy
rate 25 percent per cycle and 29 percent per embryo
transfer), resulting in 28 deliveries and 34 babies born.
We said “analysis of multiple nuclei from individual
embryos has revealed a surprisingly high incidence
(about 16 percent per embryo) of mosaicism and aneu-
ploidy for the sex chromosomes of human embryos”
(Delhanty et al., 1993; Harper et al., 1994; Munné et al.,

1994).Iwish it was really that low today; the use of mul-
tiple chromosomal probes now detects up to 60 percent
of embryos as mosaics. DNA amplification methods
mostly involved nested PCR and we suggested that
development of whole-genome amplification by PEP
was the way forward.

The ESHRE PGD Consortium and PGDIS

In 1997 at various meetings, including ESHRE in
Edinburgh (Figure 1.17) and the Second International
Symposium on Preimplantation Genetics in Chicago
(see earlier Figure 1.8(b)), some of the key players in
PGD agreed that data collection was important but
also that other aspects of PGD would benefit from
discussion and communication in the PGD commu-
nity. Involved in this discussion were Alan Handyside,
Leeanda Wilton, Inge Liebaers, Joep Geraedts, Karen
Sermon, and myself. Handyside decided this group
should be called a “consortium,” which was a good
move as this best describes the activities. After much
discussion of how it should be done, it was agreed that
the consortium should be set up under the umbrella
of the Reproductive Genetics special interest group
in ESHRE, and so the ESHRE PGD Consortium was
formed (see later). The Consortium had its first meet-
ing at the ESHRE Central Office at the end of 1997
(Figure 1.18) and has had many other successful meet-
ings (Figure 1.19).

Joe Leigh Simpson had a long-term interest in
PGD and was instrumental in setting up the PGD
International Society (PGDIS), which was established
in 2003. This society took over the main role of the
international working group, which had been to organ-
ize meetings on PGD and preimplantation genetics.
The first PGDIS meeting was held in 2005 in London
(Figure 1.20) followed by meetings in Australia and
Spain.

1998-2008: The last 10 years

John Dumoulin performed an important studyin 1998,
reporting on the use of Ca?*/Mg**-free medium for
biopsy of human embryos at the 4- to 10-cell stage on
the third day of development (Dumoulin et al., 1998).
These workers showed that use of this medium gave a
lower rate of cell lysis as well as requiring a shorter time
to perform the procedure. Subsequent embryo devel-
opment to the blastocyst stage was not affected by the
choice of biopsy medium. This medium is now in stand-
ard use in embryo biopsy. Another advance in embryo
biopsy has been the gradual increase in the use of the
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laser for zona drilling, which gives greater control over
hole size and makes biopsy quicker (Boada et al., 1998;
Joris et al., 2003; Harper et al., 2008a).

Polar body biopsy has become popular in countries
where legal restraints prevent cleavage-stage biopsy,
such as Italy and Germany. Another important devel-
opment for embryo biopsy is the introduction of blas-
tocyst biopsy (de Boer et al., 2004; McArthur et al.,
2005; McArthur et al., 2008), which gives more cells for
diagnosis but in some cases blastocysts have to be fro-
zen to allow time for the diagnosis. It will be interesting

Figure 1.17 Inapubatthe European
Society for Human Reproduction

and Embryology (ESHRE) Congress in
Edinburgh, 1997. From left to right: Dagan
Wells, Jon Sherlock, Leeanda Wilton, Elena
Kontogianni, Joyce Harper, Marianne
Bergere, and Stephane Viville.

Figure 1.18 The first ESHRE PGD
Consortium Steering Committee Meeting,
1997, European Society for Human
Reproduction and Embryology (ESHRE)
Central Office, Belgium. From left to right:
Catherine Staessens, Joep Geraedts, Karen
Sermon, Joyce Harper, Stephane Viville,
Inge Liebaers, and Alan Handyside.
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to see how embryo biopsy develops over the next 10
years.

Freezing of biopsied embryos using conventional
methods proved unsuccessful (Joris et al., 1999; Magli
et al., 1999; Ciotti et al., 2000), but various modifica-
tions to the cleavage-stage protocol appear to improve
post-thaw survival of biopsied embryos (Lee & Munné,
2000; Voullaire et al., 2002; Jericho et al., 2003; Magli et
al., 2006). The recent introduction of vitrification into
human embryo freezing may be the ideal method to
freeze biopsied embryos, although more experience
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ESHRE PGD Consortium Steering Committee
meeting held at University College London, 2007 including Sioban
SenGupta, Joyce Harper, Karen Sermon, JanTraeger-Synodinos,
Celine Moutou; and back row: Alan Thornhill, Veerle Goossens,
Sjoerd Repping, Paul Scriven, Katerina Vesela, and Christine de
Die-Smulders.

r

Jacques Cohen, Robert Edwards, and Yury Verlinsky
atameeting of the organizing committee for the PGDIS meeting in
London, 2005 (at University College London).

and published results are necessary (Zheng et al., 2005;
Kuwayama, 2007).

In 2000 Dagan Wells, whilst still in Joy Delhanty’s
laboratory at UCL, and Leeanda Wilton, working in
Melbourne, both published papers using comparative
genomic hybridization (CGH) on human embryos,
which is a method that can be used for assessing all of
the chromosomes in single cells. Both studies analyzed
12 embryos and reported embryos with chaotic nuclei
and high levels of mosaicism (Wells & Delhanty, 2000;
Voullaire et al., 2000). The Wilton group successfully
applied the method in 28 clinical cases (22 for repeated
implantation failure and six for advanced maternal
age or repeated miscarriage), freezing the biopsied

embryos to allow time to perform and analyze the CGH
(Voullaire et al., 2002; Voullaire et al., 2007; Wilton et
al., 2001; Wilton et al., 2003). Wells joined the Saint
Barnabas team in 2000 and published the first clinical
case of CGH on polar bodies (Wells et al., 2002).

The Verlinsky group was the first to report on
PGD for human leukocyte antigen- (HLA-) matching
(Verlinksy et al., 2001). The couple, both carriers of
the IVS 4 + 4 A=T mutation in the FANCC gene with
an affected child required an HLA-compatible donor
for cord blood transplantation. Thirty embryos were
tested in four IVF attempts and six were homozygous
affected and 24 were unaffected, and five of these were
also HLA-compatible. Three embryo transfer pro-
cedures were performed and the patients delivered a
child after the third treatment cycle. HLA typing has
now become an important indication for PGD (Harper
etal.,2008a).

One important change in PGD for monogenic dis-
orders is the diagnosis of late-onset disorders where
prenatal diagnosis is not normally indicated, such as
predisposition to inherited cancer. Some of the most
frequent requests for PGD are now for the inherited
cancer predisposition syndromes, such as retinoblast-
oma, Li Fraumeni syndrome, neurofibromatosis I and
II, and familial adenomatous polyposis coli (Harper
etal.,2008a). Couples who arereluctant to terminate an
otherwise normal pregnancy appear to be more willing
to consider selection at the preimplantation stage.

Fluorescent PCR, as introduced by the Brussels
group (Sermon et al., 1998), has enabled multiplexing
and amore sensitive PCR reaction, and the use of linked
or unlinked markers has became routine (Sermon,
2002; Sermon et al.,2004) (Figure 1.21). The most excit-
ing prospect for the future is that both FISH and PCR
are replaced by array technology, which would permit
the amount of information obtained from a single cell
to be increased way beyond current technology.

The quest for a comprehensive chromosome count
has involved techniques which were never taken up;
spectral karyotyping (SKY) (Marquez et al., 1998)
and cell conversion (Willadsen et al., 1999; Verlinksy
et al., 1994b). Marquez et al. (1998) karyotyped 60
unfertilized oocytes and two fresh polar bodies, and it
was concluded that this method could be used as an
alternative to karyotyping second meiotic metaphase
chromosomes from human oocytes and polar bodies.
In cell conversion, Dyban et al. (1992) treated second
polar bodies with okadaic acid so the chromosomes
were converted to metaphases and could be karyotyped
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Figure 1.21 Karen Sermon, Yury Verlinsky, Leeanda Wilton, and
Joyce Harper at the International Society of Prenatal Diagnosis
meeting in Kyoto, Japan, 2006.

(Verlinsky et al., 1994b) and Willadsen et al. (1999)
attempted this in blastomeres using bovine eggs.

Transport PGD

Most PGD Centres were originally set up as an
add-on to an already existing IVF unit. Now the field
has matured from research to mainstream genetic
testing and so specialist PGD Centres have been
established which work with many IVF units, such
as Reprogenetics (Figure 1.22), Genoma, Genesis
Genetics and our own centre, UCL Centre for PGD.
IVF units perform the biopsy and prepare the cells
(tubing for PCR and spreading for FISH) which are
then transported to the PGD Centre for the diag-
nosis. This is how we did the first FISH cases; the

Figure 1.22 Jacque Cohenand Santiago
Munné in Taiwan, 2002.

Hammersmith Hospital did the biopsy and UCL did
the diagnosis. It is essential that patients are ade-
quately counselled and that there is excellent com-
munication between the IVF unit and PGD Centre.

Background
IVF

Internationally a growing number of patients are
using assisted reproductive technologies to conceive.
One of the main reasons for this is that the average age
of conceiving a first child has been steadily increasing,
and so many couples experience age-related infertil-
ity. It is well documented that chromosomal abnor-
malities in oocytes increase in frequency as a woman
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ages, and these have a significant effect in women
aged over 35 (Hassold, 1986). These meiotic chromo-
some abnormalities lead to aneuploidy in the oocytes,
which can lead to unbalanced chromosome arrange-
ments in the embryo. The majority of these abnormal
embryos either will not implant or will miscarry.

The most common causes of female infertility
include polycystic ovarian syndrome, unexplained
infertility, endometriosis, tubal disease, and premature
menopause. The most common causes of male infertil-
ity are azoospermia (nonobstructive and obstructive),
hormonal and genetic.

Infertility treatments include timed intercourse, ovu-
lation induction, intrauterine insemination (IUI), gam-
ete intrafallopian transfer (GIFT), zygote intrafallopian
transfer (ZIFT), in vitro fertilization (IVF), and intracy-
toplasmic sperm injection (ICSI) (see Chapter 2).

For patients going throughIVFand ICSI,anumber
of tests are performed prior to the onset of treatment.
The male’s semen is analyzed, the woman’s ovarian
reserve is assessed to predict if she will respond well to
fertility drugs and to determine which dose of drugs
to use, the uterus is checked to ensure that there are
no abnormalities, and a dummy embryo transfer is
performed to ensure that the actual embryo transfer
procedure will run smoothly. The basic superovula-
tion regimen involves downregulation of the pituit-
ary and then administration of follicle stimulating
hormone (FSH) to stimulate development of the
oocytes. Timing the administration of these drugs
may be varied for patients who have a suboptimal
response. Stimulation is monitored by serial ultra-
sound and estrogen levels. If suitable follicle develop-
ment occurs, human chorionic gonadotrophin (hCG)
(to mimic the luteinizing hormone surge) is given 36
hours before the scheduled egg collection to allow
final maturation of the oocytes. The oocytes are col-
lected by ultrasound-guided follicle aspiration under
light sedation and the collected oocytes are stored in
appropriate culture conditions.

The IVF laboratory is the hub of the fertility clinic
and a high-quality laboratory is essential for good
success rates. There is no point setting up PGD in an
IVF clinic that has poor success rates. Oocytes and
embryos are cultured here until transfer or freezing.
Insemination may be performed by standard IVF or
by ICSI, and is done on the day of the oocyte retrieval.
In both cases the sperm is prepared to remove the
seminal plasma; usually by use of a density gradient.
Standard IVF involves adding some prepared sperm

to the dish where the oocytes are being cultured. ICSI
is used in cases where sperm quality or quantity is very
low. It involves selection of a particular sperm and
injection of this sperm directly into the cytoplasm of
the oocyte. It is essential that ICSI is used for all PGD
cases where PCR is performed to reduce the risk of
paternal contamination (see misdiagnosis below). A
fertilization check is performed around 18-20 hours
after insemination to look for the appearance of two
pronuclei and two polar bodies. Embryos are cultured
for a further one to four days, depending on the policy
of the center. In standard IVF embryos may be trans-
ferred on days two, three, or five of development. The
IVF laboratory will also be involved in oocyte, sperm,
and embryo freezing. Vitrification is an ultra-rapid
freezing protocol which has shown great success for
oocyte and embryo freezing (Kuwayama et al., 2005;
Zheng et al., 2005). If a pregnancy results, patients are
given progesterone to support the pregnancy.
Internationally there has been an increase in the suc-
cessrates of IVE and many centers report a delivery rate of
between 40 percentand 50 percent (Data from the Human
Fertilisation and Embryology Authority, HFEA).

Genetic disease

Inherited disease may be caused at the level of the gene
or the chromosome. In principle, single-gene muta-
tions may lead to genetic diseases, which can be distin-
guished on the basis of five simple modes of inheritance:
autosomal dominant, autosomal recessive, X-linked
recessive, X-linked dominant, and Y-linked. In prac-
tice,onlythefirstthreearerelevant. Atthe chromosome
level a distinction may be made between numerical
and structural chromosomal abnormalities. The first
usually result from meiotic nondisjunction and are
sporadic in the vast majority of cases. Chromosomal
rearrangements are carried by a parent and may lead
to the production of chromosomally unbalanced gam-
etes. There is also mitochondrial inheritance, which
shows completely maternal inheritance.

Mutation simply means change. Change in gene
function may be brought about by loss of the whole or
part of the coding sequence of the gene (deletion) or by
alteration in the bases that make up the DNA molecule
(substitution). More rarely, gene duplication can cause
disease. Inherited disorders are divided into autosom-
al-recessive, autosomal-dominant, and X-linked. In
an autosomal-recessive disease, two abnormal cop-
ies of the gene are required for the disease to occur.
Therefore parents may be carriers and will have no
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symptoms of the disease. Any of their children will be
at a 25 percent risk of being affected with the disease.
If the parents already know they are carriers they can
plan their family with this knowledge, but many cou-
ples are first aware that they are carriers when they
have an affected child. This includes diseases such as
cystic fibrosis, B thalassemia, and many inborn errors
of metabolism.

Autosomal-dominant conditions only require one
copy of the gene to be abnormal and they will affect
50 percent of the offspring. Generally, at birth domi-
nant disorders are not as severe or life-threatening as
recessive disorders. Therefore the parent carrying the
affected gene will have the disease, but since dominant
conditions are often late-onset, the disease may not
yet have manifested itself, for example Huntington’s
disease, inherited cancer predisposition, and Marfan
syndrome.

X-linked disorders (caused by mutation in genes
that are carried on the X chromosome) may be either
recessively or dominantly inherited. The vast major-
ity are recessive and are carried by females who are
themselves unaffected, or only mildly so, because of
the normal copy of the gene on their second X chro-
mosome. Common X-linked recessive diseases include
Duchenne muscular dystrophy and hemophilia.

Numerical chromosome abnormalities are abnor-
malities that deviate in number from the normal karyo-
type, which has 2n = 46 chromosomes; that is, two
haploid sets. They may be divided into aneuploidy (an
extra (trisomy) or missing (monosomy) chromosome
of a pair) and ploidy (the number of haploid sets of
chromosomesisabnormal) abnormalities. Aneuploidy
is not normally inherited. Typically, the imbalance
arises at meiosis I in the mother when two homologous
chromosomes pass to the same pole of the spindle at
anaphase. The most common numerical chromosome
abnormalities are trisomies and monosomies, arising
de novo as a result of meijotic nondisjunction during
gametogenesis in parents with a normal karyotype. For
all chromosomes, except the largest, the nondisjunc-
tion rate increases with maternal age. An increase in
maternal age results in an increased embryonic aneu-
ploidyrateaswellasanincreased frequency of spontan-
eous abortion. This is reflected in a higher miscarriage
rate and a lower pregnancy rate. The most frequent
abnormality in spontaneous abortions is trisomy 16,
representing about 30 percent of all such trisomies, but
in cleavage-stage embryos trisomies for chromosomes
13,21, and 22 are the most common.

Structural chromosomal rearrangements are com-
mon in the human population. They are the result of
simultaneous chromosome breakage, either within
the same chromosome or in different chromosomes,
and subsequent rejoining in an abnormal fashion.
Providing that the breakage in the chromosomes has
not affected gene transcription, the individual carrying
the rearrangement will develop normally. The prob-
lems occur in oogenesis or spermatogenesis when the
rearranged chromosomes have to pair with their nor-
mal homologs and abnormal products of segregation
result.

The most common type of chromosome rearrange-
ment is a translocation, which is the movement of a
segment of chromosome from its normal position to
a new site. Reciprocal translocations involve breaks
along the arms of two chromosomes and exchange of
material, with reunion creating two abnormal deriva-
tives. Robertsonian translocations involve breakage
and reunion around the centromere of the “acrocen-
tric” chromosomes; the minute short arms of these
chromosomes are normally lost in the process so that
the chromosome number per cell is reduced to 45;
again, with no phenotypic effect.

Much rarer types of translocation occur, known as
“insertions.” These involve three simultaneous breaks,
either within one chromosome or involving two dif-
ferent chromosomes. The segment freed by two of
the breaks within one chromosome is then inserted
into a new position within the same chromosome, or
into a second one. Inversions occur when two breaks
occur within one chromosome and the free segment
may rotate through 180 degrees before rejoining. This
produces an inversion of genetic material between the
breakpoints, which usually has no phenotypic effect
in the heterozygous form when only one of a pair of
chromosomes is involved. Ring chromosomes are
formed when genetic material is lost from both ends
of a chromosome, creating an unstable situation that
is resolved by the fusion of the broken ends. It is unu-
sual to find ring chromosomes in a normal adult, but
they do occasionally occur as ring X-chromosomes or
affecting an autosome if only the telomeres themselves
are lost .

Couples found to be at risk of transmitting a genetic or
chromosomal disorder to their children need to have
nondirective genetic counseling. They usually require
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genetic counseling as they have a child or pregnancy
diagnosed with a genetic condition, have a child or
pregnancy with dysmorphic features or physical or
developmental abnormalities, the couple or another
family member carries a genetic condition or they have
experienced recurrent miscarriages. Genetic counsel-
ing should include medical facts about the disorder
and perception of their genetic risk and impact of the
genetic disorder on the family. It is important that the
counseling is nondirective as the patients should be
able to make up their own mind about how they man-
age their future treatment. Their reproductive options
are to remain childless, to take a chance (reproductive
roulette), or to consider prenatal diagnosis, PGD, gam-
ete donation, or adoption.

If the couple are considering PGD they will need
a consultation with a PGD specialist who will outline
the advantages and disadvantages of PGD. An outline
should be given of the IVF and PGD procedures, with
written information for the patients to read at home.
Issues requiring special attention include discussion
about the impact PGD may have on the couple and
their family, for example when there is an affected child
at home, their perception of PGD and likely success,
perception of their fertility, the welfare of the child in
relation to genetic conditions that may cause ill health
or early death in a parent (e.g. cancer predisposition),
and the impact of failure of treatment. The patients
have to be fully informed about the misdiagnosis risks,
the impact of multiple pregnancies, and the option of
confirmatory prenatal testing.

PGD for late-onset disorders, such as Huntington’s
disease, creates additional counseling issues. Patients
may know they are a mutation carrier or may not wish
to know their own genetic status. Since the person car-
rying the mutation will develop the disease, the future
care of the child and the care of the affected partner
must be discussed.

Adequate counseling may be problematic in cases
of transport PGD, especially for monogenic or chro-
mosomal abnormalities, as the IVF unit undertaking
the treatment may not have a PGD specialist who can
give the patients the necessary information (see trans-
port PGD below).

Prenatal diagnosis

Prenatal diagnosis of congenital birth defects or genetic
disorders is based on screening a low-risk population
using noninvasive tests. In the past, standard screen-
ing policies to detect Down syndrome (trisomy 21)

relied on offering fetal karyotyping to pregnant women
over the age of 35 years. However, this failed to signifi-
cantly reduce the incidence of Down syndrome babies
that were born, as the majority of affected babies are
born to women under the age of 35 as this age group
delivers the most babies. This stimulated the develop-
ment of screening tests to identify high-risk pregnan-
cies with increasing sensitivity. The various strategies
avaijlable include screening by maternal age, genetic
and obstetric history, maternal serum, ultrasound, and
magnetic resonance imaging. For those whose screen
results indicate they are at a high risk of aneuploidy,
an invasive diagnostic test for fetal karyotyping may be
considered, with the knowledge that invasive testing
carries a 1 percent risk of miscarriage. Using screen-
ing before applying an invasive diagnostic test limits
the number of invasive prenatal diagnostic tests that
are offered.

First- and second-trimester ultrasound may detect
some markers which indicate the possibility of aneu-
ploidy. First-trimester sonographic assessment of fetal
anatomy has become an important component of pre-
natal diagnosis and includes measurement of nuchal
translucency (NT). NT is the maximum thickness of
the subcutaneous translucency between the skin and
the soft tissue overlying the cervical spine of the fetus
(normal NT measurement <3 mm). Other markers for
aneuploidy may also be examined in the first trimester,
including absence or hypoplasia of the nasal bone, tri-
cuspid regurgitation, and raised pulsatility index in the
ductus venosus.

The routine second-trimester “20 week” anomaly
ultrasound scan is usually performed between 18 and
22 weeks of gestation, and includes a series of prede-
fined images to obtain standardized measurements. An
evaluation is made of the key structures, including the
head shape and internal structures, the spine, abdom-
inal shape and contents, the heart in the four-chamber
view, and the extremities. Studies show that this detects
60-80 percent of major, and 35 percent of minor, con-
genital malformations (Chitty et al., 1991; Luck, 1992),
and in clinical practice up to 50 percent of significant
abnormalities may be detected (Boyd et al., 1998).

The analysis of specific biochemical markers in
maternal serum is a noninvasive technique to identify
pregnancies at high risk of certain birth defects.
Second-trimester serum screening includes ana-
lysis of free f-human chorionic gonadotropin (hCG),
alpha-feto-protein (AFP), unconjugated estriol, and
inhibin. First-trimester screening for Down syndrome
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is more recent and includes analysis of pregnancy-
associated plasma protein-A (PAPP-A) and hCG, in
particular the free 3-subunit.

Tests that combine serum and ultrasound mark-
ers have the highest detection rate. In the combined
test (Wald & Hackshaw, 1997) NT measurement is
combined with serum levels of PAPP-A and hCG in
the first trimester (11-13 + 6 weeks of gestation). The
integrated test was found to have detection rates of 93
percent and 95 percent at a 5 percent false-positive rate
(FPR), or 85 percent for a 1 percent FPR, in studies
in Europe (Serum, Urine, and Ultrasound Screening
Study, SURUSS) (Wald et al., 2003) and in the USA
(First- and Second-Trimester Evaluation of Risk trial,
FASTER) (Malone, 2005).

Invasive tests in pregnancy are used to obtain fetal
cells, fluids, or tissues that are used for prenatal diag-
nosis of aneuploidy, fetal congenital disease, and fetal
infection. The choice of invasive test is determined
by the indication and fetal gestation balanced against
the safety of the procedure. Patients who have diag-
nostic invasive procedures are screened-positive or at
increased risk owing to a known genetic abnormality.

Amniocentesis is performed from 15 weeks™ ges-
tation but not before. It is used to determine the fetal
karyotype, obtain fetal DNA, for investigation of fetal
infection or to detect inborn errors of metabolism by
biochemical assay. Using an aseptic technique and
under constant ultrasound visualization, a fine needle
is passed directly into the amniotic sac and 18-20 ml
of fluid is aspirated. Amniotic fluid contains a variety
of fetal cells that require one to three weeks’ culture to
provide sufficient dividing cells (metaphase nuclei) for
karyotype analysis.

Fetal blood sampling (FBS) was performed for
many indications such as hemoglobinopathies, coagu-
lopathies, and immunodeficiencies, and to diagnose
fetal infections. These are now mostly amenable to
chorionic villus sampling (CVS) and DNA-based diag-
nosis. FBS is still used to investigate fetal nonimmune
hydrops, and to confirm the level of fetal anemia or
platelets prior to fetal transfusion.

The indications for CVS are similar to those of
amniocentesis. It is particularly useful in the pre-
natal diagnosis of genetic diseases because it provides
a larger amount of fetal DNA when compared with
amniocentesis. It may be performed via the abdomen
(transabdominal) or through the cervix (transcervi-
cal) (Jauniaux et al., 2000). Chorionic villi from CVS
consist of an inner mesenchymal core and an outer

cytotrophoblast, the latter in particular containing
dividing cells. The cytotrophoblast will yield met-
aphases suitable for direct analysis and short-term
culture (48 hours) and results can be backed up by
long-term culture of the mesenchymal core.

The gold standard for analysis of prenatal diag-
nosis samples to examine chromosomes is a karyo-
type. However, since a karyotype requires the cells
to be cultured, the karyotype results take several
days or weeks to obtain. Quantitative fluorescence
(QF) PCR has been introduced to allow rapid detec-
tion (one or two days) of the common aneuploidies.
In this technique, highly polymorphic short tandem
repeats (STRs) on chromosomes 13, 18, 21, X, and Y
are amplified by use of fluorescent primers and PCR
in a multiplex assay. The fluorescence intensity of the
alleles is detected using an automated genetic analyzer
and generates reliable results even with very small
samples (Cirigliano et al., 2004). The limitation of QF
PCR is that it does not look at all of the chromosomes
and most structural rearrangements would be missed.
Therefore a full karyotype is usually still performed in
addition to QF PCR.

Cell-free fetal DNA was first detected in the mater-
nal circulation a decade ago, and it has already proved
its usefulness in prenatal diagnosis. The original report
first described the identification of the SRY gene in
the plasma of pregnant women carrying a male fetus
(Lo et al., 1997) and it is being used in some clinics for
gender selection for X-linked diseases. It is also used
to type the Rh group of the fetus in pregnant women
who are Rh-negative and at risk of allo-immunization
(Lo, 1998; Finning, 2002). Blood is taken from the
Rh-negative pregnant woman early in the first trimes-
ter (eight to nine weeks of gestation), and using a sensi-
tive real-time PCR method, the RHD gene is amplified
inahighlyaccurate and specific reaction. Cell-free fetal
DNA detection has been used in the prenatal diagnosis
of several autosomal-dominant monogenic disorders
such as myotonic dystrophy (Amicucciet al., 2000) and
achondroplasia (Saito et al., 2000) when the gene has
been inherited from the father.

Preimplantation embryo development

Gametogensis is the development of the sperm and the
oocyte. Spermatogenesis is a continual process that
may be divided into three stages: proliferation (mito-
sis), reduction division (meiosis), and differentiation.
In the male, germ cells start to proliferate by mitosis
at puberty. This is followed by meiotic division and a
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gradual re-organization of cellular components, char-
acterized by a loss of cytoplasm. The four early sper-
matids produced then undergo a process of terminal
differentiation and structural remodeling known as
“spermiogenesis.” Spermatozoa leaving the testis are
not normally capable of fertilizing oocytes. They gain
this ability while passing down the epididymis, a pro-
cess known as “epididymal maturation” When they
enter the female reproductive tract, the sperm will
swim through the cervical os, up the uterus, and down
the Fallopian tubes. If they encounter an oocyte, they
will swim through the cumulus cells and, upon meet-
ing the zona pellucida, they undergo primary binding,
lose their acrosomal cap, and then undergo secondary
binding, which enables the sperm to enter the ooplasm
of the oocyte.

The mitotic phase of germ-cell proliferation in the
human female terminates before birth, and, by the fifth
month of fetal life, all oogonia have entered their first
meiotic division to become primary oocytes. Around
week nine of gestation, the oogonia are in the first
meiotic prophase. The oocyte nucleus (germinal vesi-
cle) is arrested in diplotene (the last stage of prophase
I), after chromatid exchange and crossing-over have
taken place. The primordial follicles remain quiescent,
in meiotic arrest, for many years, and resume their
growth and development to produce mature oocytes
capable of fertilization only after puberty. Over 99
percent of follicles are destined to die rather than ovu-
late. Following puberty, when a primordial follicle
is recruited into a developmental pathway that will
lead to ovulation, the oocyte enters a growth phase,
which involves a significant increase in size. When the
oocyte has completed its growth phase, the follicle is
“pre-antral,” and is able to undergo rapid development
in response to follicle stimulating hormone (FSH)
secreted from the pituitary. The fully expanded antral
follicle is now responsive to luteinizing hormone (LH)
secreted from the pituitary, which is released rapidly
(LH surge) in response to feedback signals from the
ovary. Under natural conditions, the endogenous LH
surge will induce final nuclear maturation of the oocyte
within the next 24-36 hours. In this final maturation
stage of oogenesis the nuclear membrane breaks down
(germinal vesicle breakdown, GVBD), meiosis is re-in-
itiated, and the first polar body is extruded. The oocyte
is now in the stage of meiosis IT (M-II).

If a sperm is able to fertilize an oocyte, the oocyte
becomes activated and resumes meiosis and extrudes
the second polar body. Approximately 18-20 hours

after meeting the sperm the oocyte forms into a zygote.
The two pronuclei (one from the sperm and one from
the oocyte) maybe seen in the center of the zygote. Over
the next few days the early embryo undergoes a series
of key events, including cleavage, activation of the
embryonic genome, changes in its metabolic require-
ments, compaction, cavitation, and differentiation, to
form the blastocyst (around day five of development).
The last stage of preimplantation development occurs
when the blastocyst hatches from the zona pellucida
and becomes embedded in the uterus.

Preimplantation genetics

An array of research and clinical studies has confirmed
a high frequency of cytogenetic abnormalities in
human oocytes and embryos. Methods used to study
the chromosomes of gametes and embryos include
karyotyping, FISH, metaphase-CGH and array-CGH.

Although the incidence of constitutional chromo-
someabnormalitiesisabout tenfold higher in theinfer-
tile male population than in normal men, 95 percent
of infertile men have a normal karyotype (Egozqcue
et al., 2005). Males with constitutional chromo-
somal rearrangements or other anomalies are clearly
at increased risk of producing aneuploid sperm, but
extensive investigation by several